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Abstract

There is a growing need to develop eco-friendly benign metal nanoparticle syn-
thesis process that do not use toxic chemicals in the synthesis protocols to avoid
adverse effects in medical applications. Here, it is a report on extracellular syn-
thesis method for the preparation of silver nanoparticles using water hyacinth, an
aquatic invasive plant, collected for the reservoir Manuel Avila Camacho. Ag, AgO
and Ag203 at different sizes (<1-80 nm) characterized with transmission electron
microscopy (TEM); were formed by treating an aqueous Ag2NO3 solution using
root, stem or leaf as reducing agent, and varying pH. Uv-visible spectroscopy was
used for measured absorption and identify silver surface plasmon band. Particle
size distribution were measure with Dynamic Light Scattering (DLS) and the re-
sults were compared with TEM particle analysis. According to Fourier-transform
infrared spectroscopy (FTIR), the possible biomolecules responsible for capping
Ag nanoparticles are some proteins and metabolites such as tannins, terpenoids
having functional groups of amines, alcohols, ketones, aldehydes, and carboxylic

acids.
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Introduction

Biosynthesis of nanoparticles has become an important area of research in nan-
otechnology as an emerging point of intersection between nanotechnology and
biotechnology. Due to the growing need to develop technology friendly to the en-
vironment [87], using organisms (bacteria, fungi and plants) [88]; which concerns
the synthesis of nanoparticles of different chemical composition, sizes and shapes
[97].

Because of their small size, nanoparticles show unique physical and chemical prop-
erties, such as: color, melting temperature, crystal structure, chemical reactivity,
electrical conductivity, magnetism, mechanical strength,etc; that are different com-
pared to the bulk material [13], [101]. Moreover, the nanoparticles show bacteri-
cidal effects. These essential qualities have been attributed to silver nanoparticles
(AgNPs). Therefore, in nano-biotechnological research, AgNPs have received sig-
nificant attention because of their unique physical, chemical, biological properties,

and because of their applicability in electronics, optics and medicine [44].

We are reporting the synthesis of silver nanoparticles with water hyacinth ( Eich-
nornia crassipes) evaluating the influence of three variables (pH, metal concentra-
tion, plant section) on the size and structure of these. The size, composition and
structure of the synthesized nanoparticles were measured using ultraviolet visible
spectroscopy (UV-Vis), dynamic light scattering (DLS), transmission electron mi-
croscopy (TEM) and high resolution (HRTEM), energy dispersive spectroscopy
ray X (EDS), and Fourier transform infrared spectroscopy (FT-IR).



Problem Description

Generally silver nanoparticles are synthesized by various methods whether physi-
cal or chemical such as: radiolytic, photochemical, sonochemical, [73] [34] thermal
decomposition in organic solvents, chemical reduction [115], photoreduction in re-
verse micelles, radiation chemical reduction [46], sol-gel methods, etc.; that need
controlled environments, and sometimes the chemicals used in the synthesis and
stabilization are toxic and expensive and give rise to non-organic products [46],
[34]. That is why there is a need to create protocols for a synthesis based on Green
Chemistry that operate in water, a benign solvent [33]. Particularly in biomimetic
synthesis, one of the fundamental processes is bioreduction; biological methods
of nanoparticles synthesis using microorganism, enzymes, fungus, and plants [46].
The plants were observed to be a good source for the synthesis of nanoparticles,
where the variability of size and shape can be induced by varying the pH [28],
[102]. Nanoparticles produced by plants are more stable, economical and the rate
of synthesis is faster than in the case of microorganisms [46], [85]. Plant extracts
from live alfalfa, the broths of lemongrass, geranium leaves and others have served
as green reactants in Ag NP synthesis, but most of the plants used to synthesized
metal nanoparticles form part of the human or animal diet, or are specific to a

certain region.

In this research we are proposing a new alternative of a reducing agent for the
synthesis of silver nanoparticles. The synthesis method proposed here was first
developed by G. Rosano et al. 2006, that make use of water hyacinth (FEichhor-
nia crassipes). Water hyacinth is one of the world’s worst aquatic weeds [37],
which grow in all types of freshwater lakes, rivers, ponds, ditches of temperate
climates [45]. This plant causes eutrophication in aquatic systems because it re-
duces the levels of dissolved oxygen in water bodies, thereby altering the structure

and function of the ecosystem by disruption of food chains and nutrient cycling,
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encouraging growth of other aquatic species. Being a plant of high growth, decom-
position leads to deterioration of the quality of fresh water, threatening human
health and reducing fish production [7], [112]; large amounts of waste organic mat-
ter is also produced, which involves a high cost to perform cleanup actions at the
reservoir. This generates the opportunity of using this plant as raw material in

the bioreduction method described, obtaining environmental, economic and social
benefits [111].

This Thesis aims to provide information and respond to the educational commu-
nity in relation to the following question: What are the synthesis conditions to
obtain Ag nanoparticles < 10nm using water hyacinth as a reducing agent? The
research question proposed seeks the relationship between the following three pa-
rameters of synthesis: 1) section of the plant, 2) pH, 3) metal concentration. The
background described in the following paragraphs sustained the approach to the

problem of the present investigation.



Project Justification

The synthesis and application of water-soluble Ag nanoclusters is not an emerging
research area [115]. Over the last century, products containing nanoscale silver
have been commercially available and used in diverse applications such as pig-
ments, photography, wound treatment, conductive/autostatic composites, cata-
lysts, and as a biocide. Silver’s antibacterial qualities have applications that reach
far beyond the medical world. Washing machines, refrigerators, air conditioners,
air purifiers and vacuum cleaners all rely upon silver nanoparticles to sterilize up
to 650 types of bacteria [113]. It is estimated that today about 320 tons/year of
nanosilver are produced and used worldwide [50]. Over the last 15 years, Food
and Drug Administration (FDA) granted 510(k) approval to dozens of products
containing nanosilver to prevent colonization on various surfaces, including wound

dressings, catheters and topical gels [59].

This project is going to develop a self-sustaining method to synthesized silver
nanoparticles for commercial use, where biomass as a reducing agent, comes from

an aquatic weed obtained from the Valsequillo reservoir located at Puebla.

For the characterization of nanoparticles, we have the collaboration of Institute of
Physics at the UNAM; of the Center for Nanoscience and Nanotechnology at the
UNAM, of the Department of Chemical and Biological Sciences at UDLAP, the
School of Physical Mathematical Sciences at UMICH, and by the Department of
Biological Sciences and Research Department at UPAEP.

xiil



Objectives

Main Objective

To evaluate biorreduction method using water hyacinth (Eichnornia crassipes),
plant considered as plague in Manuel Avila Camacho reservoir located in Puebla
state, for Ag nanoparticles synthesis in the quantum dots scale (nanopartices <
10nm), evaluating the influence of pH, concentration of metal, and part of the

plant (root, stem, leaf) in their size and structure.
Particular Objectives

1.- Make an instantaneous representative sampling of water hyacinth (Eichnornia
crassipes) from Manuel Avila Camacho reservoir located in Puebla, based on crite-
ria established under NMX-AA-014-1980, for biomass procurement as a reducing
agent in the method.

2.- Condition water hyacinth through wash, dry and powder, to obtain active de-
hydrated biomass.

3.- Optimize biorreduction method developed by G. Rosano et al. 2006 in Ag
nanoparticles, modifying synthesis conditions to simplify operations with a field
manipulation perspective.

4.- Characterize Ag nanoparticles through spectrometry techniques (UV-Visible,
Dynamic Light Scattering) and microscopy (Transmission Electron Microscopy),
to establish size and structure of the nanoparticles.

5.- Characterize by Fourier transform infrared spectroscopy the possible biomolecules

responsible for capping of Ag nanoparticles.

X1v



Hypothesis

It is possible to obtain Ag quantum dots (nanoparticles < 10nm) in its basal state,
with a homogeneous size distribution through the implementation of a synthesis

method of bioreduction using Eichnornia crassipes (water hyacinth).

Research Limitations

This project has some limitations, concerning to:

m Physical-geographic space: in this project, complexity came from the use
of most of the instruments or techniques of measurement because: a) the
high demand, b) location, c¢) waiting list. Another problem has been the
interpretation of the data, and experts of the area are far away; so the com-
munication has been complicated because of the distance and even different

schedule.

m Time: the physical measurements were done at bit late, because of the dif-

ficulties mentioned above.

m Resources:the support was good but not favorable to do the physical mea-

surements on time.

m Personal: there are some proficiency limitations, which limited me to ana-

lyze and to interpret some data.
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Chapter 1

Background

1.1 Nanotechnology

This chapter gives an introduction to the subject of nanotechnology, relevance and
applications. To metal nanoparticles, properties, methods of synthesis, character-

ization, and finally some applications.

Defining Nanotechnology

The term was first coined in 1974 by a Japanese physicist professor Norio Taniguchi,
who used it to describe the processes of creating semiconductor structures with
nanometer precision using the focused ion beam technique, atomic layer deposi-
tion and other methods. Taniguchi wrote, “Nanotechnology mainly consists of the
processes of separation, consolidation, and deformation of materials by one atom
or one molecule”. Over a decade later, the term without the knowledge of Norio
Taniguchi, was popularized by an American engineer K. Eric Drexler[40],[94]. He
writes the first journal article discussing "nanotechnology”. His article, entitled
”Molecular Engineering: An approach to the development of general capabilities
for molecular manipulation”, was published in 1981 in the journal Proceedings of
the National Academy of Sciences. Dexler was stimulated by Molecular Biology, to
him life was the existence proof that machines could be designed and built atom
by atom. His argument was the idea of a Universal Assembler, he was talking

about building machines on the scale of molecules[41].
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Since its inception, the National Nanotechnology Initiative (NNI) has defined
“nanotechnology” as encompassing the science, engineering, and technology re-
lated to the understanding and control of matter at the length scale of approx-
imately 1 to 100 nanometers. As used today, the meaning of the word shifted
to encompass diverse fields; multiple published definitions are given, from which
do not exist a consensus. However, nanotechnology is not merely working with
matter at the nanoscale, but also research and development of materials, devices,
and systems that have novel properties and functions due to their nanoscale di-

mensions or components [5].

Relevance and Applications

Nanotechnology involves a new and broad science where diverse fields such as
physics, chemistry, biology, materials science, and engineering converge at the
nanoscale. After more than 20 years of basic nanoscience research and more than
a decade of focused R&D under the NNI, applications of nanotechnology are de-
livering in both expected and unexpected ways on nanotechnology’s promise to
benefit society. It will offer better built, longer, lasting, cleaner, safety and smaller
products for the house, communications, medicine, transportation, agriculture and

industry in general [56].

Although nanotechnology is a relatively new field, the economic support to this
area reflects a global interest because of its potential [76].The global market for
nanotechnology was valued at nearly $20.1 billion in 2011 [93]. The 2014 Federal
Budget provides more than $1.7 billion for the National Nanotechnology Initiative
(NNI), reflecting steady growth in the NNI investment. The cumulative NNI
investment since fiscal year 2001, until the 2014 request, now totals almost $20
billion. Cumulative investments in nanotechnology-related environmental, health,

and safety research since 2006 now total nearly $750 million [56].

Widespread commercial adoption of nanotechnology is growing rapidly. Examples
of areas in which nanotechnology is expected to have a high commercial impact
include [35]:

e Near-term (1-5 years):
Long-lasting rechargeable batteries

Improved chemical & biological sensors
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Point-of-care medical diagnostic devices

e Mid-term (5-10 years):
New targeted drug therapies
Enhanced medical imaging

High-efficiency, cost-effective solar cells

e Long-term (204 years):
New molecular electronics
New all-optical information processing

New neural prosthetics for health care

1.2 Metal Nanoparticles

Nanoparticles (NPs) are clusters of atoms, ions or molecules, with dimensions of
1-20nm. This is a particularly engaging size range, which bridges the gap between
small molecules and bulk materials. NPs can be formed by most of the elements
in the periodic table; metallic elements form a wide variety of them and may
be composed of a single metallic element or more than one metal[114]. Metal
nanoclusters exhibit unusual chemical and physical properties different from those

of the bulk material or of the atoms [31], for example:

e Nanosize transition metal clusters melt at much lower temperature than the
bulk metal; the melting temperature depends on cluster size, shape, and chemical

composition.

e Wetting behavior (island formation on the substrate) can be induced by thermal

treatments or by substrate chemical and physical modifications.

e Bimetallic systems that exhibit surface segregation behavior melt in two stages:

surface diffusion followed by total melting.

Why metal nanoparticles are so attractive in biotechnology?

In general, NPs used in the field of biotechnology range in particle size between 10
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and 500 nm. The nanosize of these particles allows various communications with
biomolecules on the cell surfaces and within the cells in a way that can be decoded
and designated to various biochemical and physicochemical properties of these
cells. Its potential application in drug delivery systems and noninvasive imaging
offered various advantages over conventional pharmaceutical agents. It is impor-
tant that nanosystems should be stable, biocompatible, and selectively directed
to specific sites in the body after systemic administration. More specific targeting
systems are designed to recognize the targeted cells such as cancer cells. This can
be achieved by conjugating the nanoparticle with an appropriate ligand, which
has a specific binding activity with respect to the target cells. These advances
in the field of biotechnology have opened an endless opportunities for molecular

diagnostics and therapy [77].

1.3 Silver Nanoparticles

In its bulk form, Ag is a naturally occurring, soft, white, lustrous, transition
metal. Every use of Ag has matured and continued over thousands of years, vary-
ing in function from jewelry and currency, to dental alloys, tableware, electrical
wiring and as antimicrobial agent. Ag has the highest electrical conductivity of
any element and the highest thermal conductivity of any metal. Along this line,
ionic silver has a long history and was initially used to stain the glass like gold
nanoparticles. The augmented properties of Ag at nanoscale were in the fields of

spectroscopy and physics, owing to their remarkable surface plasmon [95].

Properties

Ag-NPs have distinctive physical-chemical properties, including a high electrical
and thermal conductivity, surface-enhanced Raman scattering, chemical stability,
catalytic activity and non linear optical behavior. Besides, Ag-NPs exhibit broad

spectrum bactericidal and fungicidal activity[90].

Thermodynamic properties
It has been well established both experimentally and theoretically that the melting

temperature of nanoparticles depends on the particle size. However, Pawlow in
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1909 developed a thermodynamic model that predicts a melting point depression of
nanoparticles. The isolated nanoparticles and substrate-supported nanoparticles
exhibit a significant decrease in melting temperature as compared with the corre-
sponding conventional bulk materials with anomaly in few cases [78]. The physical
origin for this phenomenon is that nanoparticles possess a very high surface to vol-
ume ratio [83] Therefore, as the particle size decreases, its surface-to-volume atom
ratio increases and the melting temperature decreases as a consequence of the im-

proved free energy at the particle surface [90].

Antimicrobial effects

There is a strong need to develop new bactericides and virucides, due to the re-
sistance to medication shown by pathogens[54]. It is well known that silver ions
are highly toxic to microorganisms showing strong biocidal effects on as many
as 16 species of bacteria [105] including multi-resistant bacteria like Methicillin-
resistant Staphylococcus aureus (MRSA), as well as multidrug-resistant Pseu-
domonas aeruginosa, ampicillin-resistant E. coli O157:H7 and erythromycin-resistant
S. pyogenes. The mechanism of inhibitory action of silver ions on microorganism
is not completely clear. It is believe that DNA loses its replication, inhibitory
growth, ability and cellular proteins become inactivated on Ag+ treatment, also
it binds to functional groups of proteins, resulting in protein denaturation. The
shape, size, concentration of AgNPs and the sensitivity of the microbial species to

silver are factors to the effectivity to cell death [54].

Ag' treated £, colf

I" ™ Untreated £. colf Untreated F. colf

e %}

FI1GURE 1.3.1: Treatment of cells with Ag+ results in DNA condensation, cell

wall damage, and silver granule formation. E. coli cells with and without Ag—+

treatment were observed with transmission electron microscopy (Feng et al.,
2000)
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Applications

Silver nanoparticles have unique optical, electrical, and thermal properties and are
being incorporated into products that range from photovoltaics to biological and
chemical sensors (fluorescent nanotags). Examples include conductive inks, pastes
and fillers which utilize silver nanoparticles for their high electrical conductivity,
stability, and low sintering temperatures. Additional applications include molec-
ular diagnostics and photonic devices ( data storage device, photovoltaic cells)
which take advantage of the novel optical properties of these nanomaterials. An
increasingly common application is the use of silver nanoparticles as anti-bacterial
agents in the health industry, food storage, textile coatings, environmental applica-

tions (Air disinfection,water desinfection, Groundwater and biological wastewater

disinfection) many textiles, wound dressings, and biomedical devices (Figure 1.3.2)
[106], [19], [90].

N i &L e
7 ‘(Tiv; R ¥ DNACTMANP & -IHI’_—'f . F.'.'
4 @/\w compesite V )ul P ‘ . ‘
A o B L
(A) Conductive films (B) Data Storage Device (¢) Fluorescent Nanotags

(D) Molecular Detection (E) Solar cell (F) Socks

FI1GURE 1.3.2: Applications of silver nanoparticles

1.4 Synthesis methods

The methods for nanoparticle synthesis are described in this section. The nanopar-
ticle synthesis methods can be divided into two approaches: “top-down” and
“bottom-up” [38], [92].
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Top-down methods

In the “top-down” approach it all begins from a bulk piece of material, which
is then gradually or step by step removed to form objects in the nanometer size
(1x10-9 m)[38]. This approach may involve milling, chemical methods, and the
volatilization of a solid followed by the condensation of the volatilized compo-
nents [117]. At the nanoscale though, these methods are generally not suitable for
production on a very large scale because they presently encounter technological
limitation and require extremely long and costly processes [38]. Here, we are going

to describe only the most common methods.

Nanolitography

Nanolithography derives its name from the Greek words nanos (dwarf), lithos
(rock), and grapho (to write), which literally means “small writing on rocks” [38],
[91]. Nanolithography is the branch of nanotechnology concerned with the study
and application of the nanofabrication of nanometer-scale structures, meaning
nanopatterning with at least one lateral dimension between the size of an indi-
vidual atom and approximately 100 nm. Nanolithography is used e.g. during the
nanofabrication of leading-edge semiconductor integrated circuits (nanocircuitry),
for nanoelectromechanical systems (NEMS) or for almost any other fundamental
application across various scientific disciplines in nanoresearch [91]. Lithography
can be performed using light (optical- or photolithography), electrons (e-beam
lithography), ions (i-beam lithography), or X-ray (X-ray lithography, LIGA) de-

pending on the desired minimum feature size of the outputs [38].

Photolithography

Optical Lithography refers to a lithographic process that uses visible or ultraviolet
light to form patterns on the photoresist through printing. Printing is the process
of projecting the image of the patterns onto the wafer surface using a light source
and a photo mask [103].

The lens is used to focus the sectioned UV light down to a smaller area on the
chip. The smallest feature size capable of being written on the wafer is a func-

tion of the numerical aperture of the lens as well as the wavelength of the light [80].
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E-beam lithography

Electron Beam Lithography (EBL) refers to a lithographic process that uses a fo-
cused beam of electrons to form the circuit patterns needed for material deposition
on (or removal from) the wafer, in contrast with optical lithography which uses
light for the same purpose. Electron lithography offers higher patterning resolu-
tion than optical lithography because of the shorter wavelength possessed by the
10-50 keV electrons that it employs. A typical EBL system consists of the fol-
lowing parts: 1) an electron gun or electron source that supplies the electrons; 2)
an electron column that ’shapes’ and focuses the electron beam; 3) a mechanical
stage that positions the wafer under the electron beam; 4) a wafer handling system
that automatically feeds wafers to the system and unloads them after processing;

and 5) a computer system that controls the equipment [104].

I-beam lithography

Ion-beam lithography commonly uses light ions (protons, helium ions) for the ex-
posure of polymeric resists. The use of heavier ions makes it possible to dope the
substrate or create thereon thin layers of new chemical compounds. Differences
between the electron and ion lithography are due to greater mass of an ion as
compared to the mass of an electron and to the fact that an ion is a many-electron
system. A thin beam of ions has a weaker angular scattering in the target than
an electron beam, therefore ion-beam lithography has a higher resolution than

electron beam lithography [55].

X-ray lithography

Optical lithography is limited by diffraction, which is mos significant when objects
are comparable in size to the wavelength of light. This fact of physics has driven
decreases in the wavelength of light used in optical lithography. Similarly, the use
for lithography of wavelength in the x-ray portion of the electromagnetic spectrum
was motivated by the idea that diffraction effects could be effectively neutralized

by using photons with extreme short wavelengths [70].

Thermal Evaporation (PVD)
Thermal evaporation is a process wherein a solid material is heated inside a high
vacuum chamber to a temperature which generates some vapor pressure. Inside

the vacuum, even a very low vapor pressure is adequate to create a vapor cloud
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FI1GURE 1.4.1: Comparison of the described lithography techniques

within the chamber. This evaporated material now consists of a vapor stream,
which passes through the chamber, and strikes and sticks onto the substrate as
a film or coating. Since, in a majority of cases, the material becomes liquid by
heating it to its melting temperature, it is normally placed in the bottom of the
chamber, often in some form of upright crucible. The vapor then rises above from
this bottom source and reaches the substrates that are held inverted in suitable
fixtures at the top of the chamber, with surfaces to be coated facing down toward

the rising vapor to acquire their coating [30].

Tube furnace
T T to pump

Cooling
water

Carrying Cooling
gas Water

FIGURE 1.4.2: Thermal evaporate deposition system for synthesis of 1D nanos-
tructures

Various measures may have to be taken in order to ensure film adhesion and con-
trol different film properties as desired. The evaporation system design allows
process engineers to adjust a number of parameters to obtain desired results for

variables such as grain structure, uniformity, thickness, stress, adhesion strength,
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optical or electrical properties, and much more[30].

PVD comprises the standard technologies for deposition of metals. It is far more
common than CVD for metals since it can be performed at lower process risk
and cheaper in regards to materials cost. The quality of the films are inferior to
CVD, which for metals means higher resistivity and for insulators more defects

and traps. The step coverage is also not as good as CVD [74].

Bottom-up methods

The “bottom-up” approach on the other hand takes the idea of “top-down” ap-
proach and flips it right over. In this case, instead of starting with large materials
and chipping them away to reveal small bits of them, it all begins from atoms
and molecules that get rearranged and assembled to larger nanostructures [38].
Consists on the manufacture of nanoparticles through the condensation of atoms
or molecular entities in a gas phase or in solution. Nanoparticles can be supported
or noT. The support gives stability to the nanoparticles, also it can give them

specific properties [117].

Chemical Vapor Deposition (CVD)

In this process, the substrate is placed inside a reactor to which a number of gases
are supplied. The fundamental principle of the process is that a chemical reaction
takes place between the source gases. The product of that reaction is a solid ma-
terial with condenses on all surfaces inside the reactor [74].

CVD processes are ideal to use when you want a thin film with good step cover-
age. A variety of materials can be deposited with this technology, however, some
of them are less popular with fabs because of hazardous byproducts formed during
processing. The quality of the material varies from process to process, however
a good rule of thumb is that higher process temperature yields a material with

higher quality and less defects [74].

Chemical Vapor Synthesis

Chemical Vapor Synthesis (CVS) is a modified Chemical Vapor Deposition (CVD)
method where the process parameters are adjusted to form nanoparticles instead of
film [39]. The entire range of reaction regimes and corresponding microstructures
(epitaxial, polycrystalline, columnar, granular films and aerogel coatings as well

as nanopowders) are shown in thee figure 1.4.3.
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F1GURE 1.4.3: Comparison between CVD and CVS techniques

Both in CVD and CVS, precursors are metalorganics, carbonyls, hydrides, chlo-
rides and other volatile compounds in gaseous, liquid or solid state. The major
limitation of the CVS process is the availability of appropriate precursor materi-
als. The energy for the conversion of the reactants into nanoparticles is supplied
in hot wall (external furnace), flame (reaction enthalpy), plasma (microwave or
radio frequency) and laser (photolysis or pyrolysis) reactors. Chemical Vapor
Reaction (CVR), Chemical Vapor Condensation (CVC), Chemical Vapor Precipi-
tation (CVP) are synonyma used frequently in the literature. The most important
process parameters determining the quality and usability of the nanopowders are
the total pressure (typical range from 100 to 100000 Pa), the precursor material
(decomposition kinetics and ligands determining the impurity level), the partial
pressure of the precursor (determining the production rate and particle size), the
temperature or power of the energy source, the carrier gas (mass flow determining
the residence time) and the reactor geometry. The nanoparticles are extracted
from the aerosol by means of filters, thermophoretic collectors, electrostatic pre-

cipitators or scrubbing in a liquid [39)].

Colloidal Chemistry

Colloids are individual particles, which are larger than the dimensions atomic, but
small enough to exhibit Brownian motion. If the particles are large enough, then
their dynamic behavior in suspension in function of time is governed by gravity
and sedimentation will occur. If the particles are enough small to be colloids, then
their irregular motion in suspension can be attributed for collective bombings by

a multitude of thermally agitated molecules in a liquid suspension. This range of
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size of particles in a solution colloidal usually varies in the range of nanometers,
so the colloid method is an efficient method of producing nanoparticles. This
method consists in dissolving a precursor of the metal salt or oxide, a reducer and
a stabilizer in a continuous phase. The average size, size distribution, shape and
morphology of the nanoparticles can be controlled by varying the concentration of

the reactants [118].

!
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FIGURE 1.4.4: A schematic of a three neck flask used in the preparation of
colloidal QDs

The main problems are reproducibility between batches and producing particles in
large quantities. Another important barrier is finding the appropriate surfactant
that will eliminate agglomeration of the nanoparticles. Environmental problems

identified for the sol-gel approach are also applicable to this method [86].

Sol-gel

The sol-gel process, as the name implies, involves the transition of a solution
system from a liquid "sol” (mostly colloidal) into a solid ”gel” phase [89]. The
precursors for synthesizing these colloids consist usually of a metal or metalloid
element surrounded by various reactive ligands. The starting material is processed
to form a dispersible oxide and forms a sol in contact with water or dilute acid.
Removal of the liquid from the sol yields the gel, and the sol/gel transition con-
trols the particle size and shape [110]. Utilizing the sol-gel process, it is possible
to fabricate advanced materials in a wide variety of forms: ultrafine or spherical
shaped powders, thin film coatings, fibers, porous or dense materials, and ex-
tremely porous aerogel materials [89].

There are difficulties in simultaneously controlling all parameters. For this reason,

reproducibility is often an issue. In general, low yields are obtained by using the
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sol-gel approach. Also, there are minor environmental problems, such as large

volumes of contaminated solvent (usually water) to deal with [86].

xerogel film

dense fim

sarogel danse ceramics

FIGURE 1.4.5: Schematic representation of the different stages and routes of
the sol-gel technology

Molecular Self-Assembly

Molecular self-assembly is the assembly of molecules without guidance of manage-
ments from an outside source. Self-assembly can occur spontaneously in nature,
for example, in cells such as the self-assembly of the lipid bilayer membrane. It
usually results in an increase in the internal organization of the system [60].

In self-assembly, the final structure is "encoded” in the shape and properties of
the molecules that are used, as compared to traditional techniques, such as lithog-
raphy, where the desire final structure must be carved out to from a larger block

of matter [60].

Enzyme catalase

g, Haem group tg,
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Nanacrystalline diamond film

FIGURE 1.4.6: Prototype biosensor based on enzyme units anchored on a
nanocrystalline diamond surface functionalized with a self-assembled monolayer
(SAM) of spacer molecules
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Biological Methods

Because, most of the methods mention above (top-down and bottom-up) are ex-
tremely expensive and they also involve the use of toxic, hazardous chemicals
which may pose potential environmental and biological risks. A quest for an envi-
ronmentally sustainable synthesis process has led to few biomimetic approaches.
Biomimetics refers to applying biological principles in materials formation. One of
the fundamental processes in the biomimetic synthesis involves bioreduction [4].
Living organism such as bacteria, fungi and plants have a huge potential for the
production of metal nanoparticles [51]. The table 1.4.1 shows Au and Ag nanopar-

ticles produced by some microorganisms.

TABLE 1.4.1: Metal nanoparticles synthesized by microorganisms

Microorganisms Products Size (nm) Shape Location Reference
Sargassum wightii Au 8-12 planar Extracellular [47]
Rhodococcus sp. Au 5-15 spherical Intracellular [1]
Shewanella oneidensis Au 10-17 spherical Extracellular 2]
Plectonemaboryanum Au < 10-25 cubic Intracellular [72]
Trichoderma viride Ag 5-40 Spherical Extracellular (3]
Bacillus licheniformis Ag 50 Not available Extracellular [63]
Escherichia coli Ag 37 Not available Extracellular [23]
Corynebacterium glutamicum Ag 5-50 Irregular Extracellular [18]
Trichoderma viride Ag 24 Not available Extracellular 8]
Ureibacillus thermosphaericus Au 50-70 Not available Extracellular [21]
Bacillus cereus Ag 4-5 Spherical Intracellular [20]
Aspergillus flavus Ag 8.92 Spherical Extracellular [22]
Aspergillus fumigatus Ag 5-25 Spherical Extracellular [17]
Verticillium sp. Ag 25 Spherical ~ Extracellular [24]
Fusarium ozysporum Ag 5-50 Spherical Extracellular [24]

Use of bacteria

Bacteria are among the most extensively exploited natural resources for synthesis
of metallic nanoparticles. The key reason for bacterial preference for nanopar-
ticle synthesis is their relative case of manipulation. The figure 1.4.7 probable
mechanism for the formation of silver nanoparticles involves the enzyme nitrate

reductase [51].

In 2008, silver nanoparticles in the range of 50 nm were synthesized by the super-
natant of B. licheniformis when silver nitrate was added to it. The synthesized
silver nanoparticles were highly stable. Also, the time required for reaction com-

pletion was 24 hour. Biosynthesis of silver nanoparticles using microorganisms is
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FIGURE 1.4.7: Possible mechanism for silver nanoparticles synthesis in B.

licheniformis for the biosynthesis of nanoparticle involving NADH-dependent

nitrate reductase enzyme that may convert Ag+ to Ag0 through electron shut-
tle enzymatic metal reduction process

rather slow. However, finding microorganisms to synthesize Ag nanoparticles is

an important aspect [51].

Use of fungi

The use of fungi in the synthesis of nanoparticles is a relatively recent adition to the
list of potentially revelant microorganism. The use of fungi is potentially exciting
since they secrete large amount of enzymes [6]. In most studies, the nanoparticles
are formed intracellular, but may be released into solution by suitable treatment
of the biomass. Some fungi when challenged with aqueous metal ions lead to
the formation of nanoparticles both intra and extracellular [82]. Production of
nanoparticles though fungi has several advantages. They include tolerance towards
high metal nanoparticle concentration in the medium, easy management in large-

scale production of nanoparticles, good dispersion of nanoparticle [64].

Fussarium oxysporum, cationic proteins of around 55kDa in Veticillum sp, and
glutathione, as well as phytochelatins and metallothioneins in Saccharomyces cere-
uisiae, Schizosaccharomyces pombe, and Candida glabrata, have been found to be

involved in the reduction of metal ions to nanoparticles [29].

Use of plants

Using plants for nanoparticle synthesis can be advantageous overt other biological
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FIGURE 1.4.8: Mechanism of C. albicans cytosol mediated gold nanoparticles

processes because it eliminates the elaborate process of maintaining cell cultures
and can also be suitably scaled up for large-scale nanoparticle synthesis [58]. The
first report of the plant employed in the synthesis of nanoparticles is attributed
to Medicago sativa (alfalfa) which was capable of synthesizing gold and silver
nanoparticles. The production of nanoparticles by plants relays on various factors
among which, type of processing with optimized parameters is very much essential
towards synthesis of nanoparticles such as growing plant in a media incorporated
with raw material for the synthesis of nanoparticles, use of dried powdered plant
material which is employed in the synthesis of plant material, drying plant ma-
terial and evaluating nanoparticles synthesis, and employing fruits and flowers in
the synthesis of nanoparticles [11]. The table 1.4.2 represents some plant species

capable of synthesizing nanoparticles.

TABLE 1.4.2: Metal nanoparticles synthesized by plants

Plant Metal Size (nm) Location Reference
Avena sativa Au 5-85 Intracellular [28]
Azadirachta indica Ag, Au and Ag/Au 50-100 Extracellular [27]
Aloe vera Ag 13-19 Not available [12]
Medicago sativa Ti/Ni 1-4 Not available [25]
Emblica Officinalis Ag and Au 10-20 and 15-25 Extracellular [9]
Pelargonium graveolens Ag 16-40 Extracellular [26]
Cinnamomum camphora Au and Ag 55-80 Extracellular [16]
Tamarindus indica Au 20-40 Extracellular [10]
FEichhornia crassipes Mn 1-4 Extracellular [15]

Eichhornia crassipes

Eichhornia crassipes also known as water hyacinth is a perennial aquatic plant



Background 17

native of tropical and subtropical regions [ion |. Water hyacinth has been estab-
lished as a pest because is vastly found in lakes, rivers, and other water bodies; it
is exploit has been considered useless for several applications because of the high
content of tannins [15].

The total heavy metal content of water hyacinths from Valsequillo reservoir lo-
cated in Puebla, is about 10 089.18 mg/Kg d.w., which indicates that the plant
can be considered a hyperaccumulator. On the other hand, the power of bioaccu-
mulation of the water hyacinth represents serious problems for systems, because
when the plant is degraded, the reincorporation of metals back into the ecosystem
takes place, concentrating in specific parts of the plant. The metals in the plants
cause toxicity when they are consumed by other organisms and these in turn can
incorporate into the rest of the trofics links. Particularly, the bioaccumulation fac-
tors (BF) in the different parts of water hyacinth show that the root (42.54%) has
the biggest capacity of bioaccumulation in the plant. In this case it is important
to notice that the BF in the water hyacinth for the different elements decreases
in the sequence: Mn > Fe > Zn > Cr > Ni ; Cu. This means that the water
hyacinth has a great affinity to incorporate transition metals; in this case the Mn
is accumulated in the biggest concentration in spite of low levels in water (0.44

mg/liter), denoting a high chemical affinity of the biomass to the metal [14].

1.5 Characterization of metal nanoparticles

Dynamic Light Scattering (DLS)

Dynamic Light Scattering is also known as Photon Correlation Spectroscopy. This
technique is one of the most popular methods used to determine the size of particles
[100]. DLS measures Brownian motion and relates this to the size of the particles.
Brownian motion is the random movement of particles due to the bombardment
by the solvent molecules that surround them. Normally DLS is concerned with

measurement of particles suspended within a liquid [57].

Shining a monochromatic light beam, such as a laser, onto a solution with spherical
particles in Brownian motion causes a Doppler Shift when the light hits the moving
particle, changing the wavelength of the incoming light. This change is related to
the size of the particle [100]. The larger the particle, the slower the Brownian

motion will be [57]. It is possible to compute the sphere size distribution and
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give a description of the particle’s motion in the medium, measuring the diffusion

coeflicient of the particle and using the autocorrelation function [100].

The size of a particle is calculated from the translational diffusion coefficient by

using the Stokes-Einstein equation:

kT
d(H) = 37D

FiGURE 1.5.1: Stokes-Einstein equation

where:

d(H) = hydrodynamic diameter

D = translational diffusion coefficient
k = Boltzmann’s constant

T = absolute temperature

n = viscosity

The diameter that is measured in DLS is a value that refers to how a particle
diffuses within a fluid. The diameter that is obtained by this technique is the
diameter of a sphere that has the same translational diffusion coefficient as the
particle. The translational diffusion coefficient will depend not only on the size of
the particle “core”, but also on any surface structure, as well as the concentration
and type of ions in the medium [57]. Also, sample polydispersity can distort the
results, and we could not see the real populations of particles because big particles

presented in the sample can screen smaller ones [42].

Ultraviolet—Visible Spectroscopy (Uv-Vis)

Ultraviolet- Visible Spectroscopy is a technique used to quantify the light that is
absorbed and scattered by a sample (a quantity known as the extinction, which is
defined as the sum of absorbed and scattered light). In its simplest form, a sample
is placed between a light source and a photodetector, and the intensity of a beam
of light is measured before and after passing through the sample. These mea-
surements are compared at each wavelength to quantify the sample’s wavelength

dependent extinction spectrum. The data is typically plotted as extinction as a
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function of wavelength. Each spectrum is background corrected using a “blank”
— a cuvette filled with only the dispersing medium — to guarantee that spectral

features from the solvent are not included in the sample extinction spectrum [79].
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FIGURE 1.5.2: Instrumentation of Ultraviolet—Visible Spectroscopy

UV-Vis spectroscopy can be used as an tool to characterize the properties of metal
nanoparticles, in particular the size and shape of the metal nanoparticles and
their surface property in the state of the colloidal dispersion system [66], [42], Ag
nanoparticles have been investigated actively from the fundamental point of view
to understand the mechanism of Ag (I) reduction and Ag nanoparticle formation.
This would be because Ag(I) is a simple monovalent metal cation, and the formed

Ag clusters have a size-dependent absortion property [66].

Scattering from a sample is typically very sensitive to the aggregation state of the
sample, with the scattering contribution increasing as the particles aggregate to a
greater extent. For example, the optical properties of silver nanoparticles change
when particles aggregate and the conduction electrons near each particle surface
become delocalized and are shared amongst neighbouring particles. When this
occurs, the surface plasmon resonance (SPR) shifts to lower energies, causing the
absorption and scattering peaks to red-shift to longer wavelengths. UV-Visible
spectroscopy can be used as a simple and reliable method for monitoring the sta-
bility of nanoparticle solutions. As the particles destabilize, the original extinction

peak will decrease in intensity (due to the depletion of stable nanoparticles), and
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often the peak will broaden or a secondary peak will form at longer wavelengths

(due to the formation of aggregates) [79].

Fourier-Transform Infrared Spectrometry

Infrared spectroscopy is associated with vibrational energy of atoms or group of
atoms in a material [67]. In infrared spectroscopy, IR radiation is passed through
a sample. Some of the infrared radiation is absorbed by the sample and some of it
is passed through (transmitted). The resulting spectrum represents the molecular
absorption and transmission, creating a molecular fingerprint of the sample. Like a
fingerprint no two unique molecular structures produce the same infrared spectrum
[81], [67]. Infrared spectroscopy is a nondestructive, highly sensitive technique
that provides information about impurities, chemical environment, and free-carrier

properties [68].

A method for measuring all of the infrared frequencies simultaneously, was de-
veloped which employed a very simple optical device called an interferometer.
The Michelson interferometer produces interference fringes by splitting a beam of
monochromatic light so that one beam strikes a fixed mirror and the other a mov-
able mirror. When the reflected beams are brought back together, an interference
pattern results [109].The interferometer produces a unique type of signal which
has all of the infrared frequencies “encoded” into it. The signal can be measured

very quickly, usually on the order of one second [81].
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FI1GURE 1.5.3: Michelson Interferometer

Fourier transform infrared spectroscopy (FTIR) measurements were carried out
to identify the possible biomolecules responsible for reduction, capping of the Ag

nanoparticles.
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Transmission Electron Microscopy (TEM) and high resolution (HRTEM)
The transmission electron microscope (TEM) operates on the same basic principles

as the light microscope but uses electrons instead of light [84].

The general Transmission Electron Microscope (TEM) system. At the top of
the TEM is the source of the free electrons. Directly below the source is the
condenser system. The condenser system focuses the electrons onto the sample.
Below the sample is the objective lens and aperture which collect and convey the
electrons to the projector system. The projector system (drawn here as a large
lens) usually consists of 2-3 lenses and 1-3 apertures. The imaging surface could be
a phosphor screen or the entrance to a CCD camera imaging system [61]. Finally,
the chemical analysis system is the energy disperse x-ray spectroscopy (EDS) can

be used complimentary to quantify the chemical composition of the specimen [71].
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FIGURE 1.5.4: Transmission Electron Microscope System
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In TEM, a thin sample, typically less than 200 nm, is bombarded by a highly
focused beam of single energy electrons. The beam has enough energy for the
electrons to be transmitted through the sample, and the transmitted or scattered
electron signal is greatly magnified by a series of electromagnetic lenses. The mag-
nified signal may be observed by electron diffraction, amplitude-contrast imaging
such as diffraction contrast, or phase-contrast imaging such as high resolution
TEM [69].

Transmission electron microscopy (TEM) as a powerful tool has been extensively
used to investigate the morphologies and size distribution of the synthesized Ag-
NPs [116].

The measurement of individual unagglomerated spherical particles is straightfor-
ward. However, when nanoparticles are bound together or have an irregular shape,
accurate size statistics can be more complicated to obtain. Two primary factors
influence how a sample is distributed on a TEM grid following preparation, dy-
namics associated with the drying process and solution concentration. The former
process typically leads to a non-uniform distribution of particles on the TEM grid,
with some areas of the TEM grid containing few particles and some areas of the

grid containing a denser sample [36].

Surface defects and planar defects can be imaged directly using HRTEM [71].
HRTEM can provide structural information at better than 0.2 nm spatial resolu-
tion. High magnification imaging requires a high electron dose, so specimens need
to be relatively beam insensitive. The technique, by itself, provides very limited

chemical information [108].

In this thesis, I worked on a method called digital darkfield imagingor simply DF
method which is used to analyse digitized hihg resolution trnsmission electron
microscopy (HRETM) images. The method uses Fourier space filtering to from
so called darkfield images in direct space. The brightness and the phase of these
complex valued images can be used to analyse periodicities, and changes therein.
The selection of frequencies in Fourier space in this digital method is analogous

to the selection of a beam of scattered electrons in a TEM [96].



Chapter 2

Materials & Methods

2.1 Materials

This section describes all experimental parameters (chemicals, amounts, materials)
used in the experiment. The equipment used for characterization is describe in
the appropriate sections.

eSampling of the water hyacinth in Valsequillo reservoir

For the collection of water hyacinth were used plastic containers of 13L and buckets
of 19L. Soap were not used for washing the water hyacinth.

e Processing of biomass

For the drying of biomass by solar radiation were construct a solar oven (box) with
aluminum foil food container and aluminium foil. To pulverize the biomass were
used a mortar and a pestle of porcelain and then a laboratory blender (Waring
21-8010EG). The filtering that were made during the washes were carried through
a white cotton cloth, and were used a new for each filtration.

e Synthesis of nanoparticles

For the synthesis of Ag nanoparticles were used buffer solutions at different pH
(4, 5, 7, 9 and 11.33) to determine if the pH in the solution has a impact on
the particle formation, Table 2.1.1. Two different concentrations of silver nitrate
(AgNO3 from Sigma-Aldrich) are tested Table 2.1.2 to determine if the amount
of silver ions in the solution has an impact on particle formation. The ultrasonic
bath was through a Crest 275T Tru-Sweep ultrasonic cleaner. Analog model with
timer. 3/4 gallon, ID: 9.25 x 5.25 x 4. Centrifugations were through a Thermo
Electron Corporation Bench-Top Centrifuge HN-SII.

23
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TABLE 2.1.1: Buffer solution used for synthesizing nanoparticles

pH Brand

Solution

11.33 HYCEL
5.00 MERCK
4.00 J.T. BAKER
9.00 HYCEL
7.00 MERCK

Sodium hydroxide glycolate-sodium chloride
Citric acid - sodium hydroxide
Potassium Biphthalate
Boric acid- potassium chloride- sodium hydroxide

Potassium dihydrogen phosphate - disodium hydrogen phosphate

TABLE 2.1.2: Concentration of AgNO3 used for AgNP synthesis

2.2 Methods

’ Concentration ‘
1*10-4M LOW
3*10-4aM HIGH

This section describes the procedures used for synthesizing Ag nanoparticles and

those for its characterization. The first section describes the procedure of the

processing of biomass, the next section describes how the synthesis is carried out,

an the last section describes the characterization of the synthesized nanoparticles

(Figure 2.2.1).

Processing of biomass # Synthesis of MNPs #

Characterization of
MNPs

Collection of water
hyacinth

l

Processing of biomass
{water hyacinth)

Raoaot
Stem
Leaf

Salt (AgNO3)

Spectroscopy

Uny-vis

PL

Microscopy

TEM
HRTEM
C Faurier Transform _)

Sampling of the water hyacinth in Valsequillo reservoir

FIGURE 2.2.1: A diagram of methods

It was selected and collected and 1m2 of adult individuals, it placed in plastic

containers with water to prevent to die. Immediately it was transported to the
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laboratory for processing and washing (Figure 2.2.2) .The taking, transporta-
tion and storage of the samples were performed according to the Official Mexican
Standard NMX-AA-014-1980.

(A) Valsequillo reservoir (B) 1m2 of individuals (c) Storage

FIGURE 2.2.2: Sequence of the collection of Water hyacinth

Processing of biomass (water hyacinth)

The collected water hyacinth was separated into leaf, root and stem, each part
separately were washed with water until clear. Subsequently, water hyacinth was
cut into small pieces to facilitate its drying by solar radiation (3 h) . These little
pieces of water hyacinth dry, were pulverize with a mortar and pestle and then with
a blender which powder was washed with a solution of hydrochloric acid (HCI) at a
concentration 0.01N , leaving to stand for 30 min; this wash was performed 2 times.
Biomass after filtering (washed with HCl) was placed in aluminum recipients for

dehydrating in a preheated oven at 80 C for 24 hours (Figure 2.2.3).

27

(¥) Drying (E) Washing with HCL (D) Grinding

FIGURE 2.2.3: Schematic processing of biomass

Synthesis of nanoparticles

In order to establish the required experimental conditions for obtaining nanopar-
ticles with sizes < 10 nm using the method developed by G. Rosano-Ortega et
al, 2006., it was carried out a systematic study of the effects on the synthesis,
evaluating variables such as: pH (3, 4, 5, 7, 9 and 11.33), concentration of metal

salt (AgNO3), and section of the plant (stem, root, leaf) All the samples and their
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synthesis parameters are listed in Table 2.2.1.

TABLE 2.2.1: Parameters of silver nanoparticles synthesis

Sample  [AgNO3| Section of Plant pH

R4 LOW/HIGH root 4
R5 LOW/HIGH root 5
R7  LOW/HIGH root 7
R9 LOW/HIGH root 9
R11  LOW/HIGH root 11
T4 LOW /HIGH stem 4
T5 ~ LOW/HIGH stem 5
T7  LOW/HIGH stem 7
T9 LOW/HIGH stem 9
T1l LOW/HIGH stem 11
H4 LOW /HIGH leaf 4
H5  LOW/HIGH leaf 5
H7 LOW /HIGH leaf 7
H9  LOW/HIGH leaf 9
H11 LOW/HIGH leaf 11

The procedure for the synthesis of nanoparticles is a follows (Figure 2.2.4):

1.- A solution with concentration 3x10-4M and 1x10-4 M of the metal salt (AgNO3)
was prepared with deionized water.

2.- In a balance was weighed 0.125 g of biomass and was dispensed into polyethy-
lene tubes of 25mL. Subsequently, was added 25mL of deionized water.

3.- The tubes were placed in ultrasonic bath for 15 minutes; 5 min after, the sam-
ples were centrifuged for 30 minutes at 3000rpm.

4.- To each sample was added 25 mL of buffer solution (pH =4, 5, 7, 9 and 11.33).
5.- The samples were exposed to an ultrasonic bath for 15 minutes; 5 min after
the samples were centrifuged for 30 minutes at 3000rpm.

6.- To each sample was added 25ml of the metal solution (AgNO3).

7.- The samples were exposed to an ultrasonic bath for 15 minutes; 5 min after
the samples were centrifuged for 30 minutes at 3000rpm.

8.- The biomass was separated from the solution by vacuum filtration.

Characterization of Nanoparticles

The synthesized nanoparticles were analyzed by UV-visible spectroscopy, Dynamic
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(r)Filter (E) Spin-dry

FIGURE 2.2.4: Schematic processing of nanoparticles synthesis

Light Scattering and fluorescence spectroscopy, transmission electron microscopy
(TEM) and high resolution (HRTEM). This section describes how the analyses

were made.

UV-visible spectroscopy

The optical absorption spectra of AgNP solutions were obtained in a range of
wavelength 300-800 nm, using Cary 300 UV-visible spectrophotometer (the blanks
used were only distilled water). Analyses were conducted in collaboration with the
Center for Nanoscience and Nanotechnology (CNyN) at the UNAM, Ensenada.

TEM & HRTEM

e Preparation of the sample

With a Paster pippette a drop of the solution of AgNP was placed on a micro-
copper grid covered with carbon type 30-A Pelco brand mesh and allowed to dry
at ambient, then proceeded to deposit other droplet. Once prepared the grids,
with the aid of an inverse mark magnetically clamp Pelco #4, the samples were

taken to the specimen vial to be analyzed by TEM.
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e Analysis of the sample

Based on the above, the analysis by TEM and HRTEM carried out, using a TEM
JEOL JEM-2010F FasTem with 2.3 A of resolution, at Institute of Physics at
UNAM, which has an x-ray detector coupled to perform of energy disperse spec-
troscopy (EDS). HRTEM images obtained were digitized using a CCD camera
Sensys obtaining high resolution images (digital) that were processed using filters
in Fourier space. Also, the elemental composition of these aggregates was evalu-
ated using EDS.



Chapter 3

Results

In this chapter the results obtained are presented. The chapter is split into sections
describing the results obtained from each measuring method. The results from

each method will also be discussed individually in chapter four.

3.1 UV-visible spectroscopy (UV-Vis)

The yellowish-brown color of aqueous silver solution is due to an intense surface
plasmon absorption band, which depends on the method of preparation [52]. Ab-

sorption in a silver nanoparticle solution can therefore be studied spectrometrically

The results from absorbance spectroscopy of the samples listed in Table 2.2.1 are

presented in this section.

Leaf samples

The figures 3.1.1a and 3.1.1b shows the spectra of samples made with the leaf of
water hyacinth at two concentrations 1*10-4M and 3*10-4M of silver nitrate at 4
buffers (pH 5,7,9 and 11).

In the case of samples with low concentration (figure 3.1.1a) , we can see that
all samples present a peak located at ~ 280 nm. Sample H15 present a second
peak located at ~ 325nm. And sample H111 present a second peak located at ~
325nm, and a third at ~ 410nm.

29



Results 30

The spectra of the samples with high concentration ( figure 3.1.1b) are very similar
to the samples with low concentration. Because all samples present a peak at ~
280 nm . But sample H35 present a second peak at ~ 325nm, as well as we see in
the sample H15. We can also observe that sample H311 present a second peak at
~ 410 nm, like sample H111.

Absorbance
Absorbance
[y*]

T T T T T T

200 300 400 500 300 400 500 600
Wavelength (nm) Wavelength (nm)
(A) Low concentration (B) High concentration

FIGURE 3.1.1: Absorbance spectra of the solutions made with leaf with two
concentrations of silver nitrate

Root samples

The figures 3.1.2a and 3.1.2b shows the spectra of samples made with root of
water hyacinth at two concentrations 1*10-4M and 3*10-4M of silver nitrate at 2
buffers (pH 7 and 9).

The spectra for samples with low concentration (figure 3.1.2a), shows that sample
R19 present a peak at ~ 280 nm. Sample R17 present peak at ~ 300 nm. And
sample R111 present a double peak structure the first peak located at ~280 nm

and the second at ~ 350 nm.

The spectra for samples with high concentration (figure 3.1.2b), shows that sample
R37 present a wide peak at ~ 420 nm. Sample R39 present two peaks, the first

at ~ 280 nm and the second at ~ 350 nm.

We can see how the peaks are very similar to the peaks of the samples of leaf.

Stem samples
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R311
R39
R37

Absorbance
Abseorbance

00 4
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Wavelength (nm) Wavelength (nm)
(A) Low concentration (B) High concentration

FIGURE 3.1.2: Absorbance spectra of the solutions made with root with two
concentrations of silver nitrate

The figures 3.1.3a and 3.1.3a shows the spectra of samples made with stem of
water hyacinth at two concentrations 1*10-4M and 3*10-4M of silver nitrate at 4

buffers (4,7 9 and 11).

The figure 3.1.3a show that the sample T111 present three peaks, the fist at ~
280 nm, the second at ~325 nm and the third at ~410 nm. Sample T14 present
a peak at ~ 320 nm and finally sample T17 present a peak at ~ 310 nm.

In the figure 3.1.3b we can see that all samples T311, T37, T39 and T34 , present
a peak at ~ 410nm. The sample T311 also show a peak at ~280 nm.

2
T34
° 37
@ Eg T39
E © T311
8 £
= 1 2 14
@ \
3 2
< \
o T . : 0-+— T T T T T T EAE——
300 400 500 300 400 500 00 700 800
Wavelength (nm) Wavelength (nm)
(A) Low concentration (B) High concentration

FIGURE 3.1.3: Absorbance spectra of the solutions made with stem with two
concentrations of silver nitrate

The table 3.1.1 shows the Absorbance peaks of all samples
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TABLE 3.1.1: The peaks of the samples

Sample  Peak (nm) Sample Peak (nm)

R17 300 R37 420
R19 280 R39 280/350
R111 280/350 R311 -
T14 320 T34 410
T17 310 T37 410
T19 - T39 410
T111  280/325/410 T311 410/280
H15 280/325 H35 280/325
H17 280 H37 280
H19 280 H39 280

H111  280/325/410 H311 280/410

To know the effect and interaction of the three variables of study (pH, AgNO3
concentration and plant section), because UV-Vis absorption results, it was con-
structed and analysis of variance (ANOVA), with a significance level of 5%. In

this analysis the plant section was considering as a block.

Source DF Seg 55 Rdj S5 Rdj M3 F P
ch 3 1.0000 1.0000 0.3333 1.60 0.229
conc metal 1 0.6667 0.6667 0.6667 3.20 0.093
ph*conc metal 3 0.3333 0.3333 0.1111 0.53 0.666
Error & 3.3333 3.3333 0.2083

Total 23 5.3333

FIGURE 3.1.4: Analysis of variance of UV-Vis absortion results

To interpret the data, we take into account the P-value and the the significance
level. If the P-value is lower than the significance level (0.05) the variable has an
effect on the result; if it is higher, the variable has not an effect. According to
this results, the concentration of AgNO3 has an effect on the production of silver

nanoparticles and pH has not an effect according to the ANOVA.

3.2 Dynamic light scattering (DLS)

Particle size can be determined by measuring the random changes in the intensity
of light scattered from a suspension or solution. DLS is most commonly used to
analyze nanoparticles [53]. This section describe the results obtained of randomly
selected Ag NP samples (R37, R311, H35, H39,T37).
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Root samples

From the figure 3.2.1 it can be seen the particle size distribution obtained of
sample R37.

eThe distribution extends from ~ 102.2 nm to as much as ~ 687 nm.

e As table shows that particles below ~ 10 nm was not detected.

eThe central position or P50 of nanparticles have ~ 344 nm of diameter.

Particle Sizz Distribution
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0.1 1 10 100 1,000 10,000 -
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FiGURE 3.2.1: Particle size distribution of sample R37

From the figure 3.2.2 it can be seen the particle size distribution obtained of
sample R311.

eThe distribution extends from ~ 17.81 nm to as much as ~ 586 nm.

e As table shows that particles below ~ 10 nm was not detected.

eThe central position or P50 of nanoparticles have ~ 36.2 nm of diameter.

Particle Size Distribution m
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0.1 1 10 100 1,000 10,000 5 1781

Size(nanometers)

FIGURE 3.2.2: Particle size distribution of sample R311

Leaf samples
From the figure 3.2.3 it can be seen the particle size distribution obtained of
sample H35.

eThe distribution extends from ~ 7.2 nm to as much as ~ 39.7nm.
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eAs the table shows 40% of total are particles below ~ 9.79 nm.

eThe central position or P50 of nanoparticles have ~ 10.68 nm of diameter.

& Particle Size Distribution - T Tile Size (].l].tlj
g0 45 a5 397
80 40 9 24.95
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: " 60 11.81
v 5 IR o
= 40 20 G 50 1168

¥ w .
30 15 40 0.79
2 10 30 a.07
10 5 20 2.3
0 g 10 7.49
0.1 1 i Log 1,000 10,000 i

Size(nanometers) b 7.2

F1GURE 3.2.3: Particle size distribution of sample H35

From the figure 3.2.4 it can be seen the particle size distribution obtained of
sample H39.

eThe distribution extends from ~ 8.04 nm to as much as ~ 101.2 nm.

eAs table shows 20% of total are particles below ~ 8.69 nm.

eThe central position or P50 of the nanoparticles have ~ 19.47 nm of diameter.

Particle Size Distribution YoTile Size (nm)
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FIGURE 3.2.4: Particle size distribution of sample H39

Stem samples

From the figure 3.2.5 it can be seen the particle size distribution obtained of
sample T37.

eThe distribution extends from ~ 72.3 nm to as much as ~ 2750 nm.

e As table shows that particles below ~ 10 nm was not detected.

eThe central position or P50 have ~ 1156 nm of diameter.
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FiGure 3.2.5: Particle size distribution of sample T37

3.3 Transmission electron microscopy(TEM) &
High resolution (HRTEM)

Through transmission electron microscopy (TEM), images of Ag NP samples se-
lected were obtained, which were analyzed in order to determine the average size
to compare to DLS and to obtain the lattice parameters to know its structure,
shape and composition.

The sampling in each sample is different, because two reasons 1.-the nanoparticles

per micrograph were few and 2.- the number of micrograph were few per sample.

Size distribution of AgNP

Root samples

The size distribution of sample R37, is shown in figure 3.3.1, considering a samplig
of 752 nanoparticles, its was obtained a mean of 5.299 nm and a standard
deviation of 2.673 nm.

LB

2.4 48 72 9.6 12.0 144

200
Size (nm) 210 rm

(A) Histogram of size distribution (B) TEM micrograph

FiGURE 3.3.1: Particle size distribution of sample R37
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The size distribution of sample R311 is shown in figure 3.3.2, considering a sam-
pling of 300 nanoparticles, it was obtained a mean of 2.345 nm and a standard
deviation of 0.8201 nm.

404

1.6 24 3.2 4.0 48 5.6
Size (nm)

(A) Histogram of size distribution (B) TEM micrograph

FiGURE 3.3.2: Particle size distribution of sample R311

Leaf samples
The size distribution of sample H35 is shown in figure 3.3.3, considering a sampling
of 87 nanoparticles, it was obtained a mean of 9.306 nm and a standard deviation
of 7.101 nm.

T T T
4 8 12 16 20 24 28 32

(A) Histogram of size distribution (B) TEM micrograph

FiGurke 3.3.3: Particl size distribution of sample H35

The size distribution of sample H39 is shown in figure 3.3.4, considering a sampling
of 47 nanoparticles, it was obtained a mean of 24.85 nm and a standard deviation
of 16.52 nm.

Stem samples
The size distribution of sample 7'37 is shown in figure 3.3.5, considering a sampling
of 116 nanoparticles, it was obtained a mean of 3.091 nm and a standard deviation
of 1.733 nm.



Results 37

Frequency
o = N w A& v oa N @

Size (nm)

(A) Histogram of size distribution (B) TEM micrograph

FIGURE 3.3.4: Particle size distribution of sample H39
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(A) Histogram of size distribution (B) TEM micrograph

FIGURE 3.3.5: Particle size distribution of sample T37

The table 3.3.1 compare the distribution size of the Ag NP obtain by DLS and
TEM.

TABLE 3.3.1: Size distribution of Ag NP

Sample | P50 | Mean Distribution
R37 344 | 5.299 | Skewed to the left
R311 36.2 | 2.345 | Skewed to the left
H35 10.68 | 9.306 | Skewed to the left
H39 | 19.77 | 24.85 | Skewed to the right
T37 1156 | 3.091 | Skewed to the left

Structure of AgNP

The Fourier Transform analysis was used to obtain inter-planar spacings, which
determine the Ag phase.

Root samples

The figure 3.3.6 shows the inter-planar spacings obtained in sample R37 by HRTEM

micrographs. According to the tables for crystallography, two different structures
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were found, corresponding to two different Ag phases.

1221

[213]

(A) Structure of Ag203 (B) Structure of AgO

Fi1GURE 3.3.6: FFT patrons of HRTEM images in sample R37

The figure 3.3.7 shows the inter-planar spacings obtained in sample R311 by
HRTEM micrographs. According of tables for crystallography, it was found only
a Ag phase.

FicUure 3.3.7: Structure of AgO. FFT patrons of HRTEM images in sample
R311

Leaf samples
The figure 3.3.8 shows the inter-planar spacings obtained in sample H35 by HRTEM
micrographs. According of tables for crystallography, three different structures

were found, corresponding to three different Ag phases.

The figure 3.3.9 shows the inter-planar spacings obtained in sample H39 by HRTEM
micrographs. According of tables for crystallography, two different structures were

found, corresponding to two different Ag phases.

Stem samples

The figure 3.3.10 shows the inter-planar spacings obtained in sample 737 by
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(c) Structure of AgO

Ficure 3.3.8: FFT patrons of HRTEM images in sample H35

(A) Structure of Ag (B) Structure of Ag203

FiGure 3.3.9: FFT patrons of HRTEM images in sample H39

HRTEM micrographs. According of tables for crystallography, two different struc-

tures were found, corresponding to two different Ag phases.

(A) Structure of Ag (B) Structure of AgO

Ficure 3.3.10: FFT patrons of HRTEM images in sample 737

The table 3.3.2 shows the corresponding lattice parameters of the samples analyzed
by HRTEM.
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TABLE 3.3.2: Lattice parameters of silver nanoparticles

Sample Structure
R37 Ag203/AgO
R311 AgO
T37 Ag /AgO
H35 | Ag203 / Ag /AgO
H39 Ag /Ag203

The following table summarizes 3.3.3 the results of the absorbance of Uv-Vis, the
size distribution by DLS, and TEM, and the structures obtained by the Fourier
Transform. This table includes the number of nanoparticles per area, specifically

in 4¥107° em?2.

TABLE 3.3.3: Summary of results

Sample | Absorbance | P50 | Mean Structure Distribution | #Particles/Area
R37 420 344 | 5.29 Ags O3/AgO Skewed 219/4*¥107° em?
R311 - 36.2 | 2.345 AgO Skewed 127/4*¥107° cm?
T37 410 1156 | 3.091 Ag /AgO Skewed 41/4%107° cm?
H35 280/325 | 10.68 | 9.306 | Ag2O3/Ag/AgO Skewed 22/4*107° em?
H39 280 19.77 | 24.85 Ag /Ag203 Skewed 4/4%107° cm?

Elemental Chemical Composition

Energy dispersive X-ray spectroscopy (EDS) was used to confirm that samples
contained elemental silver. We can notice that in all analysis there is present the
silver and copper because copper grids were used to support the drop, for TEM
analysis. In sample R37 there is also present elements like C, O, P, S, Cl, Ca, Zn,
Si, K and Th; probably of the extracts of the plant.

3.4 Fourier transform infrared spectroscopy (FTIR)

FTIR measurements were carried out to identify the possible biomolecules re-
sponsible for capping and efficient stabilization of silver nanoparticles 3.4.1. The
intense broad absorbance at 3332 em ™! is the characteristic of the hydroxyl func-
tional group in alcohols and phenolic compounds(tannins). The band at 1637 cm ™!
can be assigned to the amide I band of the poteins releases by water hyacinth, or
to C=C groups/aromatic rings [58]. The band at 1321 em™! are characteristic of
the C-O and C=O0 stretching modes of the carboxylic acid group [87]. The band
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(A) EDS analysis of sample R37 (B) EDS analysis of sample H37

FIGURE 3.3.11: Energy dispersive X-ray spectroscopy analysis

at from 2260-2100 em ™! can be assigned to ~-C=C- [75].
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FiGURE 3.4.1: FTIR of silver nanoparticles
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Discussion

In this chapter the results obtained are discussed.

Measuring methods are by their nature difficult to evaluate with respect to their
validity. Especially the size and shape of the silver nanoparticles are important
matters in this thesis, therefore, it is important to be aware of the possible mea-

suring problems.

4.1 UV-visible spectroscopy

The absorbance spectroscopy is a fast way to obtain data of silver nanoparticle
solution. However, these data alone does not tell much about the silver nanoparti-
cles. The color of the silver nanoparticle solutions is due to the excitation of surface
plasmon vibrations (essentially the vibration of the group conduction electrons)

[64], absorption between 400 — 450 nm is usually characteristic of this [65].

As can be seen in Table 3.1.1, only samples H111, H311, T111, T311, T37, T39,
T34, y R37 showed peaks around 410 nm -420 nm as expected from the plas-
mon resonance of silver nanoparticles. Note that in most of the spectra showed
a peak in 280nm, and around 325 nm. This peaks could appeared because of
the plant extracts, because chromatographic and spectroscopic analyses showed
that macrophytes can release fatty acids, steroids,polyphenols and tannins [99].

Polyphenols displayed a peak visible around 278 nm [43]. We discard that are

42
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Ag+ ions, because the UV-Vis spectra of the AgNO3 solution, has a peak around
217 nm [43].

Other possibility is the obtention of anisotropic particles, because according to
Mie’s theory, only a single SPR band is expected in the absorption spectra of
spherical nanoparticles, whereas anisotropic particles could give rise to two or
more SPR bands depending on the shape of the particles. Also, the position and
shape of plasmon absorption of silver nanoclusters are strongly dependent on the

particle size, dielectric medium, and surface-adsorbed species [107].

4.2 Comparison between DLS and TEM

The Table 3.3.1, compare the size distribution of Ag NP between the median or
P50 obtain by DLS and the mean obtain by TEM. According to these results, we
can see that samples R37, R311 H35 and T37 are skewed to the left, and H39
skewed to the right.

Comparing the results with the histograms obtained by DLS analysis, the distri-
bution of sample R311 is more bimodal and skewed to the right, and sample H35
is more skewed to the right than to the left.

If we know compare the results with the histograms obtained by TEM analysis,
samples R37, R311 H35 and T37 are skewed to the right instead of to the left.

And H39 have more a normal distribution.

The most probable cause is because size is not only connected with the metallic
core of the nanoparticles but it is also influenced with all substances adsorbed on
the surface of the nanoparticles (e.g., stabilizers) [42]. As a consequence, the size
measured in DLS technique is bigger in comparison with microscopic techniques
as we can observe in the Table 3.3.1. So, we do not measure the size by number
as we get by TEM. The number based is only derived mathematically and give
us an idea about an average by numbers. However, also means that error is much

larger for the smaller particles.
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4.3 Structure

As can be seen in Table 3.3.2, the lattice parameters of the samples, correspond
to Ag, AgO and Ag,O3. So, this result can justify why the peaks in UV-Vis spec-
troscopy are shifted, and also DLS and TEM particle size distribution analysis
shows asymmetric distributions, at the same time in some samples there are large
nanoparticles, that may correspond to silver oxide AgO or Ag,O3. Because there
are different structures in the same sample, its very difficult to know the propor-
tions of each structures, although in sample R311 were found only a structure. In
EDS analysis were found silver and others elements that could form of the layer
of biomass that protect the nanoparticles. Another possibility is that are part of

the extract of the plant that stay in the solution.

4.4 Effect of pH

The pH ranging from acid to basic was studied, but it is difficult to observe a
tendency. An analysis of variance (ANOVA) were constructed to determine if the
pH has an effect in the formation of silver nanoparticles. As we can see in figure

3.1.4, the pH has no influence in the formation of silver nanoparticles.

In contrast to results by TEM analysis, the pH has a significant influence because
samples with the same metal concentration and plant section has different particle

size distribution and different Ag phases.

4.5 Effect of AgNO3 concentration

The production of nanoparticles is also dependent on substrate concentration. The
concentration of AgNO? from 1*107*M and 3*10~*M was studied. The concen-
tration which obtained most absorbance peaks typical of Ag nanoparticles was
3*107*M; analyzed by UV-visible absorption spectroscopy.This results was cor-
roborated with an ANOVA analysis, show in figure 3.1.4.
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4.6 Effect of the plant section

The three sections of water hyacinth obtained peaks around 410 nm. But it is
clear, that stem has more typical absorbance peaks for Ag nanoparticles than root
and leaf. If we complemented with the results by TEM , we can add that samples
with root has more nanoparticles per area; the nanoparticles in samples with leaf

are found slightly larger than in root and stem.

4.7 Scale up

The table summarizes 3.3.3 the results of the absorbance of Uv-Vis, the size distri-
bution by DLS, and TEM, and the structures obtained by the Fourier Transform.
This table also includes the number of nanoparticles per area, specifically in 4*1075
ecm?. Considering that that the main purpose to synthesize silver nanoparticles is
to obtain a sustainable method to scale up because of its application as bacteri-

cide, we are going to compare all the results to find the best conditions of synthesis.

In the case of the absorbance peak, we can see that root and stem samples have
the SPR typical of Ag. Also, this samples, have the lower size. But if we compare
the lattice parameters obtained, we can see that only T37 and H39 have Ag in
its basal state; also in this samples were obtained AgO and Agy O3 respectively.
If we observe the size distribution obtained by the comparison between P50 by
DLS and mean by TEM, the graphs of all samples are skewed, but if we take into
account the micrographs, R311 have the most homogenous nanoparticles and it is

one of the samples with more nanoparticles per area.

We are also going to define the best condition of synthesis, taking into considera-
tion that bactericidal properties of the nanoparticles are size dependent (diameter
of ~ 1-10 nm), having a direct interaction with the bacteria [62]; truncated tri-
angular silver nanoparticles with a 1,1,1 lattice plane as the basal plane display
the strongest biocidal action, compared to spherical and rod-shaped nanoparticles

and with silver ions [98], [62]; and a large contact surface is expected to enhance
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the extent of bacterial elimination [62].

T37 is the best option because:

Present a peak absorbance at 410 nm, typical for SPR of Ag nanoparticles.
According to the distribution size by TEM, has a mean of 3.091 nm.

The graph obtained by the comparison between DLS and TEM show that
is skewed to the left, showing that 50% of nanoparticles have a size < 3.091

nm (mean).

Although it was found the lattice parameters correspond to two different Ag

phases, the lattice found are [1,1,1], showing potential biocidal properties.

The number of particles per analyzed area (4¥107° c¢m?) in average is of 41

nanoparticles.

Considering that this method will scale up, it is more easy the washing and

dry of stem than root, and also the biomass obtain is more.

The pH is another advantage because it is neutral, therefore has more chance

for biological applications.

4.8 Fourier transform infrared spectroscopy (FT-

IR)

The results of the FTIR spectra 3.4.1 indicates that silver nanoparticles synthe-

sized using the water hyacinth are surrounded by some proteins and metabolites

such as tannins, terpenoids having functional groups of amines, alcohols, ketones,

aldehydes, and carboxylic acids [58]; as chromatographic and spectroscopic anal-

yses showed that macrophytes can release fatty acids, steroids, polyphenols and

tannins [99]

So, we can think in possibles mechanism of reduction of silver nanoparticles by

water hyacinth.
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A possibility is by sugars, because investigations of gold and silver nanoparticles
formation within the tissues of Brassica juncea found that the sites of the most
abundant reduction of metal salts to nanoparticles were the chloroplasts in which
high reducing sugars (glucose and fructose) are responsible for biofabrication of

silver and gold nanoparticles [32].

Other possibility is polyphenolic compounds in the plant extracts known as po-
tential reductors agents in the synthesis mechanism of silver nanoparticles. The
main mechanism is hydrogen abstraction due to the OH groups in the polyphenol

molecules [43].

Also, it is known in plants that when the metals are absorbed by the roots, these
must be accumulated in vacuoles, principally in nanoparticle form with just a few
atoms, which are reduced by means of defense systems like phytochelatins and

other enzymes that are a part of the vacuoles [49].
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Conclusion

In this thesis the biosynthesis of Ag nanoparticles using water hyacinth (Eichnor-
nia crassipes) was made. The influence of pH, AgNO3 concentration and part

section (root, stem, leaf) was evaluated in their size and structure .

Comparing the size distribution between TEM and DLS we conclude that the last
is a mathematical approximation that gives us and idea of the particle size, con-

sequently has more percentage of error.

Three different Ag phases (Ag, AgO and Ag203) were found in the samples. It is

not possible to know the percentage of these in each sample.

Uv-Vis analysis show that pH has not an effect on the formation of nanoparti-
cles, but TEM analysis says the opposite. The concentration which show an effect
on the formation of nanoparticles is 3*10-4M. The section of water hyacinth that

show an effect in the particle formation is stem.

The sample that show the best characteristics as bactericide is R37, because
present the SPR typical of Ag NP; the size of nanoparticles are lower than 10
nm; the number of nanoparticles per are is moderate, but help to prevent their
agglomeration; nanoparticles are homogeneous; although there were found two Ag

phases, the lattice parameter found in both is (1,1,1); the pH of the sample it

48
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neutral and the biomass in comparison of root is higher.

This thesis proposed an ecofriendly method for silver nanoparticle synthesis using
water hyacinth that is ease with the process and can be scaled up and which

nanoparticles can be applied in industry as bactericide.



Chapter 6

Perspectives

This project is the base to research: a) the effect of silver nanoparticles in a variety
of microorganism, and the mechanism of antibacterial activity; b) toxicological test
because silver nanoparticle could be released from manufactured nanomaterials
and enter in aquatic ecosystems c) further testing in the imaging of diseases, such

as cancer; d) the scale-up of the method.
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Appendix

Distribution of size

In order to calculate the size of synthesized nanoparticles, it was used a software
called Digital Micrograph (the image is formed in the microscope and digitized
by the CCD camera. The data is then sent to the camera Controller where it
is converted to a form that the computer can read. The DMA (direct memory
access) card transfers the data from the Controller into the computer’s memory
where DigitalMicrograph can access the data [48].

The procedure is as follows:

1.-Select the image you want to open from FILE menu. Select from the WINDOWS
menu Standard Tools and then the Line Profile tool. 2.-To do a measure, make a
line along the diameter of the figure.

3.- A graph appear after making the measure. To recognize the distance of the
figure, it is necessary to position the cursor on one of the peaks of the graph and
drag to the peak that has the same distance (to adjust the endpoints of a line
profile, you can adjust the endpoints of a line profile by two methods.

e Adjust the endpoints by dragging the handles on the line profile.

e Adjust the endpoints by double-clicking on the line profile.

The CHANGE PROFILE INFO dialog will appear. Enter the desired coordinates
in this dialog. The coordinates should be specified in uncalibrated units (i.e.

pixels)).

Fourier Transform
To calculate the average inter-planar spacings of nanoparticles, a Fourier Trans-

form is done with the same software (Digital Micrograph). The procedure is as
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File Edit Object Process Analysis Window Camera EELS Microscope Filter GIFtit Holo AutoTune Help
T ag R o7 =]

F1GURE A.0.1: Procedure to measure diameters of nanoparticles

follows:

1.- Select the image you want to open from FILE menu. Select with the square
from ROI Tools the area of the micrograph yo have to analyze.You can also create
a region of interest on the source image with appropriate dimensions by holding
down the CTRL + ALT key under Windows while drawing the rectangular region
of interest. 2.- Select FFT (CTRL + F) from the Process menu. A new window
is now open,and the FFT of the figure is now generated. 3.- To obtain a better
display of the image, you can modify the brightness, contrast or gamma with the

display control.

4.- To measure the inter-planar spacings, select from the Standard Tools the Line
Profile Tool and drag the cursor from one point to the opposite and then adjust

the endpoints.

To calculate the inter-planar angles , we used the software MB-Ruler. The proce-
dure is as follows:

1.- Open an image with inter-planar spacing drawn, also opens the Triangular
Ruler Tool of MB-Ruler.

2.- Put the center of the Triangular Ruler above the center of the image and the
move along one of the line of your image.

3.- Measure the angle to from one line to the line which is next. Repeat to cover

all the angles.
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