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Resumen 

 

Los recursos naturales son el principal sustento del desarrollo y el avance de las 

poblaciones del mundo. El tratamiento de aguas contaminadas con métodos no 

destructivos, eficientes y amigables con el medio ambiente es uno de los temas más 

relevantes en los estudios de investigación. El glifosato es un pesticida organofosforado 

ampliamente utilizado en la industria agrícola para controlar especies de plantas. Su uso 

común ha provocado la liberación no deseada de glifosato en aguas residuales, ríos y otras 

fuentes de medios acuosos. La presencia de glifosato en aguas residuales y fuentes de 

agua afecta la salud humana y del ecosistema debido a su toxicidad. Por lo tanto en este 

trabajo, diseñamos un nanocompuesto magnético basado en TiO2 con nanopartículas de 

magnetita (Fe3O4) para investigar el proceso de adsorción de glifosato comercial en agua. 

Las síntesis de nanocompuestos magnéticos son fácilmente atraídas por un campo 

magnético externo, lo que demuestra una rápida recuperación después de su 

funcionamiento. Los nanomateriales se caracterizaron mediant espectroscopía infrarroja 

por transformada de fourier (FTIR), XRD, mapeo de color EDS y SEM. Los espectros de 

FTIR demuestran la presencia de los picos característicos de las NP de TiO2 y Fe3O4. Los 

patrones de XRD confirman la estructura de las NP de Fe3O4 y TiO2 con un mayor 

porcentaje de la fase cristalina de anatasa que la de rutilo. Las micrografías de mapeo 

elemental SEM y EDS confirman la presencia de ambos materiales y revelan la 

agregación de nanopartículas de hierro. El tamaño medio de partícula del nanocompuesto 

fue de 100  20 nm. Nuestros resultados demuestran que la tasa máxima de eliminación 

(R) alcanzada fue del 26 %. El mecanismo de adsorción/desorción investigado en este 

trabajo sostiene que el glifosato comercial con presencia de magnetita está relacionado 

con la formación de un complejo glifosato/metal que inhibe el desempeño del 

nanocompuesto como absorbente. 

 

Palabras Claves: Nanotecnología, glifosato, adsorción, nanocompositos, Fe3O4@TiO2.  

 

 

 

 

 

 

 

 

 



Abstract 

 

Natural resources are the main support of development and advancement of the 

populations in the world. The treatment of polluted waters with non-destructive, efficient 

and environmentally friendly methods are one of the most relevant topics in research 

studies. Glyphosate is an organophosphate pesticide widely used in the agricultural 

industry to control plant species. Its common use has led to the unwanted release of 

glyphosate in wastewater, rivers, and other sources of aqueous media. The presence of 

glyphosate in wastewater and water sources affect human and ecosystem health due to its 

toxicity. In this work, we design a magnetic nanocomposite based on TiO2 with magnetite 

nanoparticles Fe3O4 to investigate the adsorption process of commercial glyphosate in 

water. The synthesis of magnetic nanocomposite are easily attracted by an external 

magnetic field, demonstrating the easily recover after the adsorption process. The 

nanomaterials were characterized using fourier-transform infrared spectroscopy (FTIR), 

XRD, EDS color mapping, and SEM. The FTIR spectra demonstrate the presence of the 

characteristic peaks of TiO2 and Fe3O4 NPs. XRD patterns confirm the structure of Fe3O4 

NPs and TiO2 with a higher percentage of the anatase crystalline phase than the rutile one. 

SEM and EDS elemental mapping micrographs confirm the presence of both materials 

and reveal the aggregation of iron nanoparticles. The average particle size of the 

nanocomposite was 100  20 nm. Our results demonstrate that the maximum removal rate 

(R) reached was 26%. The adsorption/desorption mechanism investigated in this work 

argues that the commercial glyphosate with the presence of magnetite is related to the 

formation of a glyphosate/metal complex inhibiting the performance of the 

nanocomposite as absorbent. 

 

Keywords: Nanotechnology, adsorption, glyphosate, nanocomposite, Fe3O4@TiO2. 
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Chapter 1

Introduction

Increasing global demand for organic food and the farmers action in order to increase crop yields, has made that
pesticides such as Glyphosate, has a high adverse impact on health and the environment to be used. Glyphosate (N-
phosphonomethyl glycine) (PMG) is a commercial organophosphate herbicide with a highly effective, non-selective,
non emergent, broad spectrum pesticide.1 PMG is widely used around the world in agriculture for weed control and
other species different than what is being grown.1,2 Its use has recently increased exponentially due to its efficient
nondiscriminatory weed removal and the widespread planting of PMG resistant genetically modified crops.1,3 How-
ever due to the large scale use of PMG, it has generated a level of concern because the half life of the PMG and its
main metabolism aminomethylphosphonic acid (AMPA) can last several days with ranges of 0.8-151 days and 10-98
days, respectively.1,4

According to Yong et al.,2 microorganisms and plants could degrade PMG to produce AMPA and sarcosine,
which in turn could further degrade into water, carbon dioxide and phosphate, but this degradation is slow because
it is made in a natural way.2,5 Furthermore, Peerawas et al.,6 in they research mention that there is concern about
the harmful effect of PMG on human health, since there are several adverse effects of PMG, including teratogenesis,
carcinogenesis and mutagenesis.6 In Ecuador, the use of PMG in fumigation aircraft to delimit the borders between
Ecuador and Colombia has been of great concern, since it represents a chronic threat to humans and the ecosystem
in that part of the border country. Therefore, an effective and ecological degradation strategy is needed for PMG and
AMPA.7 Considering that PMG is highly soluble in water and could contaminate the aquatic environment through
various mechanisms such as: spray drift, runoff, spills, or drainage and many degradation methods that have been
intentionally sought many times.1 As mentioned above, the biological processes of PMG degradation generally
requires a long time and depend on environmental conditions,1 due to the degradation of PMG in the environment is
mainly by biotic pathways mediated like bacteria and fungi. In view of the strong soil binding properties of the PMG
and the abundance of soil microorganisms, the biodegradation of PMG is more appropriate for soil environments.1

Therefore, seeking a new form for degradation of PMG and AMPA in aqueous solutions with high efficiency, low
cost and friend with the environment is the main objective of this research.
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Several chemical techniques have been widely used to decontaminate glyphosate from aqueous environments.
Biological of microbial degradation8, photocalysis using semiconductors or oxidative reagents such as O3, H2O2

and UV radiation is know as advanced oxidation processes (AOPs) which can mineralize organic compounds during
the photoreaction and specially adsorption process.1,9 Recent investigations,10 explain that the AOPs processes
for the degradation of PMG in water usually use several mechanisms such as: electrochemical processes, ozone,
ultraviolet spectral region (UV), H2O2/UV and heterogeneous photocatalysts such as: TiO2, MnO2, MnO2/graphite
and magnetite are used for that.9–11 However, despite of the fact that AOPs processes can be used for degradation of
organic pollutants, there are some limitations for their application in wastewater treatment, especially in large scale
application.9 The high cost of UV light source reactors and separation-recovery of the catalyst are the main problems
for scale up this processes. Fortunately, it has been demonstrate that the adsorption process, which is preliminary
step to photocatalysis, can be an optimal path for pollutant water treatment.11 Also the adsorption process is an
important physicochemical process used for pollution control and its economical application depends on regenerat-
ing and reusing the spent adsorbents.12 On the other hand application of magnetic nanoparticles as the support for
heterogeneous catalysts or adsorbents provides favorable conditions for circumvents recycling problems.13 Ferro-
magnetic materials such as iron oxides often show super-paramagnetic behavior and use as support for recycling the
photocatalysts or adsorbents after catalytic reactions or treatment processes.1

Of all the oxide semiconductors, Titanium Dioxide (TiO2) is one widely used in semiconductors as a adsor-
bent/photocatalyst for its chemical as well as commercial properties, such as its high stability in water, non toxic
by ingestion, and low cost.6,14. According to Jian et al.,14 the use of TiO2 for the decomposition of organic and
inorganic compounds is based on the following factors; a) the adsorption and photocatalytic reaction occurs at normal
air pressure and temperature, b) unlike the direct photolysis process, degraded organic pollutants are completely
mineralized into non toxic substances, c) TiO2 is a semiconductor with capabilities to be reusable, d) photogenerated
holes and electrons are extremely oxidized and reduced enough to produce superoxides from dioxygens, due to the
interaction of the conduction band photoelectrons with O2.14 However, the efficiency of using TiO2 as adsorbent or
photocatalyst agent for degradation processes is not high and one of the difficulties is its separation and recovery. For
this reason, the development of magnetic nanocomposites with TiO2 has proven to be a good way to overcome these
limitations. Therefore in order to increase the degradation efficiency and its rapid recovery, doping with (Magnetic
Nanoparticles, Magnetite (Fe3O4)) is one of the best options.14

There are some reports,13,15 in which nanocomposites of Fe3O4 have been synthesized with a coating of TiO2

used in photocatalysis.13,15 Magnetic separation marks a highly sustainable process since it prevents loss of catalyst
mass and the use of additional solvents.15 According to Sawsan et al.,13 magnetic nanoparticles (Fe3O4) are ideal
materials as nuclei, for several reasons; a) its biocompatibility and low toxicity, b) low Curie temperature, c) high
coercivity and magnetization, d) efficient photon absorption capacity and e) presents strong dipole-dipole bonds in
its molecules.13 Also Sawsan et all.,16 synthesized titanium dioxide nanoparticles on a magnetite core, in a kind
of core shell using the co-precipitation method for Fe3O4 synthesis and the non-thermal method for the synthesis
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of TiO2, those synthesis was at 80◦C and they evaluated its adsorption/photocatalytic activity for the removal of
methylene blue from water.13,16 In that research, they obtained a photodegradation efficiency of 96 % under solar
irradiation, using a concentration of 70 ppm of methylene blue and 40 mg of the synthesized photocatalizer, for 140
minutes, at 34 ◦C.13 On the other hand, another group of researchers deposited the titanium dioxide on metallic
nanoparticles such as: Au, Co, Pt and noble metals in order to increase photocatalytic activity. They reports that
the Titanium dioxide doped with metallic nanoparticles decrease the band gap and achieve a light absorbance with
larger wavelengths.13 Therefore the use of magnetic nanoparticles with TiO2 is one of the best recovery options for
adsorption and photocalaysis process.

Thus, in this work we propose to study of the adsorption efficiency of commercial glyphosate by using a
Fe3O4@TiO2 nanocomposite. The synthesis of the nanocomposite was done by a chemical co-precipitation method
and combines two types of TiO2; 1) commercial one at micrometer scale and 2) nanostructured TiO2 modified using
an ultrasound assistant method. The nanocomposite was characterized by UV-vis spectroscopy, X-ray diffraction
(XRD), EDS color mapping and Scanning Electron Microscopy (SEM). The adsorption process was followed using
UV-vis spectroscopy in order to quantify the absorbance of the Glyphosate.





Chapter 2

Motivation

2.1 Problem Statement
Natural resources are the support of development and advancement of the populations in the world. The treatment
of polluted waters with non-destructive, efficient and environmentally friendly methods are one of the most relevant
topics in research studies. The main water pollutants caused by human activities that stand out are: microbes and
pathogens, heavy metals, organic matter, suspended sediments and the use of pesticides.1,3 In urban areas where
various industries such as textiles, food and laboratories are located, there are many chemical compounds that need
treatments before disposing them to a large water body. On the other hand wastewater of agricultural origin is those
generated by pesticides and fertilizers. The harmful effects of pesticides in water are given according to the toxicity
expressed in the lethal dose, that is, in the persistence, which refers to the time it takes for the initial concentration
to decrease in percentages tolerable by the environment.17

Pesticides, among themGlyphosate (N-phosphonomethyl glycine) (PMG), contaminate the water either by leach-
ing, evaporation or runoff from rain or irrigation, and can reach groundwater, rivers and even oceans as thirsty or
chemical loads carried by rivers.17 In Ecuador, the production of crops such as banana plantations heavily use pesti-
cides to control diseases, weeds and others in order to have an impeccable production of the product. The continued
inadequate use, irrigation and drainage that the plantations possess, will be key to the magnitude of damage that can
cause to the bodies of water and also to the organisms that are present including humans. PMG is one of the most
widely used pesticides and with a high probability of affecting the health of living beings.7 Since its commercial
introduction, PMG has become the dominant herbicide worldwide. And its use is likely to increase further, as crops
are genetically modified and develop tolerance for this herbicide.18 Currently its commercial form not only contains
PMG, but also a large amount of additives that prevent decomposition and that in contrast increases the toxicity of
this product. Due to the increase in its use worldwide, it has generated high concern, because the action time of
this herbicide can last approximately up to 151 days.1,4 For all this, new processes have been developed in recent
years as a viable and novel alternative for the treatment of liquid effluents contaminated with highly toxic compounds.
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Although a range of conventional methods can be applied to remove PMG, which include oxidation, adsorption,
ozonation, photolysis and photocatalytic degradation etc, an efficient and cost-effective method is still desirable.11

From the structural formula of PMG, it is known that the glyphosate is a kind of organic phosphate in nature.11

Fortunately, it has been demonstrated especially in the recent years that TiO2, can be used as a low-cost adsorbent
and photocatalyst for some pollutants degradation like pesticides. However this material as photocatalyst involves the
use of highly strong and expensive UV light reactors for its activation and the difficulty of separation and recovery.
In fact, we propose to degrade commercial glyphosate by adsorption process using a composite Fe3O4@TiO2. This
project has advantages over conventional methods of degradation of this type of herbicide by the low-cost adsorption
mechanism using a Fe3O4@TiO2 nanocomposite, and the easy recovery of the sample by applying a magnetic field.15

2.2 General and Specific Objectives

2.2.1 General Objective

• To study the adsorption of commercial glyphosate using a magnetic nanocomposite based on Fe3O4@TiO2.

2.2.2 Specific Objectives

• To synthesize a magnetic nanocomposite based on Fe3O4@TiO2.

• To characterize the nanocomposite using Fourier Transform Infrared Spectroscopy, X-ray diffraction, EDS
color mapping and Scanning electron microscopy (SEM).

• To verify the efficiency of glyphosate adsorption using the nanocomposite based on Fe3O4@TiO2.



Chapter 3

Theoretical Background

This chapter aims to introduce the general concepts, definitions, methodology, theoretical bases and processes that
are of great help in understanding this research work. The first part of this chapter focuses on describing the emerging
contaminant, such as commercial glyphosate, that is being to degraded in this work. Then, some alternatives that
can be used for the degradation of contaminants in aqueous media are summarized. Mainly, an in-depth review of
adsorption processes, their kinetics and models. On the other hand we discuses about the recent field of research
such as Nanotechnology. What is Nanotechnology and its principles? What types of nanomaterials exist? What are
Magnetic Nanoparticles? What are hybrids materials? among others. Finally, the chapter ends by describing some
reported studies of glyphosate degradation.

3.1 Glyphosate
Glyphosate (N-phosphonomethyl glycine) (PMG) is an organophosphate herbicide, non selective, broad spectrum
and the most widely used in history to remove undesirable weeds in agricultural and forest environments.1 Its chemi-
cal molecule consists of a fraction of glycine and another of phosphomethyl (N-phosphonomethyl glycine) C3H8NO5

according to Figure 3.1.1 It is a herbicide that inhibits the synthesis of amino acids in plants, bacteria, algae, fungi
and parasites, through inhibition of growth enzymes.17 Since PMG became a generic compound, its cost has been
drastically reduced. Within its components PMG has very complicated toxicity mechanisms. Its commercial form
not only contains glyphosate but also several salts and commercial formulations containing surfactants, which vary
in concentration and performance. Commercial formulations have different amounts of PMG concentration ranging
from 1% to 41% for domestic use. Commonly these formulations contain an isopropylamine glyphosate salt alloy,
surfactants, and several minor components including defoaming agents and inorganic ions. Therefore degradation
of commercial PMG toxicity in aqueous solutions is difficult, since the contribution of surfactants and additives help
increase toxicity.18

Regarding history, as reported by Stephen et al.,19 glyphosate was first synthesized in 1970 by researcher Jhon

7



8 3.1. GLYPHOSATE

Figure 3.1: Chemical structure of glyphosate [N-(phosphonomethyl) glycine].18

Franz. Later, it was patented and put on the market.19 During the last 30 years PMG has been chemically evolving,
looking for alternatives for more selective use. Taking into account the widespread use of glyphosate worldwide,
it is important to study its physicochemical properties, interactions with the components of water and soil, toxicity
with the environment, as well as its detection, quantification, and degradation in natural samples.1 Every pesticide
product contains, in addition to the active ingredient, other substances whose function is to facilitate its handling
or increase its effectiveness. In general, these ingredients, misleadingly called inert, are not specified on product
labels. In the case of glyphosate herbicides, many inert ingredients have been identified. To help PMG penetrate
plant tissues, most of its commercial formulas include a surfactant chemical.20

Action Mechanism

Glyphosate exerts its herbicidal action through the inhibition of an enzyme, 5-enol-pyruvil-shikimate-phosphate
synthetase (EPSPS), thus preventing plants from making three essential aromatic amino acids for their growth and
survival.18 Advantageously, these three amino acids are not present in mammals, including humans. PMG mech-
anism of action is slow, making it effective in perennials, because it is transported through the plant before killing
growing tissue.18 Therefore the insufficient production of aromatic amino acids within plants is the main factor that
PMG does, causing the death of this species of living beings.18

Ecuadorian Legislation

Several countries and international organizations have established a regulation for the use of glyphosate, which is
presented in order to safeguard human health and conserve fragile species of fauna, flora and ecosystems. According
to the World Health Organization (WHO) says there is sufficient scientific evidence to consider GPM as a probable
carcinogen since 2015. Suggesting that the control of this product be more controlled by governments.21
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The regulations in Ecuador stipulate in Annex 1 “Norma de calidad ambiental y descarga de efluentes: recurso
agua” of the reform “Libro VI del Texto Unificado de Legislación Ambiental Secundaria del Ministerio del Ambiente
del 2013” that a concentration of 200 µg/L is the maximum permissible limit for glyphosate in waters for human
consumption and domestic use that only require conventional treatment.22 This is the only value found within
the legal regulations for the use of glyphosate in water in our country. On the other hand, ministerial agreement
0.21 of “Ministerio del Ambiente y la Norma Técnica Ecuatoriana INEN 1078/2013” establishes comprehensive
management methodologies and final disposal of plastic waste from pesticides and related products, however,
glyphosate is not specifically mentioned.23,24 It is important to clarify that Ecuador has diplomatic problems with
Colombia over the use of glyphosate. In order to eradicate the production of illegal plantations on the borders of
Colombia, its government implements containment systems using aerial spraying on the illegal plantations. However,
these fumigations have a negative effect in terms of environmental contamination in Ecuadorian soil. There are
several researches showing diseases due to this herbicide with citizens at Ecuadorian borders.7 According to the
press, both governments have so far disputed about this international issue.

3.2 Alternatives for removal treatment of emerging pollutants
Wastewater treatments using conventional methods are, in general, not suitable for the elimination of emerging
compounds, since many of them persist without any alteration even in the effluents of treatment plants. For this
reason, it is important to identify and evaluate the efficiency of other technologies, in order to propose alternatives
to minimize the presence of emerging pollutants in waters with a low economic, energy and environmental cost. In
addition, it should be noted that these contaminants (residual water, pharmaceuticals, personal care and pesticides)
possess very diverse chemical properties and, therefore, the success of their elimination varies greatly depending on
their particular properties. The usually proposed technologies for elimination of emerging pollutants are summarized
below.

3.2.1 Advance Oxidation Processess (AOPs)

Advanced oxidation process (AOPs), are the most studied in wastewater treatment, offering an option for cleaning
contaminated water with previous organic products from industrial and municipal effluents that cannot be efficiently
removed with conventional techniques.25 In general AOPs induce the generation of several oxidative species among
them are the creation of superoxids •O2

-, hydrogen peroxide H2O2, ozone O3 and hydroxyl radicals (•OH). The latter
is the strongest oxidant since it has an oxidation potential equivalent to E = 2.8 v, which being very energetic, is
able to oxidize organic compounds, generating free radicals that in turn react with other molecules and initiating
a series of reactions of oxidation.25 Although the treatment of wastewater or water contaminated by chemicals is
the main focus of the AOPs, applications have also been found for groundwater treatment, odor control, production
of purified water and treatment of organic compounds.26 AOPs use expensive reagents or consume large amounts
of energy. But it has been shown that when combined with different processes, such as biological processes or
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adsorption, it increases their potential in terms of economic efficiency. These processes are classified into two: 1)
non-photochemical processes through the transformation of mimic species or by using different forms of energy
without including the light and 2) the photochemical processes that work by the action of a photocatalyst under the
use of a light source.27 Considering the topic studied in this work, we are going to focus on AOPs with photochemical
action. The main photochemical processes used for the wastewater treatment consist of UV applications and the
combination of H2O2, O3 or the use of a photocatalizer. Among these you will find:

3.2.2 UV photolysis

Photolysis is the process by which compounds are degraded by the breaking of chemical bonds by the effect of light,
and is defined as the interaction of one or more photons with a target molecule. In this process, the effect of UV
light can trigger phenomena of degradation or inactivation by direct or indirect photolysis. With respect to direct
photolysis, the molecules absorb UV radiation generating an increase in its energy, which causes bond breakage,
followed by degradation or decomposition; on the other hand, in indirect photolysis through the generation of highly
reactive radicals that allow the inactivation of pathogenic and non-pathogenic microorganisms, such as glyphosate.26

O3/UV

O3 is a powerful oxidant whose oxidation potential is 2.07 v. In this case ozonation as AOPs is an indirect
oxidation process (O3 does not act directly as an oxidant), which through an electrophilic mechanism oxidizes and
destroys organic compounds toxic by effect of OH radicals that are oxidizing agents.26 The reaction mechanism
of this process in saturated aqueous systems involves UV light irradiation at a wavelength equivalent to 254 nm.
Because ozone is very poorly soluble, the transfer of ozone mass in aqueous medium is primarily limiting factor for
large scale use of this process. However this problem is being solved by increasing the reaction time in the reactor or
increasing the pressure in order to increase its solubility.28 The O3/UV processes are complex because to generate
•OH radicals they have to go through different reaction pathways according to Equation 3.1.28

O3 + hv→ O1D + O2 (3.1)

1D + H2O→ H2O2 (3.2)

H2O2 + hv→ OH + OH (3.3)

H2O2/UV
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Where a new process of hydroxyl radicals generation is given thanks to H2O2 photolysis under UV irradiation as
shown in Equation 3.3. Then, different radicals formed as OH• can react with H2O2, resulting the next sequence of
reactions Equation 3.4-3.6.27

OH + H2O2 → OH + H2 + O2 (3.4)

2OH → H2O2 (3.5)

HO2 + OH → H2O + O2 (3.6)

However, there is drawback of this second H2O2/UV process, due to the molar extinction coefficient of H2O2, in
which the organic substrates act as internal filters. To solve this problem it has been determined that the photolysis
rate of H2O2 depends strictly on pH conditions, i.e. to more alkaline conditions increases its OH• radical formation
process.28

3.2.3 Fenton and Photo-Fenton Oxidation

The generation of reactive oxygen species through the catalytic decomposition of hydrogen peroxide by ferrous ions
is know as fenton reaction. This process is mainly based on a series of chain reactions between iron salt species Fe2+

/ Fe3+ and hydrogen peroxide H2O2, especially at an acidic pH value, that provides an important source of hydroxyl
radicals (Equation 3.7). In addition, the fenton process it is considered a potentially convenient and economical
process due to the low cost of hydrogen peroxide for the generation of oxidizing species and in effect the degradation
of various compounds. Furthermore, the added benefit in improved hydroxyl radical production when iron species
are employed further points to these advantages.29

On the other, the addition of a light source (solar or ultraviolet) in the fenton process, generates a new process
called photo - fenton (Fe salts / H2O2 / UV). The photo - fenton process is basically the combination of fen-
ton reagents and UV radiation ( <600 nm). The photo-reduction of Fe3+ to Fe2+ ions and the photolysis of H2O2

through a shorter wavelength ( <310 nm) ensures, in fact, an extra production of hydorxyl radicals (Equation 3.8).27–29

Fe2+ + H2O2 → Fe3+ + OH- + •OH (3.7)

Fe3+ + H2O + hv→ Fe2+ + H+ + •OH (3.8)

3.2.4 Photocatalysis

Photocatalysis is a term that implies the combination of photochemistry with catalysis. Both radiation and catalyst
are necessary for a chemical reaction to take place under the presence of a UV radiation source. In other words,
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photocatalysis is defined as the mechanism to accelerate chemical reactions through the presence of a photocatalyst.30

Within photocatalysis there are two types of processes: heterogeneous processes and homogeneous processes. On
the other hand, heterogeneous processes use solid semiconductors in the aqueous or gas phase to obtain catalysis.31

On the other hand, homogeneous processes where the oxidation system is used in a single phase, that is, dissolved
catalyst.30 Heterogeneous photocatalysis is the finest method to remove organic species in the environment, since
the process gradually breaks down the pollutant molecules without leaving any residue of the original molecule.
The catalyst does not undergo any changes during the process and no additional chemicals are required to fulfill
its function. It is important to clarify that after the degradation process, in many cases the catalyst is fully recovered.32

Reaction Mechanism

Photocatalysis consists of the generation of an electron / hole pair (e- / h+) respectively, by excitation of the
electron from a semiconductor by means of a radiation source.The process starts when the semiconductor (SC)
absorbs energy greater or equal of its bandgap value, which is defined as the energy difference between the valence
band and the conduction band of the photocatalyst. This difference in energy causes that electrons in the valence
band to jump into the conduction band (e-) and, as a result, a gap (h+) is generated in that band,30 like is shown in
Equation 3.9.

hv + S C → e- + h+ (3.9)

The electrons and holes that have not recombined migrate to the semiconductor surface to carry out a series of
reactions with the adsorbed chemical species. The holes react with water and the hydroxide ion, to generate hydroxyl
radicals (•OH) and the electrons are transferred to the adsorbed molecular oxygen, generating superoxides (•O2-).
Hydroxyl radicals are the most abundant, making their generation the most important stage for the degradation of
pollutants.30 As shown in the following Figure 3.2.

Photocatalyst

The catalysts used for photodegradation must be semiconductor materials, since the degradation process re-
quires an energy gap that generates electron / hole pairs.33 Its effects can be very appreciable with low amounts
of catalyst in order to achieve large increases in the speed of the reaction.34 In addition to being a semiconductor,
photocatalysts must have a high gap energy, so that electrons can jump from the valence band to the conduction
band under some source of irradiation. In truth it must be a chemically stable material and resistant to compression,
abrasion and photo-corrosion.30 Photocatalyst, as Ibhadon explains in his article,32 takes advantage of UV radia-
tion from sunlight or any other artificial light source and uses that energy to decompose or disintegrate substances
that include organic materials, organic acids, estrogen, pesticides, dyes, microbes, and chlorine resistant organisms.32
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Figure 3.2: Reaction mechanism of photocatalysis30

3.2.5 Adsorption

Adsorption is a matter transfer process that involves the concentration of one or more compounds in a gas or liquid
on the surface of a solid. Likewise, desorption is the phenomenon by which a molecule adsorbed on the surface
of a solid, detaches itself from the solid surface and returns to the fluid. It is, therefore, the reverse process of
adsorption.35–37 If the interaction between the solid surface and adsorbed molecules has a physical nature, the
process is known as physisorption. On the other hand, if forces of a covalent nature are formed between the solid
and the adsorbed substances, we are talking about chemisorption.38–40 Under favorable conditions, both processes
occur simultaneously or alternatively, but the physisorption appears to be the predominant mechanism.35 However,
generally, is very difficult to distinguish between physisorption and chemisorption. Thus Table 3.1 summarizes the
fundamental characteristics of both processes.36–41

Physisorption Chemisorption
Its arises due to Van der Waalls’ Forces. Its arises due to the chemical bond formation.

No appreciable activation energy is required. High activation energy is sometimes required.
It is reversible. It is irreversible.

It decreases with increase in temperature
and occurs at lower temperature.

It increases with temperature and occurs
at high temperature.

It is not specific in nature, i.e. all
gases are adsorbed in all solids to some extend.

It is specific in nature and occurs only when a chemical
bond is formed between the adsorbate and adsorbent.
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No electron transfer, although polarization of sorbate may occur
Electron transfer leading to bond

formation between sorbate and surface
Multilayer adsorption occurs Only the monolayer adsorption occurs

Endothermic or Exothermic process Only Exothermic process
Table 3.1: Characteristics of the Physisorption and Chemisorption.

3.2.6 Adsorption Equilibrium

One of the most common forms of representing the adsorption equilibrium is through the relationship between the
amount adsorbed and the pressure, in the case of gases or vapors, or the concentration in the liquid phase, in the case
of liquid adsorption, for a given temperature. This relationship is known as adsorption isotherm for a determined
adsorbate-adsorbent system.38 Gas adsorption isotherms, widely used in the characterization of the porous structure
materials, can be classified in six types, according to the classification proposed by Brunauer et al., in 1938 and
which is currently recommended by the IUPAC.38 This classification is shown in Figure 3.3.

a) Type I Isotherm (Figure 3.3 I): is typical for characterize the sorption caused by predominantly microporous
structure. It appears in saturated monolayer adsorption. This Isotherms is related with Langmuir isotherm and is
commonly used to describe monolayer adsorption.39

b) Type II isotherm (Figure 3.3 II): is typical for a non-porous or macroporous adsorbent representing limited
monolayer-multilayer adsorption.39

c) Type III isotherm (Figure 3.3 III): is typical for weak adsorbate-adsorbent interactions. These isotherm are found
with microporous or mesoporous adsorbents and is convex at the high relative concentration.40

d) Type IV isotherm (Figure 3.3 IV): has a hysteresis loop associated with capillary condensation taking place in
mesoporous adosorbents. The initial part is attributed to monolayer-multilayer adsorption since it follows the
same path as the corresponding part of a Type II isotherm.40

e) Type V isotherm (Figure 3.3 V): indicate weak adsorbate-adsorbent interactions and are applied for mesoporous
with a weak interaction.39

f) Type VI isotherm (Figure 3.3 VI): is primarily introduced as a hypothetical isotherm and might associate with
layer by layer adsorption on a uniform surface.39

In order to perform a thorough study of water pollutant removal, is necessary to know the mechanism that takes
place in that process, as well as how the conditions of the reaction medium influence it. In the specific case of
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Figure 3.3: Classification of adsorption isotherms recommended by IUPAC.38

adsorption processes, variables such as the pH of the medium, the presence of other contaminants or temperature,
are decisive for their development and to understand their mechanism.40 Pollutant adsorption processes in water
are based on the distribution of a solute (the contaminant) between a liquid phase (the contaminated effluent) and
a solid phase (the adsorbent).40 To describe the equilibrium distribution of the solute between the two phases,
various mathematical models have been developed that allow to interpret the experimental data and describe them
quantitatively.

One of the fundamental objectives that this type of process has, is the determination of the adsorption capacity
of the adsorbent. The adsorption capacity (Qt) is calculated from a mass balance and represents the amount of
species adsorbed per unit mass of adsorbent (Equation 3.10).43 The adsorption capacity is one of the most important
parameters of an adsorbent and depends on its characteristics (pore size, specific surface or functional groups on the
surface) and for certain conditions of the reaction medium such as pH or temperature.43

Qt =
V(Ci −Ce)

m
(3.10)

where V is the volume of the solution that is contact with the adsorbent, Ci is the initial concentration of the
contaminant in the solution, Ce is the concentration of the contaminant at equilibrium, and m is the mass of the dry
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adsorbent.43

In the adsorption processes, the pollutant or adsorbate is attracted to the adsorbent through different mecha-
nisms until equilibrium is reached.42 The characterization of the equilibrium process is carried out by obtaining
its adsorption isotherm.42 The adsorption isotherm is the relationship between the amount of pollutant adsorbed
per unit of adsorbent (Qt), and the concentration of the pollutant in the liquid phase (Ce) at a given temperature.42

Most mathematical models used to study adsorption equilibrium are based on the concept of solid phase adsorbent,
where adsorption takes place by deposition of adsorbate over the physical pores of the adsorbent surface.39 However
these concepts cannot be strictly applied to adsorption with some low-cost materials such as biomaterials, whose
structure is much more complex. Nevertheless, they are useful for interpreting experimental data and are therefore
used frequently. Among the most used models are the Langmuir and Freundlich.39,40,42

Langmuir isotherm model

This model proposed by Langmuir 1918, seen in Equation 3.11, is the simplest theoretical model for monolayer
adsorption system, and it presumes monolayer sorption onto a homogenous surface with a finite number of identical
sites. The Langmuir model is based on four basic premises: 1) molecules are adsorbed at a fixed number of defined
localized sites, 2) all sites are energetically equivalent, 3) there is no interaction between molecules adsorbed on the
neighbouring site and 4) each site can hold one adsorbate molecule.

1
Qe
=

1
Qmaxb

1
Ce
+

1
Qmax

(3.11)

where Ce is the equilibrium adsorption concentration in the solution (mg/L), Qt is the equilibrium adsorption ca-
pacity (mg/g), Qmax in the Langmuir model is the saturated monolayer adsorption capacity or maximum solid-phase
concentration (mg/g) and b is the Langmuir adsorption coefficient, related to the binding energy of the sorption
system (mg/L). Plotting Ce/Qe versus 1/Ce the slope and intercept of the linear plot gives the values of b and Qmax.
The Langmuir isotherm constant b can be used to indicate the affinity, that is to say, combining capacity of adsorbent
toward the ions to be adsorbed. High value of b indicates for a strong affinity of adsorption.41

Freundlich isotherm model

The Freundlich isotherm is an empirical nature model Equation 3.12. It is normally applied to adsorbents with
heterogeneous surfaces or that have adsorption sites with different affinities. But it should be noted that it can only
be used at lower and intermediate solute concentrations; it lacks of physical meaning because it does not include a
maximum adsorption capacity.41,44

log(Qe) = logk f +
1
n

logCe (3.12)

where k is the Freundlich adsorption coefficient that represent the adsorption capacity and n is the Freundlich
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exponent that is related to the adsorption intensity and surface heterogeneity. This values gives an indication of how
favourable is the adsorption processes. Plotting log Qe versus log Ce the slope and intercept of the linear plot give
the values of the Freundlich isotherm parameters such as: n and k, respectively. It is important to clarify that if the
values of n are from 0.1 to 0.5 adsorption is favourable, if the values are between 0.5 and 1.0 the adsorption is quite
difficult and if n is greater than 1 the adsorption is difficult.41 44

3.2.7 Adsorption Kinetics

Kinetic studies are essential to obtain a detailed knowledge of adsorption process. Consequently the adsorption
kinetics process is defined as the rate of the adsorbate-adsorbent system in reaching adsorption equilibrium. In other
words, the adsorption rate is limited by mass transfer mechanisms, also depending on the adsorbate and adsorbent
properties.45

The adsorption process of pollutants in a solution can be divided into four stages: 1) the transport of the
adsorbate to the outer surface of adsorbent, 2) external film diffusion, associated with the transport of adsorbate
from dissolution through the stationary layer surrounding the particle, 3) internal (pore) diffusion or intraparticle
diffusion, which is the transfer of the adsorbate from the particle surface to the active sites (porous) within it, and 4)
adsorption, which the adsorbative adhers to the adsorbent surface on available sites. It is important to emphasise that
the adsorbate transport to the adsorbent is usually, under the right conditions, the limiting stage of the process.43,45

However, changes in the conditions of the process (stirring, mixing ...) may lead to the limiting stage of the reaction
rate being intraparticle diffusion, that is, the diffusion of the adsorbate between the pores of the adsorbent, or that
the determining stage in this process is the interaction of the adsorbate with the adsorbent.45,46 On the other hand
desorption, occurs in the reverse manner; it begins with desorption and ends with transport from the concentration
boundary layer around the adsorbent into the solution.45,46

The design and application of an adsorption system need knowledge of adsorption equilibrium and kinetics.43

The development of kinetics understanding is limited by the theoretical complexity of adsorption mechanisms.43

There are a large number of theoretical models used for the study of adsorption kinetics and the limiting stage of the
reaction rate.43 The models used to describe the kinetics studies carried out for this thesis are: the pseudo-first order
model and the pseudo-second order.

Pseudo Fist Order Model

The pseudo-first-order (PFO) equation was proposed by Largergren in 1898 for adsorption of oxalic and malonic
acid onto charcoal.43 It is the first kinetic model that describes the adsorption processes based on the capacity of the
adsorbent used.43 It has the following differential form Equation 3.13 and linearized form Equation 3.15:
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dq
dt
= k1(Qe − Qt) (3.13)

where Qt is the adsorption capacity (mg/g), Qe is the equilibrium adsorption capacity (mg/g); t is the time (min)
and k1 = rate constant (1/min). The integation with the initial condition Q=0 and t=0 yields Equation 3.14 and its
linearized form Equation 3.15.

Qt = Qe(1 − exp(−kt)) (3.14)

ln(Qe/(Qe − Qt)) = k1t (3.15)

If we plot ln((Qe - Qt)/ Qe) vs. t we can have a straight line that passes through the origin with a slope k1 for
systems that obey this model.43

Pseudo Second Oder Model

The pseudo second order (PSO) model based on sorption equilibrium capacity, is also widely used since it is a
well defined representation of the experimental data. The model can be used to predict the behaviour over the whole
range of adsorption and assumes that the uptake rate is second order with respect to the available surface sites.43,47

It has the following differential form Equation 3.16 and linearized form Equation 3.16:

dq
dt
= k2(Qe − Qt)2 (3.16)

t
Qt
=

1
k2Q2

e
+

t
Qe

(3.17)

where k2 is the pseudo-second-order (PSO) rate constant. Other values have the same meanings as in in
the previous model. If we plot t/Qe vs t we can have a straight line that is compatible with PSO. Most environ-
mental kinetic adsorption can be modeled well using PSOmodel, thereby indicating its superiority to other models.43

The kinetics analysis in these type of works, in which the experimental data are fitted to Pseudo First Order and
Pseudo Second Order models, serve merely to complement the adsorbent evaluation.43 Acoording to Tan K. et al.,43

the kinetics analysis of adsorption process need strong knowledge of the origins, strengths, and limitations of these
models.43 And also said that the model parameters are merely empirical constants that have no distinct theoretical
significance.43
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3.3 Nanotechnology
Nanotecnology is the study of phenomena and the manipulation of matter at atomic, molecular and macromolecular
scales, where properties differ significantly from those at a larger scale.48 The importance of nanotechnology is that
allow the creation of new materials with outstanding properties. These new materials can be design and produce
to have numerous advantages in relation with preexisting materials. According to Brushan,49 he reports that this
term refers to any technology that can be applied and used in the real world at a nano level (a nanometer is a
unit of length that denotes one millionth of a meter that is, 10-9 m),50 that is, that matter can be controlled and
used at atomic and molecular levels with a size in the range of 1 to 100 nm.49 Since it is in this range where
quantum effects dependent on the particle size are produced, making the properties of matter at the nanoscale level
different from the large scale ones. On the other hand, in the book "Nanotechnology: health and environmental
risks" it is mentioned that a key criterion for defining Nanotechnology is that its creation has to be artificial. In
other words, a nanoparticle, nanocomposite or nanomaterial will be synthetically produced. Because otherwise they
would have a define as biomolecule or a particle which is naturally formed. Regarding history, the author of the
book explain that Nanotechnology term was proposed by Norio Taniguichi, from Tokyo University in 1974, who
use this term to describe the thin film size deposited on a semiconductor.51 But it was in 1959 that one of the
brightest physicists in history gave a lecture to the American Physics Society called "There’s plenty of room at the
bottom—an invitation to enter a new field of physics". Where he argued the benefits we could have frommaking very
small things.52,53 With all this it is clear to know that nanotechnology has been and will remain present in future years.

The integration of nanotechnology in the current world according to Brushan,49 explains that he has managed
to penetrate and solve various problems efficiently in areas such as: medicine, the environment and especially
technology.49 Drug delivery, electronics, energy and water, biotechnology and others are some field where the
nanotechnology is applied.50 Nanotechnology represents the breakthrough in current research as it has made great
discoveries that have helped social, economic and technology in the world.53 Therefore, once we have already defined
the concept of nanotechnology, we can clarify that this thesis project is based on synthesis and characterization a
nanocomposite based on magnetite and titanium dioxide to evaluate its adsorption activity and degrade pesticides.

3.4 Nanoparticles (NPs)
Some of the most notable advances in materials science and chemistry is the production of new and improved
materials at the nanometric level. NPs play an important role in the development of technology and its applications
range from the field of health, industrial production branches and even in the incorporation of various materials such
as cosmetics or clothing with manometric technology.49,54 According to Ibrahim Khan,55 NPS are materials that
have a dimension less than 100 nm and that depending on their overall shape, NPs can adapt different dimensions. In
addition, he argues that size at the nanometric level can influence the physicochemical properties of materials, such
as optical properties.55 Gold NPs, for example, present different color according their size at the nano level scale
and this, at the same time, will depend on the amount of reagents and the time spent in their synthesis.56
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Considering that the size effect plays an important role in particles, we can define that the quantum size effect
describes the physics of solids by improving their properties when the size reaches nanometers.57 The quantum
effects present, dominate the behavior of matter at the nanometric level, particularly inside the particle, which is
where optical, electrical, magnetic and other behavior are affected. Also, nanoscale materials could be produced,
according to the number of dimensions present can be divided into: a) zero dimension nanomaterials (0D), where all
the dimensions present in the material are measured at the nanometric level such as quantum dots, b) one dimensional
nanomaterilas (1D), where one of the dimensions is outside the nanoscale level, in these type are included nanotubes
and nanorods, c) two dimensional nanoaterials (2D) where two of the dimensions are outside the nanoscale range,
for example graphene, nanofilms and nanocoatings and d) three dimensional nanomaterials (3D) where all the
dimensions of the materials are outside the nano region, such as bulk powders, nanoparticle dispersions and multiple
nanolayers.58 According to Khan, et al.,55 these materials are made up of several layers: firstly, there is the surface
layer, which allows the particle to functionalize with a variety of smaller molecules such as surfactants, polymer or
metal ions.55 On the other hand there is the cover layer, which is a very different layer to the core as a whole. Finally
there is the nucleus, which is the main part that defines a nanoparticle.55,59 There are two techniques to create them:
one using top-down techniques and the other using Bottom-up techniques. Top-down is a destructive technique of
producing nanomaterials, breaking down large molecules into very small structures. The most common methods in
this synthesis are: mechanical milling, chemical etching, sputtering and others.55 We have a clear example of this
method in the mechanical production of graphene from graphite sheets.60 On the other hand, bottom-up technique
employs in the opposite sense to the previous one, that is, small structures are created from simpler substances. The
most common methods in this type of synthesis are: sol gel, precipitation, sedimentation and reduction techniques,
among others. An example of this type of synthesis is the creation of silver NPs by chemical methods from their
precursor ions.61

3.5 Iron Oxide Nanoparticles
The growing number of scientific publications focused on the synthesis of metal and metal oxide nanoparticles has
brought great interest in physics, chemistry, biological, medicine, mechanics and material engineering where new
techniques are being developed to investigate and manipulate atoms and molecules at nanometric scale.37 Metal
and metal oxides nanoparticles have a high surface area and high fraction of atoms, which is responsible for their
fascinating properties such as magnetic activity.62 In addition these nanoparticles after being superficially modified,
may possess excellent biocompatibility, which is suitable for applications in the field of medicine.63 Currently,
magnetic nanoparticles mainly include metal NPs, metal oxide NPs, and metal alloy NPs; the more common NPs
are silver, iron, cobalt, gold, and nickel.63

Magnetite (Fe3O4) is a magnetic iron oxide that has a cubic reverse spinel crystalline structure centered on the
faces with oxygen and iron cations that occupy the Tetrahedral Interstitial Sites Fetet and Octahedral Feoct as is shown
in Figure 3.4.64 According to Andrade et al.,65 electrons can jump between Fe2+ and Fe3+ in octahedral sites even
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Figure 3.4: Crystalline structure of magnetite (a) Face centred cubic spinel structure of magnetite. (b) Magnification
of one tetrahedron Fetet and one adjacent octahedron Feoct oct sharing an oxygen atom.64

at room temperature, making magnetite an important metallic material medium.65 Depending on the size, Fe3O4

exhibits different behaviors when a magnetic field is applied to them.66 From micrometric to nanometric level, these
particles have been shown to have had abrupt changes in their magnetic properties.67 Since when these are in sizes
at the nano level, the surface effects begin to dominate the magnetic behavior of the particles.66 A wide variety
of methods for synthesis of magnetic nanoparticles are described in the literature, the most important being the
microemulsion, sol-gel and co-precipitation processes.64,66 According to Dresco et al.,68 the most common process
to synthesize magnetic iron nanoparticles is the co-precipitation method, starting from salts of Fe (II), Fe (III) and
using an alkali metal hydroxide as a reducing agent.68

In the figure 3.5 the process of formation of magnetic nanoparticles can be observed using the homogeneous
co-presipitation method assisted sonochemically.66 Figure 3.5 (a), shows the solution in which the two iron salts
and the reducing agent are placed. Figure 3.5 (b), shows the nucleation process, which is the starting point for the
formation of Fe3O4 nanoparticles at the time of ultrasound is applied. Consequently, the co-precipitation process,
where the nanoparticles are separated from the solution and form a homogeneous precipitate, takes place when the
solution turns a different color, as can be seen in figure 3.5 (c) and (d). Finally the complete formation of magnetic
nanoparticles is verified when the initial solution turns black figure 3.5 (e). The corresponding chemical reaction of
this process is explained in Equation 3.18.66

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (3.18)
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Figure 3.5: Synthesis of Fe3O4 nanoparticles using co-precipitation method sonochemically assisted.66

3.6 Nanocomposites
In recent years, research on the synthesis of nanomaterials has been expanded to the development of more complex
structures than conventional single-phase nanostructures, because it is possible to combine a wide range of build-
ing blocks (attached to through their chemical interfaces) generating new materials with improved characteristics
and properties, combined into a single multifunctional platform. This class of materials is commonly known as
nanocomposites or hybrid nanomaterials (since they havemore than one component), and they emerge as an attractive
alternative for scientific and technological applications in which conventional nanomaterials cannot compete. In
fact, nanocomposites are those compounds that have at least one phase of their internal structure, a morphology
in the range of nanometers; such as nanoparticles, nanotubes or lamellar nanostructures. The result of adding
materials at the nanometric level is the radical improvement in their properties in which they can include mechanical
resistance, thermal stability, chemical resistance, toughness, electrical conductivity or also two functions that can
provide another function like magnetic properties.69 The nanocomposites can be composed of several materials
such as: metals, non-metals or polymers that provide an additional advantage to the properties of its main material.
Also, it is important to mention that with the extensive research that is given to this field, now-a-days, it has been
possible to generate new materials with great novel properties through innovative synthetic approaches. Therefore,
the main idea behind the nanocomposite is to create new hybrid materials with dimensions in the nanometer range
and providemore than one function or increase its physical properties to thematerial for the development of science.69

Nanocomposites materials can be classified into three groups by their matrix materials such as: (1) ceramic
matrix nanocomposites (CMNC), (2) polymer matrix nanocomposites (PMNC) and (3) metal matrix nanocomposites
(MMNC).69 Ceramic matrix nanocomposites are those materials in which one or more different ceramic phases are
intentionally added, to improve wear resistance and chemical and thermal stability. Polymer matrix nanocomposites
are polymers or co-polymers that contain nanoparticles or nanofillers dispersed in their polymeric composition and
are commonly called poly-nanocomposites. Finally, metal matrix nanocomposites are thosemultiphasematerials that
are formed by a ductile metal or alloy matrix in which some nanosized reinforcement material is implanted in order
to enhance its toughness, modulus, strength and ductility and are commonly called inorganic nanocomposites.69 For
example, in the field of heterogeneous photocatalysis, it is common to use metal matrix nanocomposites using TiO2,
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or another photosensitive semiconductor, with some metals like silicon, gold, silver, nickel and iron nanoparticles
in order to increase its photocatalytic properties in the visible spectrum and also in its easy recovery applying an
external magnetic field .15,70,71

3.6.1 Fe3O4@TiO2 Nanocomposite

It is widely reported in the literature that TiO2 nanoparticles have a large surface area and good efficiency in the
adsorption and photocatalytic process for degradation of various chemical compounds; in which there are included
pesticides, phenolic compounds, organic colorants and also in mechanisms for treatment of wastewater.2 This has
made researchers look many options to improve these materials using nanoengineering as the basis for their con-
struction. One of the main problems they currently face is the recovery and reuse after its utilization when works
as absorbent and photocatalyst. The separation process is critical not only for reusability, but also to prevent the
harmful biological effects of many semiconductor NPs even when light is not present.72 Novel alternatives such as
recovery, centrifugation and filtration have been proposed but most of these techniques involve additional processes
that complicate operation, maintenance and represent an unwanted waste of energy and resources. For this reason, it
is sought to remedy this problem by developing materials by adding superimposed layers on a single particle to form
nano-hybrids that are composed of a core coated by a “shell” of a different material.13 That is, TiO2 nanoparticles
with a magnetite core that facilitates recovery by adding a external magnetic field. In this way, it is possible to
separate the catalyst from the contaminant in a simple and efficient way, avoiding the use of additional energy and
materials.13,73

Consequently, in recent years, several researchers have been involved to improve the adsorption and photocat-
alytic activity using novel nanocomposites based on Fe3O4@TiO2. Magnetic components integrated into TiO2

nanoparticle-based catalysts have proven to be an effective way to solve the problem mentioned above, as they
can prevent catalyst particle agglomeration during recovery and improve catalyst durability.74 The magnetic oxide
nanoparticles (Fe3O4), on the other hand, are much more sensitive and unstable than titania, particularly in acidic
conditions. A magnetic photocatalyst, consisting of a magnetic core coated with a photoactive titanium dioxide layer,
has been designed to solve the problem.74 The magnetic core was used to improve the photocatalyst’s separation
properties from the treated water, while the outer titanium oxide coating was used to degrade organic pollutants.74

Fortunately, a lot of work was put into synthesising core@TiO2 structures. For example, a high specific surface
area and a mesoporous structure are sought to increase adsorption/photocatalytic activity. In this sense, researchers
like Vinod Kumar et al.,10 have some works on photocatalytic oxidation of pesticides and organic compounds for
wastewater treatment through TiO2@CoFe2O4 NPs decorated reduced graphene oxide in the presence of UV light.10

Their studies showed good results in the degradation of chlorpyrifos pesticide and they clarify that nanocomposite
was separated from the solution by a magnet and reused after the photodegradation.10 In this way recyclable of
the nanocomposite is economically significant in the industry. In point of fact hybrid nanocomposites based on
TiO2@Fe3O4 are a good choice for glyphosate degradation processes thanks to high efficiency and their magnetic
properties for rapid recovery.
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Figure 3.6: Scheme of forming process of titania coated core@shell nanocomposites.74

Figure 3.6 shows an example the formation process of the titanium dioxide coating on the surface of the magnetic
nanoparticles reported by Tiejun Xin et al.74 The formation mechanism of the titania coating include the following
steps: Figure 3.6 (a) the NH+4 species are formed in the reaction system, Figure 3.6 (b) via electrostatic interaction,
the NH+4 species can be retained by the negatively charged surface of Fe3O4 cores terminating in carboxyl groups,
Figure 3.6 (c) the negatively charged titania precursor is adsorbed by the NH+4 species onto the surface of the Fe3O4

core as NH+4 species accumulate on the surface and Figure 3.6 (d) the surface condensation reaction catalyzed by
NH+4 species can easily occur on the surface of Fe3O4 core to form TiO2@Fe3O4 nanocomposites with a core-
shell structure.74 According with Tiejun Xin et al.,74 the ammonia ions (NH+4 ) are thought to play a significant
role in the coating reaction based on the above study. The key is that the carboxyl groups on the particle surface
attract the positively charged NH+4 , which attracts the negatively charged TiO

− species, making titania coating in an
ethanol/acetonitrile mixed solvent easier.74

3.7 Reported studies of glyphosate degradation
Glyphosate degradation processes are reported in the literature, many of them have achieved very efficient degrada-
tion. On the one hand there are metabolic processes that the plants themselves develop using their microorganism
for glyphosate degradation, these are processes with long time of action in soil environments. On the other hand,
there is the advancement of technology and its innovative degradation processes in which include electrochemical,
photochemical and chemical processes, that are used in aqueous environments. However, it is important to clar-
ify that many of these processes have been carried out with highly pure glyphosate reagents, that is, within the
composition they have no additives.We will now describe some of the research done with reference to glyphosate
degradation. Nam Tram, et al.,75 analyze the electrochemical oxidation capacity for the degradation and mineral-
ization of glyphosate herbicide using a Ti/PbO2 type anode.The electrolyte used was Na2SO4, in order to eliminate
toxic by-products during the electrolysis. Furthermore, they mention that pH, treatment time, current intensity and
concentration of catalyst are the parameters that influence glyphosate degradation by electrochemical method. They
conclude mentioning that their research had a degradation efficiency of 90% - 95%, showing that electrochemical
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treatment is a good option for glyphosate degradation.75

Rui Huo et al.,76 show their results regarding glyphosate degradation in aqueous phase. In this research they
develop Bismuto Vanadato nanoparticles (BiVO4) in a range of 30-100 nm, which are powered by light to develop
photocatalytic activity. In addition, they mention that factors such as crystal structure, crystallization temperature and
particle size of the nanoparticles are indispensable in the percentage of degradation. In this work they conclude that
BiVO4 sample, which has a morphology of sphere nanoparticles calcinated at 400 ◦C, is the sample that presented
the highest rate of photocatalytic degradation of glyphosate under irradiation. Specifically they have achieved the
degradation of the herbicide by 50% during 180 min.76

Eduardo Vidal et al.,77 developed a mathematical and experimental model to study the oxidative degradation
of glyphosate using hydrogen peroxide and UV radiation based on the sequence of reactions. Refering to mathe-
matical part they considered all the experimental values gathered in the laboratory reactor in order to develop the
respective calculus. On the other hand, the experimental part was developed using glyphosate acid and glyphosate
isopropylamine salt from a commercial formulation under the UV/H2O2 reactor to assess degradation process. The
conclusions shown that both the mathematical and experimental model of UV/H2O2 can become an suitable and
very simple process for treatment of wastewater with the presence of glyphosate, since they obtained 80% efficiency
under 12h reaction. However, they emphasize that in practical applications there are factors such as the presence of
organic matter or inorganic salts that cause changes in the reaction environment.77

Peerawas Kongsong, et al.6 develop a thin film with TiO2 to treat glyphosate contaminated water under UV and
solar irradiation. In this research, they synthesized various thin film coatings of SnO2/TiO2 that were deposited on
glass fibers in order to study its photoactivity. The doping of the nanocomposite with nitrogen was one of the key
points of this study, since it produced changes in absorption wavelengths and narrowing of band gap, obtaining a
high percentage of glyphosate degradation. They conclude that the SnO2/TiO2 sample, which has a narrow band
energy and a small crystalline size, has very good results of photocatalytic degradation on herbicide glyphosate. In
addition, they explain that it would take 11 h to degrade glyphosate by 90%. However, this depends on the UV
intensity, the surface area of the catalyst and the concentration of glyphosate.6





Chapter 4

Characterization Techniques

Nanoparticles (NPs) have attracted attention due to their large physical, chemical and mechanical properties depend-
ing on the size of the particles. NPs are increasingly used because they have unique properties, making materials
stronger, more durable and more effective in their application. Because the size of a nanoparticle is in the range of 1
to 100 nm, standardized methods of manometric analysis are rare. Various techniques to characterize these materials,
where the crystalline structure, elemental composition, morphology, particle size and dispersion are studied with
several sophisticated equipment.78 The characterization of nanomaterials plays an important role in the study of ma-
terials at nanometric level. More complete NPs characterization is necessary, requiring a comprehensive approach,
combining techniques in a complementary way.79 In this chapter we will describe the definition, mechanisms, utility
and problems of some characterization techniques that we will use in this study.

4.1 UV-vis Spectroscopy
Ultraviolet visible spectroscopy (UV-vis) is considered to the most widely used spectrophotometric technique for
the analysis of a variety compounds.80 This technique encompasses absorption spectroscopy and reflectance spec-
troscopy in the UV-vis spectral region, to quantify how much a chemical absorbs light, relating the absorption of
light from a sample to a reference or blank sample.81 For this, it involves electromagnetic radiation with matter
at a particular wavelength, causing that the molecules experimenting electronic transitions, i.e. electrons jump
from lower to higher energy levels.80,82 The amount of absorbance at any wavelength has a direct relationship with
the chemical structure of the molecule. Depending on the amount of light and its wavelength, valuable informa-
tion can be obtained from the sample such as: purity, amount and presence of materials.81 Furthermore, UV-vis
spectroscopy is used to quantitatively determine the elemental concentrations of a solution using Lambert Beer’s law.

Working Principle

27
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Figure 4.1: Illustration of Ultraviolet visible spectroscopy (UV-vis) experiment cuvette-based.

When a photon hits a molecule and is absorbed, the molecule is promoted to a more excited energy state.87

Visible light has enough energy to promote electrons to a higher electronic state, since there is a particular energy
that is associated with each wavelength of light.82 Chemically, this jump goes from a high occupied molecular
orbital HOMO to a lower unoccupied molecular orbital LUMO, making that the energy difference between these two
molecular orbitals to be considered as "Band Gap".82 It is important to clarify that the Band Gap and the absorption
spectrum will be different for each molecule because each one has different chemical structure. Another important
fact is that the resulting spectrum from the UV-vis technique represents a graph of absorbance as a function of
wavelength.88 The height of the absorption peaks is directly proportional to the concentration of the species present
in the sample. The calculation of the concentration is governed by Lambert Beer’s law Equation 5.6, where b is
the length of the optical path and C is the concentration. ε is the molar attenuation coefficient, which describes the
characteristic that the compound has in order to absorb light at a given wavelength.87

A = ε ∗ b ∗C (4.1)

In a typical cuvette based UV-vis experiment Figure 4.1, in which you want to determine the concentration of a
sample solution of unknown concentration, you must first create a calibration line. This line is made by measuring
the light absorption of at least three standard solutions with different known concentrations and at a predefined fixed
wavelength.87 These concentrations must be above and below the estimated concentration of the unknown sample.
Before a measurement a reference blank or sample needs to be done in order to record a zero in the measurement.88

It is important to know that each solvent has a cut-off wavelength of UV-vis absorbance. The solvent limit is the
wavelength below which the solvent itself absorbs all light. Among the limitations of this process is the type of
material that you want to measure.82 Most UV-vis instruments can analyze solid samples or suspensions with a
diffraction apparatus or an integrative sphere, however this is not common. Commercial equipment of this type of
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Figure 4.2: Example of a Glyphosate UV-vis Spectrum.90

characterization generally analyzes liquid samples and solutions more efficiently.87

In order to understand the results obtained with UV-vis, we must distinguish two types of analysis: qualitative and
quantitative. On the one hand, the qualitative analysis, in which the absorption spectra are analyzed identifying the
amount of peaks and their intensity, can determine substance in reference to the wavelength. Specifically, the position
of each peak allows to identify characteristic compounds of the sample, since each sample has a unique spectrum.
In addition, the size and peak width define how pure a material is present in the sample.82 On the other hand, the
quantitative analysis that involves the use of mathematical formulas, such as Lambert Beer’s law, to determine the
concentration of the compound.89 These include the analysis of concentration as a function of time, very useful in
processes of degradation or release compounds, due to the time plays an important role in this type of study.82 An
example of UV-vis spectrum of glyphosate is shown in figure 4.2.90

Figure 4.2 shows the UV-vis absorption spectrum of glyphosate, with a PMG concentration of 100 µg/ml, which
presents a maximum absorption peak at the wavelength equal to 195 nm.90 According to several reports presented
in the literature,91,92 the range between 195 nm and 220 nm is the wavelength range that organic acids, such as
glyphosate, are expected to absorb UV radiation.91 They also explain that the variations in pH increase and decrease
the absorption spectra.91
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4.2 Scanning Electron Microscopy (SEM)
SEM amplified images from approximately 10 times to 300000 times with a resolution from 30 nm to 1 nm, depend-
ing of the electron source and the equipment, providing information related to topographic characteristics, elemental
composition, morphology, phase distribution, composition differences, crystal orientation, and the presence and
location of electrical defects.93,94 The ability to examine even the most minute details in high resolution way is
crucial, especially when talking about materials at the manometric level. The characteristics found at this level
consist of a small number of atoms, which can generate only weak signals, so measurements in SEM must be fully
optimized to these conditions in order to obtain the desired information.95

SEM uses a focused beam of high-energy electrons that are generated by an electron gun, processed by magnetic
lenses, focused on the sample surface and picked up by a detector to form an image.94 Specifically, electrons are
generated at the top of the microscope column. They are then accelerated and attracted by the positively charged
anode downwards, and pass through the combination of electromagnetic lenses and openings to produce a focused
and controlled beam of electrons that hits the surface of the sample.96,97 The position of the electron beam in the
sample is controlled by scanning coils. These coils, that are located below of objective lens as in the Figure 4.3
i), allowing to scan the beam on the sample surface generating an electron/sample interaction.94 It is important to
clarify that, the entire electron column has to be under vacuum in order to protect against contamination, vibrations
and noise. In the absence of vacuum, other atoms and molecules present can interact with bombarded electrons,
reducing image quality.93,97

Working Principle

When the beam hits the sample there is an electron/sample interaction where a series of results occur. In other
words, when some electrons bounce from the sample are called backscattered electrons (BSE), others hit atoms
and displace electrons that, in turn, come out of the sample are called secondary electrons (SE), or are simply char-
acteristic X-rays, cathodoluminiescence, auger electrons, light or heat can be result of these interactions Figure 4.3
iii).94,98 Specific signals given by BSE and SE are the single information that can be taken on external morphology,
topography, chemical composition, crystalline structure and orientation from the materials by Scanning Electron
Microscopy (SEM) detectors. On the one hand BSE are formed from elastic scattering of electrons in the incident
beam by atoms in the sample. These electrons are used to generate images with a contrast, that varies with the
atomic number of different constituent elements in the sample and give information about the chemical composition
of it. On the other hand SE, which are formed from inelastic dispersion process, are useful for having topographic
information of the sample surface, because they have a very low intensity and cover only a small part of the sample
that is related to the beam angle.96,99

The information of BSE and SE is collected by an electron detector that converts this information into photons
through a scintillator. This signal is then amplified and converted into electrical signals and used to modulate the
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Figure 4.3: Scanning Electron Microscopy (SEM) i) Parts of electron microscope, ii) effect of probe size and spot
size on sample scanning and iii) interaction scheme of electron/sample.94

intensity of the image on the display screen by computer programs.94 SEM images are made up of lines of image
points, i.e. each electron beam interaction with the sample is considered as a point.100 In addition, the equipment
ability to display clear images depends on the spot size, which in turn depends on the number of electrons contained
in the probe. When we have a large spot size, we will have little time at each point in the sample and therefore the
scanning of the image is very superficial around the original morphology. Whereas when we have a smaller spot
size, the scanning of the image takes longer, but it manages to have a better image result in terms of the morphology
in the analyzed sample. Therefore, as we decrease the probe size, we can have detailed result of each points taken as
we can see in Figure 4.3 ii).94,100

Several parameters in the initial configuration before developing the measurements affect SEM images. For
example: acceleration voltage, spot size, Z depth, filament current, magnification, and astigmatism are parameters
that need to be considered to get high quality SEM images.99 Regarding the sample preparation before measurement,
it is important to know that they must be conductive or covered by a conductive layer, in order to eliminate any
accumulation of electrons in the surface of the sample and avoid charging.94 Figure 4.4 presents an example of SEM
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Figure 4.4: SEM micrograph example of TiO2 (a), Fe3O4 NPs (b) and Fe3O4@TiO2 Nanocomposite (d).101

micrograph of TiO2 (a), Fe3O4 NPs (b), Fe3O4@TiO2 Nanocomposite (c).101

Figure 4.4 (a) shows the SEM image of TiO2 which is aggregated by nano-sized spherical particles after the
heat-drying procedure. The SEM micrograph Figure 4.4 (b), which corresponds to Fe3O4 nanoparticles, shows a
rough surface with agglomerated irregular particle due to its magnetic properties. Finally, Figure 4.4 (c) present the
SEM micrograph of Fe3O4@TiO2 magnetic nanocomposite, which present the similar surface morphology than the
TiO2 sample, indicating that the TiO2 has successfully wrapped onto the Fe3O4 NPs during the synthesis process.
In this case, the increase in the specific surface area by having numerous dispersed magnetic nanocomposites, due
to the deposition of the TiO2 particles on the external surface of Fe3O4, should be beneficial for the rapid diffusion
of TiO2 towards all the active sites of the adsorbent.101

4.3 X-ray diffraction (XRD)
XRD is a non-destructive technique used to reveal structural sample information such as: chemical composition,
crystalline structure, crystalline size, deformation, preferred orientation, and layer thickness.94 XRD is based on the
constructive interference of monochrome X-rays and a crystalline sample. X-rays are used in this technique because
they are on the same scale of length in interatomic space and network parameters.102 To describe a material using
XRD, two stages are required; the first by studying the elements present using chemical analysis techniques and the
second determined as these are organized in their crystalline phases.94 The identification of the phases is achieved by
comparing the acquired data with reference bases, based on the diffraction pattern obtained.103 Therefore, materials
researchers use this characterization technique in order to study materials ranging from x-ray powder diffraction to
thin films, solids, and nanomaterials including semiconductors and polymers.104
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Figure 4.5: Illustration of X-ray diffraction mechanism as a reference of Bragg’s Law.107

Working Principle

This test method is performed by directing an X-ray beam to a sample and measuring the scattered intensity as a
function of the output direction. Specifically, when an X-ray beam hits the sample, they interact with the electrons in
the atoms, causing the reflected x-ray photons to be deflected from their original trajectory.105,106 It is important to
clarify that in regular structure materials, such as crystallines ones, the diffraction beams cancel each other, producing
constructive interference, which in turn create detectable intensity peaks as seen in Figure 4.5.107 The intensity of the
scattered X-rays is plotted as a function of dispersion angle, i.e. the material structure is determined from the analysis
of the location, angle and intensities of the scattered peaks. We have to take into account that the diffraction direction
depend on the size and shape of the unit cell, and the diffraction intensity depend on the type and arrangement of
the atoms in the crystalline structure.103 All of this is given by Bragg’s Law according to Equation 4.2. Where λ is
the wavelength of X-rays, dhkl is the space between a particular set of planes, θ is the angle of incidence at which a
diffraction peak is measured, and n is an integer representing the harmonic order of the diffraction.105,106

nλ = 2d sin(θ) (4.2)

In a typical XRD experiment, in reflection mode, the X-ray source is directed to a fixed position and the sample
rotates with respect to the X-ray beam on θ. Then, diffraction rays are collected by a detector, which rotates over a
range of 2θ, recording the x-ray intensity signal reflected by the crystal in each position Figure 4.5. Consequently,
when observing intensity peaks, Bragg’s law is fulfilled, causing that network parameters can be calculated and the
crystal direction can be identified.105,106 All of this is done using an available database, in reference to the XRD
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Figure 4.6: Example of XRD patterns for Fe3O4 NPs (a) and Fe3O4@TiO2 Nanocomposite (b).108

software that it is using. Among the factors that contribute to the patterns intensity is the dispersion contribution, i.e.
the number of X-ray photons that enter and leave the sample. This contribution strictly depends on material aspects
such as absorption and structural factor. On the one hand the absorption factor, who has the ability to receive and
release X-rays, does not depend on theta but rather on the thickness of the sample. On the other hand the structural
factor directly affects the intensity of peaks as a result of the material structure.102,107

Finally a plot of intensity as a function of 2θ is the result of XRD experiment. With presence and absence
of peaks, the crystal type and the parameters of the unit cell, associated with the material, can be determined.
Furthermore, the size of each peak determines the particle size of the sample, including nanometers. This process is
carried out comparing values with databases, using deduction and elimination process. It is clear to emphasize that
this comparison is very simple nowadays, since a variety of software linking to numerous databases, which contain
information of crystalline structures, are very affordable.102,107 An example of XRD patterns of Fe3O4 NPs (a) and
Fe3O4@TiO2 Nanocomposite (b), with 2 in the range of 10–80 is shown in Figure 4.6.108

Figure 4.6 (a) shows the diffraction peaks, obteined from Fe3O4 NPs, at around 2 of 30.1°, 35.5°, 43.2°, 53.4°,
57.2°, 62.8° and 75 which are related to the reflection of (220), (311), (400), (422), (511), (440) and (533) planes.108

According to Khashan et al., they explain that is possible to demonstrate the well crystallized structure of Fe3O4



CHAPTER 4. CHARACTERIZATION TECHNIQUES 35

with typical cubic inverse spinel structure, due to the peaks are sharp and intense.108 On the other hand, Figure 4.6
(b) shows the XRD pattern of Fe3O4@TiO2 nanocomposite. The diffraction peaks at around 2 equal to 25.3°, 37.8°,
48.2°, 54.2°, 55.3°, 69 and 70 are assigned to the (101), (004), (200), (105), (211), (116) and (220) planes of TiO2,
respectively.108 It is important to mention that the decrease of diffraction peaks intensities of Fe3O4 NPs is observed
as a result of TiO2 coating, due to the absorption of X-ray through the TiO2 shell.108

4.4 Fourier transform infrared spectroscopy (FTIR)
FTIR is a well-established characterization technique for identification and structural analysis of chemical com-
pounds.83 The peaks in its spectrum represent the exitaction of vibrational modes of molecules in the sample, which
are associated with various functional groups and chemical bonds in the molecules.83 Specifically, this characteri-
zation technique allows to study the absorbent and emitting properties of materials. Because, in order to study the
chemical bonds that connect the atoms it is necessary to know the different wavelengths of the infrared spectrum.84

Well it is here, that these bonds tend to vibrate with frequencies that correspond to infrared wavelength light and
hence can easily be excited with such a radiation.85 The clear alterations in the characteristic pattern of absorption
bands affirm a change in the material composition.86 It is very common in IR spectroscopy to use wavelengths that
cover numbers ranging from 200 to 4000 cm -1.84 In general FTIR spectroscopy is used to identify unknownmaterial,
finding additives, detecting contaminants, new compounds formations and identify decomposition and oxidation.86

Working Principle

IR spectroscopy is a method that studies the absorption and emission of energy caused by infrared interaction and
the material. The basic principle behind molecular spectrometry is that molecules absorb energy from light at spe-
cific wavelengths, known as their resonance or vibration frequencies. For example, water molecules resonate/vibrate
around the wave number of 3450 cm-1 in the infrared region of the electromagnetic spectrum.83

The instrument that is used for this characterization produces a beam from an infrared source as can be seen in
Figure 4.7. This beam passes through an interferometer where spectral coding takes place. Inside the interferometer
there are several devices such as: Figure 4.7 a) a collimating mirror, which collects the light from the source and
makes the beam’s rays parallel, Figure 4.7 b) a fixed mirror, which remains fixed in one position, Figure 4.7 c) a
moving mirror , which has the function of moving to the left and right and Figure 4.7 d) beamsplitter, designed
to transmit and reflect at the same time part of the incident light on it. In general, a light source with various IR
wavelengths, emitted by the beamsplitter, travels towards the fixed mirror and the light reflected by the beamsplitter
travels towards the moving mirror. The resulting rays are reflected off these mirrors, then travel back to the ray splitter
and recombine, see the schematic in the figure. This recombination in the interferometer of beams with different
trajectories creates a constructive and destructive interference called an interferogram. This interference pattern or
interferogram is then sent to the sample and the transmitted part of the interferogram is sent to a detector. After
comparison with a reference sample beam spectrum at the detector, a Fourier transform is performed to obtain the
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Figure 4.7: Simplified diagram of a Fourier transform infrared spectrometer. Adapted image.85

Figure 4.8: Example of FTIR spectra of TiO2 and Fe3O4@TiO2 Nanocomposte (a) and Fe3O4 NPs and Fe3O4@TiO2

Nanocomposte (b).73,108
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full spectrum as a function of wave number. The resulting graph is the FTIR spectrum that is searched in reference
libraries for identification.85 Figure 4.8 shows two examples of FTIR spectra for TiO2, Fe3O4 NPs and Fe3O4@TiO2

nanocomposite.

Figure 4.8 a) gives the FTIR spectra pattern of TiO2 and Fe3O4@TiO2 core-shell NP.73 From this spectra it is
possible to notice that FTIR spectra of TiO2 and Fe3O4@TiO2 core-shell NP are pretty similar, proving that a very
good synthesis of TiO2 has been achieved on the surface of Fe3O4 NPs in the core-shell type.73 On the other hand
Figure 4.8 b) shows the FTIR spectra of Fe3O4 NPs and Fe3O4@TiO2 Nanocomposite to be in the range of 4000–400
cm−1.108 In this case, the results argue that there is a band stretch in the range of 500 - 700 cm−1, in which the Ti-O-Ti
stretching vibrations are located, due to this band is relatively broader due to the overlapping of Ti-O peak along
with the Fe-O, demonstrating the attachment of TiO2 on the surface of the Fe3O4 and the successful synthesis of
Fe3O4@TiO2 nanocomposite.108 It is important to mention that in our work the FTIR results of the nanocomposites
should have the information of both the magnetic nanoparticles as well as the TiO2, since in this research project it
is proposed to generate a hybrid material of TiO2 decorated with Fe3O4 NPs.





Chapter 5

Methodology

5.1 Chemicals
Iron (III) chloride hexahydrate (ACS reagent 97%) and Iron (II) choride tetrahydrate (>99%) were purchased from
SigmaAldrich. Ammonium hydroxide (NH4OH) was purchased fromEMDmilipore corporation. TitaniumDioxide
(TiO2) was purchased fromMM representaciones. Glyphosate "Roundup 480, Agricola’s herbicide" 480 g/L with 1L
of additives, were purchased from Ecuaquimica. All chemicals were used as received without further modification,
and they were of analytical reagent grade.

5.2 Synthesis of TiO2 NPs by the Ultrasound Method
The synthesis of nanostructured TiO2 was made by an ultrasound-assisted method, using titanium dioxide and
sulfuric acid, following the previous studies of Nguyen Trung Duong et al.109 They reports on the application of
ultrasound to promote the chemical reaction between the micro particles of TiO2 with sulfuric acid.109 According
to Hassanjani-Roshan et al.,110 ultrasound intensity plays an important role in the morphology and dimensional
properties of nanostructured TiO2.109,110 In addition Trung Duong et al.,109 mention that the ultrasound intensity
is used to control the dispersion of TiO2 particles in sulfuric acid and collaborate by breaking the chemical bonds
of TiO2 to create new structures at a reaction temperature of 100 ◦C in 1 h.109,111 The performance of using ultra-
sonicwaves in such reactions is to provide a highly completemixture.111 The experimental process is described below:

The synthesis of titanium dioxide nanoparticles was prepared using 20 g of Titanium Dioxide (TiO2), that were
added to 40 mL of sulphuric acid. The mixture was treated by the ultrasound method using a "Sonoplus ultrasound
homogeniser mini 20" equipment as is shown in Figure 5.1 a). The benefit of performing ultrasound processes
with these samples is to lead a chemical dynamic alteration to produce new precursors that are then used for new
synthesis.110,112 The specifications used in the ultrasound equipment were; a nominal ultrasonic output of 20W, with

39
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Figure 5.1: Synthesis of TiO2 nanoparticles using ultrasonic method, a) ultrasonic TiO2 treatment and b) separation
of the sample using a centrifuge.109

a pulse level of 50.5 s and an amplitude of 50%.

Three ultrasound interactions of 10 min with a rest of 5 min between them, were performed to the sample.
Then the sample was hydrolyzed with distilled water at 100 ◦C for 1 hour.109 Consequently a sodium hydroxide
solution was used to adjust the pH of the compound in a range of 8 to 11.109 A separation process using "High-speed
mini centrifuge, heathrow scientific-taste" and a careful process of washing with distilled water, were carried out to
separate all by-products present in the sample Figure 5.1b). Then the sample was dried for 24 hours at 50 ◦C. Finally
annealed process, to give a crystalline structure back to TiO2, was performed using a muffle at 500 ◦C for two hours
and air atmosphere.109,111 The chemical reactions of nanostructured TiO2 formation are detailed in the following
equations:109

TiO2 + 2H2S O4
ultrasonic energy+ 100◦C f or 1h
−−−−−−−−−−−−−−−−−−−−−−−→ H2[TiO(S O4)2] + H2O (5.1)

H2[TiO(S O4)2]→ TiOS O4 + H2S O4 (5.2)

TiOS O4 + (n + 1)H2O→ TiO2 · nH2O + H2S O4 (5.3)

TiO2 + nH2O→ TiO2 + nH2O (5.4)
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Figure 5.2: Experimental set up of Fe3O4 synthesis process.

5.3 Synthesis of Fe3O4 Nanoparticles
Figure 5.2 shows the synthesis of Fe3O4 Nps using the chemical co-precipitation method.13 In general, this method
involves the co-precipitation of aqueous salts of Fe2+ and Fe3+ with a molar ratio of 2:1, by the addition of NH4OH
as shown in Equation 5.5.13,15,113 Specifically, 6.0 g of FeCl3.6H2O and 3.0 g of FeCl2.4HnO were weighed and
dissolved in 100 mL of distilled water, as can be seen in figure 5.2 (a and b). The solution was stirred for 30 min
at 50 ◦C. Then, 20 mL of NH4OH was added into the solution, as it looks in figure 5.2 (c); consequently, Fe3O4

NPs are formed as a black precipitate. Finally the suspension was kept stirred for 30 min at 50 ◦C in a simple reflux
system as well as represented in the figure 5.2 (d).

FeCl2 + 2FeCl3 + 4NH4OH → Fe3O4 + 8HCl + 4NH3 (5.5)

After cooling to room temperature the NPs were recovered using a magnet and then washed with distilled water and
ethanol, as well as it is observed in figure 5.2 (e and f). The drying process of the sample was performed at 60 ◦C
for 30 min in order to have the powder as can be seen in figure 5.2 (g).
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Figure 5.3: Experimental set up of synthesis Fe3O4@TiO2 Nanocomposite.

5.4 Synthesis of Fe3O4@TiO2 Nanocomposite
Regarding the synthesis of the nanocomposite, Fe3O4 nanoparticles were synthesized on TiO2, using a chemical
co-precipitation method.13 In this work, was used two types of TiO2: bulk commercial and the nanostructured
synthesized one. Specifically, to prepare the nanocomposite we prepared a solution of 5.0 g of TiO2 in 100 mL of
distilled water with magnetic stirring, until to have a well dispersed solution. Then, 3.0 g of FeCl3.6H2O and 2.5 g
of FeCl2.4H2O was added as can be seen in figure 5.3 (a). The solution was stirred for 30 min at 50 ◦C, as it looks in
figure 5.3 (b). Then, 20 mL of NH4OH was added figure 5.3 (c). Consequently, Fe3O4@TiO2 nanocomposite was
formed as a gray precipitate. Finally the suspension was kept stirred for 30 min at 50 ◦C in a simple reflux system as
is shown in figure 5.3 (d). After cooling to room temperature, our nanocomposite was recovered using a magnet and
then washed with distilled water and ethanol.as well as represented in the figure 5.2 (e and f). The drying process of
the sample was performed at 60 ◦C for 30 min in order to have the nanocomposite powder as can be seen in figure 5.2
(g).13,15

The synthesis of magnetic nanoparticles (Fe3O4) and magnetic nanocomposite (Fe3O4@TiO2) were successfully
prepared as shown in Figure 5.4. The nanoparticles and the nanocomposite are easily attracted by an externalmagnetic
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Figure 5.4: Magnetic response of a) and b) Magnetite nanoparticles (Fe3O4) c) and d) Magnetic nanocomposite of
TiO2@Fe3O4.
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.

Figure 5.5: FTIR Spectrometer - Agilent Cary belonging to Yachay Tech University, Ecuador.

field, demonstrating the magnetic properties of the samples. After the drying process, the Fe3O4 nanoparticles and
Fe3O4@TiO2 nanocomposite presented a characteristic black and brown color respectively, due to the oxidation of
Fe3O4 NPs surface, as is shown in Figure 5.4 b) for magnetic nanoparticles and d) for nanocomposite. This behaviour
was previously reported by María Vanegas et al.13,113

5.5 Characterization Equipment

5.5.1 Fourier transform infrared spectroscopy

The FTIR spectra were obtained from powder-samples using Agilent Cary 630 FTIR Spectometer and the data
collected with Agilent MicroLab Software. A full spectra data acquisitions was obtained at a wavenumber range of
400 - 4000. The data obtained were analyzed and plotted using Spectragryph and Origin-Pro software. A equipment
photo is shown in Figure 5.5.
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Figure 5.6: X-ray power diffractometer Miniflex-600 equipment belonging to Yachay Tech University, Ecuador. a)
General photo of the equipment and b) internal part of the equipment

5.5.2 X-ray Diffraction

X-ray powder diffraction (XRD) patterns of the samples were recorded on a powder diffractometer @Miniflex-600,
Rigaku trademark, with a D/tex Ultra2 detector equipment Figure 5.6. The X-ray generator was operated to 40kV
and 15 mA, in a sealed tube CuK(alpha) radiation source. Additionally, for collecting data was employed a Theta/2θ
in scan-axis, 0.005◦ step width in a scan range 3-90◦ in 2θ, and the D/tex Ultra2 detector in 1D scan mode. Finally,
for it was used a Soller slit 1.25◦ receive and incident scattering, and high-length, receiving and incident slit 10.0
mm, 8.0 mm, and 13.0 mm, respectively. The miller index was determined using computational software QualX
and PowCod 2017 data base. The crystallinity size was determined from XRD peaks using Scherer equation and the
percentage of Anatase/rutile phase was determined using Spurr and Myers method.

5.5.3 Scanning Electron Microscopy

SEM micrographs were taken with a Scanning Electron Microscopy TESCAN MIRA 3 Schottky field belonging to
Army Polytechnic School (ESPE), Quito - Ecuador. The Samples were prepared in a carbon substrate with a pure
drop of each sample. A photo of the equipment is shown in Figure 5.7.
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Figure 5.7: Scanning Electron Microscope (SEM) belonging Army Polytechnic School (ESPE), Quito - Ecuador

5.6 Adsorption experiments

5.6.1 Calibration Curve

The calibration curve is the graphic representation that relates an instrumental signal as a function of the concentra-
tion of an analyte and defines the working interval in which the results to be reported have a known precision and
accuracy that has been documented in validation of each method.114 In this way, a calibration curve of commercial
glyphosate was made in order to obtain the precision, limit of detection, limit of quantification and the sensitivity
of the equipment that is being used. In order to obtain the detection limit, quantification limit and sensitivity of the
equipment that is being used to quantify the glyphosate adsorption, a calibration curve was made using the Genova
Nano Jenway Spectrophotometer Figure 5.8.

Commercial glyphosate with an initial concentration of 480 g/L and distilled water (10 mL) were used and the
previously calculated volumes were carefully added according to Table 5.1. The absorbance measurements were
taken by the Genova Nano Jenway spectrophotometer with the following specifications: wavelength range from 198
nm to 300 nm, the optical path was 0.5 um and 0.2 uL was used for measurements.95 The results were analyzed
using Origin computational program. The graph corresponding to this study is shown in Figure 5.9 and reflects a
linear absorbance behavior as a function of glyphosate concentration. The absorbance values, that are plotted in
the diagram, correspond to the wavelength of 200 nm, that’s where the characteristic peak of glyphosate is located
Figure 5.9 a).77
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Figure 5.8: Experimental set-up of calibration curve of glyphosate at different concentrations

Concentration (g/L) V. Glyphosate (mL) V. Water (mL) Absorbance (a.u.)

300 6.25 3.75 2.140
250 5.20 4.80 1.989
200 4.16 5.84 1.728
150 3.12 6.88 1.682
100 2.08 7.92 1.617
50 1.04 8.95 1.1568
10 0.2 9.8 0.8649
1 0.1 9.9 0.1239

Table 5.1: Calibration curve of commercial glyphosate at different concentrations
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Figure 5.9: Calibration curve of commercial Glyphosate

With a view to obtain adequate accuracy and statistical reliability, the least squares method was used to find the
calibration line that best fits the points obtained.115,116 Where each point is defined by an independent variable, in
this case the concentration, and a response variable in this case the level of absorbance.115 The calibration line is
defined by the following equation:

y = a + b ∗ x (5.6)

Where; y is the level of absorbance, b is the slope of the calibration curve, x is the concentration of the solution and
a is the adjustment parameter of the calibration curve.115

The curve obtained with the experimental tests yields the correlation coefficient (R2) equal to 0.94 as is shown
in the Figure 5.9 b), which satisfies the parameters for the completion of the following measurements. With respect
to the calibration curve there is a linear adjustment equal to: y = 0.96261 + 0.00407 x. Taking into account the
results presented in the calibration curve it can be said that the detection limit and the quantification limit of the
equipment, in order to represent the adsorption of the commercial glyphosate, should not be less than 1 g/L. In other
words, the value to be taken into account to perform the adsorption experiments is greater than this value, since 1
g/L is the lowest value that can be determined using this equipment and these solutions. Regarding with equipment
sensitivity it is prime to explain that our equipment has a low repeatability in the measurements. However the results
was improved using a optical path equal to 0.5 um.
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5.6.2 Adsorption of Glyphosate

Commercial glyphosate adsorption experiments were carried out to compare the adsorption capacity of TiO2 bulk
size, TiO2 nano size, Fe3O4 NPs, nanocomposite Fe3O4@TiO2 bulk size and nanocomposite Fe3O4@TiO2 nano
size. In this way, 6 samples of 10 mL of commercial glyphosate at 100 g/L were prepared. Then 0.5 g of each
sample, mentioned above, were mixed with the glyphosate and placed under sun radiation. The purpose of exposing
them under solar radiation is to improve the photocatalytic activity of the nanocomposite that could help for the
glyphosate degradation. The The pH values of the samples were reported in Table 5.2.

Sample pH

TiO2 Bulk size 5
TiO2 Nano size 6
Fe3O4 5
Fe3O4@TiO2 Bulk size 5
Fe3O4@TiO2 Nano size 4

Table 5.2: pH values of the samples.

5.6.3 Kinetic Adsorption Study

The kinetics describe the rate of adsorption of commercial glyphosate in the surface of the samples and determines
the time in which the equilibrium is reached. The adsorption capacity Qt (mg/g) and removal rate R (%) were used
as indices that reflect the performance of the adsorbent. Calculation formulae of Qt and R are as follows:

Qt =
V(Ci −Ce)

m
(5.7)

R =
(Ci −Ce)

Ci
x100% (5.8)

where Qt is the adsorption response time (min), Ci and Ce are the initial glyphosate concentration and the glyphosate
concentration at equilibrium (mg/L) respectively, V is the solution volume (L), and m is the mass of the adsorbent (g).

The adsorption process of commercial glyphosate on TiO2 bulk size, TiO2 nano size, Fe3O4 NPs, nanocomposite
Fe3O4@TiO2 bulk size and nanocomposite Fe3O4@TiO2 nano size was simulated by the pseudo-first-order kinetic
model and pseudo-second order kinetic. Different models can be expressed by the following equation:
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Pseudo-first-order kinetic equation (PFO):
This model is widely applied to describe the behavior of adsorption processes. It has the following linearized form
Equation 5.9:

ln(Qe/(Qe − Qt)) = k1t (5.9)

where Qe = is the equilibrium adsorption capacity (mg/g); t = time(min) and k 1 = rate constant (1/min). Plotting
ln((Qe - Qt)/ Qe) vs. t gives a straight line that passes through the origin with a slope k1 for systems that obey this
model.

Pseudo-second-order equation (PSO):
This model assumes that the uptake rate is second order with respect to the available surface sites. It has the following
linearized form Equation 5.10:

t
Qt
=

1
k2Q2

e
+

t
Qe

(5.10)

where k2 is the pseudo-second-order (PSO) rate constant. Other symbols have the same meanings as in the PFO
model.Plotting t/Qt vs t gives a straight line for PSO- compliant kinetics. The slope is 1/Qe, and the intercept
is 1/k2Q2

e . It is important to mention that the PFO and PSO models are the most used models in environmental
adsorption kinetics studies and are useful for determining whether physical or chemical adsorption process. If the
pseudo-first-order model provided a better fit result, then the adsorption is a physical process; while the pseudo-
second-order model fits better, then it is chemical adsorption.43
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Results & Discussion

Nanomaterials characterisation discloses information on the physical, chemical and morphological properties of the
samples, which are related to the removal efficiency of the glyphosate. This chapter describes the characterisation of
the samples synthesized to provide information on: (a) its chemical composition; and (b) morphology and (d) particle
size. For this: UV-vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) were used. Subsequently, studies of the adsorption of commercial glyphosate
were carried out to know the reaction kinetics in this process.

6.1 Characterization of materials

6.1.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the commercial TiO2 comparing with nanostructured synthesized one were shown in Figure
6.1 a) and b) respectively. From these spectra, the characteristic peak of TiO2 were observed at about 500–700 cm−1

wavenumber, which is associated with the characteristic vibrational mode of anatase phase of TiO2.127–129 The extra
peaks found in the spectrum of TiO2 nano-size (Figure 6.1 b), can be attributed to the residues of the synthesis of this
material. The peak at 3058 cm−1 indicates the presence of hydroxyl group (O–H). The absorption peak at 1625 cm−1

indicate the presence of hydroxyl group (–OH ) from the crystal water adsorbed on the surface of TiO2.128,129 The
absorption peaks around of 2320 cm−1 are attributed to the presence of carbon dioxide stretching vibration present
in the air.131 The peaks located at 2110 cm−1 and 1425 cm−1 indicate that the presence of C=C and C=N in-plane
vibrations respectively. Finally, the band located around 1115 cm−1 is attributed to the C–O–C stretching vibrations
according with what was reported by Zuoli He et al.132 This band could be attributed to the bonds of carbonaceous
organic materials that are present in the chemical composition of commercial titanium dioxide sample, even in TiO2

nano size sample after sonication treatment.132 From these results it is possible to argue that the samples correspond
to TiO2.

51
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Figure 6.1: FTIR spectra of a) TiO2 bulk size, b)TiO2 nano size, c) Fe3O4 NPs, d) Fe3O4@TiO2 bulk size and e)
Fe3O4@TiO2 nano size
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On the other hand, FTIR spectrum obtained from magnetite nanoparticles is presented in Figure 6.1 c). The two
intense peaks observed between 500 cm−1 and 600 cm−1 are attributed to the stretching vibration mode associated
to the metal-oxygen Fe–O bonds in the crystalline lattice of Fe3O4 NPs.133 They are characteristically pronounced
for all spinel structures and for ferrites in particular.134 The peaks at 1625 cm−1 are due to the hydroxyl groups of
molecular water, is the H-O-H bending of the coordinated water.108 Also Fe3O4 spectrum show a broad band at 2110
cm−1 and 1425 cm−1, which are attributed to the asymmetric and symmetric stretching vibrations of C≡C and C-N
in-plane.131

With respect to the nanocomposites (Fe3O4@TiO2), the FTIR spectrum are shown in Figure 6.1; d) for the bulk-
size and e) for the nano-size. Both Fe3O4@TiO2 nanocomposites possess more signals of TiO2 than Fe3O4. The
spectrum show a broad band at 3060 cm−1 in both cases, which are attributed to the surface hydroxyl group (O-H).131

The peak at around 2330 cm−1 may originate from the carbon dioxide in the air.131 The peaks at 1655 cm−1 are due to
the hydroxyl groups of molecular water that was adsorbed on the surface of Fe3O4@TiO2 nanoparticles.128,129 Peaks
observed at 1210 cm−1 and 1425 cm−1 are assign to C≡C and C-H stretching respectively. The peaks in the range of
500 cm−1 to 700 cm−1 might be attributed to the presence of stretching vibrations of Ti-O and Fe-O-Ti bonds.127 It
is important to mention that in the spectrum that corresponds to Fe3O4@TiO2 bulk-size sample (Figure 6.1 d), it is
clear to see the shift of the characteristic peaks of the magnetite towards the left around 700 cm−1. This means that,
given the presence of the characteristic peaks of the samples of TiO2 and Fe3O4 in this region, there is a formation
of a bond between these two materials. It should be mentioned that due to the synthesis technique that we use for
nanocomposites (TiO2 decorated with Fe3O4 NPs) these bonds are physical since they are due to the interaction of
the magnetite with the surface of the titanium dioxide. In the same way, although not so evident, this interaction
can be seen in the spectrum corresponding to Fe3O4@TiO2 nano-size sample (Figure 6.1 e). According to Saeid
Salamat,131 this peaks relatively broader due to the overlapping of Ti-O peak along with the Fe-O peak mentioned
above, proving the attachment of TiO2 on the surface of the Fe3O4 and the successful synthesis of Fe3O4@TiO2.131

It is should be to clarify that the peak located around 1115 cm−1 in the TiO2 precursor samples (Figure 6.1 a and
b) decreases considerably after the synthesis of magnetic nanoparticles on them (Figure 6.1 d and e). This can be
attributed to the fact that the materials that were used in the synthesis of Fe3O4 NPs, such as ammonium hydroxide,
eliminated the carbonaceous organic particles present in the Titanium Dioxide chemical composition.

6.1.2 X-ray diffraction (XRD)

XRD patterns are shown in Figure 6.2. The diffraction peaks and miller indices were studied using "QualX" software
(it is a computer program capable of identifying crystalline phases using powder diffraction data) and the "PowCod
2007" database. For the precursor sample of TiO2 bulk-size, the diffraction peaks placed in Figure 6.2 a), show high
sharpness and intensity for its two crystalline phases. With regard to the anatase structure phase, the diffraction peaks
appear at angles and miller indices of 2θ = 25.3◦ (101), 37.8◦ (004), 48.0◦ (200), 55.0◦ (211), 62.6◦ (204), 75.0◦

(215) and 149.9◦ (424). And for the rutile structure phase the refractive peaks appear for angles and miller indices of
2θ = 27.4◦ (110), 36.0◦ (101), 41.2◦ (111), 54.3◦ (211), 56.6◦ (220) and 69.0◦ (301). On the other hand, in the case
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of the TiO2 nano-size sample showing in Figure 6.2 b), it is possible to observe the reflections of anatase crystalline
structure with angles and miller indices at 2θ = 25.34◦ (101), 37.74◦ (004), 48.04◦ ( 200), 55.04◦ (211), 62.64◦ (204)
and 75.04◦ (215). And for the rutile phase the refractive peaks appear for the angles and miller indices at 20 =
27.44◦ (110), 36.04◦ (101), 41.24◦ (111), 54.34◦ (211), 56.64◦ (220) and 69.04◦ (301). For both the refractive angles
and miller indices are the same, since it effectively corresponds to TiO2 samples, and this results are reaffirmed as
reported by Ruby Chauhan et al.135

The XRD pattern of Fe3O4 NPs (Figure 6.2 c).) demonstrates sharp and intense diffraction peaks, since each
plane of the NPs reflects the incident X-ray at certain scattering angle 2θ. Each peak was found at around 2θ
is corresponding to one lattice plane of Fe3O4 as follow; 18.3◦ (102), 30.0◦ (200), 30.14◦ (020), 30.146◦ (114),
35.45◦ (212), 35.47◦ (016), 35.5◦ (106), 37.1◦ (024), 43.0◦ (220), 56.9◦ (322), 57.0◦ (232), 32.67◦ (228), and
62.66◦ (040). Whereas the results of X-ray diffraction obtained for nanostructured hybrid materials are presented in
Figure 6.2 d) for Fe3O4@TiO2 bulk size and e) for Fe3O4@TiO2 nano size. These peaks demonstrate that Fe3O4

NPs and TiO2 (in their anatase and rutile phases) are present in the XRD diffractograms, which are represented
by a blue square, red circle and black star respectively. In addition, it can be noticed that the intensity of Fe3O4

NPs peak decreases with TiO2. This reductionmay due to the effect of thickness of TiO2 than Fe3O4 nanoparticles.126

The quantification of phase proportions of TiO2 is usually carried out using XRD. Such analyses are often done
using the method reported by Spurr and Myers,136 which utilizes the ratio of the anatase (101) peak at 2θ equal to
25·30◦ to rutile (110) peak at 2θ equal to 27·43◦. The ratio of the intensities of these peaks, I101/ I110, is used in an
empirically determined formula (Equation 6.1) to give the weight fractions of anatase and rutile phases.109

%A =
100

1 + 1.265 IR
IA

(6.1)

where A is the percentage of anathase phase present in the sample and (IR/IA) is the ratio of the intensity of the
strongest anatase reflection to the intensity of the strongest rutile reflection.136

Given the results in Table 6.1, it can be confirmed that both TiO2, bulk precursor and nano synthesized sam-
ples, present characteristics of the anatase phase than a rutile phase. In addition, it is important to clarify that the
temperature used to annealed the sample for give again the crystalline structure to TiO2 treated, was 500◦C under
air atmosphere, was the optimal temperature to give an anatase/rutile phase mixture in a proportion of 74.6% to
25.4%. These results are consistent with literature.137 Viana et al.,138 reported that the crystallization values for
annealing titanium dioxide nanoparticles at a temperature in the range of 500◦C to 600◦C achieve an anatase/rutile
phase transition.138

The theoretical particle size calculation of the samples was carried out using the Scherrer-Debye formula. This
formula correlates the particle size through the crystal broadening observed in the X-ray diffractograms. Then, in
order to calculate the average particle size in all nanomaterials, the following Equation 6.2 was applied.137,139
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Figure 6.2: XRD patterns of a) TiO2 bulk size, b)TiO2 nano size, c) Fe3O4 NPs, d) Fe3O4@TiO2 bulk size and e)
Fe3O4@TiO2 nano size.

Sample Anatase phase (%) Rutile phase (%)

TiO2 Bulk size 82 18
TiO2 Nano size 75 25

Table 6.1: Anatase/Rutile percentages of titanium dioxide in the initial sample and after nanostructured synthesis
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D =
Kλ

βcos(θ)
(6.2)

Where D is the mean particle size (nm), K is crystallite shape factor (a good approximation is 0.9), λ is the X-ray
wavelength in this case CuK(alpha) equal to 0.15406 nm, β is the full width at half the maximum (FWHM) in radians
of the X-ray diffraction peak and θ is the Braggs’ angle (deg).137,139

Table 6.2 shows the average particle size of all samples. For the calculation of the FWHM, the high intensity
peak was used and analyzed using origin software. For example, in the case of TiO2, the peak with high intensity is
located at an angle and miller index of 2θ = 25.3 (101) and for Fe3O4 NPs is located at 2θ = 35.45◦ (212). Thus, the
results show that it is possible to reduce the particle size of TiO2 from 40 nm to 31 nm compared to the precursor
sample using the ultrasound-assisted method described above.109 On the other hand, the particle size of Fe3O4 NPs
averages 10 nm. With respect to results for hybrid nanocomposites Table 6.2, in the two TiO2 presentations, show
that after the synthesis our nanocomposites (Fe3O4@TiO2) don’t have big changes in particle size. This is coherent
due to the Fe3O4 NPs were synthesized on the surface of TiO2 and not in the opposite way.

Sample D TiO2 (nm) D Fe3O4 (nm)

TiO2 Bulk size 40 -
TiO2 Nano size 31 -
Fe3O4 - 10
Fe3O4@TiO2 Bulk size 42 6
Fe3O4@TiO2 Nano size 30 7

Table 6.2: Particle size calculated for the different synthesized samples using the Scherrer equation.

6.1.3 EDS/Elemental Mapping

A elemental mapping using EDS was done to hybrid nanomaterials as is show in Figure 6.3. The results indicate
a segregated elemental distribution in the red and green colored regions, which correspond to the areas in which
the Fe and Ti elements are detected respectively Figure 6.3 a) and b). This fact agrees with what was raised, since
in the synthesis strategy, it is expected that the phases will be coupled with each other by simple mixing, once the
iron nanoparticles have already formed on the surface of the TiO2. The union of the phases has been effectively
carried out, although with a non-homogeneous coupling, since there are a large number of magnetic nanoparticles
surrounding the region studied Figure 6.3 c). However, it is possible to observe red points that correspond to Fe on
the green marked surface corresponding to Ti, generating a magnetic hybrid material.15
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Figure 6.3: EDS/elemental mapping of Fe3O4@TiO2 nanocomposite.

6.1.4 Scanning Electron Microscopy (SEM)

Figure 6.4 a) shows the SEM micrograph of the magnetic nanoparticles (Fe3O4). This micrograph reveals that the
sample has a broad uniform distribution of homogeneous-sized spherical nanoparticles.124 In addition, it can be
observed that nanoparticles tend to be easily added with each other, causing the formation of clusters, this may be
due to the small size and magnetic properties of these nanoparticles, these results are confirmed by Tianjie Hong, et
al.122,123,125 These particle agglomerations are formed during the sample drying process, since it is where nanopar-
ticle agglomeration/aggregation is promoted, especially with magnetite nanoparticles due to dipole interactions.140

The nanoparticles size was measured using the ImageJ program, which consists of plotting the diameter of each
particles to obtain an average and adjusted to a histogram study, where the particle size of the nanoparticles obtained
is shown under a given scale. In this way, the histogram results in Figure 6.4 b) show that the size of the Fe3O4 NPs
has an average diameter of 40 ± 20 nm.

Regarding to nanostructured nanocomposite Fe3O4@TiO2, the magnetic nanoparticles that are formed on the
TiO2 surface by the chemical co-precipitation method are shown in Figure 6.4 c). SEM micrograph shows that the
nanocomposite was formed of large particles of TiO2 of 100 ± 20 which are agglomerated.70,111,140 Also in a general
way, thanks to the contrast of micrography, the coupling of the two materials in the form of circular nanoparticle
clusters on the surface of another material can be distinguished. This is possible to differentiate, due to the brightness
contrast is given by the elements present and their different atomic number: the heavier the element, the brighter it
will appear in the micrograph.72,73,141 Therefore, iron has a higher atomic number than titanium, making the iron
nanoparticles appear whitish and brighter in the micrograph.72,141

In summary, all the characterizations techniques that have been performed, confirms that TiO2, Fe3O4 NPs and
the nanocomposites have been successfully obtained. The UV-vis results demonstrate the presence of the charac-
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Figure 6.4: SEM micrographs and average particle size distribution of (a and b) Fe3O4 NPs, (c and d) Fe3O4@TiO2

nanocomposite.
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teristic peaks of TiO2 and Fe3O4 NPs found in the regions established by the literature. The XRD patters confirm
the presence of Fe3O4 NPs and TiO2 with a higher percentage of the anatase than rutile crystalline phase. SEM
and EDS elemental mapping micrographs confirm the presence of both materials in its chemical composition and
reveals the aggregation of iron nanoparticles. The particle size analysis of the nanocomposite by XRD that was 42
± 10 nm differ from the SEM that was 100 ± 20 nm. This is because the agglomeration/aggregation is done due to
the magnetic properties that the sample present.

6.2 Adsorption Process
In this section the equilibrium adsorption studies were carried out to determine the maximum effective adsorption
capacity of commercial glyphosate using TiO2 bulk size, TiO2 nano size, Fe3O4@TiO2 bulk size, Fe3O4@TiO2 nano
size and Fe3O4 NPs. All experiments were done with a adsorbent sample dosage of 0.5 g and 10 mL of 100 g/L of
commercial glyphosate under solar radiation. The results obtained from the adsorption curves and their kinetics are
presented and discussed for each sample as stated in the following Figures 6.6 - 6.9. The theoretical values retrieved
from the curves are summarized in Table 6.3.

Figure 6.5 describe the results obtained in the commercial glyphosate adsorption process on the TiO2 bulk-size
surface. Item a) Figure 6.5, shows the relationship of absorbance as a function of time at a wavelength of 200 nm,
where it can be seen that the quantified absorbance decreases as a function of the elapsed time of the reaction. It is
clear to notice that the maximum adsorption value was reached in 30 min. The percentage of glyphosate removed
using TiO2 bulk-size sample was calculated employing Equation 5.8 described in Chapter 5, and presented in item b)
Figure 6.5. The results said that an amount of 25% of commercial glyphosate was removed from the solution. Fitting
results of adsorption data based on he pseudo-first-order kinetic model and pseudo-second-order kinetic model are
shown in Figure 6.5 c) and d) respectively. The parameters are listed in Table 6.3. With this results it can be say
that commercial glyphosate adsorption on TiO2 bulk-size conforms the pseudo-second-order kinetic model with a
correlation coefficient (R2 = 0.98) which indicates that this adsorption system is not a first order reaction and that the
pseudo-second-order kinetic model, based on the assumption that the rate limiting step may be chemical sorption
or chemisorption involving valency forces through sharing or exchange of electrons between TiO2 bulk-size and
commercial glyphosate, provides the best correlation of the data.47,142 The theoretical value of adsorption capacity
(Qt), was calculated using Equation 5.7 Chapter 5, and is placed in table 6.3. Qt results reflect that an amount of
commercial glyphosate of 11.31 mg/g was removed.

In contrast with the previous results, glyphosate adsorption curves using TiO2 nano-size sample are shown in Fig-
ure 6.6. The results show a consistent adsorption kinetics, due to the initial concentration of commercial glyphosate
decreases with time, as can be seen in Figure 6.6 a). Unexpectedly, our results diverge with the characteristics of
the sample, since a greater adsorption was expected using this sample in comparison with its precursor one (TiO2

bulk-size). This may be due to several aspects that could be related to material characteristics. Perhaps the chemical



60 6.2. ADSORPTION PROCESS

Figure 6.5: Adsorption behavior and kinetics models of glyphosate with TiO2 bulk size.
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Figure 6.6: Adsorption behavior and kinetics models of glyphosate with TiO2 nano size
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Sample
Qt

(mg/g)
R
(%)

Pseudo First Order Kinetic Pseudo Second Order Kinetic
k1 (min−1) R2 k2 (g/(mg min)) R2

TiO2 Bulk Size 11.31 26 -9.84x10−3 0.94 1.93x10−3 0.98
TiO2 Nano Size 4.56 11 -2.49x10−3 0.94 9.45x10−5 0.41
Nanocomposite Bulk Size 6.96 16 -3.52x10−3 0.69 1.08 x10−3 0.91
Nanocomposite Nano Size 3.54 9 -2.1x10−3 0.94 1.66 x10−4 0.96

Table 6.3: Parameters of adsorption dynamics model.

process to reduce the particle size of TiO2, using ultrasound assisted method and sulfuric acid, could have affected
the catalytic properties of the sample. On account of high ultrasound interactions to break the chemical bonds in
titanium dioxide particles, cause an irreversible chemical alteration to the sample even after the annealed process.109

Furthermore, this low adsorption capacity of commercial glyphosate on TiO2 nano-size can be attributed to the pH
of the sample (Table5.2). Reported studies,11 affirm that the removal efficiency of glyphosate decrease significantly
when the pH increase, implying that acidic condition is more favorable to the adsorption process.11 According
with Yajuan Li, et al.142 report that good adsorption capacity enhance when the pH was between 3 and 5.142 They
explain that the pH effect in adsorption process could be attributed to the electrical properties of adsorbent and
pollutants, because in order to have a good adsorption capacity both glyphosate and the adsorbent must to be in
strong electrostatic attraction.142 Other studies,143 argue that at pH of 3, the Ti surface will be positively charged,
while the phosphate group of glyphosate will be negatively charged leading to the expectation that the compound
will adsorb the surface of Ti. In contrast, at higher pH values, the absorbent surface as well as glyphosate will
be negatively charged, and hence adsorption would not be expected.143 It must be pointed out that, even when,
sulfuric acid (H2S O4) is used for the synthesis of TiO2 nano-size, the pH of the sample was adjusted to 10 using
sodium hydroxide (NaOH).109 Making that the pH of TiO2 nano-size sample has a higher value (pH=6), than the
precursor sample TiO2 bulk -size (pH=5), even after the calcination process due to the boiling point of NaOH (1.388
◦C) is higher than that of H2S O4(337 ◦C). Another reason for the low absorption may be related to the solubility
of the adsorbent on the adsorbate, in other words the solubility of the TiO2 nano-size sample in the glyphosate
solution, since during the adsorption experiments with this sample (TiO2 nano-size) the immediate formation of
precipitate occurred in the first few minutes compared to the precursor sample (TiO2 bulk-size) which had a very
good dispersion of material in the solution. This means that there was not enough contact of the nano-sized titanium
dioxide nanoparticles (synthesized by the ultrasound method) with the glyphosate, thus avoiding its adsorption.

However, an 11% adsorption of commercial glyphosate was achieved using TiO2 nano-size, as can be seen in
figure 6.6 b). The maximum adsorption quantity Qt was 4.56 mg/g. The fitting results of adsorption data based
on pseudo-first-order kinetic model and pseudo-second-order kinetic model, the results suggest that commercial
glyphosate adsorption on TiO2 nano-size conforms to pseudo-first-order kinetic model with a higher correlation
coefficient (R2 = 0.94) Figure 6.6 c). This indicates that physisorption is the rate controlling step for this adsorption



CHAPTER 6. RESULTS & DISCUSSION 63

Figure 6.7: Adsorption behavior and kinetics models of glyphosate with nanocomposite Fe3O4@TiO2 bulk size
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Figure 6.8: Adsorption behavior and kinetics models of glyphosate with nanocomposite Fe3O4@TiO2 nano size
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process and its given by the weak interactions like Van der Waals forces.35

The adsorption results for commercial glyphosate using the nanocomposites Fe3O4@TiO2 bulk-size andFe3O4@TiO2

nano-size are presented in Figure 6.7 and Figure 6.8 respectively. The results contrast with the previous results ob-
tained with the precursor samples of TiO2 bulk-size and TiO2 nano-size. In the first case (nanocomposite bulk-size),
the maximum glyphosate adsorption value was achieved at 50 min, while for the precursor sample was 30 min Figure
6.7 a). In addition, the percentage value of removal rate for commercial glyphosate decrease to 16% compared to the
previous one which was 26% according to Figure 6.7. In the second case, the maximum adsorption of glyphosate
can be achieved in the same time of 50 min, but likewise the amount of glyphosate removed decreases from 11%
to 9% Figure 6.8 b). These results could be attributed to the presence of the iron oxide nanoparticles, because the
interaction of Fe ions with glyphosate cause a formation of a new complex in the solution, causing a low electrostatic
attraction between Fe3O4@TiO2 and commercial glyphosate.145 However, the advantage that the nanocomposites
have compared to the precursor samples is their easy recovery by applying an external magnetic field. Its is impor-
tant to mention that preliminary experiments showed that the application of an external magnetic field is enough to
recover all the adsorbent material from the solution, thus concluding a great nanoengineering process. In fact, it can
be stated that after the samples (Fe3O4@TiO2), fulfill their adsorption action within 50 min, the nanocomposite can
be easily recovered from the contaminated water using a magnet in order to avoid desorption process.

Regarding the adsorption kinetics models, both samples present good fit for pseudo-second-order model with a
higher correlation coefficient (R2 = 0.91 for Fe3O4@TiO2 bulk size and R2 = 0.96 for Fe3O4@TiO2 nano size) which
indicates that chemisorption is the rate controlling step for these adsorption.142. This provides a stronger bond as it
involves the transfer or sharing of electrons between the commercial glyphosate and Fe3O4@TiO2 nanocomposites.43

It is important to mention that for all samples the values of k1 and k2 (Table 6.3) constants are in accordance with
the reported by Tan k. et al.,43 which affirm that the rate constant k1 is a function of the process conditions due to
decrease with increasing initial bulk concentration.43

Adsorption/Desorption Process

Figure 6.9 shows the adsorption process and its subsequent desorption process of the commercial glyphosate
using TiO2 bulk size a), TiO2 nano size b), Fe3O4@TiO2 bulk size c), Fe3O4@TiO2 nano-size d) and Fe3O4 NPs e)
as a function of the time. In general, the experiments seem to be conducted in three stages; an initial one in which
commercial glyphosate is adsorbed on the surface of the sample, the second one related with the desorption process,
and finally an equilibrium stage. Specifically, the kinetics of the adsorption process begins with the diffusion of
the glyphosate molecules on the surface of the samples.43,45 During the first minutes of the reaction at the initial
stage of the adsorption process, higher rates of adsorption take place; this may be due to the availability of more
adsorption sites and the fact that the glyphosate molecules exchange easily on the surface of the samples. On
the other hand, the desorption process occurs when the glyphosate is released from the sample to the solution.45

The desorption process observed contradict with the literature, due to an equilibrium stage was expected after the
adsorption process. This could be attributed to the chemical composition of commercial glyphosate that is being use.
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Figure 6.9: Adsorption/Desorption behavior of glyphosate during the time of a) TiO2 bulk size, b)TiO2 nano size,
c) Fe3O4@TiO2 bulk size, d) Fe3O4@TiO2 nano size and e) Fe3O4 NPs.
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Commonly commercial agricultural formulations have different amounts of glyphosate concentration ranging from
1% to 41%. And also this formulations contain an isopropylamine glyphosate salt, surfactants, and several minor
components including defoaming agents and inorganic ions.18 Therefore adsorption of commercial glyphosate in
aqueous solutions is difficult, since the contribution of surfactants, additives and adjuvants that help increase its power.

It should be note that the adsorption/desorption results of commercial glyphosate using the nanocomposites,
based Fe3O4@TiO2 bulk-size item c) and Fe3O4@TiO2 nano-size item d) in Figure 6.9, have an additional behavior
in their desorption process. It can be seen that there is a higher desorption rate of commercial glyphosate after reach-
ing the maximum adsorption value. This behavior is attributed to the presence of the magnetic nanoparticles in their
composition, due to the results obtained using only Fe3O4 NPs (Figure 6.9 e), show an evident desorption process of
commercial glyphosate as a function of time. There has been reported,145 that the interaction between the glyphosate
and Fe3O4 NPs forms a glyphosate/metal complex Figure 6.10. Glyphosate, like many other phosphonic acids, acts
as a chelating agent and forms stable complexes with divalent and trivalent metallic cations as iron. According with
Mark L. Bernards146 he reports that the chemical structure of glyphosate includes a negatively charged molecule
that will bind to positively charged metals for example iron, when they are dissolved in a water-based solution. In a
typical solution, glyphosate has a -2 charge,146 with this negative charge, it is strongly attracted to positively charged
molecules.When glyphosate binds to a metal, much of the glyphosate-metal complex remains on the samples surface.

FTIR characterization analysis of Glyphosate@Fe3O4

The formation of glyphosate/metal complex, due to the interaction between the glyphosate and Fe3O4 NPs, was
elucidated well on basis of the FTIR analysis. Figure 6.11 showed a comparison of FTIR spectra of glyphosate
and glyphosate@Fe3O4 NPs samples. The typical spectrum of commercial glyphosate Figure 6.11 (purple line), is
confirmed by the presence of the peaks of amine group at 1620 cm−1, carboxylic group at 1400 cm−1 and phosphate
group at 1080 cm−1 - 913 cm−1.147,148 The peaks located at the range of 400 to 840 cm−1 correspond to the nitro
compound and disulfide groups, and are attributed to the other relevant additives or surfactants used in its commercial
formulation.147 The sharp band and intense peak at 3320 cm−1, is attributed to the presence of hydroxil group (-OH)
in the sample.147,148 The three peaks at 2215 cm−1, 1322 cm−1 and 1165 cm−1 is assigned to the stretching vibration
to the C=C, C-O and P=O bonds, respectively.147–149

On the other hand the peaks positioned in the spectrum of glyphosate + Fe3O4 NPs sample Figure 6.11 (orange
line), are in relation with the previous one. However, it is important to mention that the main difference between the
spectrum is that new peaks reappeared in the phosphate region at 979 cm−1. According to Ramarakhiani et al.,147

this finding conformed that a direct interaction for complex formation occurred through phosphate groups present at
glyphosate molecule and metal ions, in this case the Fe ions.147 Furthermore it is clear to see, in comparison, that
the characteristic peaks corresponding to the phosphate group located at 1080 cm−1, 1165 cm−1 and 913 cm−1 of the
sample containing only glyphosate Figure 6.11 (purple line), decrease in intensity and disappear in the glyphosate
+ Fe3O4 NPs sample Figure 6.11 (orange line). This is clearly attributed to the formation of the complex in these
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Figure 6.10: Glyphosate bound to a metal ion. M2+ represents the iron - glyphosate binds.

Figure 6.11: FTIR results of Glyphosate and Glyphosate bound to Fe3O4 nanoparticles.
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phosphate groups and affirming what is stated in Figure 6.10. Thus, commercial glyphosate was not adsorbed on
magnetite or nanocomposites based magnetite, by the complexation of glyphosate in the phosphate group, rather, the
desorption phenomenon could have occurred as a result of the magnetic decomposition to an iron oxide, due to the
acidic medium in which it was worked. Or also this is because, amine, phosphate and carboxylate groups are present
in glyphosate structure.147 Because, glyphosate when this is in aqueous solution is present as zwitterionic molecule
and has capability to form chelating ring and cross structural complex with various metal ions and surfaces.147

Therefore, in our case, the complexes formed in the interaction of commercially glyphosate/Fe could be the cause of
the absorbance increase and therefore the glyphosate desorption. However, the advantages to synthesized magnetic
nanocomposites based Fe3O4@TiO2, are their easy separation and recovery before to glyphosate/Fe complexes are
formed and desorption process starts.

Summary and Recommendations

So far, it has been show that a adsorption of commercial glyphosate (100 g/L), can be obtained using TiO2 bulk
size a), TiO2 nano size b), Fe3O4@TiO2 bulk size c), Fe3O4@TiO2 nano-size d) and Fe3O4 NPs Figure 6.12. A
highest efficiency of 26% was achieved in the adsorption experiment of commercial glyphosate using TiO2 bulk size.
Regarding the adsorption experiment by TiO2 nano-size, the effect of the pH, cause a decrease in the adsorption
efficiency, obtaining an 11% of removal rate. The pH values are extremely important, because the samples must
to be in electrostatic attraction between the adsorbent and adsorbate, in order to increase the adsorption process.142

The adsorption results by Fe3O4@TiO2 nanocomposites show a decrease in adsorption efficiency from 26% to
16% for bulk-size nanocomposite and 11% to 9% for nano-size nanocomposite in comparison to their precursor
samples, due to the presence of Fe3O4 NPs. The commercial glyphosate adsorption/desorption mechanism with
Fe3O4 mainly include a formation of glyphosate/metal complex, which increases the absorbance values inducing a
desorption process of glyphosate complex. Although the results of glyphosate absorption with nanocomposite are
not good, the advantages to synthesize a nanocomposite based on Fe3O4@TiO2 for the adsorption of commercial
glyphosate are the easy separation and recovery after 50 min, before to desorption process starts. The commercial
glyphosate kinetics results by TiO2 bulk-size, Fe3O4@TiO2 bulk-size and Fe3O4@TiO2 nano-size conformed to
pseudo-second-order kinetic model, being controlled by chemisorption process. Meanwhile, the adsorption results
by TiO2 nano-size conform to pseudo-first-order kinetic model, being a physisorption predominate in this reaction
due to several factors like: pH and porous size.

In order to improve the results using the nanocomposites as adsorbents, it is suggested to adjust the pH to a value
of 3 and increase the adsorbent loading. In addition, synthesizing a nanocomposite based on Fe3O4@TiO2 in a
core-shell design, with a center of magnetic NPs, could avoid the formation chemical complexes of Fe/glyphosate and
avoid the desorption process. On the other hand, taking into account that TiO2 is a photosynthetic semiconductor, it
is recommended to design a strong UV light reactor enough to degrade commercial glyphosate using photocatalysis.
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Figure 6.12: Removal rate results of commercial glyphosate adsorption.



Chapter 7

Conclusions & Outlook

Fe3O4@TiO2 nanocomposite was successfully synthesized by using the chemical co-precipitation method and used
in adsorption of commercial glyphosate. The FTIR results demonstrate the presence of the characteristic peaks of
TiO2 and Fe3O4 NPs. XRD patters confirm the structure of Fe3O4 NPs and TiO2 with a higher percentage of the
anatase crystalline phase than the rutile one and an average particle size of 42 ± 10 nm. SEM and EDS elemental
mapping micrographs confirm the presence of both materials in its chemical composition and reveal the aggregation
of the nanoparticles with an average particle size of 100 ± 20 nm. The maximum values of the removal rate (R) were
reached by the samples: TiO2 bulk-size and Fe3O4@TiO2 bulk-size (26% and 16% respectively). The commercial
glyphosate adsorption results of the samples with TiO2 bulk-size, Fe3O4@TiO2 bulk-size and Fe3O4@TiO2 nano-size
correspond to a pseudo-second-order kinetic model, being controlled by the chemisorption process. Meanwhile,
the adsorption results by TiO2 nano-size conform to the pseudo-first-order kinetic model, being the physisorption
process predominate in this reaction. The behavior of commercial glyphosate with Fe3O4 NPs mainly includes a
formation of a glyphosate/metal complex inducing a desorption process. Indeed, it has been demonstrated that the
adsorption of commercial glyphosate can be obtained using Fe3O4@TiO2 nanocomposite. The nanocomposite has
advantages over the conventional samples as the easy separation and recovery of the nanocomposite after 50 min,
before to desorption process starts, demonstrating a significant potential in the removal of commercial glyphosate
from aqueous solution for wastewater treatment engineering.
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