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Resumen

El glifosato (N-fosfonometilglicina) es el principal ingrediente activo de un conjunto de pesticidas
comerciales más ampliamente utilizados a nivel mundial debido a su alta eficacia en la eliminación no
selectiva de malezas. Existen varias preocupaciones ya que los aditivos del glifosato pueden contener
diferentes sales y tensioactivos peligrosos para las personas y el medio ambiente. En este trabajo, se
realiza un análisis de un nuevo nanocompuesto hecho de grafeno, quitosano y CoFe2O4 a través de varias
técnicas espectroscópicas para determinar su actividad cuando se expone al glifosato como alternativa
para eliminar este compuesto contaminante. En este trabajo se utilizan técnicas de espectroscopía de
fotoelectrones de rayos X (XPS), así como espectroscopía infrarroja por transformada de Fourier (FTIR)
y espectroscopía RAMAN para analizar las interacciones de unión entre cada uno de los componentes
del nanocompuesto y el glifosato. A través del estudio del grafeno, quitosano, ferrita de cobalto y el
nanocompuesto con glifosato utilizando estas técnicas, fue posible encontrar que existe una interacción
que ocurre principalmente a través de los grupos carboxílicos y fosfato, mostrados principalmente en el
análisis FTIR y XPS. Los resultados muestran que el nanocompuesto tiene una mayor interacción química
con el glifosato en comparación con cada uno de los componentes, lo que hace que este nanocompuesto
sea una buena alternativa como bioadsorbente para la eliminación del glifosato.



Abstract

Glyphosate (N-phosphonomethyl glycine) is the main active ingredient of a set of commercial pesticides
most widely used globally due to its high effectiveness in removing weeds through non-discriminatory
elimination. There exist several concerns since the additives of glyphosate may contain different salts and
surfactants dangerous to people and the environment. In this work, an analysis of a novel nanocomposite
made of graphene, chitosan, and CoFe2O4 is performed through various spectroscopy techniques to
determine its activity when exposed to glyphosate as an alternative to remove this pollutant compound.
X-ray photoelectron spectroscopy (XPS), as well as Fourier, transform infrared spectroscopy (FTIR),
and RAMAN spectroscopy techniques are used in this work to analyze the binding interactions between
each one of the components of the nanocomposite with the glyphosate. Through the study of Graphene,
Chitosan, Cobalt ferrite, and the nanocomposite with Glyphosate using these techniques it was possible
to find that there is an interaction occurring mainly through the carboxylic, and phosphate groups showed
mainly in the FTIR and XPS analysis. The results show that the nanocomposite has a bigger chemical
interaction with glyphosate compared to each one of the components which makes this nanocomposite a
good alternative as a bio-adsorbent for glyphosate removal.

Keywords: nanocomposite, glyphosate, graphene, RAMAN, FTIR, XPS.
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Chapter 1

Introduction

The global need for food supply and the increment of crop yield around the world, has widespread, in
farmers, to have turned to pesticides to protect their crops from pests and diseases. However, the use
of these chemicals comes with consequences. One pesticide, in particular, is known for its effectiveness
in controlling illegal crops, but we must consider the long-term impact on our environment and health.
Glyphosate (N-phosphonomethyl glycine) is the main active ingredient of a set of commercial pesticides
used due to its high effectiveness in removing weeds through non-discriminatory elimination.1 This also
helps in the wide-spreading of planting which is genetically modified to resist glyphosate-based pesticides.
The concern about the usage of glyphosate compounds has been growing in recent years due to its possible
environmental impacts, especially on human health due to its toxicity.2 The mechanisms of toxicity
of glyphosate-based formulations remain a topic of various research, and it is known that commercial
formulations may contain different salts and surfactants that vary in nature and concentration .3 Surfactant
ingestion and exposition can be dangerous to people since amine surfactants are strongly alkaline, and
corrosive causing multiple organ failures.3

In Ecuador, pesticides containing glyphosate formulations have been used in aircraft fumigation as a
counter-measurement to fight illegal crops in the borders with Colombia, especially those caused by drug
trafficking operations.4 It is reported in an article from 1988 that glyphosate compounds are reduced to
smaller molecules but not fully degraded by microorganisms and plants into carbon dioxide, phosphates,
and water that can pollute nearby water sources.5 Due to the complications to human health, harmful effects,
and illness caused by glyphosate pesticides in near-populated areas, a great concern about solutions to
prevent these cases has appeared. Thus, an effective and trustful method is needed to remove this pollutant
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from water in order to prevent diseases in humans. The adsorption and degradation processes are one of the
most used methods to remove glyphosate from water being a simple, low-cost, easy operation process with
high efficiency and high removal rates6. Nevertheless, the nature of the proposed adsorbent material may
affect the adsorption process along with its performance which can also depend on the concentration of
glyphosate, pH, temperature, and the presence of additives like surfactants. Several researchers have used
nanomaterials as an adsorbent material for glyphosate pesticides like ZnO, goethite, and magnetic graphene
hybrid composites.7 In order to develop an efficient process for removing glyphosate it is necessary to
understand the individual components of commercial formulations and design efficient materials for its
removal from water.8

In this work, the spectroscopy study of a simple magnetic nanocomposite including graphene, chitosan,
and CoFe2O4 nanoparticles as a bio-adsorbent for commercial glyphosate remediation from water sources
is proposed to understand the molecular interaction happening behind the adsorption process. The design
of the nanocomposite was based on the properties that graphene shows like its wide surface area which
enhances its adsorption efficiency.9 Since it is not easy to recover from the water after the process, while
combined with chitosan, graphene gains hydrophilicity and bio-compatibility improving the dispersion in
aqueous solutions. Moreover, the combination of graphene and chitosan with CoFe2O4 nanoparticles is
performed to enhance the absorptive properties along with easy magnetic separation of the pesticide from
water.8 Hence, it is necessary to perform adequate spectroscopy techniques over the sample to obtain the
required information for its efficient analysis, including a better understanding of this removal process, in
order to point to the real phenomenon regarding its physical or chemical interaction.

The work does not review the adsorption efficiency in a quantitative way, but it is a qualitative work
where the interactions between the nanocomposite, its components, and the glyphosate molecule are
studied to understand what are the binding mechanisms occurring in the removal process.

Chapter 2 reviews a theoretical background over the nanocomposite compounds along with the spec-
troscopy techniques working principle used in the study of the nanocomposite-glyphosate interaction being
RAMAN, FTIR, and X-ray photoelectron spectroscopy. This is followed by the methodology in Chap-
ter 3 which shows the sample acquisition of the nanocomposite, and the technical specifications of the
spectroscopy equipment during the characterization process. Later, a wide analysis and discussion over
the obtained results for RAMAN, FTIR, and XPS spectroscopy is performed in Chapter 4 to analyze the
molecular and chemical interaction in the removal process. Finally, Chapter 5 can be referred to understand
the conclusions obtained from this analysis.
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1.1 Problem Statement

There is a need to develop, design, and fabricate eco-friendly and accessible materials for the efficient
removal of Glyphosate from water. It has been proved that graphene compounds with chitosan can be
used as an adsorption method for glyphosate which can be enhanced when combined with CoFe2O4.8

Therefore, the production of a nanocomposite containing these nanomaterials could be used as an efficient
strategy for the remediation of water-containing glyphosate formulations. To show the efficiency of this
material, it is necessary to understand the physical and chemical processes happening at the nanoscale.
This can be done by performing a set of characterization methods over the samples. Thus, spectroscopy
techniques like Raman, FTIR, and X-ray photoelectron spectroscopy might serve as a sufficient study of
the molecular interaction in this process.

1.2 General Objectives

Study the adsorption property of a nanocomposite for the remediation of water containing glyphosate
pollutants, by performing a detailed analysis of the molecular interaction between graphene, chitosan, and
CoFe2O4 nanocomposite with glyphosate using high energy photon techniques being Raman, FTIR, and
X-ray photoelectron spectroscopy to prove its efficiency and reliability of usage.

1.3 Specific Objectives

1. Perform Raman, FTIR, and XPS spectroscopy techniques over the graphene, chitosan, and cobalt
ferrite nanoparticles, as well as the nanocomposite before and after interacting with the glyphosate
molecule.

2. Analyze and discuss the obtained results in each one of the performed spectroscopy methods to un-
derstand the molecular interactions between the nanocomposite, its components, and the glyphosate
molecule.





Chapter 2

Theoretical Background

Chemicals-Compounds

2.1 Pesticides

Modern agriculture has a dependency on agrochemicals to maintain the survival rate of the crop and
harvest yields.5 These agrochemicals are known as pesticides. A pesticide is a mixture of substances or
usually biological agents that are released into the environment to avert, control and kill populations of
harmful pests. Pesticides are commonly used to kill pests, insects, and other organisms that can attack
crops and harm their quality of them. Different kinds have been used for crop protection in the last century.
It is widely known that excessive use of pesticides can provoke the destruction of biodiversity.10 Major
classes of pesticides include organochlorines, organophosphates, carbamates, and pyrethroids which are
present in the most current and widely used pesticides.11 Generally, the substances present in pesticides
are inert contaminants and contain impurities. Being released into the environment these substances break
down as metabolites that are toxic to the environment. The risk associated with pesticide use is known to
have surpassed its beneficial effects, especially the non-selective pesticides that kill non-target plants and
animals, along with the targeted ones .12

2.2 Glyphosate

N-(phosphonomethyl)glycerin(glyphosate) is an organophosphorus-efficient broad-spectrum herbicide
considered to be the most successful in history applied in agricultural and non-agricultural areas.13
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6 2.2. GLYPHOSATE

The molecule is composed of a fraction of glycine and phosphomethyl being its formula C3H8NO5P as
can be observed in Figure 2.1.

Figure 2.1: Chemical Structure of glycine Glyphosate [N-(phosphonomethyl)].14

Starting with its first commercialization in the 1970s, glyphosate has become the most used herbicide
worldwide with an average usage of about 600 to 750 thousand tonnes annually by 2020.14

Being a non-selective herbicide, it reduces the growth and activity of nitrogen-fixing bacteria in the
soil. It works by the inhibition of some amino acids in plants, fungi, alga, and bacteria. It has been
reported to work even on some species of parasites. This pesticide also has harmful effects on earthworms
at the cellular level causing DNA damage, and it also affects the activity and viability of some earthworm
species.10 The commercial presentation of glyphosate usually contains not only its main compound but an
aqueous mixture of isopropylamine, surfactants, and some other components which can include biocides,
and inorganic ions to adjust the pH of the compound, which can vary in concentration and performance.
The formulation range from about 41% to 1% glyphosate intended for domestic usage.
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Figure 2.2: Geographic distribution of GLY (Glyphosate) aggregated contamination hazard resulting
from biodegradation recalcitrance and residue accumulation.15

2.2.1 Environmental Impact

Phosphonomethylglycine or PMG as glyphosate is known (also referred to as GLY), degrades in the
environment primarily driven by biotic pathways led principally by bacteria and fungi, so its degradation
is more appropriate in soil. This substance is very soluble in water contaminating aqueous bodies through
various sources like spray drift, spills, or even drainage sometimes unintentional.16 The concentrations
of GLY present in water sometimes exceed 1µg/L. When in significant water sources the degradation of
glyphosate is considered to be slower, GLY is known to be resistant to hydrolysis in water because of C-N
and C-P inert linkages present in the molecule.3 Due to this, the wide usage of glyphosate can lead to
serious pollution problems. The geographic distribution of GLY aggregated hazard can be observed in
Figure 2.2. Initially, glyphosate should be non-toxic to mammals and birds due to its action mechanisms5.
On the other hand, fish and invertebrates are more sensitive to the herbicide, especially to its commercial
presentation. According to research on commercial glyphosate, its increased toxicity is caused by the
surfactants in its composition which cause it to be toxic to non-targeted organisms.17



8 2.3. CARBON NANOMATERIALS

2.2.2 Health Issues

A wide number of research on the cancerous effects of glyphosate have been investigated since the early
1990s. The International Agency for Research on Cancer concluded in 2015 that glyphosate is probably
carcinogenic to humans, based on evidence in experimental animals and in humans, moreover, it was
concluded that strong evidence of genotoxicity and oxidative stress was found in this research .18

Since January 2001, the northern area of Ecuador has been subject to aerial spraying by the Colom-
bian Government with herbicide formulations that contain glyphosate, and polyethoxylated tallowamine
surfactant.19 The main purpose of spraying glyphosate is to help in eradicating illicit crops in the area.
The reason behind using a surfactant in the formulation with is to help the glyphosate in the penetration
over the plant knitting causing the compound to be toxic and dangerous to humans.20 In Ecuador, the
consequences of aerial spraying with glyphosate added to a surfactant solution have been the main topic
in several studies in order to find possible illnesses related to this compound. A study performed over a
population in Ecuador showed that a considerable degree of DNA damage was found in an exposed group
to glyphosate-surfactant compounds.21

2.3 Carbon Nanomaterials

Among materials, carbon-based structures are the most versatile used in the modern field of renewable
energy generation and storage as well as in environmental science.22 Among the carbon nanomaterials
can be found activated carbon, carbon nanotubes (CNTs), fullerenes, graphene, and graphite. These
materials are most widely used in electronic applications due to their desirable properties, both physical
and chemical. Among the properties of carbon-based materials, it can be found their low cost, ease of
processability, inert electrochemistry, electrocatalytic active sites, and wide surface area among others
which are related to the unique atomic structure that the carbon atom possesses.23 These nanomaterials
are arranged as zero-dimensional (fullerenes, and carbon dots), one-dimensional (carbon nanofibers, and
carbon nanofibers), two-dimensional (graphene), and three-dimensional (carbon sponges, and graphite) as
observed in Figure 2.3.24

2.3.1 Graphene

Graphene is a typical two-dimensional carbon material, consisting of uni-layered graphite consisting of
sp2-hybrid carbon as observed in Figure 2.3.25 Graphene is considered to be the basic component of carbon
materials in other dimensions which can be conceptually twisted to form fullerenes, rolled into carbon
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nanotubes, or stacked in three-dimensional graphite.26 Due to the unique structural features that graphene
presents, it owns a variety of intrinsic properties both physical and chemical like high light transmittance,
strong mechanical strength, excellent mass, and a large surface area (about 2600 m2g−1 theoretically).27

Figure 2.3: Schematic view of graphene 2D structure, 0D fullerenes, 1D carbon nanotubes, and 3D
graphite .25

Graphene has several applications in energy storage and conversion, moreover in environmental reme-
diation which is widely studied due to its potential effectiveness.28 There are several different strategies
to prepare and obtain graphene, for example, epitaxial growth, liquid-phase exfoliation, zeolite-shear ex-
foliation, chemical exfoliation, and one of the most used which is chemical vapor deposition (CVD) .29

Depending on the method used to obtain graphene it is possible to acquire different pure graphene, or what
is usually called graphene derivatives. Due to the high costs related to the synthesis of graphene, graphene
oxide (GO) and reduced graphene oxide (rGO) have appeared to be a more economical approach to obtain
an efficient alternative to graphene.30
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2.3.2 Characterization of Graphene

Characterization of graphene seems to be one of the most important steps of its study and research since
it involves the analysis of the present properties, structure, number of layers, and defects of the material
based on spectroscopic and microscopic measurements.31 The most used characterization techniques when
studying graphene include ultraviolet-visible spectroscopy (UV-Vis), scanning and transmission electron
microscopy (SEM, TEM), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) .32 These
techniques can provide a whole analysis of the purity and structure of the employed graphene, granting
enough information for its possible applications.

2.4 Chitosan

After cellulose, Chitin is the most plentiful natural polysaccharide, which can be mainly found in crus-
taceans, mollusks, squids, scales of fish, cephalopod beaks, and lissamphibians, as the primary component
of cell walls in fungi or even exoskeletons of arthropods.33 It is a white, inelastic, and hard nitrogenous
polysaccharide and the major source of surface pollution in coastal areas, consisting of 2-acetamido-2-
deoxy-β-D-glucose through a β (1 −→ 4) linkage which can be degraded by chitinase.34 The structure of
Chitin can be observed in Figure 2.4. Chitin is a highly insoluble material that resembles cellulose, because
of its solubility and low chemical reactivity. Chitosan is known to be the N-deacetylated derivative of
chitin.

Considered a modified bio-polymer, it is derived by partial deacetylation of chitin consisting of alter-
nating units of (1 −→ 4) linked glucosamine and N-acetyl glucosamine units as shown in Figure 2.4.35 Due
to its non-toxicity, antimicrobial properties, and biodegradability, chitosan is used in various applications
throughout the biomedical industry, agriculture, genetic engineering, food industry, environmental pollu-
tion control, and water treatment.36 Being said this, chitosan can be considered an eco-friendly solution
to the pollution caused by the seafood industry since every year almost 80,000 tons of shell waste are
produced globally. Conversion of shell waste to chitin and thereafter to chitosan is an effective solution to
this problem.37

2.5 Magnetic Nanoparticles

Magnetic materials which are based on metals such as cobalt, nickel, iron, and metal oxides, are involved
in different manner of methods in the development of modern technology. These materials can be found
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Figure 2.4: Chemical structure of chitin and chitosan (after deacetylation).35

in many devices like motors, sensors, videotapes, and generators, even a computer possesses magnetic
materials on its hard disk.38 Whereas nano-structured materials possess unique effects such as electrical,
structural, chemical, and magnetic properties, these materials can be used in a variety of novel applications
which include information storage, bio-sensing applications, biomedical engineering, and environmental
remediation.39,40 Being able to understand the magnetic properties of nanometer-scale particles is a known
issue in magnetic materials. Consequently, the interest in the nano scaling of these magnetic materials
has increased over the last decade since on a very small scale, they can display properties different from
the bulk.41 In most cases, it has been reported that magnetic nanoparticle MNPs smaller than their single
domain limit (around 20 nm for FeO2) can exhibit superparamagnetism even at room temperature.38

Because of the size of the magnetic nanoparticles, they are able to overcome the influence of various forces
such as the gravitational field, magnetic field gradient, and the potential magnetic agglomeration which
could result when particles come into contact with one another, and they also can be attracted to each other
as a result of van der Waals attractive forces (London-type).42



12 2.5. MAGNETIC NANOPARTICLES

2.5.1 Cobalt Ferrite Nanoparticles

Nanoparticles made of Iron and cobalt can occur in multiple crystal phases. This can result in huge
differences in the crystalline anisotropy and magnetic moment due to a possible side effect related to
the balance of bulk and surface-free energies for the possible crystal structures depending on the particle
size.41 Iron oxide magnetic nanoparticles containing cobalt have shown improved magnetic properties
when compared to only Iron oxide nanoparticles.43 Cobalt Ferrite nanoparticles are a well-known magnetic
material with moderate magnetization and a high coercivity making it suitable for various applications.44

Cobalt ferrite has a spinel ferrite structure with a characteristic formula MFe2O4, where M can be
Co, Ni, Zn, or even other metals. This structure can be described as a closely cubic-packed arrangement
of oxygen atoms, M2+, and Fe3+ ions which can occupy tetrahedral or octahedral sites.45 In the case of
cobalt ferrite, the Co ions are in the octahedral sites with an inverse spinel structure where the Fe ions are
equally distributed between the tetrahedral and octahedral sites. The molecular structure of cobalt ferrite
can be observed in Figure 2.5.46

Figure 2.5: Molecular structure of Cobalt Ferrite as it crystallizes in the form of a cubic structure. Each
corner of the unit cell consists of a ferrite molecule. a) Tetrahedral sites and b) octahedral sites.46
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2.6 Nanocomposite

Nanocomposites are the name that receives materials that have a solid structure in which the distance
between the bases is leastwise formed of a dimension with nanoscale size. A nanomaterial is generally
formed of an organic matrix set in the inorganic phase, or otherwise, from an inorganic phase in the organic
phase47. Described as amalgamations of varying materials, merged together in nanoscale dimensions,
these materials can exhibit individual chemical, electrical, mechanical, and catalytic properties.48 Due to
the interesting properties that nanocomposites present, the usage of them in diverse fields has increased
in the last decade .49 Polymeric nanocomposites based on carbon nanomaterials are usually inexpensive
with potential for many engineering applications. Some of the studied applications are conductive pastes,
supercapacitors, water filters, and pollutant removal.47

2.6.1 CoFe2O4, Graphene, and Chitosan nanocomposite

The use of graphene and graphene-based nanomaterials provides a greatly viable platform for the production
of new types of composites due to the presence of diverse functional groups such as hydroxyl, epoxy, and
carboxylic acid.50 These groups are important when forming the nanocomposite and various hybrid
materials through the simple chemical modification of graphene via organic and inorganic molecules. This
also allows covalent and non-covalent chemical functionalization especially performed with polymeric
materials enabling the production of graphene-based composite materials with matrix properties and
exceptional properties.51,52

In recent studies, graphene-based materials have been used due to their high adsorption capacity
together with the low cost that they possess compared to other adsorbents. Theoretically, graphene has
a high surface area with good chemical stability, but since it is typically aggregated in aqueous solutions
it results in a reduced surface area and decreased adsorption capacity.53 Therefore, it is necessary to
form a composite with graphene and other active adsorbents (chemical or physical) that can decrease
the aggregation of graphene resulting in an increased adsorption capacity.54 Additionally, graphene is
known as well to not be easy to recover from the water after the adsorption process. Graphene gains
biocompatibility and hydrophilicity when combined with chitosan and can work as a dispersive agent,
and as a side effect, it provides non-toxic reactions which are convenient for its use in the environment.
As a result, the combination of graphene, chitosan, and CoFe2O4 enhances the absorptive properties of
the materials alone and allows easy magnetic separation of the nanocomposite from water thanks to the
properties that CoFe2O4 possesses.8
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Characterization Techniques

2.7 Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical technique that is commonly used to measure and
determine the vibrational energy modes of a sample.55 Raman spectroscopy is commonly used in materials
science to provide chemical and structural information about a given compound. It also helps in the
identification of substances through the so-called Raman "fingerprint".56 With this technique, the molecular
structure can be examined in detail by analyzing the vibration of its atoms that have a unique position and
intensity. These two are affected by the chemical environment factors such as bonds, and forces both inter
and intramolecular.57

2.7.1 Raman working principle

The electromagnetic field of a photon induces a polarisation of the molecular electron cloud when light
is scattered by the molecule. This leaves the molecule in a higher state of energy with the energy of the
photon being transferred to the molecule. It is also considered as the formation of a complex between
the photon and molecule commonly called the virtual state which is not stable and the photon is remitted
immediately as scattered light.58 There are three types of scattering processes that can occur when light
interacts with a molecule which are Rayleigh scattering, Anti-Stokes Raman scattering, and Stokes Raman
scattering as observed in Figure 2.6.

The first scattering occurs when the energy of the molecule is unchanged after it interacts with the
photon so the energy and the wavelength of the scattered photon are the same as that of the incident
photon. This can also be called elastic scattering and is the dominant process. The Raman scattering
which is an inelastic scattering occurs in a much rarer event and it is a process with a transfer of energy
between the molecule and the scattered photon. It is called Stokes Raman scattering when the scattered
photon loses energy and its wavelength increases. Otherwise, the anti-Stokes Raman scattering occurs
when the molecule loses energy by relaxing to a lower vibrational level and hence the scattered photon
gains the corresponding energy and its wavelength decreases as observed in Figure 2.6.59 From a quantum
mechanics point of view Stokes and Anti-Stokes are equally similar processes and considering that in an
ensemble of molecules, the majority will be on the ground vibrational level, then Stokes scatter is the
statistically more probable process. Then, Stokes Raman scatter will be more intense than its counterpart,
and due to this, it is nearly always the scattering process the one measured in Raman spectroscopy.56

Raman can be configured in different ways. Being a non-contact technique, it is also possible to use
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Figure 2.6: Jablonski Diagram showing Rayleigh, Stokes, and Anti-Stokes Raman Scatter.59

Raman in an environment with non-clean conditions. Nevertheless, the technique has some limitations
considering that it is a weak effect. Due to this, the more common use for Raman spectroscopy is for specific
analysis purposes and it can solve many of the standard problems for which it is a suitable technique.60

The use of scattering theory is essential to understand the processes behind Raman spectroscopy as well
as it is necessary to perform an efficient analysis. Raman spectroscopy has been used to study carbon
structures since its discovery. The technique has important applications in graphene-based compounds
since it allows the study of its peaks from first to higher-order scattering processes. For all of this, it is
considered that Raman spectroscopy has huge potential in the field of nanoscience and nanotechnology.61
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2.8 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy also called FTIR is the preferred method used for IR spectroscopy.
In this type of spectroscopy infrared radiation is passed through the studied sample where a part of
this radiation is absorbed by the sample and the other part passes through. In other words, there is an
absorption and transmission process represented in the resulting spectrum as a molecular fingerprint of the
sample. Since two fingerprints never match, this makes infrared spectroscopy is useful for several types of
analysis when studying different samples in the laboratory.62 A spectrum obtained using IR represents the
fingerprint of a sample with the absorption peaks corresponding to the frequencies of vibrations between
the bonds of the atoms that make up the material.63 Typically an FTIR spectrum is obtained in the range
between 400-600 to 4000 cm−1 where the spectral bands in the vibrational spectra are specific for a
molecule and provide information about the chemical and biochemical composition. These peaks are
relatively narrow and can be associated with the vibration of a particular chemical environment or a single
functional group present in the molecule.64

2.8.1 FTIR working principle

FTIR was developed as a method for measuring all of the IR frequencies of a sample simultaneously by
using an interferometer. This interferometer produces a unique type of signal with all of the typical IR
frequencies encoded into it and since the signal is measured in seconds, the time element per sample is
reduced.65 There are three basic components in an FTIR which are the radiation source, the interferometer,
and the detector. The job of the interferometer is to divide radiant beams, generate an optical path
difference between these beams, and generate interference signals measured as a function of the optical
path difference produced by the detector.66

The interferometer produces interference signals that contain infrared spectral information which is
generated after passing through the studied sample.67 The most commonly used interferometer in FTIR
is the Michelson interferometer whose basic scheme can be observed in Figure 2.7. This interferometer
has three active components which are a moving mirror, a fixed or collimating mirror, and a beam splitter
where the radiation of the broadband IR source is collimated and directed into the interferometer and then
impinges on the beam splitter to be collected by the detector. Then, the resulting spectrum is produced by
decoding the individual frequencies with a technique called Fourier transformation. The transformation is
carried out by a computer that presents the user with the resultant spectral information for analysis.68
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Figure 2.7: Optical diagram of Michelson interferometer where the fixed mirror, the beam splitter, and
the moving mirror are observed.64

2.9 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy, also known as XPS, is a powerful and widely used analytical technique
that enables the investigation of the chemical and electronic properties of matter at the surface level. This
method is particularly useful for determining the elemental composition, empirical formula, chemical
state, and electronic state of the elements present in the sample.70 It is a surface-sensitive and quantitative
spectroscopic technique that provides a wealth of information on the chemical composition of a material.
One of the main advantages of XPS is its ability to study elements within a film and determine what other
elements they are bonded to. This information can be obtained by analyzing the peak heights or peak
areas of the X-ray photo-electrons emitted from the sample. Additionally, the identification of chemical
states can be made from exact measurements of peak positions and separations as well as from certain
spectral features. Another advantage of XPS is its high sensitivity and the ability to detect elements in
low concentrations, as low as 0.1 atomic percent. This makes it a powerful tool for the characterization
of thin films and other samples with minimal sample preparation. Overall, XPS is an essential technique
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Figure 2.8: Three-step model where the photoemission is divided into 1) photoemission, 2) photoelectron
transport to the surface, and 3) photoelectron escape to vacuum.69

for the characterization of materials and has a wide range of applications in various fields of science and
technology.71 As XPS is a surface spectroscopic technique, at most the instrument will only explore 10 nm
into a sample. Surface analysis of XPS is achieved by exposing a solid sample to a beam of mono-energetic
soft X-rays, typically the most used sources are Mg Kα (1253.6 eV) and Alα (1486.6 eV) in a high vacuum
environment. The emitted electrons by the photoelectric effect are then analyzed based on their energy.73

The process of XPS typically involves the so-called three steps process which can be observed in Figure
2.8: In the first step, a photon is absorbed by an atom and an electron is excited. This process occurs based
on the differential photo-electric cross sections (dσ/dΩ). In the second step, the photoelectron travels
through the sample to the surface with non-relativistic kinetic energy and is not scattered. In the third step,
the electron escapes into the vacuum through the surface energy barrier thanks to the photoelectron kinetic
energy which should be higher than the spectrometer work function (ϕ).74 The electrons that enter the
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Figure 2.9: Schematic representation of an XPS system showing the electron gun, sample, and the
detector.72

collection lens are then analyzed to gain insight into the chemical and electronic properties of the material.
The emitted electrons have measured kinetic energies given by the equation:

KE = hν − (EB − ϕ)

Here, hν is the energy of the photon and EB is described as the binding energy of the atomic orbital from
which the electron originates. This parameter is the unknown variable that the technique measures and is
represented in the obtained result.73 The binding energy may be regarded as the difference between the
initial and final states after the photo-electron has left the atom. Because there is a variety of possible
final states of ions from each type of atom, there is a corresponding variety of kinetic energies of the
emitted electrons. Moreover, there is a different probability or cross-section for each final state. A
schematic representation of an XPS system is shown in Figure 2.9.72 Here, it is possible to observe the
schematic of XPS where fundamentally an electron gun hits the anode, generating X-rays that then go
to a monochromator to finally reach the sample’s surface. Subsequently, photo-electrons pass through a
hemispherical analyzer and then are obtained by the detector to be processed in the computer software.75
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2.9.1 XPS Data Analysis

Figure 2.10: High-resolution C1s and O1s spectra fitted using a GLS function with a Shirley background.
a) and b) are the initial set of peaks added to fit the curve. c) and d) are the final curve-fitted spectra.76

When analyzing XPS spectra, it is convenient to identify two spectral regions which are the core region
(electrons with binding energies greater than 30 eV) and the valence band region (BE<30 eV). In the core
region, the spectral features are obtained from photoelectrons coming from the core energy levels called
atomic orbitals which are characteristic of the individual atoms in the analyzed sample.77 Contrary to
this, the features in the valence band region come from photoelectrons generated from energy levels that
typically involve the chemical interactions between the atoms in the chemical bonding called molecular
orbitals.77 The spectra features of core and valence regions are sensitive to the chemical environments of
the atoms in a sample, especially in the core region where it is possible to find chemical shifts. These
shifts in the binding energies usually yield a series of overlapping peaks when the sample presents atoms in
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different chemical environments. Then, one important aspect of the XPS study is treating the XPS spectra
where the resulting data can be analyzed by a curve fitting. Curve and peak fitting is usually the only way
to extract quantitative information from the obtained spectra.78

In an XPS spectrum with a set of component peaks, it is possible to separate the photoemission signal
originating from distinct elemental or chemical states. After the process of peak fitting it is possible to
know different parameters such as photoemission peak binding energy, the full width at half maximum
(FWHM), area, and lineshapes. The position of a peak gives evidence of an elemental or chemical
environment assigned to it, and the quantitative information about the concentration of the chemical states
is inferred by doing a measurement in the area of each peak corresponding to a component.79

2.9.2 Process of XPS spectra fitting

The model for a peak fitting in XPS is determined by the component peaks and a background algorithm.
Of these, the peaks are specified using lineshapes corresponding to mathematical functions, and fitting
parameters. These parameters permit a component peak to vary in various ways that include position,
FWHM, area, Lorentzian, and Gaussian degree character. The component peaks are usually summed and
added to the background to form an approximation of the original analyzed data. The expertise in fitting
data with peaks lies in selecting the appropriate number of component peaks while making use of proper
lineshapes. This is in order to produce peak models capable of measuring physically significant quantities
from XPS spectral forms. Then, it is challenging to select the correct physical solution from the set of
potential mathematical solutions that in practice is best done by repeating the measurements on comparable
samples to verify the performance when analyzing similar materials of known composition. An example
of the process can be observed in Figure 2.10.76

Usually in this process, the most commonly used mathematical functions are the Gaussian, Lorentzian,
Gaussian-Lorentzian sum (GLS), Gaussian-Lorentzian product (GLY), and Voigt functions being the last
one a convolution of a Gaussian and a Lorentzian function. Practically, these three functions can be
valuable for XPS peak fitting.80





Chapter 3

Methodology

This section describes the experimental reagents, preparation of the nanocomposite, and conditions for the
experiment. Also here are presented the details of the characterization processes and techniques used to
analyze the studied compounds.

3.1 Sample Preparation

The nanocomposite fabrication was not performed but the samples for further spectroscopy analysis were
taken from the work done in [Briceño S, C Reinoso. 2022]. However, for a better understanding, here
is included a brief description of the methodology of fabrication as observed in Figure 3.1. Starting
with the process, 0.1 g of chitosan was dissolved in 100 mL of 2% acetic acid at 80 C with a constant
magnetic stirring for 15 min. As well, 0.1 g of graphene was dispersed in 100 mL of 2% acetic acid and
was sonicated for 1 h, then reserved in ambient conditions. Then, to prepare the nanocomposite 9 mL of
chitosan previously prepared was blended with 1 mL of the obtained graphene. Next, 0.01 g of CoFe2O4

nanoparticles were added to the CsGr solution. Finally, the obtained nanocomposite was sonicated for 1.5 h
and dried at 60 C for 12 h.8 After having obtained the nanocomposite. The removal process was performed
by adding 1 mL of the nanocomposite at 100 ppm mixed with 1 mL of glyphosate solution at 250 g/L
keeping a room temperature and pH value of 4. The samples of each component of the nanocomposite
were put through glyphosate as well to later be measured using Raman, FTIR, and XPS.

23
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Figure 3.1: Flux diagram of the nanocomposite fabrication.

3.2 Molecular and Structural Characterization

Samples of Graphene (Gr), Chitosan nanoparticles (Cs), Cobalt Ferrite CoFe2O3 nanoparticles (Co),
the nanocomposite (Nc), along with those exposed to glyphosate (Gly) were characterized using Raman,
FTIR, and X-ray photoelectron spectroscopy to have an insight view and understanding of the chemical
and physical interactions among them.

3.2.1 Raman Spectroscopy

The Raman spectra were obtained using a HORIBA LabRAM HR Evolution spectrometer located in the
Characterization Laboratory at Yachay Tech University as seen in Figure 3.2. To prepare the sample, first,
it was dried and powdered, then a thin film of the powder was deposited onto a glass slide. The spectra
were collected by exciting the sample with a 532 nm laser wavelength source.

Before acquiring the spectra, it’s important to clean and purify the glass slide to prevent any contami-
nation that might affect the results. The thickness of the deposited film can be optimized to maximize the
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signal-to-noise ratio and ensure that the sample allows us to have optimal conditions for measurements.

Figure 3.2: Horiba LabRam HR Evolution, Laboratory of characterization Yachay Tech University

3.2.2 Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared (FTIR) spectra were acquired using a PerkinElmer 1650 spectrometer with
the Attenuated Total Reflectance (ATR) mode observed which is observed in Figure 3.3. The spectrometer
was set to a spectral range between 4000 and 500 cm−1. The samples were first dried to a powder form to
facilitate proper characterization.

Prior to measurement, it’s important to thoroughly clean and purify the ATR crystal to avoid any
interference in the spectra. The sample should be homogeneously spread on the ATR crystal, ensuring a
sufficient amount is deposited to ensure a maximum signal-to-noise ratio. The thickness of the deposited
film can be optimized to maximize the signal strength.
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Figure 3.3: PerkinElmer 1650 spectrometer (ATR) mode, Laboratory of characterization Yachay Tech
University.

3.2.3 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurements were carried out using a VersaProbe III 5000
photoelectron spectrometer that can be observed in Figure 3.4. The spectra were obtained using Al Kα
X-rays with a photon source energy of 1486 eV. The measurements were performed in a high vacuum
environment, with a base pressure of 8.10-10 mbar. To achieve this the samples were previously well dried
into a powder in order to avoid any liquid component into the XPS chamber as it can prevent reaching
the ultra vacuum requirement. Liquid samples were drop-casted onto a silicon wafer and dryer at ambient
conditions. Powder samples were placed on a conductive carbon mesh taking precautions of avoiding
fractures in the surface in order to bypass possible information from the carbon tape.

A survey scan was first collected for each sample, covering a spectral range of 0 to 1100 eV with a
pass energy of 226 eV. This was followed by high-resolution scans with an energy band pass of 55eV in
specific regions for different elements of interest, such as C1s, N1s, O1s, P2p, and S2p for Gr, Ch, Gly,
and C1s, O1s, Fe2p, and Co2p for Co. The high-resolution scans were repeated several times (between
10 to 20 times) to increase the signal-to-noise ratio and improve the data according to the intensity of the
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peaks in the survey scan.
To avoid electrostatic charging of the sample, an electron flood gun was used during the measurement.

The binding energies were referenced to the C1s adventitious carbon peak located at 284.8 eV, and the Au
main band at 84 eV was used to calibrate the charge effect in the obtained spectra. It’s important to ensure
that the spectrometer is properly calibrated and that the X-ray source energy, pass energy, and electron
flood gun settings are optimized for the sample being studied.

Figure 3.4: XPS Versaprobe III 5000 located in the Laboratory of Characterization at Yachay Tech
University

XPS Data Treatment

The data analysis was carried out using Origin Pro, and MultiPak software with a student license. The
mathematical function used to perform the peak fitting of the High-resolution spectra were Gaussian,
Lorentzian, and Voigt functions along with Shirley and Tougard backgrounds chosen as they were required.
This was done in order to obtain the different peak-line components of each spectrum. In XPS, natural
line shapes are assumed to be Lorentzian. However, this line shape is not observed experimentally. This
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is caused by the excitation of photo-electrons that travel through a spectrometer broadening the signals to
some degree.80

During the peak fitting process is important to notice that the background is not subtracted since it can
lead to the loss of information. In the technique of peak fitting an XPS high-resolution scan, generally, one
selects a baseline first followed by a series of peaks called synthetic fit components. As mentioned before,
in this work we chose The Gaussian, Lorentzian, and Voigt functions which are the most common. In
equations 3.1 and 3.2 can be observed the Gaussian and Lorentzian mathematical functions respectively.81

G(x; F, E, h) = h · exp
[
−4ln2

(x − E)2

F2

]
(3.1)

L(x : F, E, h) =
h[

1 + 4 (x−E)2

F2

] (3.2)

Using both software, in Origin Pro, a better approach was obtained using Gaussian and Lorentzian functions
while in MultiPak the software automatically used Voigt functions as a convenience. In general, for the
Peak fitting of C1s, O1s, N1s, and P2p a Tougard baseline was employed, and for Co2p and Fe2p a Shirley
baseline was utilized.



Chapter 4

Results & Discussion

Characterization of Materials

Information on the physical, chemical, and morphological properties of the samples is obtained through
characterization techniques. The obtained results will be related to the interaction of the glyphosate
molecule with the components of the nanocomposite. This Chapter describes the characterization of the
obtained samples to obtain the required information on chemical composition, bonding interactions, and
binding energies present in the compounds. In order to achieve this, the used spectroscopy techniques were
Raman spectroscopy, Fourier transforms spectroscopy (FTIR), and to provide a better understatement of
the molecular interactions, X-ray photoelectron spectroscopy (XPS).

4.1 Raman Spectroscopy

The Raman spectrum was obtained for the chitosan, graphene, cobalt ferrite nanoparticles, nanocomposite,
and glyphosate. Figure 4.1(a) shows the Raman spectra for graphene, it is observed that the broadening
effect increases of the spectrum increase when the glyphosate (250 g/L) interacts with the formed magnetic
nanocomposite (Gly-Nc). The Raman spectrum for glyphosate is observed in Figure 4.1(b), here are
observed the peaks assigned to P-O, C-H, and -CH2. The three compounds are joined together to form the
nanocomposite (Nc) where the Raman spectrum can be observed in Figure 4.1(c) showing a broadening
of the D and G peaks of graphene. This is due to the lattice strain stemming from the interaction between
the Gr sheets, and the cobalt ferrite nanoparticles. In Figure 4.1(d) is observed the Raman spectrum of
the CoFe2O4 nanoparticles where can be observed two main peaks at 2912 cm−1 and 1461 cm−1 which

29
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Figure 4.1: Raman spectrum of (a) glyphosate-nanocomposite (Gly-Nc), (b) glyphosate (Gly), (c)
nanocomposite (Nc), (d) CoFe2O4 nanoparticles (Co), (e) graphene (Gr), and (f) chitosan (Cs) obtained
with an excitation laser of 532nm.
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are a C-H bonding and the characteristic peak of cobalt ferrite respectively. Also, the Raman spectrum
of commercial Graphene is observed in Figure 4.1(e) which is structured by the D, G, and 2D peaks at
1335 cm−1, 1589 cm−1, and 2705 cm−1 which is characteristic of graphene. The Raman spectrum Chitosan
is shown in Figure 4.1(f) where can be observed three main peaks. The first peak represents a C-H bonding
and is located at 2912 cm−1, the second one represents a C-O-C bonding (ether) at 1100 cm−1, and the
third corresponds to a P-O bonding found at 500 cm−1. Refer to Table 4.1 to see a complete assignment
for each peak in the plot.82–86

Table 4.1: Raman shifts of chitosan (Cs), graphene (Gr), CoFe2O4 nanoparticles (Co), nanocomposite
(Nc), glyphosate (Gly), and glyphosate-nanocomposite (Gly-Nc).

Raman Shifts (cm-1)
Chitosan Graphene CoFe2O4 Nc Gly Gly-Nc Assignment

2912 2912 C-H87

2705 2705 2698 2D-mode82

1564 1589 1589 G-mode83

1461 1446 1446 CoFe2O4
84

1335 1335 1335 D-mode83

1100 C-O-C88

970 - CH2
85

520 C-H85

500 C-C
300 P-O86

Additionally, It is remarkable to perform further analysis of the interaction between each one of
the components of the nanocomposite with glyphosate. Figure 4.2 a) shows the interaction between
glyphosate-graphene where in the resulting Raman spectra, it can be observed that the most contribution
comes from glyphosate while the peak corresponding to -CH2 decreases. In Figure 4.2 b) is observed as
well, the interaction glyphosate-chitosan where the resulting spectra show the peak corresponding to C-H
and -CH2 groups while the P-O peak is not present. In Figure 4.2 c) the interaction glyphosate-CoFe2O4

shows a similar behavior where the peaks for P-O, C-H, and -CH2 remain, and also there exist some peaks
around 1500 cm−1 that corresponds to the CoFe2O4. Finally in Figure 4.2 d) is plotted the Raman spectrum
obtained from the interaction glyphosate-nanocomposite. This section is interesting since it observed that
the resulting Raman spectrum for Gly-Nc is very similar to the Nc spectrum where the peaks found in Gly
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are not evidently visible. In all the cases, some of the peaks corresponding to the glyphosate spectrum fade
or reduce their intensity. The observed results can be due to some chemical binding interaction between
the glyphosate molecule and each one of the components of the nanocomposite which will be determined
in a more suitable manner using FTIR, and XPS.

4.2 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum obtained for the interaction between the nanocomposite, each one of its components,
and the glyphosate molecule is observed in Figure 4.3. Moreover, for each spectrum are displayed two main
regions, the first being called the Functional group region from 1500 cm−1 to 3900 cm−1, and the second
one called the Fingerprint region which is located from around 390 cm−1 to 1500 cm −1 as observed in
Figure 4.3. In the functional group region, it is identified in the Gly-Gr the sp3 C-H stretching vibrational
mode which is not present in any other of the interactions with the glyphosate molecule. Notice that
the sp and sp2 C-H stretchings are not present over 3000 cm−1. Around 2000 cm−1 are observed the
aromatic overtones (or aromatic rings), marked with a square in Figure 4.3. These aromatic rings are
primarily present in most organic materials.89,90 About 1700 cm−1 is found a scisoring bending, N-H bend
(potential amines, amides) together with C=O and C=C groups. Between 1350 to 1000 cm−1 is found a
C-O stretching and Below 1000 cm−1 corresponds to a carbon isomer. In Figure 4.3 it is observed around
1050 cm−1 a square which marks the phosphate group present in the glyphosate.86,91–96

Figure 4.4 shows the interaction between glyphosate and the components forming the nanocomposite
through a zoom in the Fingerprint region between 450 cm−1 and 1500 cm−1. There are some remarkable
aspects found in this region. First, the characteristic vibrations of the carboxylic and amino groups due to
the N-H scissoring and bending vibrations near 1650 cm−1 can be located in the range from 1800 cm−1 to
1300 cm−1. Here, is observed a decrease in the intensity of the C-H deformation vibration from -N-CH2-
and the C-N stretching vibration near 1370 cm−1 and 1320 cm−1 respectively. This suggests an interaction
between the glyphosate and the nanocomposite surface. Then, in the range from 1300 cm−1 to 850 cm−1

are located the bands related to the changes in the composition of the phosphonic group. In this section, it
can be identified the components of the phosphate present in the glyphosate molecule which are the P-H,
P-OH, P=O, and PO2 groups. It is noticeable that some of these bands become sharpen while others reduce
their intensity or shift as is the case for the peak belonging to P-H, and P-OH. This is when interacting the
nanocomposite with the glyphosate (Gly-Nc) in Figure4.4 which demonstrates the strong interaction of
glyphosate with the metal ions of the nanoparticles potentially due to the coordination of the cobalt and iron
thanks to the phosphonic carboxylic groups. Furthermore, when analyzing the Gly-Nc with glyphosate, the
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Figure 4.2: Raman spectrum for the interactions Gly-Gr a), Gly-Cs b), Gly-Co c), and Gly-Nc d).

peaks belonging to the phosphate group PO2 in the glyphosate spectrum around 1070 cm−1 are still present
with a strong signal but with a sharpened peak in comparison to the sole interaction Gly-Gr, Gly-Co, and
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Figure 4.3: Fingerprint Region from 850 cm−1 to 1800 cm−1 of glyphosate and the interaction between
glyphosate with graphene, chitosan, cobalt ferrite nanoparticles and the nanocomposite (Gly, Gly-Gr,
Gly-Cs, Gly-Co, Gly-Nc).

Gly-Cs where they aren’t almost present. This shows that indeed there is an interaction between glyphosate
and the nanocomposite through this functional group likely due to a direct interaction occurring through
the phosphate group present at the glyphosate and iron ions of the nanocomposite. In addition to this, is
easy to identify the N-O peak around 980 cm−1 belonging to nitrogen compound reassuring the presence
of surfactants (additives) used in the commercial formulation for glyphosate.86,91–97
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Figure 4.4: Fingerprint Region from 850 cm−1 to 1500 cm−1 of glyphosate and the interaction between
glyphosate with graphene, chitosan, cobalt ferrite nanoparticles and the nanocomposite (Gly, Gly-Gr,
Gly-Cs, Gly-Co, Gly-Nc).

4.3 X-ray Photoelectron Spectroscopy (XPS)

In this section, X-ray photoelectron spectroscopy was utilized to measure the atomic concentrations and
binding energies belonging to the functional groups located at the surface of the magnetic nanocomposite.
The XPS measurements were performed in the region from 0 to 1400 eV. This was performed before and
after the glyphosate adsorption for graphene, chitosan, cobalt ferrite, and the nanocomposite.
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4.3.1 Interaction Glyphosate-Graphene (Gly-Gr)

Figure 4.5: X-ray photoelectron survey spectrum of glyphosate (Gly), glyphosate-graphene (Gly-Gr), and
graphene (Gr).

An XPS analysis was performed to understand the interaction between glyphosate (Gly) and graphene
(Gr) before and after the absorption of this compound. In Figure 4.5 is easily noticeable the XPS survey
spectra for graphene, glyphosate, and the interaction between the two respectively. In the figure is observed
in the first instance that there is a predominant presence of oxygen O1s, carbon C1s, nitrogen N1s, and
phosphorus P2p which were studied through a high-resolution measurement.

By looking at Figure 4.6 i), it is shown a great contribution of carbon C1s thanks to the vast amount
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Figure 4.6: X-ray photoelectron high-resolution spectrum of glyphosate (Gly) a), glyphosate-graphene
(Gly-Gr) b), and graphene (Gr) c) in the areas of carbon C1s i), oxygen O1s ii), phosphorus P2p iii), and
nitrogen N1s iv).

of functional groups in the molecules, this is inferred due to the big with at half maximum value number
which shows the presence of different bindings. in the C1s spectra, there is no evident shift between the
binding energies but a difference in areas due to the increment of the bonding which can be understood as
a bigger interaction in this area. In Table 4.2 we can observe the difference in the areas for the C1s binding
energies. First, we have the C-C/C-H bonding located around 284.6 eV. Here, is feasible to observe that the
percentage compared to Gly in Gly-Gr increases. Something similar occurs for the binding energy around
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286 eV which corresponds to the N-C, C-OH, and C-O-C bindings. In this part, the atomic concentration
increases as well showing an interaction in this area. This can be comprehended as an effective relationship
in the C1s zone due to the presence of the carboxyl, amine, and phosphate groups.86

Table 4.2: C1s atomic concentrations of Graphene (Gr), glyphosate (Gly), and graphene-glyphosate (Gly-
Gr)

C1s Binding-Energies Atomic Concentration (%)
Graphene (Gr) Gyphosate (Gly) Graphene-Glyphosate (Gly-Gr) Assignment

83.67 47.67 48.11 C=C / C-C / C-H
14.81 36.75 37.05 O / N-C / C-OH / C-O-C
1.50 6.70 6.47 C-C=O

5.90 8.35 O-C=O
2.95 C-P=O

The interaction in the Oxygen O1s area is observed in Figure 4.6 ii) where it can be observed there
it don’t exist an increment in the full width at half maximum value comparing Gly and Gr-Gly after the
glyphosate absorption, but a decrease compared to the sole graphene. This may be caused because of
the interaction of oxygen functional groups in the adsorption process observed in the C1s spectra as well,
where the oxygen groups are lesser in the Gly-Gr compound than in Gr. This is also inferred from the shift
that exists between the Gr spectrum and the Gly-Gr. The interaction in the P2p spectra in Figure 4.6 iii)
shows no apparent shift as well nor a notable difference in the full width at half maximum value. There
is no presence of P2p in Graphene as expected that exists in the Gly-Gr interaction. Whereas the nitrogen
N1s show a similar interaction where there is no shift in the binding energy as shown in Figure 4.6 iv).
Here, the presence of N1s in the Gly-Gr compound can be due to the interaction between the amine, and
methylamine functional groups which are present in the glyphosate after the adsorption.86

4.3.2 Interaction Glyphosate-Chitosan (Gly-Cs)

An XPS measurement was performed as well to analyze the interaction between glyphosate (Gly) and
chitosan (Cs) before and after the absorption of glyphosate in an aqueous medium. Figure 4.7 displays the
XPS survey spectra for chitosan, glyphosate, and the interaction of glyphosate-chitosan respectively. In
the figure is observable the presence of oxygen, nitrogen, carbon, and phosphorus. Hence, these are the
zones that are going to be studied in more detail through a high-resolution measurement.

When observing Figure 4.8 i), it is likely to observe that the carbon C1s region spectra show a greater
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Figure 4.7: X-ray photoelectron survey spectrum of chitosan (Cs), Glyphosate (Gly), and Glyphosate-
Chitosan (Gly-Cs).

interaction through functional groups since there is a considerable change in the shape of the spectra
comparing chitosan (Cs) with the glyphosate-chitosan interaction (Gly-Cs). This is due to the strong
relationship between some functional groups in the adsorption process. There is no evident shift between
the binding energies comparing Gly and Gly-Cs, while there is a change in the atomic concentration
represented by the area of each component of the C1s spectra. Similarly, Table 4.3 displays the atomic
concentration of each assignment for the C1s spectra and their difference from each other. We have,
the C-C/C-H main bonding located at 284.6 eV. At this point is observed an increment comparing Gly
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Figure 4.8: X-ray photoelectron high-resolution spectrum of glyphosate (Gly) a), glyphosate-graphene
(Gly-Gr) b), and graphene (Gr) c) in the areas of carbon C1s i), oxygen O1s ii), phosphorus P2p iii), and
nitrogen N1s iv).

with Gly-Cs shows that there is a strong interaction in this area. Another interesting point occurs around
285.9 eV assigned to the C=O group. Here, the atomic concentration increases in Gly-Cs compared to sole
Gly as well. This shows as well an effective interaction of the carboxyl, amine, and phosphate groups in
the C1s zone.73,86,98
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Table 4.3: C1s Atomic concentrations of chitosan (Gr), glyphosate (Gly), and glyphosate-chitosan (Gly-
Gr)

C1s Binding Energies-Atomic Concentration(%)
Chitosan(Cs) Gyphosate (Gly) Glyphosate-Chitosan (Gly-Cs) Assignment

22.15 47,67 56.56 C=C / C-C / C-H
23.70 36,75 27.45 C-O / N-C / C-OH / C-O-C
32.88 6,70 11.65 C=O
21.25 5,90 4.32 O-C=O

2,95 C-P=O

The interaction in the O1s, P2p, and N1s zones can be observed in Figure 4.8 ii), iii), and iv) respectively
where there is a similar behavior between each of them. Something interesting happens in the O1s area
4.8 ii), where we can observe that the Cs spectra have an ample full width at half maximum value that can
be attributed to the bigger presence of oxygen-related groups. Something that can be confirmed in the C1s
spectra for chitosan, which also has a bigger area. The Gly and Gly-Cs peaks remain almost unchanged
with no difference in the FWHM value. This indicates the interaction of the functional groups present in
the adsorption process of glyphosate.

Then, in the P2p spectra 4.8 iii), the contribution can be attributed to glyphosate since no phosphorus is
present in the chitosan. Finally, in the N1s area 4.8 iv), the contribution from the chitosan is minimal, and
again, the presence of N1s in Gly-Cs can be attributed to the amine, and methylamine functional groups
present in the glyphosate molecule.99 86

4.3.3 Interaction Glyphosate-Cobalt Ferrite (Gly-Co)

Now, to analyze the interaction between cobalt ferrite Co and glyphosate Gly, first, a survey XPS spectra
was obtained for both Co and Gly and the interaction between them (Gly-Co) as shown in Figure 4.9. There
are some things to remark on this figure. The first one is that there is the presence of Co2p and Fe2p3 in
the Co spectra whereas in the interaction Gly-Co it is not. This may be caused by the superposition of
some particles over these regions, as well as the low concentration of cobalt ferrite nanoparticles. Again,
the main zones of interest to be analyzed through a high-resolution spectrum are the C1s, O1s, P2p, Co2p,
and Fe2p3.

Figure 4.10 i) represents the interaction in the C1s region. Here, is easy to observe some considerable
changes in the atomic concentration of some groups as shown in Table 4.4. These changes are mainly
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Figure 4.9: X-ray photoelectron survey spectrum of cobalt ferrite (Co), glyphosate (Gly), and glyphosate-
cobalt ferrite (Gly-Co).

associated with the presence of oxygen in the cobalt ferrite sample and can be seen in the O1s region
displayed in Figure 4.10 ii). Here, for the cobalt ferrite is observed in 4.10 ii)c) the main peak at 529.51
which was attributed to the oxygen lattice. Then, the second peak at 530.96 assigned to a metal-oxygen
bonding which corresponds to the bonding between cobalt-oxygen and iron-oxygen observed as well in
4.10 iv) at 795.5 eV for Co-O and 724.04 eV for Fe-O respectively. Finally, the third peak around 532
corresponds to the hydroxyl groups.100 101 102
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Figure 4.10: X-ray photoelectron high-resolution spectrum of cobalt ferrite (Co) a), glyphosate (Gly) b),
and glyphosate-cobalt ferrite (Gly-Co) c) in the regions of carbon C1s i), oxygen O1s ii), phosphorus P2p
iii), and the high-resolution spectrum for the cobalt ferrite (Co) in the Co2p and Fe2p3 regions iv).

Table 4.4: C1s Atomic concentrations of cobalt ferrite (Co), glyphosate (Gly), and glyphosate-cobalt
ferrite (Gly-Co)

C1s Binding Energies-Atomic Concentration(%)

Gyphosate (Gly) Glyphosate-Cobalt Ferrite (Gly-Co) Assignment

47.67 61.14 C-C / C-H

36.75 28.32 N-C / C-OH/ C-O-C

6.70 5.71 C=O
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Even though in the XPS spectra obtained for the interaction, Gly-Co in Figure 4.10ii) a) there is no
apparent presence of Co2p and Fe2p3, is shown that the peak for the metal-oxygen bonding is still present.
Also, the peak at 532 remains and has an increased atomic concentration as shown in Table 4.5, while there
is another peak around 533 assigned to the chemical bonding between glyphosate and the cobalt ferrite
surface that matches the peak in Figure 4.10 ii)b) corresponding to the carboxyl groups of glyphosate
showing a probable interaction in these regions. Additionally, there is no noticeable change in the FWHM
value when comparing the P2p region for Gly, and Gly-Co observed in Figure 4.10 iii)

Table 4.5: O1s Atomic concentrations of cobalt ferrite (Co), glyphosate (Gly), and glyphosate-cobalt
ferrite (Gly-Co)

O1s Binding Energies-Atomic Concentration(%)
Cobalt Ferrite(Co) Gyphosate (Gly) Glyphosate-Cobalt Ferrite (Gly-Co) Assignment

22.42 43.39 M-O
10.30 36.15 O-H

14.47 20.44 Gly-Co / C-O / COO

4.3.4 Interaction Glyphosate-Nanocomposite (Gly-Nc)

Finally, an analysis was carried out over the interaction between the whole nanocomposite containing
graphene, chitosan, and cobalt ferrite CoFe2O4 with glyphosate. In order to do so, an XPS survey was
performed as well deployed in Figure 4.11. Something interesting found in this plot is the absence of cobalt
and iron in the nanocomposite that is supposed to have cobalt ferrite. This can be due to the superposition
of other compounds over the surface of the nanocomposite. Again, the regions of interest will be the C1s,
O1s, P2p, and N1s regions.

Beginning with the C1s region observed in Figure 4.12i) is likely observed that similar to the graphene
case, there are peaks that increase their atomic concentration, showing a potential chemical relation in this
area. By referring to Table 4.6 the variation in the concentration for each peak is observed. The first peak
around 284.69 eV which corresponds to carbon atoms C-C / C=C increases its concentration in Gly-Nc
when compared to Gly, and can be due to the contribution from the nanocomposite. The second peak
which is located around 285.9 eV is assigned to the N-C/C-OH / C-O-C groups and is remarkable to notice
that the concentration increases in Gly-Nc, potentially due to the bonding with glyphosate in this region.
Finally, the atomic concentration in the peaks around 287 eV, and 287.9 eV attributed to C=O, and O-C=O
respectively, increases as well in Gly-Nc compared to the sole nanocomposite. These interactions show a
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Figure 4.11: X-ray photoelectron survey spectrum of the nanocomposite (Nc), glyphosate (Gly), and
glyphosate-nanocomposite (Gly-Nc).

chemical interaction between the carboxyl, and amine groups present in the glyphosate.
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Table 4.7: O1s Atomic concentrations of the nanocomposite (Nc), glyphosate (Gly), and glyphosate-
nanocomposite (Gly-Nc)

O1s Binding Energies-Atomic Concentration(%)
Nanocomposite (Nc) Gyphosate (Gly) Glyphosate-Nanocomposite (Gly-Nc) Assignment

69.44 85.52 60.94 O-H / C-O / PO3
24.56 14.47 35.28 N-C / C-OH/ C-O-C
5.99 3.76 O-C=O

Table 4.6: C1s Atomic concentrations of the nanocomposite (Nc), glyphosate (Gly), and glyphosate-
nanocomposite (Gly-Nc)

C1s Binding Energies-Atomic Concentration(%)
Nanocomposite (Nc) Gyphosate (Gly) Glyphosate-Nanocomposite (Gly-Nc) Assignment

64.58 47.67 55.99 C-C / C-H
14.60 36.75 20.26 N-C / C-OH/ C-O-C
9.42 6.70 11.25 C=O
3.54 5.9 5.24 O-C=O

Similarly, The interaction can be observed as well in the O1s region displayed in Figure 4.12ii). Then,
as displayed in Table 4.7, in this region is observed an increase in the atomic concentration for each
assignment. The second peak located around 532.9 assigned to the carboxyl group shows an increase in
Gly-Nc compared to the sole Gly and Nc showing a chemical interaction in this area. Something additional
to notice is that, even though there is no presence of cobalt and iron in the Nc sample, it is observable a peak
around 534.22 which corresponds to oxygen atoms associated with metal-oxygen bonds. This confirms
the presence of cobalt ferrite in the nanocomposite and in the Gly-Nc sample.

Referring to Figure 4.12 iii) and iv) there is no apparent change observed in the FWHM value for P2p
and N1s, here the contribution of N1s from the nanocomposite is low and can be attributed to the chitosan.
Hence, it is not viable to affirm that there is a direct interaction in these regions but the presence of the
PO3 in the O1s region confirms that there is an interaction attributed to the phosphate group present in the
glyphosate.86

Furthermore, the chemical adsorption of the glyphosate can also be caused by the interaction of the
phosphate group which can be with the iron and cobalt nanoparticles present in the cobalt ferrite. This
may be observed in the O1s region of the Gly-Co relation in Figure 4.10ii)a) where the M-O bonding is
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Figure 4.12: X-ray photoelectron high-resolution spectrum of the nanocomposite (Nc) a), glyphosate
(Gly) b), and glyphosate-nanocomposite (Gly-Nc) c) in the regions of carbon C1s i), oxygen O1s ii),
phosphorus P2p iii), and nitrogen N1s iv).

present as well. This is in accordance with Briceño. S Reinoso. C., 2022 where it is reported that the
removal efficacy increases from 48% to 99% after using the cobalt ferrite CoFe2O−4 nanoparticles.8





Chapter 5

Conclusions & Outlook

In this work, the analysis using the spectroscopy techniques RAMAN, FTIR, and X-ray photoelectron
spectroscopy is employed to study the possible chemical interaction between glyphosate, a nanocomposite,
and each one of its components (graphene, chitosan, and cobalt ferrite).

In the RAMAN spectroscopy, it was possible to observe the peaks associated with the structure of
graphene in the nanocomposite, as well as in the Gly-Nc sample. This is attributed to the graphene being
the core structure of the nanocomposite. As well, some peaks are identified as the functional groups C-H,
COO, C-C, C-O-C, and P-O present in the chitosan and glyphosate. These peaks are observed as well
later in the XPS high-resolution spectra for C1s, and O1s regions. In the FTIR analysis, the analysis of the
interaction between the nanoparticles forming the nanocomposite and the exchange of functional groups
between these components is shown in Figure 4.3, and in Figure 4.4 where it is observed an interaction
between each component of the nanocomposite with the glyphosate thanks to the presence of the peaks
related to the glyphosate in the interaction Gly-Nc where they appear with a sharpened peak showing a
change in its chemical composition. In this plot is necessary to notice that there is a bigger interaction
associated with the phosphate group, present in the glyphosate. This relation is possibly caused by the
interaction of the phosphate group with the metal ions present in the cobalt ferrite which is part of the
nanocomposite. This can be observed as well in the XPS high resolution for O1s in Figure 4.12 ii). Finally,
the XPS analysis is the most extensive of the three. Here, it is possible to study in a high-resolution
spectrum the binding energies associated with each one of the components of the nanocomposite and their
interaction with glyphosate. Is possible to observe that the associated peaks found after the fitting in the
C1s, and O1s regions are in accordance with the peaks found in the RAMAN, and FTIR analysis. Also,
there are changes observed in the atomic concentration of some of these peaks which indicates an effective
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chemical interaction in these regions.
Thanks to the effective usage of RAMAN, FTIR, and X-ray photoelectron spectroscopy, it was suc-

cessfully performed a step-by-step analysis to show a chemical and molecular interaction between each one
of the components of the nanocomposite. The results show that there is indeed an interaction between the
glyphosate molecule, the nanocomposite, and each one of its components. This can be mainly observed
through the XPS analysis which shows the different binding interactions corresponding to the composition
of each molecule. This allows a better understanding of the mechanism behind the interactions present in
the removal process of glyphosate using the nanocomposite made of graphene, chitosan, and cobalt ferrite
nanoparticles.
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