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Abstract 

Extraordinary chemical and physical properties exhibited by nanomaterials, as compared to their 

bulk counterparts, have made the area of nanotechnology a growing realm in the past three decades. It is 

the nanoscale size (from 1 to 100 nm) and the morphologies of nanomaterials that provide several 

properties and applications not possible for the same material in the bulk. Magnetic and optical 

properties, as well as surface reactivity are highly dependent on the size and morphology of the 

nanomaterial. Diverse nanomaterials are being widely used in molecular diagnostics as well as in 

medicine, electronic and optical devices.  Among the most studied nanomaterials, gold nanoparticles are 

of special interest due to their multifunctional capabilities. For instance, spherical gold nanoparticles 

measuring 15-20 nm in diameter have been studied due to their insulin binding properties. Also, thiol 

functionalized gold nanoparticles between 5 and 30 nm are used in the detection of DNA. Thus, 

harnessing the shape and size of gold nanoparticles plays an important role in science and technology.   

The synthesis of gold nanoparticles via the reduction of gold salts, using citrate or other reducing 

agents, has been widely studied. In recent years, algae, fungi, bacteria, and living plants have been used 

to reduce trivalent gold (Au3+) to its zero oxidation state (Au0) forming gold nanoparticles of different 

sizes and shapes.  In addition, plant biomasses have also been studied for their gold-reducing power and 

nanoparticle formation. Although there is information about the synthesis of the gold nanoparticles by 

biologically based materials; to our knowledge, the study of the use of alfalfa extracts has not been 

reported. This innovation represents a significant improvement; that is an environmentally friendly 

method that does not use toxic chemicals. Also, the problem of extracting the formed gold nanoparticles 

from biomaterials is addressed in this research but still remains to be solved. 

 In this work, secondary metabolites were extracted from alfalfa biomass in liquid phase by hot 

water, isopropanol, and methanol, and used to reduce tetrachloroaurate ion (AuCl4
-) for the synthesis of 

gold nanoparticles. Biosyntheses of gold nanoparticles were performed by mixing 0.75, 1.5 and 3.0 mM 

Au3+ solutions with each one of the extracts at a ratio of 3:1 respectively, and shaken at room 

temperature for 1h. Resulting gold colloids were characterized by UV-Vis spectrophotometry and 

electron microscopy techniques, showing size and morphology dependency on the reaction conditions. 
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Isopropanol alfalfa extracts reacted with Au3+ produced gold nanoparticles with a size range of 15-60 

nm. The most abundant were from 40-50 nm, and the morphologies found were polygons, decahedra 

and icosahedra. Methanol alfalfa extracts produced monodisperse 50 nm decahedral and icosahedral 

gold nanoparticles. Lastly, water alfalfa extracts reacted with Au3+ produced triangular, truncated 

triangular and hexagonal nanoplates with diameters ranging from 500 nm to 4 µm and thicknesses of 

~15-40 nm. The production of gold nanoplates by alfalfa extracts has never been reported before. 

In order to extract the formed gold nanoparticles from the biomass, physical and chemical 

extractions were used. For the chemical extraction, NaCl, dilute H2SO4, Triton X and DI water were 

tested. In these cases, the best results were obtained with DI water, followed by NaCl. The extracted 

nanoparticles had an absorption band at about 539 nm. For the physical extractions, alfalfa biomass 

containing gold nanoparticles were exposed to 400 °C, 500 °C, 550 °C and 600 °C to recover the gold 

nanoparticles. X-ray diffractograms taken after pyrolysis of the biomass showed that the recovered 

nanoparticles kept their crystal structure.  
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Chapter 1: Introduction 

 

1.1 !A!OMATERIALS 

Nanotechnology, a term borrowed from the Greek language, involves the development, 

characterization, and functionalization of structures and devices with size varying between 1 and 100 

nm. A significant component of nanotechnology is the production of particulate material in the size 

range of nanomaterials or nanoparticles. Nanomaterials (NMs) are classified as materials that have at 

least one dimension of 100 nm or less, while nanoparticles include materials with at least two 

dimensions between 1 and 100 nm[1]. Nanomaterial studies had its beginnings in the 1950’s, but it 

wasn’t until the early 1990’s that nanotechnology research exponentially increased. The extraordinary 

chemical and physical properties exhibited by nanomaterials when compared to their bulk counterparts, 

have made the area of nanotechnology a growing realm in the past three decades. It is the nanoscale size 

(from 1 to 100 nm) and the morphologies of the nanomaterials that provide a diversity of properties and 

applications not possible for the same material in the bulk. Magnetic and optical properties, as well as 

surface reactivity are highly dependent on the size and morphology of the nanomaterial in question. 

Diverse nanomaterials are being widely used in molecular diagnostics as well as in medicine and 

electronic devices, among others [2, 3]. For instance, nano-quantum dots, which are narrowly packed 

semiconductor crystals embracing hundreds of thousands of atoms, are used as fluorophores in lasers, 

detectors, and optical devices due to their wide band gap [4]. In medicine, functionalized mesophorous 

silica nanoparticles (a material containing pores with diameters between 2 and 50 nm) with 

superparamagnetic iron oxide nanoparticles  can be used for drug delivery and imaging. The 

superparamagnetic properties of the iron oxide nanoparticles provide the magnetic resonance and 

magnetic manipulation, while the mesoporous silica nanoparticles serve as a framework for 

multifunctional nanoparticles [5].  

Monodisperse nanomaterials and nanoparticles of specific size and morphologies are 

fundamental in the area of nanotechnology in order to harness their properties. Many synthetic paths 

have been reported in the literature, both organic and inorganic, by which specific size and morphology 



 2 

are achieved. Synthesis of nanoparticles is varied, yet most synthetic pathways have the commonality of 

using harsh chemicals for the environment. While the need to produce nanomaterials and nanoparticles 

is evident for the improvement of medicine, science, and technology, it is imminent that the production 

of such nanomaterials is done through an environmentally friendly manner. Traditional and efficient 

methods for the production of gold nanoparticles are widely used; however, they are expensive and in 

some instances, they are sources of environmental and health hazards. Developing green chemistry 

methodologies for the production of nanomaterials and nanoparticles will reduce the production of toxic 

by-products and costs in most cases [6, 7]. In the search of new methodologies, both prokaryotic and 

eukaryotic organisms are being studied for their applications in the production of gold nanoparticles [4, 

8-12]. 

 

1.2 GOLD !A!OPARTICLES 

Gold nanoparticles (GNP) have been known for centuries. Since ancient times, GNPs were used 

for glass staining and to give the characteristic purple color to clothing used by kings. In modern 

science, the first known GNP production was in the 1850’s. Michael Faraday was producing gold 

colloids by mixing gold tetrachloroauric acid (HAuCl4) and black phosphorous [13]. Yet the most 

common synthesis is the one published by John Turkevitch in 1953, in which he was able to study the 

kinetics of gold nanoparticle formation by reduction of HAuCl4 using citric acid (C6H8O7) [14].  GNP 

synthesis by the Turkevitch method is still widely used in present times.  

Gold nanoparticles have a variety of application including catalysis, medicine, and technology 

[15-17]. These applications are highly dependent on their catalytic, electronic, magnetic, and optical 

properties, as well as the surface environment of the nanoparticles. Similarly, the application of gold 

nanoparticles is dependent on their stability and physical properties, which are governed by their 

morphology and size distribution [18]. For instance, spherical gold nanoparticles of 15-20 nm are being 

studied for their insulin binding capacity [19]. Also thiol-functionalized gold nanoparticles with 

diameters between 5 and 30 nm are used for the detection of DNA sequences [20]. Harnessing the size 

and shape of nanoparticles plays an important role in science and technology.  



 

In a typical gold nanoparticle synthesis su

reducing agent such as trisodium citrate (C

understand the formation of gold nanoparticles. Illustration 4.1 shows the formation of gold 

nanoparticles, which starts with the addition of the trisodium citrate to a supersaturated tetrachloroaurate 

solution reducing Au3+ to Au0. Once gold is reduced, the nucleation of Au

followed by agglomeration resulting in

growth [21]. Furthermore, the addition of capping and/or stabilizing agents is needed in the typical 

synthesis to stop the agglomeration and achieve the desired sizes. 

 

Illustration 1.1: Gold nanoparticle synthesis. I) electron transfer 
LaMer growth, IV) stabilization (adapted from Li, et al, 2008)

At the beginning of the synthesis, 

in a high concentration gold solution 

fast step providing electrons to the Au

reaction starts forming the gold nanoparticles, it is 

steps I and II in Illustration 1.1. Once nanoparticles are 

place (step III). As long as the solution does not reach equilibrium, the growth stage continues and the 

3 

In a typical gold nanoparticle synthesis such as Turkevitch, AuCl4
- is reduced to Au

reducing agent such as trisodium citrate (C6H5Na3O7). This method has been widely studied to 

understand the formation of gold nanoparticles. Illustration 4.1 shows the formation of gold 

tarts with the addition of the trisodium citrate to a supersaturated tetrachloroaurate 

Once gold is reduced, the nucleation of Au0 

resulting in the formation of larger nanoparticles which is known as LaMer 

ddition of capping and/or stabilizing agents is needed in the typical 

synthesis to stop the agglomeration and achieve the desired sizes.  

Illustration 1.1: Gold nanoparticle synthesis. I) electron transfer reduction, II) nucleation step, III) 
LaMer growth, IV) stabilization (adapted from Li, et al, 2008) [22]

At the beginning of the synthesis, formation of gold nanoparticles occurs when

solution reacts with a reducing agent forming an intermediate species in a 

fast step providing electrons to the Au3+, triggering the electron transfer reaction

reaction starts forming the gold nanoparticles, it is followed by nucleation of the nanoparticles as se

steps I and II in Illustration 1.1. Once nanoparticles are suspended in the solution, LaMer growth takes 

place (step III). As long as the solution does not reach equilibrium, the growth stage continues and the 

is reduced to Au0 by a 

). This method has been widely studied to 

understand the formation of gold nanoparticles. Illustration 4.1 shows the formation of gold 

tarts with the addition of the trisodium citrate to a supersaturated tetrachloroaurate 

 nanoparticles occurs, 

cles which is known as LaMer 

ddition of capping and/or stabilizing agents is needed in the typical 

 

reduction, II) nucleation step, III) 
[22]. 

occurs when the Au3+ present 

forming an intermediate species in a 

reaction. Once the redox 

by nucleation of the nanoparticles as seen in 

solution, LaMer growth takes 

place (step III). As long as the solution does not reach equilibrium, the growth stage continues and the 
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nanoparticles agglomerate into larger nanoparticles; but the addition of a capping agent or stabilizer 

(usually surfactants or polymer such as poly(�-vinyl-pirillidone) are able to control the size, as depicted 

by step IV in Illustration 1.1. Other reducing agents that are used for the synthesis and stabilization of 

gold nanoparticles include sodium borohydride and ethylene glycol.  These agents are able to reduce the 

Au3+ and in the presence of the cationic surfactant poly(diallyldimethylammonium) chloride (PDDA), 

the formed nanoparticles are stabilized, thus inhibiting their agglomeration and growth. Some of the 

disadvantages of traditional synthesis are the exposure to harmful chemicals used in the process. 

Laboratory exposure to high amounts of ethylene glycol produces nausea, vomiting, and dizziness when 

inhaled. Similarly, exposure to sodium borohydride causes irritation of the mucous membranes and 

respiratory system through inhalation, making the use of these two very common reducing agents 

hazardous to health. The present approach uses alfalfa biomass as a matrix for the gold nanoparticle 

production as well as alfalfa biomass extracts, which, to the best of our knowledge, do not present health 

threats through inhalation or skin contact. Moreover, alfalfa biomass and its extracts are inexpensive in 

comparison to the above mentioned chemicals, and their production does not pose an environmental 

threat.  

 

1.3 ALFALFA BACKGROU!D 

Alfalfa (Medicago sativa L) a member of the Leguminosae and to the tribe Trifoliae, is one of 

the most important produce in the world for its usage as forage crop for livestock, being known as the 

“queen of forages” among forage producers [23]. It is a perennial plant with a strong root system that 

elongates up to 6 m into the ground, and one of its physical characteristics is that it has yellow flowers. 

Alfalfa is widely distributed in temperate regions in the world and it is also able to adapt to many 

climates and soils. Another characteristic of alfalfa is that is has a great ability to produce high amounts 

of good quality seeds.  Alfalfa is tolerant to temperate climates ranging from -27o C to up to 50o C and it 

is known to grow in semi-desert conditions [24]. Being a warm season perennial, alfalfa is grown in 

many areas of central and West Texas, including the Upper Valley in El Paso, TX and in the Mesilla 

Valley, NM, among other similarly warm regions. 
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Studies have shown that Medicago sativa plants contain cellulose, lignin, pectin, protein, soluble 

carbohydrates, starch, and lipids [25]. The amounts of these components in alfalfa vary according to 

species, genetics, and growth environment, among other factors. For instance, USDA researchers found 

that alfalfa has a high content of crude protein (127 g⋅kg-1 DW), lignin (158 g⋅kg-1 DW), and 

carbohydrates (563 g⋅kg-1 DW) [25, 26]. Other chemical compounds in alfalfa include organic acids, 

micro and macro minerals, and secondary metabolites such as flavonoids, and other antioxidants. 

Flavonoids are found in the aerial parts of different plants, providing colors present in the flowers, fruits, 

and leaves, as well as playing important roles in the plant development and normal growth. Moreover, 

flavonoids have redox properties, thus acting as Lewis acids for their hydrogen donor ability, and singlet 

oxygen quenchers. Moreover, it has been suggested that these compounds play an important role in the 

prevention of cancer by reducing the production of free radicals [27, 28]. 

 

1.4 GREE! CHEMISTRY 

Scientific findings and technological advances in the twentieth and twenty first centuries have 

improved and elongated human life span and increased human health with the discovery of new drugs 

such as antibiotics, vaccines, and others. Other discoveries such as pesticides and fertilizers are widely 

used to improve the production of crops resulting in increased food supply for the general population. 

Overall, the quality of life has been improved through the discovery and use of polymers, materials and 

electronics not available in the past. Although these achievements are magnificent to quality of life, their 

developments have caused damage to the environment. Fortunately, in recent decades government 

agencies and communities have understood that there are significant disadvantages to the use of certain 

technological and scientific discoveries.  The study of the negative impact of our chemical processes is 

the basis for several steps, including legislation and societal consciousness; which intend to remediate, 

reduce, and avoid further damage to the environment.   

Green chemistry is defined as “carrying out chemical activities-including chemical design, manufacture, 

use and disposal- such that hazardous substances will not be used and generated” [6, 7]. According to 

the U.S. Environmental Protection Agency (EPA), green chemistry is a highly effective approach to 
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pollution prevention, since it consists of developing chemical processes that reduce or eliminate 

environmental impact [29]. Some of the principles of green chemistry include waste prevention, 

synthesis of less hazardous chemicals, design of safer chemicals,  use of safer solvents or auxiliaries, 

reduction of derivatives in chemical processes, use of catalytic reagents, and the design for degradation 

of chemicals, such that at the end of the reaction they  do not persist in the environment, among others 

[6, 7]. In the exploration new and safer industrial processes, the scientific community has exerted much 

effort in the development of chemicals, materials, and technology using the green chemistry motto. For 

instance, recent studies have aimed to discover new alternatives to the use of harsh solvents such in the 

case of the synthesis of nanomaterials.  In this method, the use of ethyl acetate to blend nickel 

nanoparticles with poly(styrene) and its removal by vacuum, followed by the microwave assisted 

synthesis, proved to be a good alternative in the production of nickel-graphitic shell nanocrystals [30].  

Also, nanomaterials such as Zn-Ni ferrite nanoparticles can be easily synthesized using microwave 

assisted combustion and urea as an alternative fuel to the most common hydrazine based fuels, which 

are carcinogenic. Zn-Ni ferrite nanoparticles are widely used in nanotechnology due to their magnetic 

properties, especially in the manufacturing of recording heads, antenna rods, loading coils, microwave 

devices, and as core material for power transformers in electronics and telecommunications [30]. Using 

solvent free procedures and the implementation of green techniques have become common place in the 

scientific community and reached all areas of chemistry. Green methodologies are being used for 

reducing harmful byproducts. Also, the use of alternative solvents in organic and inorganic chemistry is 

being implemented in industrial processes [31]. 

 

1.5 PREVIOUS STUDIES  

The use of biological organisms to synthesize nanoparticles is a relatively new area of 

nanotechnology research with a high potential for growth and development. Previous studies have 

shown that plant biomasses as well as living plants are able to produce nanoparticles. For instance, 

alfalfa plants were used to form gold and silver nanoparticles intracellularly [32]. Moreover, the use of 
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plant extracts to synthesize gold nanoparticles has been elsewhere reported [17, 33, 34]. Aqueous 

extractable biochemical compounds are used in these studies and have been successful in the production 

of gold nanoparticles in a clean and efficient manner. Extracellular plant formation of gold nanoparticles 

has also been reported using geranium leaves and the endophytic fungus Colletotrichum sp. [33, 34]. In 

their work, the authors noticed that the fungus and the plants were exposed to Au3+ solutions where the 

fungus produced spherical and monodisperse nanoparticles, while the geranium leaves produced a 

mixture of platelets and rod like nanoparticles. Production of gold nanoparticles using alfalfa biomass of 

similar structure than the particles obtained by chemical methods (such as evaporation) was first 

reported by Gardea-Torresdey et al. (1999) [35]. In that work, alfalfa biomass was exposed to Au3+ 

solutions and gold nanoparticles were formed by the reduction of the ions. Also, that work suggested 

that the gold atoms were covalently bonded to the biomass, forming a stable nucleus which allowed the 

addition of more Au0, thus increasing the nanoparticle size. Despite the fact that different size and 

morphologies of gold nanoparticles have been obtained through the exposure of Au3+ to alfalfa biomass, 

the extraction of the produced nanoparticles has been burdensome and the intended recovery had low 

yield [35, 36].  

1.6 STATEME!T OF PURPOSE 

  The synthesis of gold nanoparticles using live alfalfa plants as well as hops, oat and wheat 

biomasses has been done in the past by our research group and others, proving to be a very cost 

effective and environmentally friendly method as compared to traditional synthesis. Preliminary results 

indicated that the nanoparticles can be removed from the biomasses using different solvents and 

surfactants such as sodium citrate and cetyltrimethylammonium bromide under sonication [36, 37]. 

Also, previous results indicated that the nanoparticles could be removed from biomass with ultrasonic 

radiation and surfactants such as cetyltrimethylammonium bromide (CTAB). In these studies, 1.0 mM 

CTAB was used followed by 3 h of sonication resulting in a small portion of nanoparticles extracted 

from the biomass [38]. Although the use of plants and other organisms is a promising alternative to the 
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synthesis of gold nanoparticles, the challenge of controlling morphology and size still remains. For 

instance, Armendariz et al., 2004 [10] reported that in oat biomass matrix, variations in pH resulted in 

the formation of gold nanoparticles of different shapes, of which the majority were 20 nm in size; 

however, as in other studies, the resulting particles were polydispersed. Among the most common 

shapes found through these methods were decahedra, icosahedra, hexagons, triangles, truncated 

triangles, and spheres [10, 33, 34, 37, 39-42]. Amino, carboxyl, and thiol moieties found in plant 

metabolites and other organisms, are believed to be responsible for the formation of nanoparticles 

through electron transfer and stabilization by suppressing the continuous reduction of gold. Alfalfa 

biomass is known to carry out the reduction of Au3+ to produce gold nanoparticles, as shown in previous 

work by electron transfer with the hydroxyl groups and covalent binding to the biomass.  

 
Considering that the size and morphology control of gold nanoparticles is highly important for  

future applications, the next step required in this research was the development of an efficient method to 

recover the gold nanoparticles from the biomass. Furthermore, the production of gold nanoparticles 

more efficiently and without the use of harsh chemicals while controlling their size and morphology, 

was the main priority of this research. This research was performed in two separate segments. In the first 

segment, the production of gold nanoparticles using alfalfa biomass was be performed as previously 

reported. Gold nanoparticle recovery through physical and chemical extractions followed. The second 

segment of the research was the preparation of alfalfa extracts in liquid phase, followed by the synthesis 

of gold nanoparticles using those extracts as reducing agents and their further characterization.  

 

1.7 OBJECTIVES  

The general objectives of this research were: 

I. To develop a plant-extract methodology for the synthesis of gold nanoparticles. 

II. To develop a clean selective extraction of gold nanoparticles from alfalfa biomass. 
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The specific objectives were: 

1. To study the formation of gold nanoparticles synthesized from the reduction of the 

tetrachloroaurate anion by compounds extracted from alfalfa biomass. 

2. To characterize the gold nanoparticles synthesized with the extracts of alfalfa biomass using 

UV-Vis, Scanning Electron Microscope (SEM), Transmission Electron Microscope (TEM) 

and X-ray Diffraction (XRD). 

3. To optimize the extraction of gold nanoparticles bound to alfalfa biomass through the use of 

physical and chemical extractions. 

4. To characterize the gold nanoparticles extracted from alfalfa biomass using chemical and 

physical processes through UV-Vis spectrophotometry (UV-Vis) and XRD. 

 

1.8 HYPOTHESIS 

This research was based on the working hypothesis that certain natural compounds found in 

alfalfa biomass act as reducing agents and can be used in the development of a green method for the 

synthesis of gold nanoparticles. Furthermore, it was hypothesized that the extraction of size controlled 

gold nanoparticles from alfalfa biomass could be improved through physical and chemical extractions, 

while maintaining the original size and shape of the nanoparticles. 
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Chapter 2. Experimental section 

 
 All glass laboratory materials for the experiments were thoroughly washed in aqua regia (50 %) 

and washed three times in deionized water (DI water) to avoid metal cross contamination. The pH 

measurements were performed using a ROSS semi-micro pH electrode (8115BN ORION) filled with 

Ag/AgCl (ORION 900011). The stock solution (6 mM Au3+) was stored in an amber plastic bottle to 

avoid photoreduction. For statistical purposes, all experiments were done in triplicate. 

 

2.1. Methodology 

Materials  

Inactivated alfalfa biomass (Medicago sativa, cv. Malone) was used in all experiments. The 

biomass used was obtained from controlled agricultural fields and prepared as previously reported [43]. 

Briefly, alfalfa shoots were cut, thoroughly washed with water to remove debris, and oven dried at 60˚C 

for seven days to completely dehydrate them. Once the biomass was dehydrated, it was homogenized by 

grinding and sieving through a 100-mesh (149 µm) screen to achieve a uniform powder. Before each 

experiment, the biomass was quickly washed with 0.1 M HCl to remove soluble materials that could 

interfere with the binding or reduction of the Au3+ ions, followed by DI water wash to remove the 

soluble materials and neutralize the biomass. A portion of the powder was used to prepare extracts with 

gold-reducing capabilities and the rest was stored for later experiments. Trivalent gold in the form of 

potassium tetrachloroaureate salt (KAuCl4) was purchased from Sigma-Aldrich (St. Louis, MO), and a 6 

mM stock solution in 0.01 mM HCl was freshly prepared prior to the experiments by dissolving 0.5688 

g of KAuCl4
- (Sigma-Aldrich 450235-1g) in 0.01 mM HCl (Fischer A501-212) to avoid metal 

precipitation, and used to make diluted solutions for the gold nanoparticles biosynthesis.  
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Biosynthesis of gold nanoparticles using alfalfa biomass extracts 

In a 250 mL Erlenmeyer flask equipped with a condenser and a magnetic stir bar, 15 g of powder 

alfalfa biomass sample were suspended in 75 mL of millipore water (18 MΩ cm-1), 75 mL of 

isopropanol, or 75 mL of methanol, and refluxed for 1 h under constant heating and stirring. The 

extraction was then set on a cold water bath until the extracts reached room temperature, decanted in 50 

mL centrifuge tubes, and spun down at 3000 rpm for 10 min in a Marathon 8K centrifuge (Fisher 

Scientific, Houston, TX). The extracted supernatant was filtered through a medium pore buchner funnel 

with a fritted disk and used directly in the biosynthesis of gold nanoparticles. The biosynthesis was 

carried out in 5 mL centrifuge tubes at a 3:1 ratio of 0.75 mM, 1.5 mM, and 3 mM Au3+ solution:alfalfa 

extracts (triplicate samples), under constantly mixing in a mechanical rocker for periods of 1-24 h. 

Initial pH value was recorded at the beginning of the reactions, and adjusted to 2, 3, 4, 5, and 6 using 

different concentrations of KOH and HCl, as needed. At the end of the reaction, the nanoparticles were 

separated from the solvent by centrifugation, followed by a wash with ethanol then water, and followed 

by acetone for 10 minutes under ultrasonic motion each followed by centrifugation. A drop of sample 

was suspended on a carbon holey microgrid coated with a carbon film (Ted-Pella, USA) for SEM and 

TEM characterization. In order to corroborate the reproducibility of the technique, analyses of different 

samples were performed in triplicates and the reactions were repeated at least three times.  For practical 

purposes, the alfalfa biomass extracts further in this text will be referred as: ABI for isopropanol alfalfa 

extracts; ABM for methanol alfalfa extracts; and as ABW for DI water alfalfa extracts. 

 

Biosynthesis of gold nanoparticles using alfalfa biomass for the physical extractions 

Portions of 9 g of alfalfa were carefully weighed and suspended in 180 mL of DI water in a 250 

mL beaker to obtain a concentration of 5 mg of alfalfa per mL of solution. The alfalfa was washed in 0.1 

mM HCl followed by DI water.  Subsequently, the alfalfa was centrifuged in order to remove excess 

material that could interfere with the Au3+ binding to the alfalfa biomass. The alfalfa pellet was 

resuspended in 3.0 mM Au3+ solution and mixed in a magnetic stirrer while the pH was being adjusted 

to 4 using hydrochloric acid and potassium hydroxide solutions as needed (0.01-1.0 mM). The 
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suspensions were then placed on a heating mantle and stirred continuously under heat until the reduction 

of Au3+ took place, which was evident by the appearance of purple color. After 15 minutes, the purple 

slurry (Alfalfa/AuNP matrix) was removed from the heat and cooled at room temperature, followed by 

centrifugation at 3000 rpm (Marathon 8K, Fischer Scientific, Pittsburg, PA) and the supernatant was 

separated from the pellet. The pellet containing the Au nanoparticles was then washed twice with DI 

water and centrifuged at 3000 rpm for 10 min. The Au nanoparticle/alfalfa biomass (Alfalfa/AuNP) 

pellet was then dried in an oven at 60o C for 1 h, and used for the chemical and physical extractions. A 

blank experiment was performed by placing 100 mL of 3 mM Au3+ under the same conditions as the 

alfalfa/Au experiment above.  

 

Chemical extractions of Au nanoparticles from alfalfa/Au�P matrix  

Extraction of gold nanoparticles from the alfalfa/AuNP matrix was performed. For each 

extraction, 100 mg of alfalfa/AuNP was weighed and suspended in 40 mL of solvent to extract the 

nanoparticles from the matrix. The solvents chosen in this experiment were DI water, NaCl (1M), Triton 

X (10% v/v), and H2SO4 (1% v/v). The alfalfa/AuNP in the respective solvent was sonicated for 2 min at 

50% power followed by centrifugation at 3000 rpm and phase separation, based on previous work done 

by Armendariz et al. 2004 [40] and analyzed using a UV-Vis spectrophotometer. Sample blanks for the 

samples were chosen according to the solvent used in each experiment. The alfalfa/AuNP was dried at 

80o C and homogenized using a mortar and pestle for further analysis.  

 

Physical extraction from alfalfa/Au�P matrix 

In order to extract the gold nanoparticles form the alfalfa/AuNP matrix, one gram of samples 

were ashed by exposure to 400, 450, 500, 550, and 600°C for 24 h in a muffled furnace (Type K T/K 

0.5Ω, model J-100, Satellite Manufacturing Company Inc, Los Angeles, CA) for the pyrolysis of 

organic matter in the alfalfa/AuNP matrix. The ashing of the samples allowed recovering the gold 

nanoparticles which were then analyzed by X-ray fluorescence and X-ray diffraction. 
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2.2 Characterization  

Spectrophotometric, X-ray fluorescence and X-ray diffraction characterization 

The supernatant of the first extraction was analyzed by UV-Vis (Cary 50, 2002 VARIAN Inc, 

Australia Pty Ltd) to determine the extraction performance. Quartz cells were used for the UV-Vis 

analysis. A single scan from 800 to 200 nm at a scan rate of 300 nm min-1 was done in all samples with 

a zero/baseline correction. The homogenized alfalfa/AuNP matrix was analyzed by X-ray fluorescence 

in a High Performance Energy Dispersive X-ray Fluorescence instrument (XRF-XDAL), Fischerscope 

(Helmut Fischer, Sindelfingen, Germany) with a measuring distance from 20-80 mm for qualitative 

analysis showing Au as the only metal present in the sample. The same sample was then analyzed by X-

ray diffraction using a copper anode target and the Cu Kα (1.5406 Ǻ) with a D8 DISCOVER X-ray 

diffractometer (Bruker). The samples were scanned from 20 to 90 degrees in 2θ, with a scan speed of 5° 

min-1. 

Microscopic characterization 

The produced gold nanoparticles were characterized by atomic force microscope (AFM), 

scanning electron microscope (SEM) and transmission electron microscope (TEM). Tapping mode 

AFM imaging was carried out with a Nanoscope V AFM (multimode, VEECO instruments) using 

phosphorus doped silicon probes. The sample for imaging was prepared by dispersing the prepared Au 

nanoparticles in ethanol/water and adding a drop of the solution to a pre-cleaned silicon substrate. The 

nanoparticles were then allowed to dry slowly. The Si substrate containing the sample was then used to 

perform AFM imaging and measurements. The SEM characterization was performed via a FEG Hitachi 

S-5500 ultra high resolution scanning electron microscope (0.4 nm at 30kV) with BF/DF Duo-STEM 

detector and a FEG Hitachi S-4800 high resolution scanning electron microscope (1.0 nm at 30 kV) with 

a BSE and SE detector. The TEM analyses were performed in a JEOL JEM-2010F equipped with a field 
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emission gun and operated at 200 kV with a 0.1 nm lattice resolution; and a Hitachi H-9500 300 kV 

transmission electron microscope (0.1 nm at 300kV). High resolution transmission electron microscopy 

(HRTEM), selected area electron diffraction (SAED), and weak beam dark field (WBDF) analyses were 

performed using a Philips Tecnai G2 TEM equipped with Schottky-type field emission gun, ultra-high 

resolution pole piece (Cs=0.5 mm), and a scanning transmission electron microscope (STEM) unit with 

a high angle annular dark field (HAADF) detector operating at 200 kV. A sample drop was suspended 

on a copper microgrid coated with a carbon film (Ted-Pella, USA) and left to air dry for SEM and TEM 

analysis.  
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Chapter 3: Instrumentation 

 

3.1 FU!DAME!TALS OF SPECTROPHOTOMETRY 

Electromagnetic radiation is energy that propagates at the speed of light by an electromagnetic 

field. The electromagnetic (EM) spectrum is defined as the ordered arrangement of electromagnetic 

radiation according to wavelength, wave number, or frequency [44]. The EM spectrum includes gamma 

rays, X-rays, ultraviolet (UV), visible (Vis), infra-red, micro and radio waves with wavelengths from 

less than a picometer to more than a meter. The UV and Visible regions (UV-Vis) fall in the range of 

200-380 nm, and 380-780 nm, respectively. This is the region that is used in spectrophotometry to 

obtain information about interactions of molecules and ions [45].  

When a liquid, solid or gas sample is exposed to electromagnetic radiation, a number of 

processes occur including absorption, diffraction, reflection, refraction, transmission or scattering of the 

radiation by the molecules or atoms in the sample. These processes are harnessed in different ways to 

provide information about the sample such as concentration, composition, crystal structure, and 

intermolecular interactions, among others. The magnetic component of electromagnetic radiation is 

responsible for the absorption of radio frequency waves by atoms and molecules; this is the basis for 

nuclear magnetic resonance. On the other hand, the electric component of the electromagnetic radiation 

is responsible for the absorption of radiation by the samples. The interaction between a sample and an 

incident radiation, and the processes of absorption and emission are illustrated below (Illustration 2.1). 

Before the incident radiation hits the sample, the atoms are found in the ground state (most stable 

configuration). After being bombarded with the radiation of the right magnitude, the energy is absorbed 

by the atom and the electrons in the outer shells are promoted to higher energy levels (excited state) 

[45].   

 



 

Illustration 2.1: Emission process, as a s

As mentioned above, in absorption spectrophotometry, a sample is exposed to radiation 

promoting the atoms to a higher energy

wavelengths are measured. Since the wavelengths emitted by the molecules or atoms are proportional to 

the electronic transitions occurred, it is possible to determine exactly the identity of such elements in the 

sample [45]. For example, energy transitions occurring in the d electrons in transition metals are 

responsible for the color; such is the case of chromium, copper

for colorimetric analyses. Illustration 2.2 shows the process occurring as the sample is bombarded with 

radiation (2.2a).   

 

Illustration 2.2  a) Energy transitions from ground state to excited state, the dotted lines represent 
radiation emitted as the species go back to the ground state, b) Characteristic absorption 
spectrum from a spectrophotometer analysis
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Illustration 2.1: Emission process, as a sample is excited absorbs and emits radiation

As mentioned above, in absorption spectrophotometry, a sample is exposed to radiation 

the atoms to a higher energy; and as the atoms decay to a ground state,

wavelengths are measured. Since the wavelengths emitted by the molecules or atoms are proportional to 

the electronic transitions occurred, it is possible to determine exactly the identity of such elements in the 

. For example, energy transitions occurring in the d electrons in transition metals are 

such is the case of chromium, copper, and cobalt which are used as examples 

. Illustration 2.2 shows the process occurring as the sample is bombarded with 

a) Energy transitions from ground state to excited state, the dotted lines represent 
radiation emitted as the species go back to the ground state, b) Characteristic absorption 
spectrum from a spectrophotometer analysis [45]. 

emits radiation [45]. 

As mentioned above, in absorption spectrophotometry, a sample is exposed to radiation 

and as the atoms decay to a ground state, the emitted 

wavelengths are measured. Since the wavelengths emitted by the molecules or atoms are proportional to 

the electronic transitions occurred, it is possible to determine exactly the identity of such elements in the 

. For example, energy transitions occurring in the d electrons in transition metals are 

which are used as examples 

. Illustration 2.2 shows the process occurring as the sample is bombarded with 

 

a) Energy transitions from ground state to excited state, the dotted lines represent 
radiation emitted as the species go back to the ground state, b) Characteristic absorption 
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In order to understand the relationship between energy transitions and absorption processes, it is 

important to consider quantum theory; which states that atoms, molecules, and ions have a limited 

amount of discrete energy levels, and in order for absorption to occur, the energy of the exiting photon 

must be the same as the difference in the energy of the ground and excited states of the sample. 

Illustration 2.2a shows the resulting transitions in the energy levels once the species in a sample are 

exposed to radiation and excited to higher energy levels. The characteristic absorption spectra for 

absorption spectrophotometric analysis can be seen in illustration 2.2b.  

 

3.1.1 UV-Vis spectrophotometry 

A UV-Vis spectrophotometer is able to detect radiation in the range of 200-780 nm and provide 

information to identify species such as molecules and ions in a sample. Atomic or molecular species (M) 

in a sample absorb UV-Vis radiation by a two-step process in which the species are first promoted to a 

higher energy state that is generated by the excitation of bonding electrons known as electronic 

excitation (M + hv → M*). This is followed by the relaxation of the species which generates radiation, 

sometimes as heat (M* → M + hv/heat). The electrons involved in electronic transitions include the π 

and σ (bonding), and n (non-bonding) electrons, d and f electrons, and charge transfer electrons. Among 

the species containing π, σ and n electrons, are the organic molecules and ions such as benzene and 

naphthalene in the UV range (σ → σ* transitions). Absorption of longer wavelength radiation is 

restricted to functional groups that contain valence electrons with low excitation energies known as 

chromophores (π → π* transitions), and some inorganic ions such as carbonate ( n → π* transitions). 

Absorption spectra of transition metals, actinides and lantanides are due to d and f electron transitions 

among the different orbitals’ energy levels [45].   

In spectrophotometric analysis, the intensity being absorbed is measured before and after the 

sample is exposed to radiation because once it passes through the sample, very selective frequencies are 

removed by the absorption process. Since this energy differences are specific for each species, it is 

possible to identify specific compounds or elements, based on these frequencies, and measure their 

concentration. A relationship between the absorbed radiation and the concentration of species can be 



 

drawn from Beer’s Law, where A is the absorbance, b is the pathlenght, c is the concentration of the 

species in question, and ε is the molar abso

proportional to the log of the ratio between initial and final intensity of radiation. 
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There are five components in a typical spectrophotometer

tungsten lamp, that is able to cover the required wavelength range

800 nm); 2) the monochromator, 

specific measurements; 3) the sample holder, which is th

analysis; 4) the detector, which measures the intensity of the radiation beam transmitted through the 

sample in the cells; and 5) the output display, which is the computer that converts the signals to data

[45]. The general arrangement of a typical spectrophotometer 

illustration 3.1.  

 

Illustration 3.1: Basic arrangement of the UV
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drawn from Beer’s Law, where A is the absorbance, b is the pathlenght, c is the concentration of the 

is the molar absorptivity coefficient. In this equation, the absorbance is 

proportional to the log of the ratio between initial and final intensity of radiation.  
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  Eq. 1 

There are five components in a typical spectrophotometer: 1) the radiation source

that is able to cover the required wavelength range, in this case it is 2000

 which is a device that selects narrow wavelengths to be used in 

3) the sample holder, which is the compartment where the sample is kept during 

4) the detector, which measures the intensity of the radiation beam transmitted through the 

and 5) the output display, which is the computer that converts the signals to data

. The general arrangement of a typical spectrophotometer and its components 

: Basic arrangement of the UV-Vis spectrophotometer components

drawn from Beer’s Law, where A is the absorbance, b is the pathlenght, c is the concentration of the 

his equation, the absorbance is 

 

1) the radiation source, usually a 

is 2000-8000 Ǻ (200-

which is a device that selects narrow wavelengths to be used in 

e compartment where the sample is kept during 

4) the detector, which measures the intensity of the radiation beam transmitted through the 

and 5) the output display, which is the computer that converts the signals to data 

and its components is shown in 

 

spectrophotometer components [45]. 



 

3.2 FU!DAME!TALS OF X-RAY DIFFRACTIO! A!D 

X-rays are short wavelength, high energy electromagnetic radiation of energi

100 Ǻ (0.01 nm- 10 nm), but in X-ray diffraction, only a portion of the spectrum having wavelengths of 

0.3 Ǻ to 2.5 Ǻ are used [46]. If a sample is bombarded with X

this technique is called X-ray diffraction

atoms are bombarded by a beam of high energy electrons

high energy electrons are produced by an external source such as an 

X-ray tube consists of two metal electrodes (anode and cathode) confined in a vacuum chamber

radiation is produced through heating a tungsten filament (the cathode) and 

accelerated toward the anode. Once the electrons collide with the anode

heat, but some of the electron energy is manifested as 

loss of the electrons as they go back to the ground 

processes, one of which is contin

Illustration 3.2 shows the characteristic X

 

Illustration 3.2: Characteristic x

As seen in the illustration, the wide band part of the spectra at lowe

Bremsstrahlung radiation, and only a few sharper peaks are the high energy 

Bremsstrahlung radiation spectra. The target typically used in 
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RAY DIFFRACTIO! A!D X-RAY FLUORESCE!CE 

rays are short wavelength, high energy electromagnetic radiation of energi

ray diffraction, only a portion of the spectrum having wavelengths of 

If a sample is bombarded with X-rays, the diffraction process occurs and 

ray diffraction. X-rays that are produced when the electrons in the shells of 

atoms are bombarded by a beam of high energy electrons are diffracted by the atoms in the sample. The 

produced by an external source such as an X-ray tube or an electron gun. 

sts of two metal electrodes (anode and cathode) confined in a vacuum chamber

heating a tungsten filament (the cathode) and the emitted electrons are 

anode. Once the electrons collide with the anode, most of the energy is lost as 

heat, but some of the electron energy is manifested as X-rays [46, 47]. As mentioned earlier, t

loss of the electrons as they go back to the ground state is compensated and expressed 

ontinuum radiation, also known as white radiation or Bremsstrahlung.  

Illustration 3.2 shows the characteristic X-ray spectra from a copper target.  

: Characteristic x-ray spectra (after Smith 2008) [46]

As seen in the illustration, the wide band part of the spectra at lower energy 

remsstrahlung radiation, and only a few sharper peaks are the high energy X-rays superimposed in the 

remsstrahlung radiation spectra. The target typically used in X-ray diffraction is copper since its K

rays are short wavelength, high energy electromagnetic radiation of energies between 1 Ǻ to 

ray diffraction, only a portion of the spectrum having wavelengths of 

rays, the diffraction process occurs and 

hen the electrons in the shells of 

are diffracted by the atoms in the sample. The 

ray tube or an electron gun. The 

sts of two metal electrodes (anode and cathode) confined in a vacuum chamber. The 

the emitted electrons are 

most of the energy is lost as 

. As mentioned earlier, the energy 

and expressed by different 

known as white radiation or Bremsstrahlung.  

 

[46]. 

r energy (to the left) is the 

rays superimposed in the 

ray diffraction is copper since its Kα 



 

(1.5406 Ǻ) characteristic radiation is useful for diffraction analysis

as other crystalline materials. All X

radiation.  

X-ray diffraction is the preferred technique for p

form or in aggregates of finely divided materials, because it can differentiate between phases of the 

same material having the same chemical composition but different crystal structure 

occurs when a high energy electron beam hits a

with the electrons in the atoms, modifying the behavior of the waves as they interact with the

When the incident beam interacts with the atoms in the molecule, the electric vector of the beam 

contact with the electrons in the sample to produce diffraction. The waves are diffracted by the atoms in 

the forward direction and since the incident beams are parallel, 

surface (θ). As a result, the diffracted beam

diffraction occurs.   

 

Illustration 3.3: X-ray diffraction process, 1 and 2 are the incident beams, 1’ and 2’ are the diffracted 
X-rays in phase, d is the spacing between the path lengths of 

The diffraction model can also be 

by W. L Bragg in 1913, and determines the interference pattern of the 

ions or molecules in a sample by assuming that the each plane of atoms scatters the incident rad

wave according to the spacing of the atomic planes. Also, the diffraction of the wavelengths must be in 
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istic radiation is useful for diffraction analysis for gold and various 

X-ray diffraction analyses in this research were done using the Cu K

ray diffraction is the preferred technique for phase characterization of materials in powder 

form or in aggregates of finely divided materials, because it can differentiate between phases of the 

same material having the same chemical composition but different crystal structure 

occurs when a high energy electron beam hits a sample surface and the electrons in the beam collide 

with the electrons in the atoms, modifying the behavior of the waves as they interact with the

When the incident beam interacts with the atoms in the molecule, the electric vector of the beam 

with the electrons in the sample to produce diffraction. The waves are diffracted by the atoms in 

the forward direction and since the incident beams are parallel, they make an angle with the sample 

the diffracted beams 1’ and 2’ are in phase (as seen in illustration 3.3)

ray diffraction process, 1 and 2 are the incident beams, 1’ and 2’ are the diffracted 
rays in phase, d is the spacing between the path lengths of the beams  [44]. 

can also be understood by analyzing Bragg’s law, which 

determines the interference pattern of the X-rays diffracted by the atoms, 

by assuming that the each plane of atoms scatters the incident rad

wave according to the spacing of the atomic planes. Also, the diffraction of the wavelengths must be in 

and various metals, as well 

ray diffraction analyses in this research were done using the Cu Kα 

hase characterization of materials in powder 

form or in aggregates of finely divided materials, because it can differentiate between phases of the 

same material having the same chemical composition but different crystal structure [46]. Diffraction 

sample surface and the electrons in the beam collide 

with the electrons in the atoms, modifying the behavior of the waves as they interact with the atoms. 

When the incident beam interacts with the atoms in the molecule, the electric vector of the beam gets in 

with the electrons in the sample to produce diffraction. The waves are diffracted by the atoms in 

an angle with the sample 

(as seen in illustration 3.3) and 

 

ray diffraction process, 1 and 2 are the incident beams, 1’ and 2’ are the diffracted   

Bragg’s law, which was formulated 

rays diffracted by the atoms, 

by assuming that the each plane of atoms scatters the incident radiation 

wave according to the spacing of the atomic planes. Also, the diffraction of the wavelengths must be in 
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phase, producing constructive interference at restricted angles (known as Bragg angles) so that the 

conditions are satisfied and the law can be applied. Equation 2 shows the customary form of Bragg’s 

Law [47]. 

 

�� � 2����θ       Eq 2. 

 

 Where n is an integer, and d is the interplanar distance of the crystal, λ is the CuKα wavelength 

(1.5418 Ǻ). As mentioned earlier, X-rays are diffracted only if the Bragg condition is met, which occurs 

when the spacing between layers of atoms on the surface of the sample are close to the same wavelength 

of the radiation, and when the scattering centers are regularly distributed in space so the X-rays are 

reflected form the sample [45]. The diffraction of the X-rays in this case, is very useful to determine the 

crystal structure and phase of a material. Once the sample is hit by the radiation, diffraction of 

characteristic wavelengths become apparent in the emitted spectrum, and can be used through the use of 

equations to obtain physical and chemical information. The information obtained from the peaks 

includes the d-spacing, which in combination with Bragg’s Law, miller indices, and lattice geometry 

equations, provide the solution for the crystal structure and phase of the sample being analyzed. Also, 

average particle size can be determined from X-ray diffraction by using Scherrer’s equation, which was 

derived by P. Scherrer in the early 1900’s, and it takes into consideration the fact that smaller particles 

produce broader diffraction peaks. Equation 3 is the derived form of the Scherrer’s equation. 

 

 

� �
��

����
��

�

     Eq. 3 

                                                                       

Where d is the particle size measured in a direction perpendicular to the specimen surface, B is 

the full width half maximum of the diffraction peak in radians (FWHM), λ is the Cu Kα radiation, θ is 

the Bragg angle, and k is a constant with value of 0.94  [47].  

 



 

X-ray fluorescence (XRF) is a process in which an

a sample and the resulting radiation (fluorescence) is characteristic of the element present 

generation of X-ray fluorescence can be explained by the photoelectric effect

beam from an X-ray tube interacts with the 

orbital leaving an empty space. The empty orbital is then fi

fluorescence occurs, as depicted in 

by an electron from an outer shell, emitting an x

the binding energy is decreased (as compared to the binding energy of the higher energy electrons). 

When this process takes place, the 

the fluorescence radiation characteristic of the species

Since the fluorescence is proportional to the energy of the electrons being ejected, this makes 

the determination of the sample composition

 

Illustration 3.4: X-ray fluorescence process, generation 
from ASM handbook
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is a process in which an incident beam of X-ray radiation is applied to 

a sample and the resulting radiation (fluorescence) is characteristic of the element present 

ray fluorescence can be explained by the photoelectric effect which states that w

ray tube interacts with the sample; an electron is excited and gets promoted to a higher 

. The empty orbital is then filled by electrons from 

depicted in illustration 3.4. The electron is ejected and the empty space is filled 

by an electron from an outer shell, emitting an x-ray photon (fluorescence) or an auger electron because 

e binding energy is decreased (as compared to the binding energy of the higher energy electrons). 

When this process takes place, the X-ray fluorescence energy is lower than the ionization energy, and 

the fluorescence radiation characteristic of the species (illustrated as secondary radiation)

Since the fluorescence is proportional to the energy of the electrons being ejected, this makes 

the determination of the sample composition [49].  

ray fluorescence process, generation of the X-ray fluorescence radiation (
ASM handbook) [44]. 

ray radiation is applied to 

a sample and the resulting radiation (fluorescence) is characteristic of the element present [48]. The 

which states that when a 

an electron is excited and gets promoted to a higher 

by electrons from outer shells, and 

The electron is ejected and the empty space is filled 

ray photon (fluorescence) or an auger electron because 

e binding energy is decreased (as compared to the binding energy of the higher energy electrons). 

ray fluorescence energy is lower than the ionization energy, and 

secondary radiation), is generated.  

Since the fluorescence is proportional to the energy of the electrons being ejected, this makes possible 

 

ray fluorescence radiation (adapted 
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X-ray fluorescence, is a good characterization technique mainly used for bulk samples because it 

allows the determination of elemental composition with little or no sample preparation required, making 

it a non destructive analytical technique. Identification of elements in a sample occurs through their 

characteristic wavelengths, and their concentration can be obtained by the intensity of the peaks using a 

calibration curve of known concentrations of the elements in question. Other advantages of XRF include 

measurements of a wide range of elements (from aluminum to uranium) in various solid samples at 

room temperature and normal environments. 

 

3.3 FU!DAME!TALS OF MICROSCOPY 

3.3.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a technique for material characterization widely used 

due to its high resolution. The images provided by SEM are very similar to those seen by the human eye 

but at a high magnification and a resolution of 1 Ǻ. The source of radiation is a probe lens that ejects 

accelerated electrons of a potential between 5 kV and 30 kV. When the highly accelerated electrons 

interact with the sample, the scattered events occurring depend on the thickness of the sample and the 

accelerating voltage of the electron beam. For instance, if the sample is very thin, some electrons pass 

through the sample (transmitted electrons) and other electrons are scattered. Electron scattering is 

classified in two groups: elastic and inelastic collisions. Elastically scattered electrons change their 

direction but conserve the velocity or energy while backscattered electrons (BSE) are produced by this 

kind of collision. Inelastically scattered electrons, on the other hand, are characterized by the loss of 

energy. Inelastic scattering occurs through various processes including production of phoneus (heat), 

characteristic X-rays, continuum X-rays, auger electrons, and secondary electrons (SE) [50].  

 



 

Illustration 3.5: Scattering processes upon electron beam and sample interaction.

Secondary electrons are bound to the outer shell of the sample atoms 

energy from the beam, they get ejected from the atom and propagate through the sample until some

them are able to escape and produce the image. The SEM uses both backscattered and secondary 

electrons, and X-rays as the main si

nm and the lowest resolution is in the micro

range, giving the technique its broad applications in material characterization and nanotechnology 

Image formation in the SEM is a complex process

beam which rasters an entire surface of the sample

over the sample and the signal is amplified and process

resolution and to focus the beam onto the sample. The probe lens is located above the sample

beam has sufficient energy to eject 

Illustration 3.5). Secondary electrons are a good and common signal used in SEM because they are 

emitted from a space close to the beam and are easily detected, forming a high resolution image. 

Backscattered electrons also escape from the sample and are sometim

the microscope. Backscattered electrons or secondary electrons are collected in a specific

the signals collected are amplified and displayed in a cathode ray tube. 
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: Scattering processes upon electron beam and sample interaction.

Secondary electrons are bound to the outer shell of the sample atoms and as they receive enough 

energy from the beam, they get ejected from the atom and propagate through the sample until some

are able to escape and produce the image. The SEM uses both backscattered and secondary 

as the main signals for image formation. High resolutions can be

nm and the lowest resolution is in the micro-meter scale.  Magnification can be in the 10X to 100,

range, giving the technique its broad applications in material characterization and nanotechnology 

e formation in the SEM is a complex process; first, the high energy electrons are focused on a fine 

beam which rasters an entire surface of the sample. Then the image is obtained by scanning the probe 

over the sample and the signal is amplified and processed. A probe lens is used in SEM to determine the 

resolution and to focus the beam onto the sample. The probe lens is located above the sample

eject secondary and backscattered electrons from the sample (refer to 

). Secondary electrons are a good and common signal used in SEM because they are 

emitted from a space close to the beam and are easily detected, forming a high resolution image. 

Backscattered electrons also escape from the sample and are sometimes used as a signal depending on 

electrons or secondary electrons are collected in a specific

the signals collected are amplified and displayed in a cathode ray tube.  

 

: Scattering processes upon electron beam and sample interaction. 

and as they receive enough 

energy from the beam, they get ejected from the atom and propagate through the sample until some of 

are able to escape and produce the image. The SEM uses both backscattered and secondary 

can be between 20-50 

meter scale.  Magnification can be in the 10X to 100,000X 

range, giving the technique its broad applications in material characterization and nanotechnology [50]. 

the high energy electrons are focused on a fine 

Then the image is obtained by scanning the probe 

A probe lens is used in SEM to determine the 

resolution and to focus the beam onto the sample. The probe lens is located above the sample, and the 

secondary and backscattered electrons from the sample (refer to 

). Secondary electrons are a good and common signal used in SEM because they are 

emitted from a space close to the beam and are easily detected, forming a high resolution image. 

es used as a signal depending on 

electrons or secondary electrons are collected in a specific detector, and 



 

3.3.2 Transmission Electron Microscopy (TEM)

In transmission electron microscopy (TEM), electrons are emitted from an electron gun. These 

transmitted electrons are accelerated toward the sample through a high vacuum column and 

through a set of lenses that are incident to the sample. Once the 

sample, which has to be very thin, and the transmitted electrons (see illustration 

through the lenses, they form an image of the sample in a fluorescent screen and then are sent to a 

camera where the images can be recorded in a digital format or in film as previous models of TEM. 

Although the source of radiation in both SEM and TEM are accelerated electrons, the working 

principles are different as seen in the components and microscope setup in illustrati

 

Illustration 3.6: Basic components of: a) scanning electron microscope (SEM) and b)
electron microscope (TEM)

In a TEM, the electron gun is also located above the sample, at the top of the column. 

guns used in transmission electron microscopy include the 

(FEG). The difference among both kinds
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Transmission Electron Microscopy (TEM) 

In transmission electron microscopy (TEM), electrons are emitted from an electron gun. These 

transmitted electrons are accelerated toward the sample through a high vacuum column and 

through a set of lenses that are incident to the sample. Once the incident beam passes through the 

sample, which has to be very thin, and the transmitted electrons (see illustration 

through the lenses, they form an image of the sample in a fluorescent screen and then are sent to a 

ages can be recorded in a digital format or in film as previous models of TEM. 

Although the source of radiation in both SEM and TEM are accelerated electrons, the working 

principles are different as seen in the components and microscope setup in illustrati

Basic components of: a) scanning electron microscope (SEM) and b)
electron microscope (TEM) 

In a TEM, the electron gun is also located above the sample, at the top of the column. 

guns used in transmission electron microscopy include the thermionic gun and the field emission gun

among both kinds is that the thermionic gun uses a tungsten filament or a 

In transmission electron microscopy (TEM), electrons are emitted from an electron gun. These 

transmitted electrons are accelerated toward the sample through a high vacuum column and passed 

incident beam passes through the 

sample, which has to be very thin, and the transmitted electrons (see illustration 3.6) are accelerated 

through the lenses, they form an image of the sample in a fluorescent screen and then are sent to a 

ages can be recorded in a digital format or in film as previous models of TEM. 

Although the source of radiation in both SEM and TEM are accelerated electrons, the working 

principles are different as seen in the components and microscope setup in illustration 3.6.  

 

Basic components of: a) scanning electron microscope (SEM) and b) transmission 

In a TEM, the electron gun is also located above the sample, at the top of the column. Electron 

and the field emission gun 

is that the thermionic gun uses a tungsten filament or a 



 

lanthanum hexaborate crystal filament

FEG generates the electrons by field emission, which occurs when a strong electrical field is applied to 

the surface of a metal, and the electrons are emitted from the surface passing through a potential

“tunneling” effect [51]. FEG is more widely used in modern microscopes because it produces brighter 

and more coherent electrons, providing a better spatial resolution that the

illuminator lenses’ function is to converge the beam on the sample

shift or scan the beam while controlling the beam onto the sample

through a small area of the sample, the transmitted electrons go to the objective lens where the image is 

formed, followed by signal processing and digital display

 

3.3.3 Atomic Force Microscopy  

Atomic force microscopy (AFM) 

works through atom-tip interaction at the nanometer range 

probe very close to the sample surface

repulsive forces between the probe and the sample at a constant force mode (height)

three-dimensional image of the sample surface

 

Illustration 3.7: Block diagram of the basic components of an atomic force microscope
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lanthanum hexaborate crystal filament, while the field emission gun does not use a filament

generates the electrons by field emission, which occurs when a strong electrical field is applied to 

the surface of a metal, and the electrons are emitted from the surface passing through a potential

. FEG is more widely used in modern microscopes because it produces brighter 

, providing a better spatial resolution that the thermionic gun. 

illuminator lenses’ function is to converge the beam on the sample, and that of the deflector

controlling the beam onto the sample. Once the converged beam passes 

mple, the transmitted electrons go to the objective lens where the image is 

formed, followed by signal processing and digital display of the image [51].  

Atomic force microscopy (AFM) is used to study surface characteristics of samples. The AFM 

tip interaction at the nanometer range by rastering the tip along 

probe very close to the sample surface. This interaction allows the measurement of

repulsive forces between the probe and the sample at a constant force mode (height)

dimensional image of the sample surface with resolution at the atomic level [52]

 

Illustration 3.7: Block diagram of the basic components of an atomic force microscope

field emission gun does not use a filament. Instead, 

generates the electrons by field emission, which occurs when a strong electrical field is applied to 

the surface of a metal, and the electrons are emitted from the surface passing through a potential in a 

. FEG is more widely used in modern microscopes because it produces brighter 

thermionic gun. The 

the deflector’s is to tilt, 

. Once the converged beam passes 

mple, the transmitted electrons go to the objective lens where the image is 

is used to study surface characteristics of samples. The AFM 

rastering the tip along a sample with a 

ows the measurement of attractive or 

repulsive forces between the probe and the sample at a constant force mode (height), thus creating a 

[52].  

 

Illustration 3.7: Block diagram of the basic components of an atomic force microscope [52]. 
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The AFM instrumental arrangement is shown in Illustration 3.7. The main components of the 

AFM are the tip, cantilever, laser diode, mirror, photodetector, scanner and electronics. The image is 

formed by recording the force interactions as the sample is scanned on the surface by the cantilever. The 

scanner, which is made of a piezoelectric tube, is used to move the tip over the sample, or vice versa to 

form the image.  In order to obtain the image, the sample is positioned on the scanner and the diode 

laser light is directed to the end of the cantilever, which is then reflected by the mirror to the photodiode 

while the sample is being scanned. The attractive or repulsive forces (which include van der Waals, 

electrostatic, hydrophobic, hydrophilic, and capillary) between the sample and the tip bend the 

cantilever directing the deflected laser beam to the mirror and then to the position-sensitive 

photodetector, which is composed of two side-by side photodiodes that provide the topographic 

information of the sample surface [52, 53]. AFM provides topographical information on samples with a 

vertical resolution at the micrometer to the nanometer range not seen in other microscopes. Other 

advantages of this technique include the ability to image samples in gaseous and liquid media, as well as 

to provide quantitative height information [53]. This surface scanning technique also enables the 

gathering of spatial resolved information on the surface of a solid. 
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Chapter 4: Results and Discussion 

In this work, alfalfa biomass extracts were used as reducing agents for the formation of gold 

nanoparticles. Plants including alfalfa produce many secondary metabolites, which are easily extracted 

using green solvents such as water and alcohols. Some of these secondary metabolites include 

terpenoids and polyphenols such as flavonoids, flavonols, flavanones, anthocyanins and isoflavones 

[54]. Alfalfa extracts contain such metabolites and other macromolecules including protein, which has 

amino and carboxyl moieties. It also contains other carbohydrates and organic acids as reported in the 

literature [23, 25]. Reports on secondary metabolite extractions using methanol as the extracting solvent, 

have shown that apigenin and luteolin glycosides are among the most common flavonoids in alfalfa 

extracts. Flavonoids are organic molecules know for their functional groups such as hydroxyl, and 

carboxyl moieties [25] that act as reducing entities and facilitate the formation of gold nanoparticles 

through electron transfer mechanisms. Hydroxyl, carboxyl, thiol, and amino moieties are known for 

their reducing power, and when mixed with a strong oxidizing agent, such as Au3+, redox reactions are 

very favorable. 

Reduction as well as stabilization of the gold nanoparticles biosynthesized by the alfalfa biomass 

extracts occurs in the presence of reducing species via electron transfer reduction in a similar fashion as 

the traditional synthesis. The most abundant functional groups in these compounds are carboxylic acids, 

carbonyls and phenols which have a great reducing potential for metal ions such as Au3+. The reduction 

of the tetrachloroaurate ion by a phenol group in one of the flavonoids present in the alfalfa extracts can 

happen via electron transfer and the stabilization of the nanoparticles by other compounds present in the 

extracts such as amino and thiol moieties, from proteins within the same plant extract mixture. It is 

known that pH of the reducing environment and the reducing agents affect the size and morphology of 

the nanoparticles [37]. For this reason, pH and concentration profile experiments were performed to 

study the formation of gold nanoparticles under different conditions. 

 



 

4.1 BIOSY!THESIS OF GOLD !A!OPARTICLES USI!G 

4.1.1 pH profile 

Three different solvents were used in the preparation of the alfalfa biomass extracts. These 

solvents were chosen due to their wide availability and minimal damage to health and the environment. 

Alfalfa biomass extracts prepared 

reacted with tetrachloroaurate ions in solution at varying pH resulting in nanoparticles of different size 

and morphologies. The reduction of Au

different solvents was monitored by UV

formation of gold nanoparticles at different pH.  Au

and formation of gold nanoparticles happened 

exception of alfalfa extracts produced in methanol which only produced the nanoparticles at pH 2 

(Figure 4.1b). 

 

 

Figure 4.1: pH profile for the reduction of tetrachloroaurate ion and production of gold nanoparticles in 
alfalfa extracts prepared in different solvents
methanol alfalfa biomass extracts, 
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!A!OPARTICLES USI!G ALFALFA BIOMASS EXTRACTS 

Three different solvents were used in the preparation of the alfalfa biomass extracts. These 

solvents were chosen due to their wide availability and minimal damage to health and the environment. 

Alfalfa biomass extracts prepared in isopropanol (ABI), methanol (ABM) and water (ABW) were 

reacted with tetrachloroaurate ions in solution at varying pH resulting in nanoparticles of different size 

and morphologies. The reduction of Au3+ ions by exposure to alfalfa biomass extracts prepar

different solvents was monitored by UV-Vis spectrophotometry. Figure 4.1 depicts the spectra of the 

formation of gold nanoparticles at different pH.  Au3+ reduction in alfalfa biomass isopropanol extracts 

and formation of gold nanoparticles happened in the whole pH range tested (Fig

exception of alfalfa extracts produced in methanol which only produced the nanoparticles at pH 2 

4.1: pH profile for the reduction of tetrachloroaurate ion and production of gold nanoparticles in 
alfalfa extracts prepared in different solvents: a) isopropanol alfalfa biomass extracts, b) 
methanol alfalfa biomass extracts, and c) water alfalfa biomass extracts .

EXTRACTS  

Three different solvents were used in the preparation of the alfalfa biomass extracts. These 

solvents were chosen due to their wide availability and minimal damage to health and the environment. 

in isopropanol (ABI), methanol (ABM) and water (ABW) were 

reacted with tetrachloroaurate ions in solution at varying pH resulting in nanoparticles of different size 

ions by exposure to alfalfa biomass extracts prepared in 

1 depicts the spectra of the 

reduction in alfalfa biomass isopropanol extracts 

in the whole pH range tested (Figure 4.1a) with the 

exception of alfalfa extracts produced in methanol which only produced the nanoparticles at pH 2 

 

4.1: pH profile for the reduction of tetrachloroaurate ion and production of gold nanoparticles in 
a) isopropanol alfalfa biomass extracts, b) 

extracts . 
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As seen in Figure 4.1a, gold nanoparticles were formed at pH 2, 3, 4 and 5, but the sharper and 

more defined absorption band maxima was at 565 nm and solution pH of 3. On the other hand, the 

behavior of nanoparticles in Au3+ solution exposed to alfalfa biomass methanol extracts only formed at 

pH 2 with an absorption band maxima at 560 nm (Figure 4.1b). Lastly, the reduction of Au3+ in alfalfa 

biomass extracts in water did not show great variations in ph 3 and 4; however, at pH 5 there is no 

nanoparticle formation and at pH 6 the absorbance band is wide, showing dispersion in the size of the 

nanoparticles (Figure 4.1c).  From these results, it was concluded that the reduction of the Au3+ ions and 

the formation of gold nanoparticles are dependent on the electron transfer between the gold ions and the 

compounds in the three different extracts. As mentioned earlier, the chemical composition of the alfalfa 

extracts include flavones and flavonoids with plenty of reducing hydroxyl species providing the 

necessary energy for the electron transfer to occur in the reduction of Au3+. Based on these results, the 

preferred pH for the production of gold nanoparticles were 2, 3 and 3.5 for methanol, isopropanol, and 

water, respectively. At a low pH, the hydroxyl moieties of the compounds present in the extracts can be 

oxidized to their respective carbonyl compounds, which is proven in the results obtained.    

 

4.1.2 Concentration profile 

High concentrations of Au3+ ions are required for the reduction and nucleation of the 

nanoparticles to take place during nanoparticle synthesis. Nucleation must occur in a short period of 

time, and one way of monitoring the nucleation rate in this research was to vary the concentrations of 

gold in the reaction mixture [1]. The concentration profile for nanoparticle biosynthesis in isopropanol 

alfalfa biomass extracts is shown in Figure 4.2a. In a stopped-flow kinetics experiment, a sample was 

taken immediately after the reaction was started at different time points and analyzed at 565 nm for a 

total time of 240 min.  The results indicate, as seen in the figure, that the reduction and nucleation start 

as soon as the reducing agents are added to the Au3+ solution in all concentrations. Our results are in 

accordance with the literature stating that reduction of Au3+ in the presence of reducing agents occurs as 

rapidly as 20 seconds [55]. The kinetic data shows that at the highest concentration of Au3+ (3.0 mM), a 

rapid increase in absorbance occurs in the first 30 minutes at which reduction and nucleation occur. 
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Aggregation and growth occur between 30 and 50 minutes, and a sudden decrease in absorbance 

follows.  Since the concentration of extract is much smaller than the concentration of Au3+ ions in the 

solution, the maximum agglomeration and growth are achieved in one hour. In comparison, gold 

nanoparticle formation at the lowest Au3+ concentration used in the experiments, 0.75 mM, was not very 

favorable at the beginning of the reaction thus agglomeration and growth were very slow. As seen in the 

figure, the slope of the reaction was smaller in the first 60 minutes, followed by a higher increase as 

opposed to the faster reaction rates observed in the higher concentrations of Au3+. This implies that the 

reduction and nucleation steps are slower and less efficient than the 3.0 mM concentration of gold ions. 

The gold nanoparticles produced in the best conditions were further characterized for size and shape; the 

results are discussed further in the next section.  

Formation of gold nanoparticles in ABM is shown in Figure 4.2b. As seen in the figure, 

reduction of Au3+ occurs immediately after addition of the reducing agents (extract), showing an 

absorbance of 0.7, 0.35 and 0.1 a. u for Au3+ concentrations of 0.75, 1.5, and 3.0 mM, respectively. The 

nucleation and growth of the nanoparticles exhibit a similar trend in the two lower concentrations. The 

reaction mixture with 3 mM Au3+ shows a different result. In this reaction, the reduction step occurs at a 

lower rate and the agglomeration and growth are reached after 20 minutes, but the absorbance is 

constant all through the end of the experiment. This result allows us to assume that the nanoparticles 

being formed do not further agglomerate and grow as it occurred with the isopropanol extracts after 20 

minutes. It is also possible that the flavonoids, organic acids, aminoacids and other molecules found in 

the extracts can act both as reducing and stabilizing agents during nanoparticle formation in the reaction. 

This can be explained by the high oxidizing potential of Au3+ and its ability to oxidize the hydroxyl 

moieties as well as primary and secondary carbons found in the molecules present in the sample. The 

formation and stabilization of the gold nanoparticles is also observed by comparing the color of the 

nanoparticles in solution (Figure 4.2 and b insets). Further characterization showed that this assumption 

is correct as discussed in further sections. Stopped flow kinetics of gold nanoparticle formation in ABW 

results are shown in Figure 4.2c. 

 



 

Figure 4.2: Concentration profile for gold nanoparticles 
isopropanol alfalfa biomass extracts, b) 
alfalfa biomass extracts. Insets show the real

The extracts prepared in isopropanol and methanol evidently contained high amounts of chlorophyll as 

seen by the deep green color of the extracts, while the water extracts did not present that characteristic 

(pictures not shown). Other secondary metabolites found in methanol and isop

flavones, flavanones, glycosides, and other phenolic derivatives 

observing the molecules, shown in 

nanoparticles are being formed by redox chemistry

Furthermore, some of the molecules such as the flavonoids and flavanones having the carbonyl and the 

hydroxyls in the ortho positions can cap the nanoparticles by chelation. Also, cystein can be acting as 

both, reducing and capping agent.  
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Figure 4.2: Concentration profile for gold nanoparticles biosynthesized by reduction of Au
isopropanol alfalfa biomass extracts, b) methanol alfalfa biomass extracts, and c) 
alfalfa biomass extracts. Insets show the real-time pictures of the nanoparticles in solution. 

propanol and methanol evidently contained high amounts of chlorophyll as 

seen by the deep green color of the extracts, while the water extracts did not present that characteristic 

ther secondary metabolites found in methanol and isopropanol extracts include 

flavones, flavanones, glycosides, and other phenolic derivatives as reported in the literature 

shown in Illustration 4.1, found in the alfalfa extracts, we can assume that the 

nanoparticles are being formed by redox chemistry between the organic molecules and the Au

Furthermore, some of the molecules such as the flavonoids and flavanones having the carbonyl and the 

hydroxyls in the ortho positions can cap the nanoparticles by chelation. Also, cystein can be acting as 

 

 

biosynthesized by reduction of Au3+ in; a) 
alfalfa biomass extracts, and c) water 

time pictures of the nanoparticles in solution.  

propanol and methanol evidently contained high amounts of chlorophyll as 

seen by the deep green color of the extracts, while the water extracts did not present that characteristic 

ropanol extracts include 

as reported in the literature [25]. By 

llustration 4.1, found in the alfalfa extracts, we can assume that the 

molecules and the Au3+ ions. 

Furthermore, some of the molecules such as the flavonoids and flavanones having the carbonyl and the 

hydroxyls in the ortho positions can cap the nanoparticles by chelation. Also, cystein can be acting as 



 

Illustration 4.1:  Organic molecules found in alfalfa extracts including a) methionine, b) chlorophyll, c) 
cystein, d) general structure of flavonoids found in 
substituents include
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Organic molecules found in alfalfa extracts including a) methionine, b) chlorophyll, c) 
eneral structure of flavonoids found in methanol alfalfa extracts, 

substituents include H, OH and various glucosides, and e) apigenin 

 

Organic molecules found in alfalfa extracts including a) methionine, b) chlorophyll, c) 
alfalfa extracts, 

, and e) apigenin [25]. 
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Illustration 4.2:  Some of the water soluble compounds found in alfalfa. a) cinnamic acid, b) ferulic acid, 
c) p-hydroxybenzoic acid, d) caffeic acid, e) p- coumaric acid, f) vanillic acid, g) 
hydroxybenzoic acid, and h) medicarpin 

According to the literature, alfalfa water extracts include cinnamic acid and its derivatives, 

hydrobenzoic acid, p-coumaric acid, ferulic acid, hydroxybenzoic acid, trans-cinnamic acid, caffeic 

acid, saponin, and medicarpin [56]. The different compounds found in the extracts when using different 

solvents, can be the reason for the variations in nanoparticle morphologies found when using alfalfa 

extracts. As mentioned above, common characteristic of these compounds are their carboxylic acid and 

hydroxyl moieties, yet in comparison to the extracts in the alcohols, the molecules are small organic 

acids with the exception of the saponin (Illustration 4.2). The water soluble compounds in the AWE are 

small molecules that facilitate the reduction of the Au3+. The reduction step in the ABW mixture was 

slower in the first 10 minutes and the nucleation started occurring almost immediately in the 0.75 mM 

Au3+ as compared to the higher concentrations. This is evident in the absorption spectra in Figure 4.2c, 

which shows zero absorbance at zero time. Nanoparticle agglomeration occurs faster in the first 15 
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minutes reaching an absorbance of c.a. 0.5 absorbance units. Increasing the concentration of gold ions in 

the mixture, increases the rate of reduction considerably (0.4 a.u at time zero), and the nucleation 

happens in the same fashion as in the lower concentration. Gold ion concentration of 3.0 mM increased 

the reduction step, but nucleation and growth rate of nanoparticles did not change in 90 minutes of 

reaction.  

In order to understand the reduction of the gold ions from the beginning of the reaction, a 

continuous kinetics experiment was performed for the reactions of Au3+ with ABM and ABW, and the 

results are shown in Figure 4.3.   In these results, it is evident that the reduction of gold ions in ABM is 

faster in the first few minutes than that of water extracts. As seen in Figure 4.3a, the exponential growth 

indicates reduction and nucleation occurring in the first 30 minutes, followed by agglomeration and 

growth. On the other hand, the ABW reacted with the Au3+ shows a slower reduction and nucleation 

(Fig. 4.3b inset), followed by a constant nucleation step during the following 60 minutes. 

Agglomeration and growth occur at a lower rate, and the growth rate slows down after 4h as it reaches 

its maximum velocity. The data shown suggests that higher concentration of the gold ions in the reaction 

mixture is crucial for the reduction of the ion to occur, leading to fast nucleation of gold nanoparticles. It 

also shows that the nanoparticle formation in the different extracts follows different behaviors and that 

there is a significant difference in the reactions using alcohols as solvents for the extraction preparation 

from the reactions where water is used as a solvent. However, this data does not give information about 

the deposition trend of the nanoparticles which results in different morphologies. For this reason, 

electron microscopy characterization was used to further study the biosynthesized gold nanoparticles.  

 

 
 



 

Figure 4.3:   UV-Vis spectra of gold nanoplates biosynthesized using: a) 
extracts and b) water alfalfa biomass extracts (inset: absorption spectra in the first 30 
minutes). 

 

4.1.3 !anoparticles biosynthesized using 

Reduction of Au3+ by ABM resulted in the production of monodisperse gold nanoparticles with 

size range from 10-50 nm. The characteristic purple color of gold nanoparticles in this size range was 

visible after 15 minutes of reaction (Figure 4.2b). The gold nanoparticles biosynthesized by adding 

ABM to a 3 mM Au3+ solution at pH 2 were observed by SEM as seen in Figure 4.4.This sample was 

chosen for SEM characterization because according to the kinetics results, the nanoparti

agglomerating into larger particles, as seen in figure 4.4, which shows spherical monodisperse 
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old nanoplates biosynthesized using: a) methanol alfalfa biomass 
extracts and b) water alfalfa biomass extracts (inset: absorption spectra in the first 30 

4.1.3 !anoparticles biosynthesized using methanol alfalfa biomass extracts 

by ABM resulted in the production of monodisperse gold nanoparticles with 

50 nm. The characteristic purple color of gold nanoparticles in this size range was 

reaction (Figure 4.2b). The gold nanoparticles biosynthesized by adding 

solution at pH 2 were observed by SEM as seen in Figure 4.4.This sample was 

chosen for SEM characterization because according to the kinetics results, the nanoparti

agglomerating into larger particles, as seen in figure 4.4, which shows spherical monodisperse 

alfalfa biomass 
extracts and b) water alfalfa biomass extracts (inset: absorption spectra in the first 30 

by ABM resulted in the production of monodisperse gold nanoparticles with 

50 nm. The characteristic purple color of gold nanoparticles in this size range was 

reaction (Figure 4.2b). The gold nanoparticles biosynthesized by adding 

solution at pH 2 were observed by SEM as seen in Figure 4.4.This sample was 

chosen for SEM characterization because according to the kinetics results, the nanoparticles were not 

agglomerating into larger particles, as seen in figure 4.4, which shows spherical monodisperse 



 

nanoparticles in the range of 50 nm.  The solvent effects in the extract preparation are evident in these 

results. Both CH3OH and CH3CH2

higher concentrations of organic species from the alfalfa biomass than

lower polarity. As seen in Figure 4.2 above, the trends of nanoparticle formation in both ABI an

are similar, but the size range of the nanoparticles formed in the ABI was slightly broader than those 

produced in ABM, indicating that AB

allowing the nucleation, agglomeration and growth 

time from the beginning of the reaction

monodisperse fashion and grow more freely 
 

Figure 4.4:  SEM image of gold nanoparticles biosynthesized using methanol 

To further analyze the gold nanoparticles in this sample, TEM characterization was performed. 

Gold nanoparticles of decahedral and icosahedral shapes were found in the bi

seen in Figure 4.5a, size monodispersity was achieved finding gold nanoparticles from 20

diameter and some smaller nanoparticles

sample by centrifugation. The sample was taken after 1h of reaction, and Figure 4.5b shows the 

agglomeration of one seed onto another that appears to be a decahedral nanoparticle. Figure 4.5c shows 
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nanoparticles in the range of 50 nm.  The solvent effects in the extract preparation are evident in these 

2CH2OH are polar organic solvents which are most likely to extract 

higher concentrations of organic species from the alfalfa biomass than from water

lower polarity. As seen in Figure 4.2 above, the trends of nanoparticle formation in both ABI an

are similar, but the size range of the nanoparticles formed in the ABI was slightly broader than those 

indicating that ABM facilitates the electron transfer reaction faster

allowing the nucleation, agglomeration and growth of the nanoparticles to happen almost at the same 

of the reaction. Thus, gold nanoparticles are able to aggregate 

and grow more freely on ABI than on the ABM extract.   

 

SEM image of gold nanoparticles biosynthesized using methanol alfalfa

To further analyze the gold nanoparticles in this sample, TEM characterization was performed. 

Gold nanoparticles of decahedral and icosahedral shapes were found in the biosynthesis using ABM. As 

seen in Figure 4.5a, size monodispersity was achieved finding gold nanoparticles from 20

diameter and some smaller nanoparticles, which are considered gold seeds and can be removed from the 

mple was taken after 1h of reaction, and Figure 4.5b shows the 

agglomeration of one seed onto another that appears to be a decahedral nanoparticle. Figure 4.5c shows 

nanoparticles in the range of 50 nm.  The solvent effects in the extract preparation are evident in these 

olar organic solvents which are most likely to extract 

water, due to their slightly 

lower polarity. As seen in Figure 4.2 above, the trends of nanoparticle formation in both ABI and ABM 

are similar, but the size range of the nanoparticles formed in the ABI was slightly broader than those 

facilitates the electron transfer reaction faster than ABI, 

of the nanoparticles to happen almost at the same 

are able to aggregate in a more 

alfalfa extracts (ABM). 

To further analyze the gold nanoparticles in this sample, TEM characterization was performed. 

osynthesis using ABM. As 

seen in Figure 4.5a, size monodispersity was achieved finding gold nanoparticles from 20-50 nm in 

and can be removed from the 

mple was taken after 1h of reaction, and Figure 4.5b shows the 

agglomeration of one seed onto another that appears to be a decahedral nanoparticle. Figure 4.5c shows 



 

a spherical seed merging onto an icosahedral gold nanoparticle, representing the growth st

nanoparticle formation, thus corroborating the results obtained from the kinetic data shown in the 

previous section (Figure 4.3b). A high resolution image of a gold nanoparticle can be seen in Figure 

4.5d, which appears to be a truncated icosahe
 

Figure 4.5:   TEM images of gold nanoparticles biosynthesized in MAE
in ABM showing size monodispersity, b) close up image of a decahedral and an 
icosahedral gold nanoparticle c) icosahedral gold  nanoparticle showing growth, and d) 
high resolution image of an icosahedral gold nanoparticle
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a spherical seed merging onto an icosahedral gold nanoparticle, representing the growth st

nanoparticle formation, thus corroborating the results obtained from the kinetic data shown in the 

previous section (Figure 4.3b). A high resolution image of a gold nanoparticle can be seen in Figure 

4.5d, which appears to be a truncated icosahedrons in the (001) orientation [57]. 

TEM images of gold nanoparticles biosynthesized in MAE: a) gold nanoparticles produced 
showing size monodispersity, b) close up image of a decahedral and an 

icosahedral gold nanoparticle c) icosahedral gold  nanoparticle showing growth, and d) 
resolution image of an icosahedral gold nanoparticle 

a spherical seed merging onto an icosahedral gold nanoparticle, representing the growth stage of the 

nanoparticle formation, thus corroborating the results obtained from the kinetic data shown in the 

previous section (Figure 4.3b). A high resolution image of a gold nanoparticle can be seen in Figure 

 

a) gold nanoparticles produced 
showing size monodispersity, b) close up image of a decahedral and an 

icosahedral gold nanoparticle c) icosahedral gold  nanoparticle showing growth, and d) 



 

 

4.1.4 Characterization of gold nanoparticles biosynthesized using isopropanol alfalfa biomass 

extracts 

Biosynthesis of gold nanoparticles by 

to the naked eye after 1h of reaction with the alfalfa extracts in isopropanol. The characteristic purple 

color was visible for a few seconds, followed by a dark

plasmon absorption band at 539, nm which is charac

peak symmetry and sharpness indicates the anisotropy of the gold nanoparticles, as compared to spectral 

data obtained with other plant extracts

geranium leaf extracts showed an absorption band b

gold nanoparticle biogenesis can be controlled by pH variations, and in pr

percent of gold bound to oat biomass and forming gold nanoparticles was at pH 3 and 5

present work, polyhedral nanoparticles were formed in the reaction mixture consisting of alfalfa 

biomass extracts in isopropanol and 3mM 

as seen in Figure 4.6a.   

Figure 4.6:   Gold nanoparticles biosynthesized using isopropanol alfalfa biomass extracts
image of gold nanoparticles, b) UV
distribution of gold nanoparticles (n=70).
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4.1.4 Characterization of gold nanoparticles biosynthesized using isopropanol alfalfa biomass 

esis of gold nanoparticles by reduction of the tetrachloroaurate ion (AuCl

o the naked eye after 1h of reaction with the alfalfa extracts in isopropanol. The characteristic purple 

few seconds, followed by a darker bluish purple. UV-Vis spectra show a broad 

plasmon absorption band at 539, nm which is characteristic of gold nanoparticles (Figure

peak symmetry and sharpness indicates the anisotropy of the gold nanoparticles, as compared to spectral 

data obtained with other plant extracts [34, 58]. For instance, gold nanoparticles synthesized using 

geranium leaf extracts showed an absorption band between 547 and 551 nm [34].  The size and shape of 

gold nanoparticle biogenesis can be controlled by pH variations, and in previous reports, the highest 

percent of gold bound to oat biomass and forming gold nanoparticles was at pH 3 and 5

present work, polyhedral nanoparticles were formed in the reaction mixture consisting of alfalfa 

biomass extracts in isopropanol and 3mM Au3+ solution at a pH of 3.0, with an average size of 25

Gold nanoparticles biosynthesized using isopropanol alfalfa biomass extracts
image of gold nanoparticles, b) UV-Vis spectra of gold nanoparticles, 
distribution of gold nanoparticles (n=70). 

4.1.4 Characterization of gold nanoparticles biosynthesized using isopropanol alfalfa biomass 

ate ion (AuCl4
-) was visible 

o the naked eye after 1h of reaction with the alfalfa extracts in isopropanol. The characteristic purple 

Vis spectra show a broad 

stic of gold nanoparticles (Figure 4.6b). The 

peak symmetry and sharpness indicates the anisotropy of the gold nanoparticles, as compared to spectral 

. For instance, gold nanoparticles synthesized using 

.  The size and shape of 

evious reports, the highest 

percent of gold bound to oat biomass and forming gold nanoparticles was at pH 3 and 5 [10].  In the 

present work, polyhedral nanoparticles were formed in the reaction mixture consisting of alfalfa 

solution at a pH of 3.0, with an average size of 25-50 nm 

 

Gold nanoparticles biosynthesized using isopropanol alfalfa biomass extracts: a) TEM 
Vis spectra of gold nanoparticles, and c) size 
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Reduction of Au3+ was tuned by inactivated alfalfa biomass extracts using isopropanol as the 

solvent in the preparation of the extract. The reducing activity of alfalfa extracts is attributed to its high 

content of phenolic compounds, including flavonoids as well as its high protein content [27]. It has been 

established that extracts of different plant species produce distinct sizes and shapes of nanoparticles. 

This observable fact occurs as a result of the presence of functional groups such as carboxyl (–COOH), 

amino (–NH2), and sulfhydryl (–SH). Distinctly, varying the solvents used in the extraction procedure 

yields different shapes and sizes of gold nanoparticles within the same plant species [36].  

In the present study, polyhedral gold nanoparticles were succesfully separated from larger gold 

nanoparticles by sonication and centrifugation. The morphologies observed in the sample were 

decahedral gold nanoparticles (Figure 4.7) of about 30 nm and gold icosahedra. The decahedra lay onto 

the faces showing a five-fold symmetry, where the particle is divided by 5 twin interfaces (Figure 4.7a). 

The fast fourier transform (FFT) taken on top of the twin boundary shows a double diffraction, 

attributed to the defect created on the two adjacent tetrahedral units (Figure 4.7b and 4.7c). Figure 4.7d 

shows another decahedral gold nanoparticle of ~30 nm in diameter. As with the previous one, it presents 

a five fold symmetry marked by twin planes.  Weak beam dark field (WBDF) was carried out using the 

(220) spot. In this mode the tetrahedra forming the particles are more easily identified as the defects are 

highlighted.  



 

Figure 4.7:   TEM images of a gold 
lines, b) HRTEM image recorded along the [111] orientation
Fm-3m symmetry, d) HRTEM image of a different decahedron perfectly tilted 
perpendicular to the electron beam, the FFT is shown inset
image recorded at 0°, a
degrees. 

 

Under certain tilting angles, the tetrahedra present more or less brightness when it obeys the 

Bragg condition, as shown in Figure 

present. In the case of A, the icosahedron is observed from a top view exhibiting a five fold symmetry. 

Meanwhile, B presents a typical butterfly image

decahedron were observed by tilting the sample several degrees (Fig

Icosahedra of about 25-30 nm in diameter were found together with the decahedra in the sample

Figure 4.8a shows a bright field image of one of the icosahedra. A close 

Figure 4.8b, where Moire fringes appear due to 

particle. The distance measured between those fringes was found to be 0.61 nm. Meanwhil
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 nanoparticcles: a) decahedron where five defects are marked with 
HRTEM image recorded along the [111] orientation, c) FFT indexed assuming 

HRTEM image of a different decahedron perfectly tilted 
perpendicular to the electron beam, the FFT is shown inset, e) High resolution WBDF 

, and  f) high resolution WBDF image taken of the sample tilted 5 

Under certain tilting angles, the tetrahedra present more or less brightness when it obeys the 

igure 4.7e. In this image, gold icosahedra marked as A and

present. In the case of A, the icosahedron is observed from a top view exhibiting a five fold symmetry. 

Meanwhile, B presents a typical butterfly image [59]. Contour lines representing the thickness of the 

decahedron were observed by tilting the sample several degrees (Figure 4.7f). 

30 nm in diameter were found together with the decahedra in the sample

shows a bright field image of one of the icosahedra. A close up image of it is displayed in 

, where Moire fringes appear due to the superposition of the tetrahedra assembling the 

particle. The distance measured between those fringes was found to be 0.61 nm. Meanwhil

 

decahedron where five defects are marked with 
FFT indexed assuming 

HRTEM image of a different decahedron perfectly tilted 
High resolution WBDF 

igh resolution WBDF image taken of the sample tilted 5 

Under certain tilting angles, the tetrahedra present more or less brightness when it obeys the 

. In this image, gold icosahedra marked as A and B are also 

present. In the case of A, the icosahedron is observed from a top view exhibiting a five fold symmetry. 

. Contour lines representing the thickness of the 

30 nm in diameter were found together with the decahedra in the sample. 

up image of it is displayed in 

the superposition of the tetrahedra assembling the 

particle. The distance measured between those fringes was found to be 0.61 nm. Meanwhile, the lattice 



 

distance between planes was 0.24 

according to the equation shown below. T

approximately 0.37 nm. 

 

Figure 4.8:  a) Bright field TEM image of a gold tetrahedron
where Moire fringes are observed
tetrahedron observed. 

 

4.1.5 !anoplates biosynthesized using water alfalfa biomass extracts

Gold nanoplates were biosynthesized by inactivated alfalfa biomass extracts prepared in water. 

The shapes of the nanoplates were hexagons, truncated triangles, and triangles, the triangular faces 

being the most abundant (Figure 4.8). Reduction of AuCl

extract was evident and monitored by UV

nanoparticle formation and its growth as the reduction of the tetrachloroaurate ion takes place in the 

presence of reducing agents in the alfalfa extract. As seen in the figure, reduction of the Au

place immediately after adding the reducing agents to the solution

absorbance which reaches a plateau. After 2 h of reaction,

reaching the maximum after 4 h.  
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 nm . The calculated distance between Moire fringes was 0.39 nm 

ng to the equation shown below. The calculated theoretical values for d

|d2 - d1|d1·d2/  D =  

image of a gold tetrahedron, b) HRTEM image of the icosahedra, 
re observed in the figure, and c) schematic representation of the 
 

4.1.5 !anoplates biosynthesized using water alfalfa biomass extracts 

Gold nanoplates were biosynthesized by inactivated alfalfa biomass extracts prepared in water. 

The shapes of the nanoplates were hexagons, truncated triangles, and triangles, the triangular faces 

the most abundant (Figure 4.8). Reduction of AuCl4
- by the extracted compounds in the alfalfa 

extract was evident and monitored by UV-Vis spectrophotometry. Figure 4.2 shows the time profile of 

growth as the reduction of the tetrachloroaurate ion takes place in the 

educing agents in the alfalfa extract. As seen in the figure, reduction of the Au

place immediately after adding the reducing agents to the solution, followed by a rapid increase in the 

absorbance which reaches a plateau. After 2 h of reaction, the absorbance starts increasing exponentially 

nm . The calculated distance between Moire fringes was 0.39 nm 

for d111 and d220 were 

 

HRTEM image of the icosahedra, 
chematic representation of the 

Gold nanoplates were biosynthesized by inactivated alfalfa biomass extracts prepared in water. 

The shapes of the nanoplates were hexagons, truncated triangles, and triangles, the triangular faces 

the extracted compounds in the alfalfa 

shows the time profile of 

growth as the reduction of the tetrachloroaurate ion takes place in the 

educing agents in the alfalfa extract. As seen in the figure, reduction of the Au3+ ion takes 

followed by a rapid increase in the 

the absorbance starts increasing exponentially 



 

The solution starts changing color from a pale pink to a muddy brown

indicating the formation of the gold nanoplates (Figure 4.2c inset). 

gold nanoplates synthesized via humic substances absorb at 910 nm

nanoplates was out of range in the instrument used (Cary 2

however, the formation of the nanoplates was observed by scanning electron microscopy and 

transmission electron microscopy. Figure 4.8 shows the image of a sample taken after 12 h of reaction. 

Shape control was achieved during the synthesis by using the different solvents in the preparation of the 

alfalfa extracts. As previously stated, in the case of the gold plate formation

with water (ABW). Although smaller particles were also present i

were successfully removed by ultrasonic treatment and size selective precipitation.

In Figure 4.9, there is a clear indication th

with alfalfa extracts in H2O are monodisperse gold plates

as opposed to the monodispersed icosahedral and decahedral nanoparticles found in the 

4.4, 4.6, and 4.7). 

 

Figure 4.9:   Gold nanoplates biosynthesized using H
plates of different morphologies
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he solution starts changing color from a pale pink to a muddy brown, after 12 h of reaction, 

the formation of the gold nanoplates (Figure 4.2c inset). Previous studies have shown that 

gold nanoplates synthesized via humic substances absorb at 910 nm [60]. Since the absorption of gold 

nanoplates was out of range in the instrument used (Cary 20), there is no spectrophotometric data; 

however, the formation of the nanoplates was observed by scanning electron microscopy and 

transmission electron microscopy. Figure 4.8 shows the image of a sample taken after 12 h of reaction. 

eved during the synthesis by using the different solvents in the preparation of the 

alfalfa extracts. As previously stated, in the case of the gold plate formation, the extracts were prepared 

. Although smaller particles were also present in this sample after the synthesis, they 

were successfully removed by ultrasonic treatment and size selective precipitation. 

, there is a clear indication that the majority end-product of the reaction of Au

monodisperse gold plates of three different shapes (Figure 4.

icosahedral and decahedral nanoparticles found in the 

Gold nanoplates biosynthesized using H2O alfalfa biomass extracts, a) SEM image of gold 
morphologies, b) morphology distribution, n=47. 

after 12 h of reaction, 

dies have shown that 

Since the absorption of gold 

0), there is no spectrophotometric data; 

however, the formation of the nanoplates was observed by scanning electron microscopy and 

transmission electron microscopy. Figure 4.8 shows the image of a sample taken after 12 h of reaction. 

eved during the synthesis by using the different solvents in the preparation of the 

the extracts were prepared 

n this sample after the synthesis, they 

 

product of the reaction of Au3+ 

of three different shapes (Figure 4.9a and b), 

icosahedral and decahedral nanoparticles found in the ABI (Figures 

a biomass extracts, a) SEM image of gold 



 

High resolution SEM (HRSEM) and AFM were also used in the characterization of the gold 

plates. As seen in Figure 4.10a, HRSEM micrographs show the 

ranging from 500 nm to 4 µm in length; thickness was measured on particles which lay more parallel to 

the electron beam (Fig. 4.10b), obtaining values of 15 to 30 nm, which was confirmed by AFM analysis. 

A closer observation of the crystals revealed certain roughness on the surface (Fig. 

formation of the triangular crystals 

hexagons, which evolve to the final morphology through the for

consequence, the twin planes run along the entire crystals

 

Figure 4.10:   a) HRSEM images of synthesized product showing different morphologies
triangles tilted several degrees where the thickness of the crystals can be measured. A 
higher resolution image of the surface of one of the crystals is shown inset

 

Figure 4.11 shows the tapping mode AFM images of the Au triangular plates on a 500 

scan area. The dimension of one of the sides of the triangle observed in this image 

length. The height profile analysis of the Au plate indicates that the thickne

between 20-25 nm, further confirming
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High resolution SEM (HRSEM) and AFM were also used in the characterization of the gold 

a, HRSEM micrographs show the different morphologies of the plates 

ranging from 500 nm to 4 µm in length; thickness was measured on particles which lay more parallel to 

b), obtaining values of 15 to 30 nm, which was confirmed by AFM analysis. 

ation of the crystals revealed certain roughness on the surface (Fig. 

formation of the triangular crystals is attributed to the accelerated growth in certain directions of the 

hexagons, which evolve to the final morphology through the formation of truncated triangles

the twin planes run along the entire crystals [61]. 

HRSEM images of synthesized product showing different morphologies
triangles tilted several degrees where the thickness of the crystals can be measured. A 
higher resolution image of the surface of one of the crystals is shown inset

shows the tapping mode AFM images of the Au triangular plates on a 500 

scan area. The dimension of one of the sides of the triangle observed in this image 

length. The height profile analysis of the Au plate indicates that the thickness of the Au in this case was

25 nm, further confirming the monodispersity of the plates [60].  

High resolution SEM (HRSEM) and AFM were also used in the characterization of the gold 

different morphologies of the plates 

ranging from 500 nm to 4 µm in length; thickness was measured on particles which lay more parallel to 

b), obtaining values of 15 to 30 nm, which was confirmed by AFM analysis. 

ation of the crystals revealed certain roughness on the surface (Fig. 4.10b inset). The 

growth in certain directions of the 

mation of truncated triangles, and as a 

 

HRSEM images of synthesized product showing different morphologies. b) Two 
triangles tilted several degrees where the thickness of the crystals can be measured. A 
higher resolution image of the surface of one of the crystals is shown inset. 

shows the tapping mode AFM images of the Au triangular plates on a 500 × 500 nm 

scan area. The dimension of one of the sides of the triangle observed in this image was up to 500 nm in 

ss of the Au in this case was 
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Figure 4.11:  a) Tapping mode AFM image of the Au triangles (500 × 500 nm scan area), b) 3-D image 
of the Au triangle. (The images in the scans show a 1×1 µm area). 

 

TEM analysis was carried out to study the structure of the particles (Figure 4.12). High 

resolution TEM (HRTEM) confirmed a single crystal structure in the entire surface of all the plates 

(Figure 4.12b) where no defects were present. The SAED corroborated the single crystal structure 

(Figure 4.12b) and was indexed assuming fcc structure along the [111] orientation, obtaining a unit cell 

value of a =  4.080 Å.  Forbidden reflections commonly observed in similar gold and silver 

nanoparticles [61-64] have been indexed as 1/3{422} with a lattice distance of 0.25 nm. The different 

contrast observed in the WBDF mode using the forbiden reflections (Figure 4.12c), is attributed to the 

bending ocurring to such large and thin materials. The fact that no dislocations or defects were observed 

in the nanoplates suggests that the forbidden reflexions were produced by defects running parallel to the 

(111) plane. The production of these spots has been widely disscussed [64] and they can also be 

attributed to the arising of the first Laue zone or to the fact that the crystal has a number n of s layers 

where n=1mod(3) or n=2mod(3). However, the presence of truncated triangles and triangles suggests the 

presence of stacking faults running parallel to the (111) surface, enclosed by atomic layers on top and 

(a)
(b)

(a)
(b)



 

bottom, and bound by {111} planes

spot [65-68].  

 

Figure 4.12:  a) Low Magnification TEM image of gold nanoplates
of the hexagonal plate, SAED pattern of the nanoplate indexed assuming 
is shown inset, c) WBDF images obtained using the 1/3{422} spot of the sample tilted 
13.8° in the α angle. 

 

4.2  CHEMICAL A!D PHYSICAL EXTRACTIO!S OF GOLD 

4.2.1 Solvent extraction of gold nanoparticles from alfalfa biomass

Powder alfalfa biomass was used as a reducing environment for Au

hypothesis that the nanoparticles could be 

extractions. Previous studies had shown that oat and wheat biomasses’ functional groups such as 

carboxylic acids, amines and thiol 

maximize the recovery of gold nanoparticles from alfalfa biomass, H

were used as extractants. Figure 4.1

recovered nanoparticles. The characteristic a

extracted nanoparticles. However, the NaCl and H

water, in that order. Sodium chloride in solution and sulfuric acid did not extract 

from the biomass. On the other hand, the surfactant Triton X extracted more nanoparticles that might 
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bottom, and bound by {111} planes, which might be the ultimate reason for the existence of the extra 

Low Magnification TEM image of gold nanoplates, b) HRTEM image recorded on top 
of the hexagonal plate, SAED pattern of the nanoplate indexed assuming 

WBDF images obtained using the 1/3{422} spot of the sample tilted 

EXTRACTIO!S OF GOLD !A!OPARTICLES FROM ALFALFA BIOMASS 

4.2.1 Solvent extraction of gold nanoparticles from alfalfa biomass 

Powder alfalfa biomass was used as a reducing environment for Au3+ 

hypothesis that the nanoparticles could be recovered from the biomass using chemical and physical 

extractions. Previous studies had shown that oat and wheat biomasses’ functional groups such as 

 act as reducing and binding agents for gold [38]

maximize the recovery of gold nanoparticles from alfalfa biomass, H2O, H2SO4

were used as extractants. Figure 4.13 shows the UV-Vis spectra of the supernatants, which contained the 

recovered nanoparticles. The characteristic absorption band c.a.530 nm can be observed in all the 

extracted nanoparticles. However, the NaCl and H2SO4 efficiency was lower than the Triton X and 

water, in that order. Sodium chloride in solution and sulfuric acid did not extract 

the biomass. On the other hand, the surfactant Triton X extracted more nanoparticles that might 

might be the ultimate reason for the existence of the extra 

 

HRTEM image recorded on top 
of the hexagonal plate, SAED pattern of the nanoplate indexed assuming Fm3�m symmetry 

WBDF images obtained using the 1/3{422} spot of the sample tilted -

LFALFA BIOMASS  

 in order to test the 

recovered from the biomass using chemical and physical 

extractions. Previous studies had shown that oat and wheat biomasses’ functional groups such as 

[38]. In the attempt to 

4, NaCl, and TritonX 

Vis spectra of the supernatants, which contained the 

bsorption band c.a.530 nm can be observed in all the 

efficiency was lower than the Triton X and 

water, in that order. Sodium chloride in solution and sulfuric acid did not extract many nanoparticles 

the biomass. On the other hand, the surfactant Triton X extracted more nanoparticles that might 



 

have hydrophobic groups attached and are easily broken from the biomass. Water was the most efficient 

of the extractants, recovering most gold nanoparticles fr

by the sharper absorption band.  
 

Figure 4.13:  UV-Vis spectra showing the efficiency of extracting gold nanoparticles from alfalfa 
biomass using different solvents.

In order to further evaluate the 

diffraction after being washed with the solvents. X

amorphous materials such as nanoparticles show broad peaks due to the lack of crystallinity in the 

sample. The diffraction pattern of crystals has sharp peaks that correspond to various cry

necessarily have a long range order, as shown in 

On the other hand, amorphous solids and liquids do not have the same long range order than crystals do, 

yet since the atoms in the amorphous solid are tightly packed, the atomic distances have a narrow 

distribution and the intensity of the scattered x

Figure 4.14a shows the typical x-

Figure 4.14b shows that of the gold nanoparticles embedded in the biomass. As seen by the differences 
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have hydrophobic groups attached and are easily broken from the biomass. Water was the most efficient 

of the extractants, recovering most gold nanoparticles from the biomass of similar size as 

 

Vis spectra showing the efficiency of extracting gold nanoparticles from alfalfa 
biomass using different solvents. 

In order to further evaluate the efficiency of the extractions, the biomass was analyzed by x

with the solvents. X-ray diffraction patterns (diffractograms) of 

amorphous materials such as nanoparticles show broad peaks due to the lack of crystallinity in the 

sample. The diffraction pattern of crystals has sharp peaks that correspond to various cry

necessarily have a long range order, as shown in the instrumental section, and explained by Bragg’s law. 

On the other hand, amorphous solids and liquids do not have the same long range order than crystals do, 

rphous solid are tightly packed, the atomic distances have a narrow 

distribution and the intensity of the scattered x-rays forms a maxima with a wide 

-ray diffractogram of crystalline fcc (face centered cubic) Au, and 

that of the gold nanoparticles embedded in the biomass. As seen by the differences 

have hydrophobic groups attached and are easily broken from the biomass. Water was the most efficient 

om the biomass of similar size as it can be seen 

Vis spectra showing the efficiency of extracting gold nanoparticles from alfalfa 

efficiency of the extractions, the biomass was analyzed by x-ray 

ray diffraction patterns (diffractograms) of 

amorphous materials such as nanoparticles show broad peaks due to the lack of crystallinity in the 

sample. The diffraction pattern of crystals has sharp peaks that correspond to various crystal planes that 

and explained by Bragg’s law. 

On the other hand, amorphous solids and liquids do not have the same long range order than crystals do, 

rphous solid are tightly packed, the atomic distances have a narrow 

rays forms a maxima with a wide distribution [11]. 

ray diffractogram of crystalline fcc (face centered cubic) Au, and 

that of the gold nanoparticles embedded in the biomass. As seen by the differences 



 

in the diffractograms, after solvent extraction (shown above), more nanoparticles were

biomass.  
 

Figure 4.14:  X-ray diffraction pattern
after solvent extraction.

The diffraction peaks at 38.5 degrees in the 2

gold corresponding to the (111) lattice plane and the average nanoparticle size was of 14 nm, as 

calculated from the full witdh half maxima (FWHM) of the peak and using Scherrer’s equation

(Equation 3).  

 

4.2.2 Physical extraction of gold nanoparticles from alfalfa biomass 

Another approach to the recovery of gold nanoparticles from the alfalfa biomass was through 

pyrolysis of the organic matter in the alfalfa biomass. The biomass containing the gold nanopa

was incinerated at different temperatures to dispose of the organic material through its conversion to 

CO2 and the remaining gold nanoparticles were analyzed by X

Pyrolysis of hemicellulose, cellulose and lig
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in the diffractograms, after solvent extraction (shown above), more nanoparticles were

ray diffraction pattern: a) crystalline gold, and b) gold nanoparticles in alfalfa biomass 
after solvent extraction. 

peaks at 38.5 degrees in the 2θ axis are those corresponding to the first line of 

gold corresponding to the (111) lattice plane and the average nanoparticle size was of 14 nm, as 

h half maxima (FWHM) of the peak and using Scherrer’s equation

4.2.2 Physical extraction of gold nanoparticles from alfalfa biomass  

Another approach to the recovery of gold nanoparticles from the alfalfa biomass was through 

pyrolysis of the organic matter in the alfalfa biomass. The biomass containing the gold nanopa

was incinerated at different temperatures to dispose of the organic material through its conversion to 

and the remaining gold nanoparticles were analyzed by X-ray fluorescence and X

Pyrolysis of hemicellulose, cellulose and lignin occur at 250°C-500°C [69]; for this reason, the 

in the diffractograms, after solvent extraction (shown above), more nanoparticles were still found in the 

 

and b) gold nanoparticles in alfalfa biomass 

axis are those corresponding to the first line of 

gold corresponding to the (111) lattice plane and the average nanoparticle size was of 14 nm, as 

h half maxima (FWHM) of the peak and using Scherrer’s equation 

Another approach to the recovery of gold nanoparticles from the alfalfa biomass was through 

pyrolysis of the organic matter in the alfalfa biomass. The biomass containing the gold nanoparticles 

was incinerated at different temperatures to dispose of the organic material through its conversion to 

ray fluorescence and X-ray diffraction. 

; for this reason, the 
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temperatures chosen to extract the gold nanoparticles were in the range of 400°C to 600°C. Figure 4.15a 

shows the X-ray fluorescence spectra of the gold standard, and Figure 4.15b shows the alfalfa biomass 

before and after nanoparticle biosynthesis. XRF spectra of the alfalfa biomass with the gold 

nanoparticles before and after pyrolysis is shown in Figure 4.15c. The XRF spectra show the difference 

between alfalfa biomass without gold, and after gold addition and nanoparticle biosynthesis.  
 



 

Figure 4.15:  X-ray fluorescence spectra of a) bulk gold, b) alfalfa and alfalfa with gold nanopartilces, c) 
alfalfa with gold nanoparticles after pyrolysis, and d) SEM image with EDAX analysis  of 
alfalfa biomass before pyrolysis.

 These results are also seen in the SEM image (Figure 4.1

of gold in the samples. After the pyrolysis of t
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ray fluorescence spectra of a) bulk gold, b) alfalfa and alfalfa with gold nanopartilces, c) 
with gold nanoparticles after pyrolysis, and d) SEM image with EDAX analysis  of 

alfalfa biomass before pyrolysis. 

These results are also seen in the SEM image (Figure 4.15d) and the EDAX shows the presence 

of gold in the samples. After the pyrolysis of the biomass, the gold nanoparticles were left behind in the 

 

ray fluorescence spectra of a) bulk gold, b) alfalfa and alfalfa with gold nanopartilces, c) 
with gold nanoparticles after pyrolysis, and d) SEM image with EDAX analysis  of 

d) and the EDAX shows the presence 

he biomass, the gold nanoparticles were left behind in the 



 

sample, even at the highest temperature since the melting temperature of gold nanoparticles is 830

and that of bulk gold is 1350°C. Although the pyrolysis of the organic material in the biomass w

successful, the recovered gold nanoparticles lost their properties. As seen in the X

shown in Figure 4.16, the diffraction pattern was that of crystalline gold instead of amorphous solids (in 

this case gold nanoparticles). Applying hig

nanoparticles successfully removed all the organic material

this investigation. Gold nanoparticles when exposed to high temperatures resulted in bulk gold

the agglomeration of the nanoparticles in the sample and the increased attraction forces between 

particles.  

 
 

Figure 4.16:  X-ray diffraction of gold nanoparticles embeded in alfalfa biomass exposed to pyrolysis at 
different temperatures.
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sample, even at the highest temperature since the melting temperature of gold nanoparticles is 830

C. Although the pyrolysis of the organic material in the biomass w

successful, the recovered gold nanoparticles lost their properties. As seen in the X

, the diffraction pattern was that of crystalline gold instead of amorphous solids (in 

this case gold nanoparticles). Applying high temperatures to the alfalfa biomass containing the gold 

nanoparticles successfully removed all the organic material, at a high energy cost

this investigation. Gold nanoparticles when exposed to high temperatures resulted in bulk gold

the agglomeration of the nanoparticles in the sample and the increased attraction forces between 

ray diffraction of gold nanoparticles embeded in alfalfa biomass exposed to pyrolysis at 
different temperatures.  

sample, even at the highest temperature since the melting temperature of gold nanoparticles is 830°C 

C. Although the pyrolysis of the organic material in the biomass was 

successful, the recovered gold nanoparticles lost their properties. As seen in the X-ray diffractogram 

, the diffraction pattern was that of crystalline gold instead of amorphous solids (in 

h temperatures to the alfalfa biomass containing the gold 

cost, for the purposes of 

this investigation. Gold nanoparticles when exposed to high temperatures resulted in bulk gold due to 

the agglomeration of the nanoparticles in the sample and the increased attraction forces between 

 

ray diffraction of gold nanoparticles embeded in alfalfa biomass exposed to pyrolysis at 
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Chapter 5: Conclusions   

 
  The goal of this research was to develop a green and environmentally friendly methodology for 

the production of gold nanoparticles, as well to investigate the possibility of extracting the gold 

nanoparticles from alfalfa biomass. The accomplishments of this research are summarized as follows: 

 

A) For the first time, the biosynthesis of gold nanoplates and polyhedral gold nanoparticles was 

carried out using inactivated alfalfa biomass extracts. Size and shape were controlled by using 

different solvents during the extract preparation under pH control. To our knowledge, the 

production of gold nanoplates by alfalfa has never been reported before.  

B) Gold decahedra and icosahedra were the most abundant nanoparticles in the isopropanol extract 

of about 15-60 nm in diameter with low surface energy, lying onto the (111) lattice plane.  

C) Gold decahedra and icosahedra of 20-50 nm in diameter also lying on the (111) lattice plane 

were biosynthesized by Au3+ reduction using methanol alfalfa extracts. The gold nanoparticles 

biosynthesized in the methanol alfalfa extracts showed to be monodispersed and their formation 

was highly dependent on the pH.   

D) Gold nanoplates were biosynthesized by using water alfalfa extracts and the most abundant gold 

nanoplates were triangular with a size ranging from 500 nm to 4 µm, and a thickness of 20-25 

nm, also lying onto the (111) lattice plane.  

E) Gold nanoparticles were extracted from alfalfa biomass by using different solvents. The best 

recovery was achieved by using DI water, and the average size of the nanoparticles in the 

biomass was of 14 nm, as calculated from X-ray diffraction patterns and Scherrer’s equation.  

F) The physical recovery by pyrolysis of the organic matter of the biomass resulted in 

agglomeration of the nanoparticles, and the diffraction patterns of the samples after biomass 
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pyrolysis had a longer range of crystallinity than before, indicating that the nanoparticles had 

grown into more ordered crystals. 

  

Overall, these results have proven our hypothesis to be valid; that is, that some natural 

compounds found in alfalfa biomass act as reducing agents and can be used to develop green methods 

for the production of gold nanoparticles as an alternative to traditional and more harmful methods.  

Also, because of the monodispersity observed in the gold nanoparticles and gold nanoplates, it is 

recommended that further investigation into the applications of these nanoparticles is conducted. In 

addition, future work should be aimed to characterize the alfalfa extracts and to test the pure compounds 

to achieve an even more anisotropic gold nanoparticles and gold nanoplates while using a green method 

for their production. 
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