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Abstract 

 

Nanoparticles synthesized using typical chemical procedures have associated environmental risks 

because of the use of hazardous chemicals. With the ever-increasing potential application for 

nanomaterials, there is a growing need to develop new synthetic procedures for nanomaterials 

which are non-toxic and eco-friendly.  

This study presents, as a first step, the screening of the aqueous extracts of several seaweeds in 

order to assess their ability to produce gold nanoparticles (AuNPs). Eleven aqueous extracts were 

screened for the synthesis of AuNPs and where AuNPs were formed, these were further 

characterized using UV-vis spectroscopy and HRTEM primarily. Three of the eleven aqueous 

extracts shown to produce AuNPs were extracts obtained from brown algae. The total antioxidant 

and total reducing power contents, as well as the DPPH radical scavenging abilities for these 

extracts were determined and related to their ability to produce the NPs. The AuNPs were found 

to be of various shapes and sizes including spheres, rods and triangles, with sizes ranging from 20 

nm to 200 nm.  

The serendipitous discovery of a green synthetic method for AuNP synthesis using a live marine 

green seaweed Ulva lactuca followed this study. The formation of AuNPs was at first visually 

observed with a change in solution colour from yellow and to a deep pink colour, and confirmed 

by monitoring with UV-vis spectroscopy. UV-vis spectroscopy showed that the production of 

AuNPs commenced in solution after 30 min as observed by an increase in absorbance at the surface 

plasmon resonance (SPR) band of AuNPs at 550 nm, and a shoulder at 660 nm, up until 120 min, 

when a decrease in the maximum absorbance was observed at both wavelengths. The amount of 

gold remaining in the solution after addition of Ulva was quantified using ICP-AES, revealing that 

Ulva rapidly depletes the heavy metal from solution (> 50% in 10 min). HRTEM coupled to energy 

dispersive X-ray (EDX) spectroscopy and selected area electron diffraction (SAED) was used to 

determine average particle size, morphology, elemental composition and crystallinity of the 

AuNPs. The images revealed AuNPs which were mostly spherical, with the occasional triangular 

shape, with sizes ranging between 9 and 30 nm. Additionally, HRTEM was also used to determine 

the site of formation of the AuNPs on and in the Ulva leaf and cells. HRTEM, FESEM and XPS 

revealed that the AuNP formation takes place on the surface of the Ulva thallus, while the TEM 

images further revealed that the AuNPs were located in the chloroplasts and around the cell walls. 
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The oxidation state of the Au on the surface of the Ulva thallus was determined to be in its metallic 

state (i.e. Au(0)) using XPS, while diffraction patterns in the XRD spectra showed the AuNPs 

embedded in the Ulva to be in an fcc crystalline phase, with an average particle size of ~10 nm. 

The catalytic ability of the as-synthesized AuNPs supported on the U. lactuca seaweed were 

subsequently assessed using the reduction of 4-nitrophenol (4-NP), a common environmental 

pollutant, as a model reaction. The AuNPs supported on Ulva were successful in reducing the toxic 

4-nitrophenol to the less toxic, industrially useful intermediate, 4-aminophenol (4-AP). The 

AuNPs supported on Ulva lactuca demonstrated excellent catalytic activity in the reduction of 4-

NP by NaBH4 especially at lower concentrations of 4-NP, as shown by the rapid decrease in the 

nitrophenolate absorption band at 400 nm and the appearance of new absorption band at 298 nm, 

revealing formation of the 4-aminophenol. 

 

Keywords: Green nanotechnology, Ulva lactuca, gold nanoparticles, marine seaweeds, catalysis, 

4-nitrophenol, reduction, nitrophenolate ion, sodium borohydride, 4-aminophenol. 
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Chapter 1 Introduction 

 

Summary 

The chapter gives some background to the study, including a brief discussion on the conventional 

methods used for metallic nanoparticle synthesis, issues encountered using conventional methods, 

applications of these nanoparticles, the importance of green synthetic methods in addition to a brief 

background on the green seaweed Ulva lactuca. The research problem and its importance, the 

study’s aim and objectives, research questions as well as the outline of the thesis are also presented. 

 

1.1. Background 

 

In recent years, the discovery of nanometre-sized technologies has led to the development of a 

relatively new field known as nanotechnology, which focuses on the synthesis, fabrication and 

application of nanoparticles (NPs) in different fields (Goodsell, 2004; Shah et al., 2015). It is the 

small size of these nanomaterials as well as their large surface-area-to-volume-ratio which gives 

them their remarkably different properties (e.g. biological, catalytic function, mechanical 

properties, melting point, optical absorption, thermal and electrical conductivity) as compared to 

the same material in bulk form (Perez et al., 2005).  

 

Due to the exceptional physicochemical, optical and electronic characteristics, NPs are of great 

interest for several applications including catalysis, as sensors, in electronic components, in 

medical diagnostic imaging, pharmaceutical products as well as in various medical treatment 

protocols. For instance, metallic NPs of coinage metals such as gold, silver, platinum and 

palladium, have been extensively utilised in an assortment of areas from the cosmetic to medical 

and pharmaceuticals fields (Shah et al., 2015).  

 

Gold nanoparticles (AuNPs) have been widely employed in numerous areas such as biomedical 

applications (Puvanakrishnan et al., 2012), separation sciences (Sykora et al., 2010), disease 
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diagnosis (Torres-Chavolla et al., 2010), pharmaceuticals (Cai et al., 2008; Bhumkar et al., 2007) 

and catalysis (Sharma et al., 2007; Haruta et al., 1987). Silver nanoparticles (AgNPs) in particular 

have been found to possess effective anti-bacterial and anti-inflammatory properties that can 

additionally promote rapid wound healing. Since AgNPs possess such advantageous properties, 

they have been incorporated into commercially available products such as wound dressings, 

pharmaceutical preparations and medical implant coatings (Li et al., 2011b; Pollini et al., 2011).  

 

Platinum nanoparticles (PtNPs) have also been extensively utilised in biomedical applications, in 

either a pure form or in combination with other NPs (Hrapovic et al., 2004), while palladium 

nanoparticles (PdNPs) have been shown to be effective in catalytic and electro-catalytic 

applications (Akhtar et al., 2013), chemical sensors (Coccia et al., 2012), optoelectronics (Chen et 

al., 2007) and anti-bacterial applications (West et al., 2010). Furthermore, non-noble metal NPs 

such as iron (Fe) (Njagi et al., 2011), copper (Cu) (Lee et al., 2011), zinc oxide (ZnO) (Brayner et 

al., 2006) and selenium (Se) (Prasad et al., 2012) have also been widely used in medical treatments, 

cosmetic formulations and in anti-bacterial treatments. 

 

Consequently, in recent years, several chemical and physical procedures have therefore been 

developed for the synthesis of NPs with different sizes, shapes and compositions, because of the 

high demand for these nanomaterials (Shah et al., 2015). NPs have conventionally been produced 

and stabilized through a variety of physical and chemical methods. Physical procedures include 

techniques such as laser ablation (Mafune et al., 2001), lithography (Zhang and Wang, 2008) and 

high-energy irradiation (Treguer et al., 1998), whereas chemical methods include chemical 

reduction, as well as electrochemical and photochemical reduction procedures (Chen et al., 2001; 

Eustis et al., 2005; Rodríguez-Sanchez et al., 2002). 

 

Traditional synthetic procedures involve the use of toxic chemicals and physical processes that are 

expensive due to the high-energy consumption demands and the frequent utilization of harmful 

materials which pose potential threats such as environmental toxicity, cytotoxicity and 

carcinogenicity (Ai et al., 2011). Problems associated with toxicity arise due to the use of 
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hazardous materials as reducing agents and stabilizers for avoiding NP agglomeration. There are 

also reports that the NP toxicity can also be due to the NP’s inherent properties such as 

composition, size, shape and surface chemistry (Shah et al., 2015). Aggravating the situation 

further is also the fact that the reagents used in these procedures are present in excess, not in 

stoichiometric quantities, resulting in unnecessary wastage. Thus, the associated hazardous 

reagents used in synthesizing the NPs, has often prevented their use in clinical and biomedical 

applications, despite their remarkable properties and considerable potential (Kulkarni and 

Muddapur, 2014). 

 

There is therefore a growing need to develop green synthetic methods for NP production which is 

clean, reliable, biologically compatible, benign and environmentally friendly (Kulkarni and 

Muddapur, 2014; Jain et al., 2011; Ai et al., 2011). In recent years, the use of biological materials 

has emerged as an ideal substitute for traditional synthetic techniques. Biosynthetic methods 

employ eco-friendly green chemistry based procedures that utilize unicellular and multicellular 

biological materials or natural substances such as bacteria (Hulkoti and Taranath, 2014), fungi 

(Visha et al., 2015), yeast (Moghaddam et al., 2015), viruses (Dujardin et al., 2003), whole plants 

(Makarov et al., 2014), plant tissues (Kuppusamy et al., 2014), fruits (Jain et al., 2009), plant 

extracts (Jain et al., 2013, Kuppusamy et al., 2015), marine algae (Asmathunisha and Kathiresan, 

2013; Singaravelu et al., 2007) and micro–fluids (Zhang et al., 2015) for the reduction and 

stabilization of NPs.  

 

NPs synthesized using biological methods possess numerous advantages over chemical methods. 

They produce NPs which are biocompatible, have broad size distributions, the processes are 

readily scalable, the organisms are easily available (thus resources are renewable), the materials 

are safe to handle and the overall production process is less expensive in terms of materials used 

and energy efficiency (Allafchian et al., 2016). Aquaculture of marine seaweeds, for example, 

provide a highly renewable resource and their incorporation into the synthesis of nanomaterials 

reveals single-step production processes in which NPs are produced quickly and efficiently 

(Hinrichsen, 2007; Singaravelu et al., 2007).  
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Seaweeds incorporate several metabolites that may aid the reduction of the metal salt (Vijayan et 

al., 2014) and they are low maintenance which eliminates the need for elaborate cell culture 

maintenance processes such as those needed in maintaining microorganisms. Several algal extracts 

have been successfully used in the synthesis of AuNPs for example, including the brown marine 

algae (Sargassum wightii and Sargassum incisifolium) which were used to produce AuNPs with a 

size range of 8–12 nm (Singaravelu et al., 2007; Mmola et al. 2016), Turbinaria conoides (Vijayan 

et al., 2014; Rajeshkumar et al., 2013) and Fucus vesiculosus (Mata et al., 2009). Green (Sangeetha 

and Saravanan, 2014) and red seaweeds (Priyadharshini, 2014) have also been used, but to a much 

lesser extent. 

Few terrestrial plants that are capable of uptaking heavy metals such as Sesbania drummondii) and 

Arabidopsis (Parker et al., 2014) have been successfully employed in the synthesis of AuNPs 

(Sharma et al., 2007 and PdNPs (Parker et al., 2014) respectively using the whole organisms. 

There reports on Ulva’s ability to accumulate heavy metals such as mercury (Costa et al., 2011; 

Kumar et al., 2009) and cadmium (Muse et al., 2005). Therefore, it was cosidered necessary to 

investigate the live Ulva’s ability to produce AuNPs. The use of a live marine green seaweed, Ulva 

lactuca, remains unexplored in the synthesis of AuNPs, which is not surprising given that it is 

mostly the brown algae that have been successfully employed in the synthesis of NPs. Although 

U. lactuca has been used in the synthesis of AgNPs, only crude aqueous extracts of the seaweed 

were used (Sangeetha and Saravanan, 2014).  

 

U. lactuca, commonly found throughout the Pacific and Indian Oceans, is known for its robustness 

and high growth rate which allows them to be cultivated on a large scale for commercial purposes 

(Troell et al., 2006). This makes this seaweed, a highly desirable and reliable, renewable resource. 

In addition, the U. lactuca macrostructure, with its large, very simple two cell layer structure, 

would facilitate an easy study of the fate of the NPs once it has been accumulated or produced 

within the seaweed. 

 

Seaweeds have previously been assessed for their potential in the bioaccumulation of heavy metals 

(Giusti, 2001) and their ability to produce NPs (including Au, Ag NPs, etc.). However, to the best 

of our knowledge, no studies have been conducted on the fate of the AuNPs produced once it has 

been accumulated by the seaweed or the potential application of these NPs as catalysts for example 

http://etd.uwc.ac.za/



5 
 

in the reduction of 4-nitrophenol (4-NP). 4-NP is a common environmental pollutant frequently 

present in wastewater through the degradation of pesticides such as parathion and nitrofen (Marais 

et al., 2006), industrial plants used in paper manufacturing processes, in pharmaceutical companies 

and dye industries (Li et al., 2007; Gupta et al., 2014). The catalytic reduction of 4-NP by NaBH4 

to form 4 aminophenol (4-AP) is often used as a model reaction to assess the ability of a potential 

catalyst. 4-AP, on the other hand, is a crucial intermediate compound used in pharmaceutical 

industries as it is largely used in the synthesis of painkillers and antipyretic drugs (Panigrahi et al., 

2007).  

 

1.2. Problem statement 

 

Metallic NPs are traditionally synthesized via chemical and physical procedures which are costly, 

have high energy consumption demands and involve the use of toxic materials which engender 

potential threats to the environment and human health (Ai et al., 2011). As a result, these 

conventionally synthesized NPs find limited use in clinical and biomedical applications (Kulkarni 

and Muddapur, 2014). There is therefore a growing need to develop new and innovative processes 

for NPs synthesis which would resolve most, if not all, of the drawbacks associated with 

conventional synthetic methods. In recent years, the use of biological materials has emerged as an 

interesting alternative and this concept is regarded as green nanotechnology (Kulkarni and 

Muddapur, 2014; Jain et al., 2011; Ai et al., 2011). 

 

Green nanotechnology is relatively new and aims at achieving certain goals in applying the 

principles of green chemistry to create eco-friendly technologies which tackle real life problems 

(Matus et al., 2011). One of the major policy mandates, strategies and objectives of the Centre for 

Green Nanotechnology launched in South Africa, is the synthesis and development of green, 

biocompatible NPs for medical diagnostic/therapeutic agents, biological sensors, chemical 

sensors, smart electronic materials, nanoscale robots and environmentally benign breathing 

devices (Nanowerk, 2014). 
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Green synthetic methods for NP production, necessitates the development of processes that are 

relatively simple, cost-effective and harmless to the environment and human beings as compared 

to the conventional chemical and physical synthetic methods. Several biomaterials have been 

developed to synthesize metallic NPs and these procedures hold numerous advantages over 

conventional chemical methods. As stated before, green synthesized NPs are biocompatible, the 

processes employed are readily scalable, the organisms utilized are easily available (as the 

resources are renewable), the materials used and produced are safe to handle and the overall 

production process is less expensive in terms of materials used and energy efficiency (since the 

NPs are produced at room temperature and pressure conditions) (Allafchian et al., 2016). 

 

Marine seaweeds are abundant, easily available in nature and are easy to cultivate, which makes 

them good candidates and valuable resources in producing NPs (Singaravelu et al., 2007). Several 

metabolites found in the seaweeds such as proteins, polyphenols and polysaccharides assist in the 

reduction of the metal salt (Vijayan et al., 2014). In addition, as mentioned previously, they are 

low maintenance organisms which eliminates the necessary, complicated cell culture maintenance 

set ups such as those employed in microorganism cultures. Thus, our focus could be shifted to the 

use of seaweeds as clean, sustainable reducing agents for the synthesis of metallic NPs. Our aim 

is therefore to produce NPs using materials which are completely ‘green’ and clean, meeting the 

Principles of Green Chemistry (listed in Figure 1.1) for the production of NPs intended for further 

applications. 
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Figure 1.1: Twelve principles of green chemistry reproduced from Cioc et al., (2014). 

 

1.3 Rationale and motivation 

 

The research interests for this study have been encouraged by a need to be innovative in designing 

green synthetic methods for AuNPs through the use of a) various aqueous algal extracts as well as 

b) live green Ulva lactuca seaweeds. Several seaweeds extracts such as Chlorophyta, Rhodophyta 

and Phaeophyta (Ponnuchamy and Jacob, 2016) are reported to have been used in the synthesis of 

metal NPs such as AuNPs (Singaravelu et al., 2007), AgNPs (Govindaraju et al., 2009), 

superparamagnetic iron oxide NPs (SPIONS) (Mahdavi et al., 2013), palladium nanoparticles 

(PdNPs) (Prasad and Padmesh, 2014) and platinum nanoparticles (PtNPs) (Shiny et al., 2014). The 

resultant morphology and the stability of the NPs synthesized using seaweeds have been harnessed 

in a variety of applications such as biomedicine (Mahdavi et al., 2013) and environmental 

applications. Thus, this study initially focuses on examining eleven different aqueous algae 

extracts from red, brown and green seaweeds in their ability to produce AuNPs at room 

temperature.  

 

The AuNPs produced by the aqueous extracts or live organisms could then find application as a 

catalyst in the reduction of a common environmental pollutant, for example 4-NP, often present in 
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industrial wastewater, to produce 4-AP which is a crucial intermediate in the pharmaceutical 

industry. Seaweeds are rich in secondary metabolites such as polysaccharides, phenolic 

compounds (such as phlorotannins/polyphenols), proteins/enzymes and other chelating agents 

which may be responsible for the reduction of metal ions to form NPs. AuNPs thus produced will 

likely be capped by the polysaccharides present in the aqueous extracts or cell walls of the live 

seaweeds. These polysaccharides are loosely bound on the NP surface, an important requirement 

for potential catalysts, since the catalyst surface is intimately involved in the reaction. 

 

Several analgesic and antipyretic drugs such as paracetamol, phenacetin etc. are manufactured 

using 4-aminophenol (4-AP) as a strong intermediate compound. 4-AP has found further purpose 

in applications such as in photographic development, corrosion inhibition, anticorrosion-

lubrication and hair-dye (Rode et al., 1999; Corbett, 1999). Since 4-AP is an important 

intermediate compound, there is always a greater need to develop newer and cheaper methods for 

the catalytic reduction of 4-NP (Saha et al., 2009). Traditional procedures employed in the 

reduction of 4-NP, have typically involved the use of iron/ acid as a reducing agent (Crossley, 

1922), but the usage of metallic reagents comes with certain limitations, since metal oxides are 

released in high quantities as sludge from these reactions - a serious drawback. 

 

It is therefore also necessary to develop new and environmental friendly procedures for the 

reduction of 4-NP, and the reduction of 4-NP has been studied in the presence of several metallic 

catalysts such as Pd (Kantam et al., 2008), nickel (Ni) (Rizhi, 2007), Pt (Vaidya et al., 2003) and 

titanium dioxide (TiO2)-supported Ni (Chen et al., 2006). The reduction of 4-NP by sodium 

borohydride (NaBH4) in the presence of an appropriate catalyst has also been researched 

previously (Saha et al., 2009). The mechanism of 4-NP reduction involves the use of NaBH4 as a 

hydrogen donor to the NO2 group of 4-NP to produce 4-AP with NH2. Coinage metals, as 

nanomaterials, have also been employed as catalysts including: nanoscale Ni (Chen et al., 2006), 

Au and Ag (Haruta et al., 1987; Esumi et al., 2004; Panigrahi et al., 2007; Pradhan et al., 2007; 

Praharaj et al., 2004), bimetallic Pt-Ni (Ghosh et al., 2004) and resin bound Ag (Jana et al., 2006). 
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Despite the success of application and acceptance of AuNPs as catalysts in the reduction of 4-NP 

(Figure 1.2), the aggregation and dissolution of naked AuNPs, leads to a loss of catalytic activity, 

and this remains a big challenge. As a result, several authors anchored AuNPs onto solid support 

systems such as polymers (Percebom et al., 2016; Quan et al., 2016; Zyuzin et al., 2016), metal 

oxides (Korotcenkov et al., 2016; Zhao et al., 2015), silica (Laveille et al., 2016), carbon materials 

(Lozano-Martı´n et al., 2015; Simenyuk et al., 2015) and biomaterials (Wei and Lu 2012) to 

enhance their stability as catalysts.  

AuNPs

NaBH4

4-Nitrophenol 4-Aminophenol
 

Figure 1.2: The reduction of 4-NP by NaBH4 to produce 4-AP using AuNPs as a catalyst. 

 

There are limited reports on the use of biomaterials as a solid support, but Sharma et al. (2007) 

reported on the use of Sesbania drumondi, a perennial shrub commonly known as poison bean, as 

a solid support. U. lactuca is known to be capable of heavy metal uptake (Troell et al., 2006), 

however, this seaweed has not been investigated for their ability to synthesize NPs.  Therefore, 

this work examines the design and synthesis of AuNPs embedded on U. lactuca which will be 

assessed for their catalytic activity and stability. Herein, we report on the synthesis and catalytic 

function of AuNPs embedded on U. lactuca in the reduction of 4-nitrophenol in the presence of 

NaBH4. 
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1.4 Aims and objectives 

 

1.4.1 Main aims 

 

The study was comprised of two main aims and they are as follows: 

1. The first aim was to screen the aqueous extracts of a variety of green, brown and red 

seaweeds to assess their ability to synthesise AuNPs.  

2. Following the information obtained from 1 above, the second aim of this project was to 

design and develop a green synthetic procedure for the synthesis and characterization of 

AuNPs using live Ulva lactuca marine organisms. The synthesized AuNPs were then 

investigated for their catalytic ability in reducing 4-nitrophenol. 

 

1.4.2 Specific objectives 

 

Several objectives were set-out to achieve the aim of the study as follows: 

1. Collection of seaweeds. 

2. Aqueous extraction of eleven different seaweeds to produce the crude aqueous extracts 

used. 

3. Synthesis of AuNPs using the crude aqueous extracts in screening the different seaweeds 

for their ability to produce AuNPs. 

4. Biosynthesis and characterization of AuNPs using live U. lactuca organisms instead of the 

simple aqueous extracts. 

5. Investigate the catalytic activity of the AuNPs bound to U. lactuca in the reduction of 4-

NP by NaBH4. 
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1.5 Research questions 

 

 Can algal aqueous extracts be used as reducing agents in the synthesis of AuNPs?  

 Can live U. lactuca organisms be used to biosynthesize simple, eco-friendly AuNPs? 

 Can the U. lactuca bound AuNPs effectively catalyse the reduction of 4-nitrophenol (4-

NP) by NaBH4 to form 4-aminophenol (4-AP)? 

 

1.6 Outline of the thesis 

 

Chapter 1: The chapter gives some background to the study, including a brief discussion on the 

conventional methods used for metallic nanoparticle synthesis, issues encountered using 

conventional methods, applications of these nanoparticles, the importance of green synthetic 

methods in addition to a brief background on the green seaweed Ulva lactuca. The research 

problem and its importance, the study’s aim and objectives, research questions as well as the 

outline of the thesis are also presented. 

 

Chapter 2: This chapter presents the general literature on the principles of green chemistry, the 

biosynthesis of nanoparticles using marine organisms, the methods used in the synthesis of 

different nanoparticles, some background on Ulva lactuca, techniques used in the characterization 

of nanoparticles and applications of gold nanoparticles. 

 

Chapter 3: This chapter discusses the results obtained in screening the aqueous extracts of different 

seaweeds for their ability to produce AuNPs. 

 

Chapter 4: The chapter reports the synthesis of AuNPs using the live marine seaweed U. lactuca 

and the characterization of the resultant NPs produced using a multitude of techniques such as UV-

vis spectroscopy, HRTEM, ICP-AES, XPS, XRD, SEM, TGA and FTIR spectroscopy.  
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Chapter 5: This chapter presents some background to the catalytic ability of the gold nanoparticles 

synthesized using U. lactuca in the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) as 

a model reaction for catalysis, followed by the assessment of these gold nanoparticles (AuNPs) 

bound to Ulva lactuca seaweed (as a solid support) synthesised in this study. 

 

Chapter 6: This chapter presents overall conclusion of the study as well as the future 

recommendations that can be done after this work. 
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Chapter 2 Literature review 

 

Summary 

This chapter presents the general literature on the principles of green chemistry, the conventional 

methods used in the synthesis of different nanoparticles including the biosynthesis of nanoparticles 

using plants and marine organisms, the techniques used in the characterization of nanoparticles, 

applications of gold nanoparticles, and finally some background on Ulva lactuca. 

 

2.1. The Principles of Green Chemistry  

 

Growing concern for the environment has led to the emergence of Green Chemistry as an important 

aspect for all chemistry fields. Green Chemistry is the design of chemical products and processes 

that reduce or eliminate the use and generation of hazardous substances. Green Chemistry is based 

on twelve principles as explained below (Anastas and Warner, 1998) and this is further described 

in Figure 2.1. 

 

The principles include: 

1. Prevention 

Waste prevention is better than treating or cleaning up after waste has been created. 

2. Atom Economy 

Synthetic methods should be designed to maximize the incorporation of all the materials 

used in the process into the final product. 

3. Less Hazardous Chemical Syntheses 

Wherever feasible, synthetic methods should be designed to use and generate substances 

that possess little or no toxicity to human health and the environment. 

4. Designing Safer Chemicals 
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Chemical products should be designed to be fully effective, yet have little or no toxicity.  

5. Safer Solvents and Auxiliaries 

The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be 

unnecessary wherever possible or innocuous when used. 

6. Design for Energy Efficiency 

The energy requirements of chemical processes should be recognized for their 

environmental and economic impacts and these should be minimized. If possible, synthetic 

methods should be conducted at ambient temperature and pressure. 

7. Use of Renewable Feedstocks 

A raw material or feedstock should be renewable, rather than depleting, whenever 

technically and economically achievable. 

8. Reduce Derivatives 

Unnecessary derivatives should be minimized as much as possible to avoid the addition of 

reagents that lead to waste generation. 

9. Catalysis 

Catalytic reagents (especially selective ones) are better than stoichiometric reagents. 

10. Design for Degradation 

Chemical products should be designed is such a way that the end-product can be degraded 

into harmless products that do not persist in the environment. 

11. Real-time analysis for Pollution Prevention 

The development of analytical methodologies for real-time monitoring, in process 

monitoring and control prior to the production of harmful materials. 

12. Inherently Safer Chemistry for Accident Prevention 

The materials used in chemical processes/reactions should be chosen in such a way that 

they reduce the possibility of chemical accidents such as explosions and fires. 
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Figure 2.1: The Twelve Principles of Green Chemistry (Anastas and Warner, 1998). 

 

2.2. Typical methods for synthesizing gold nanoparticles 

 

NP synthetic methods generally involve one of two approaches (Figure 2.2), i.e. either the “top-

down” approach or the “bottom-up” approach (Sepeur, 2008).  Figure 2.2 shows the top-down 

approach where NPs are produced by reducing the size of an appropriate starting material (Meyers 

et al., 2006) using a variety of physical and/or chemical treatments to achieve the size reduction. 

A major limitation in the use of a top-down synthetic approach is the introduction of imperfections 

to the surface structure of the product. This is due to the fact that the surface chemistry and other 

various physical characteristics of the NPs depend on the surface structure (Thakkar et al., 2010). 

This would have major implications for catalysts for example. 
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Figure 2.2: The different approaches for synthesizing NPs, including cofactor-dependent 

bioreduction (Mittal et al., 2013). 

 

In a bottom-up synthetic processes, NPs are produced from smaller units, for example by 

assembling atoms, molecules and smaller particles (Mukherjee et al., 2002). Bottom up production 

firstly involves the formation of the nanostructured building blocks to be used in the NPs synthesis 

process (Figures 2.2 and 2.3). This is then followed by their assembly to produce the final NPs 

(Thakkar et al., 2010). This bottom-up approach synthesis employs the chemical and biological 

methods of production as shown in Figure 2.3. Following reduction of the metal salt using a 

suitable reducing agent or bioagent, the NPs grow and are finally stabilized using a suitable 

capping agent. 
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Figure 2.3: Production of NPs synthesis (M+ is the metal ion) (Mittal et al., 2013). 

 

AuNPs, as well as other metal based NPs, have been previously synthesized using several methods 

(Ghosh et al., 2004). Commonly used methods for the preparation of AuNPs include chemical, 

physical, and biological methods, all of which are discussed below. 

 

2.2.1. Chemical methods 

 

Chemical synthetic procedures used in the synthesis of AuNPs normally involve two main parts. 

The first part involves the use of reducing agents such as borohydrides, aminoboranes, 

formaldehyde, hydrazine, hydroxylamine, polyols, citric and oxalic acids, sugars, carbon 

monoxide, sulfites, hydrogen or acetylene (Herizchi et al., 2014). Secondly, stabilizing agents are 

used to avoid aggregation (Zhao et al., 2013) and typical reagents include trisodium citrate 

dihydrate, sulfur ligands (thiolates in particular), phosphorus ligands, oxygen-based ligands, 

nitrogen-based ligands (including heterocyclic compounds), dendrimers, polymers and surfactants 

(cetyltrimethylammonium bromide (CTAB)) (Herizchi et al., 2014). Some of the most typically 

used chemical synthetic methods are described below. 
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2.2.1.1.  The Turkevich method 

 

The Turkevich method was initially developed in 1951 by Turkevich et al. (1951). Since then it 

has become one of the most well-known chemical synthetic procedures used, and it involves the 

reduction of the HAuCl4 salt by citrate in water. The general procedure involves a boiling of a 

HAuCl4 (0.30 mM) solution initially, followed by the rapid addition of trisodium citrate (0.255 

mM) (in a sodium citrate to Au 1:0.85 ratio) to this solution with efficient stirring (Navarro et al., 

2013). The formation of the AuNPs is then indicated by the colour change in solution from light 

yellow to wine red.  The resultant AuNPs produced are found to have a diameter of about 20 nm. 

The citrate ions play two roles in this procedure: they act as both a reducing and a stabilizing agent 

(Hu et al., 2006; Turkevich et al., 1951). Figure 2.4 shows the synthesis scheme for AuNPs using 

the Turkevich method. 

 

Figure 2.4: AuNPs synthesis using the Turkevich method (Zhao et al., 2013).  

 

Frens (1973) modified the Turkevich method to yield AuNPs with a diameter of 15 to 150 nm by 

adjusting the ratio of the reducing agent/stabilizing agent (trisodium citrate/gold). It was shown 

that a high citrate concentration rapidly stabilizes the AuNPs, whilst lower citrate concentrations 

lead to the aggregation of small particles into larger particles (Zhao et al., 2013, KimLing et al., 

2006). 
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Theoretical models and experimental results have indicated the vital role sodium citrate plays in 

the pH of the solution as well as its role in controlling the size of the NPs (Li et al., 2011, Kumar 

et al., 2007). AuNPs with a small size and narrow size distribution range have been successfully 

synthesized by Ojea-Jiménez et al. (2011) by addition of the reagents in an inverse / reverse 

sequence (addition of HAuCl4 into a boiling sodium citrate solution) as shown in Figure 2.5.  

 

Figure 2.5: Direct and inverse sequence of reagents (sodium citrate and HAuCl4 solution) 

addition for the synthesis of AuNPs by the Turkevich method (Ojea-Jiménez et al., 2013). 

  

A large amount of literature has focused on the effect of certain parameters such as temperature 

(Link and El-Sayed, 1999), pH (Patungwasa and Hadak, 2008), citrate (Volkert et al., 2011) and 

HAuCl4 concentrations (Zabetakis et al., 2012), on the characteristic properties of AuNPs 

synthesized using citrate as a reducing agent. All of which should be taken into consideration. 

 

2.2.1.2.  The Brust-Schiffrin method 

 

The Brust-Schiffrin method was first developed by Brust and Schiffrin in 1994. This simple 

procedure effectively produced thermally- and air-stable AuNPs with uniform size and dispersity. 

This method is useful when AuNPs need to be dispersed in organic solvents, rather than the water-

soluble NPs produced by the Turkevich method. In this method (Figure 2.6), AuCl4
- ions are 

transferred to a toluene phase from an aqueous solution utilizing a surfactant such as 
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tetraoctylammonium bromide (TOAB) which serves as both the phase transfer catalyst and the 

stabilizing agent, while NaBH4 functions as the reducing agent in the presence of e.g. 

dodecanethiol (which acts as the stabilizer). The addition of NaBH4 results in a colour change of 

the organic phase from orange to deep brown, indicating the formation the AuNPs (Brust et al., 

1994).  

 

Figure 2.6: The one phase Brust–Schiffrin method employed in the synthesis of AuNPs and the 

first step of the reaction prior to the reduction step with NaBH4 (Brust et al., 1994). TPP: triphenyl-

phosphine; TOAB: tetraoctylammonium bromide. 

 

The method shown above in Figure 2.6 generally involves the reaction between chlorauric acid 

solution and tetraoctylammonium bromide (TOAB) solution with triphenylphosphine (TPP) in 

toluene and sodium borohydride (NaBH4) as an anti-coagulant and a reducing agent, respectively 

(Manna et al., 2003; Dahl et al., 2007).  

 

2.2.2. Electrochemical methods 

 

The electrochemical synthesis of NPs was initially developed by Reetz and co-workers in 1994 

(Reetz and Helbig, 1994; Reetz et al., 1995). They showed that metallic NPs could be synthesized 

electrochemically using tetraalkylammonium salts as stabilizers for the metal clusters in a non-

aqueous medium. AuNPs have been successfully synthesized electrochemically on the surface of 

multi-walled carbon nanotubes using glassy carbon electrodes (Song et al., 2013). In another study, 

AuNPs were synthesized utilizing a simple two-electrode cell; where oxidation took place at the 

anode, while reduction occurred at the cathode. The electrochemical apparatus used is showed in 

Figure 2.7 (Huang et al., 2006). 
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Figure 2.7: The electrochemical system setup used to synthesize AuNPs (Huang et al., 2006). 

 

In the past decade, electrochemical processes have been confirmed to be superior in the synthesis 

of NPs, due to the modest equipment used, decrease in costs associated with the production 

processes, lower processing temperatures, the high quality of the NPs produced and the ease of 

controlling the yields obtained (Freeman et al., 1995; Chen and Yang 2002; Haruta and Daté, 2001; 

Kuge et al., 2000; Kamat et al., 1998).  

 

2.2.3. Seed-mediated growth method 

 

Seed-mediated growth methods are common methods employed in the synthesis of gold nanorods 

in a 2-step reaction. This procedure involves the reduction of the metallic gold salt using a strong 
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reducing agent at first - a phenomenon known as seeding, and then subsequent reduction with a 

weak reducing agent in the company of structure-directing agents such as CTAB (Murphy and 

Jana, 2002), benzyldimethylhexadecylammonium chloride (Nikoobakht and El-Sayed, 2003), 

tetraoctylphosphineoxide (Peng et al., 2000; Peng and Peng  2002) and oleic acid (Puntes et al., 

2001) to form nanorods (Stanglmair et al., 2014; Mlambo et al., 2013).  

 

In the first step (seeding), the gold salt is reduced in water (without any heating) with a strong 

reducing agent such as NaBH4 to produce 3.5-4 nm spherical seeds (Murphy et al., 2005). The 

formed seeds are normally faceted as nanospherically shaped, single crystalline NPs (Shenhar and 

Rotello, 2003) and are capped by the addition of citrate or any other surfactant. The seeds are 

allowed to grow (or ‘’Age’’), while additional metal salts, capping agents and weak reducing 

agents are prepared in a separate flask. Ascorbic acid (Vitamin C) is a commonly used, weak, 

reducing agent and, although it is unable to reduce gold metal salts to a nanosize at room 

temperature, upon subsequent addition of the prepared seeds, the reaction occurs on the surface of 

these seeds to produce larger NPs. Afterwards the structure-directing agent plays an important role 

in obtaining nanorods. In a study a carried out by Murphy et al. (2005), CTAB was found to be an 

appropriate structure-directing additive for the production of gold nanorods that grow to 20 nm in 

width and 600 nm length, beginning with the ~3.5-4 nm spherical seeds as shown in Figure 2.8. 
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Figure 2.8: Seed-mediated growth method for the synthesis of gold nanorods of controlled aspect 

ratio.I. Shows the formation of 4 nm gold seeds II. Shows the formation of Au nanorods and 

transmission electron micrograph of gold nanorods with average length of 500 nm (Stanglmair et 

al., 2014; Murphy et al., 2005). 

 

2.2.4.  Biological methods 

 

The chemical methods employed in synthesizing AuNPs are by far the most common, yet they 

involve the use of expensive, toxic reagents as reducing and stabilizing agents, limiting the 

applications of these NPs since they may exhibit detrimental effects in biomedical applications 

(Noruzi et al. 2011; Shankar et al. 2004). Therefore, there is an increasing need to develop 

environmentally friendly, less expensive procedures for the synthesis of NPs that do not involve 

the use of toxic chemicals. Lately, a great deal of research has focused on the development of green 

synthetic approaches to produce NPs using eco-friendly and bioinspired methods. Through the 

knowledge acquired in studying the capabilities of natural biomolecules to alter the shape and size 

of the nanocrystal, NPs of greater quality may easily be obtained. Biological methods that involve 

the synthesis of NPs using microorganisms, marine seaweeds, enzymes, and plants or plant 

extracts have been reported (Shankar et al., 2004). 
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2.2.4.1. Biosynthesis of nanoparticles using terrestrial plants 

 

As previously mentioned in Chapter 1, several whole (live) plants and plants extracts have been 

used in the synthesis of AuNPs due to their ease of availability, low cost, eco-friendliness and lack 

of toxicity. Plant extracts have also been used to synthesize AuNPs such as such as Memecylon 

umbellatum (Arunachalam et al., 2013), Macrotyloma unifl orum (Aromal et al., 2012), 

Brevibacterium casei (Kalishwaralal et al., 2010; Mittal et al., 2013), Citrus limon, Citrus 

reticulata and Citrus sinensis (Sujitha and Kannan, 2013), Piper pedicellatum (Tamuly et al., 

2013), Terminalia chebula (Kumar et al., 2012), Memecylon edule (Elavazhagan and 

Arunachalam, 2011), Nyctanthes arbortristis (Das et al., 2011), Murraya koenigii (Philip et al., 

2011), Mangifera indica (Philip, 2010), Banana peel (Bankar et al., 2010), Cinnamomum 

zeylanicum (Smitha et al., 2009), and Cochlospermum gossypium (Vinod et al., 2011). AuNPs 

with size diameters of 5-15 nm have been synthesized by Kumar et al. (2011) using the extract of 

Zingiber officinale (Ginger) which showed a dual role as both a reducing and stabilizing agent. 

Onion (Allium cepa) extracts have been used as a reducing agent in the synthesis of AuNPs and 

the authors suggested that the reduction ability of the onion to produce AuNPs was due to vitamin 

C content present in the extract (Parida et al., 2011). 

 

Live, whole plants that have been used in the synthesis of NPs include: Azadirachta indica 

(Shankar et al., 2004), Medicago sativa (Gardea-Torresdey et al., 2002), Aloe vera (Chandran et 

al., 2006), Cinnamomum camphora (Huang et al., 2007), Pelargonium graveolens (Shankar et al., 

2004), Coriandrum sativum (Narayanan and Sakthivel, 2008), Terminalia catappa (Ankamwar, 

2010) and lemongrass (Shankar et al., 2004b). 

 

2.2.4.2. Biosynthesis of nanoparticles using marine organisms 

 

The synthesis of metallic NPs and metal oxides using different species of algae has stimulated 

researchers to further explore and develop additional nature-friendly methodologies (Manivasagan 

and Kim, 2016). However, there is little supporting literature on the synthesis of NPs using marine 
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algae aqueous extracts. Table 2.1 lists the various algae that have been used to synthesize different 

NPs together with a comparison of the sizes obtained together with a variety of applications that 

they have been used for. 

 

Table 2.1 reveals that although all marine algae appear to be capable of producing NPs, it is the 

brown algae in particular that have found success. A variety of different shapes and sizes were 

obtained for both AuNPs and AgNPs, suggesting that these seaweeds are able to produce NPs that 

may be used in a variety of biocompatible applications. Marine algae are abundant and easily 

available in nature which makes them good candidates and valuable resources for the production 

of NPs (Singaravelu et al., 2007). NP synthesis using algae is normally carried out in three 

important steps (i) algal extract preparation (in water or organic solvents with heating or boiling 

for a specific time), (ii) the preparation of metallic salt solutions, and (iii) incubation of the algal 

extracts with the metal salt solutions followed by continuous stirring or without stirring for a 

certain duration under controlled conditions (LewisOscar et al., 2014; Rauwel et al., 2015). 
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Table 2.1: Biosynthesis of nanoparticles using marine algae 

Marine Algae Nanoparticle Morphology Size (nm) Use Reference 

Sargassum wightii 

(Brown) 

Gold Well 

dispersed 

 

8 – 12 —  

 

Singaravelu et 

al., 2007 

Sargassum wightii 

(Brown) 

Silver —  — Antibacterial  Govindaraju et 

al., 2009 

Turbinaria conoides 

(Brown) 

Silver  —  — Fabric 

strengthening 

Sheeba and 

Thambidurai, 

2009 

Gelidiella acerosa 

(Brown) 

Silver Spherical 22 Antifungal Vivek et al., 

2011 

Ulva fasciata (Green)  Silver Spherical 28 – 41 Antibacterial Rajesh et al., 

2012 

Fucus vesiculosus 

(Brown) 

Gold — — Biosorption Mata et al., 

2009 

Cladosiphon 

okamuranus and 

Kjellmaniella  

Crassifolia (Green) 

Gold Spherical 8.54 – 1074 — Soisuwan et al., 

2010 

 

Rhizoclonium 

Fontinale (Red) 

Gold Spherical — — Parial et al., 

2012 

Turbinaria conoides  

(Brown) 

Gold — 0.75 Biosorption Vijayaraghan et 

al., 2011 

Chlorella vulgaris 

(Green) 

Silver, gold Triangular 44, 26 – 48 — Xie et al., 2007 

Sargassum 

Myriocystum (Brown) 

Gold Triangular and 

spherical 

15 — Dhas et al., 

2012  

 

Stoechospermum  

Marginatum (Brown) 

Gold Spherical 18.7 – 93.7 Antibacterial Rajathi et al., 

2012 

 

Tetraselmis  

Kochinensis (Green) 

Gold Spherical 5 – 35 — Senapati et al., 

2012 

Chaetomorpha  

Linum (Green) 

Silver — 30 — Kannan et al., 

2013 
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The type (brown, green or red algae) of algae used and the extract concentration are factors that 

affect the synthesis of NPs and NP morphology. Algae contain a variety of biomolecules such as 

polysaccharides, peptides and pigments, which may be responsible for the reduction of metal salts. 

Proteins have amino groups and cysteine residues, and the presence of sulfated polysaccharides 

are held responsible for the stabilization and capping of metallic NPs in aqueous solutions 

(Singaravelu et al., 2007).  Compared to other traditional methods, the reaction is complete in a 

much shorter time (Govindaraju et al., 2009; Vijayaraghan et al., 2011; Senapati et al., 2012).  

 

2.3. Techniques used to characterize nanoparticles 

 

The characterization of NPs is generally based on their size, shape, surface area, morphology and 

dispersity. These properties and characteristics ultimately determine the suitability of a set of NPs 

for a particular application (Jiang et al., 2012). The most commonly used techniques for the 

characterization of NPs include the following: UV–Visible spectrophotometry (UV-vis), scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), fourier transform infrared 

(FTIR) spectroscopy, energy dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD) 

(Feldheim and Colby, 2002; Sepeur, 2008; Shahverdi et al., 2011).  

 

2.3.1. UV-vis spectroscopy  

 

UV-vis spectroscopy is a commonly used technique which allows the estimation of a NP’s size, 

concentration and aggregation level, particularly with AuNPs and AgNPs (Amendola and 

Meneghetti, 2009; Pal et al., 2007). Light wavelengths in the 200–800 nm range are generally used 

for characterizing various metal nanoparticles in the size range of 2–100 nm (Feldheim and Colby, 

2002). Absorption measurements in the wavelength range of 400–450 nm are typically used to 

characterise AgNPs (Huang and Yang, 2004), while those between 500–550 nm are used for 
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AuNPs (Shankar et al., 2004) due to the intense absorption attributed to the Surface Plasmon 

Resonance bands of the AgNPs and AuNPs in these regions. 

 

2.3.2. Zeta (ζ) potential 

 

Zeta (ζ) potential measurements are used to reveal the net charge on the surface of the NPs in 

solution (Hunter, 2001). The ζ potential therefore shows how the NPs will interact in the solution, 

giving information about the stability of the NPs in solution. The ζ potential is determined by 

applying a potential to a cell equipped with two electrodes which contains the NP solution (Figure 

2.9).  

 

 

Figure 2.9: Zeta potential capillary cell set-up with electrodes. (http://www.materials-

talks.com/blog/2015/09/24/zeta-deviation-larger-than-the-mean-how-can-that-be/) 

 

The NPs migrate to the electrode with a charge opposite to their own when the electrophoretic 

mobility of NPs is measured (Pons et al., 2006) and the Smoluchowski equation (equation 1) 

employs these values to calculate the ζ potential (Smoluchowski, 1917; French et al., 2009) 

     

𝜐𝐸 =  4𝜋𝜀0𝜀𝑟 
𝜁

6𝜋𝜇
(1 +  𝜅𝑟)          (1) 
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where ԑ0 and ԑr are the relative dielectric constant and the electrical permittivity of a vacuum 

respectively, μ is the solution viscosity, r is the particle radius and 𝜅 = (
2𝜂0𝑧2𝑒2

𝜀𝑟𝜀0𝑘𝐵𝑇
)

1/2

 is the Debye–

Hückel parameter,  𝜂0 is the bulk ionic concentration, z is the valence of the ion, e is the charge of 

an electron, kB is the Boltzmann constant, and T is the absolute temperature. ζ potential values of 

greater than positive or less than negative 30 mV indicates that the NPs are stable (Zhang and Wu, 

2010), while factors that affect ζ potential include pH, temperature and the surface chemistry of 

the NPs (Sapsford et al., 2011).   

 

2.3.3. Dynamic light scattering (DLS) 

 

The Dynamic Light Scattering (DLS) technique, sometimes called Quasi-elastic light scattering 

(QELS), is used to measure surface charge, size and size distribution of the NPs and other 

molecules in the submicron region (Patri et al., 2006; Sapsford et al., 2011). Generally, DLS is 

used for the characterization of particles which have been dispersed in a liquid. The Brownian 

motion of particles or molecules in suspension cause laser light to be scattered at different 

intensities. Analysis of these intensity fluctuations yields the velocity of the Brownian motion. The 

particle size is then determined from the translational diffusion coefficient by the use of the Stokes-

Einstein equation (equation 2) (Brar and Verma, 2011; Pons et al., 2006; Sapsford et al., 2011). 

 

d(H) = kT / 3πηD                                                                       (2) 

 

where: d(H) is hydrodynamic diameter, D is the translational diffusion coefficient, k is the 

Boltzmann’s constant, T is the absolute temperature and η is the viscosity. 
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2.3.4. Electron microscopy 

 

Particles smaller than 1 μm cannot be viewed under light/optical microscope due to the restrictions 

imposed by diffraction effects. The conventional optical microscope has a maximum useful 

magnification of about 1 000 x. Thus, to obtain higher resolutions and higher useful 

magnifications, a decrease in wavelength of the electromagnetic/imaging radiation is required 

necessitating the use of electron beams. Electron microscopy (EM) involves the acceleration of 

electrons to higher energies of 2-100 KeV (0.027-0.0009 nm) (Goldstein et al., 1992). 

 

EM’s order of magnification is in the region of 1 million, which can reveal details at a resolution 

of less than 0.1 nm. The electron wavelength of these microscopes are 1 000 x shorter than those 

of visible light and thus electrons produce better images and have the best resolving power. In 

EMs, interactions between the electron beam and the sample results in a signal generation that can 

be transmitted, backscattered and diffracted to form an image with the information needed. The 

most commonly used electron microscopes are the transmission electron microscope (TEM) and 

scanning electron microscope (SEM) (Golding et al., 2016; Galbraith and Galbraith 2011; Winey 

et al., 2013). 

 

2.3.4.1. Transmission electron microscopy (TEM) 

  

The TEM was the first microscope to be developed in 1931 by a German physicist Ernest Ruska 

with help of Max Knolls (Ruska and Knoll, 1931). Since the development of the TEM (Figure 

2.10), particles can be viewed at the atomic level in solids and surfaces in various fields which 

include life sciences, nanotechnology, medicine, biology, material sciences, forensic analysis as 

well as education. TEM allows the gathering of information about the particle size, size 

distribution, morphology, composition and crystallinity (Knoll and Ruska, 1932). High resolution 

transmission electron microscope (HRTEM) images make it easier for researchers to analyse the 

structure and texture of the samples due to their ability to view samples at the molecular level 

(Howe et al., 2008). 
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As mentioned earlier, NP characterisation by TEM reveals information about particle size, shape, 

crystallinity and interparticle interaction (Wang, 1998). In TEM, an electron beam from the 

cathode in the electron gun is released and is focused into a small, thin, clear beam by two 

condenser lenses.  This entire chamber is kept under ultra-high vacuum conditions. The condenser 

aperture restricts the electron beam from removing high angle electrons before it reaches the 

sample. It is crucial to ensure that the sample is thin enough to allow penetration by electrons. The 

contact between electron beam and sample produces elastic and inelastic electrons scattering in 

the forward direction after the sample has been detected and the electrons carries information about 

the sample. The image is magnified by a series of magnetic lenses up until it is recorded by a 

sensitive detector like a CCD (charge-coupled device) camera. The CCD camera detects the image 

which is then displayed on the computer in real-time (Rosenauer et al., 2014; Guzzinati et al., 

2015; Wang, 2000). 

 

 

Figure 2.10: Diagram of transmission electron microscope (Mescher, 2009). 
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Since the electrons pass through the sample to the detector, the sample must therefore be prepared 

in such a way that it is ultrathin, so that upon interaction with the electrons, the electrons will be 

able to pass through to the detector and the data collected. The sample preparation process is 

laborious, especially when working with biological materials. Sample preparation involves three 

main steps, namely: chemical fixation, dehydration and finally embedding (Hayat, 2000). 

Biological samples comprise a high water content and thus, to be able to view it using TEM, the 

first step of preparation involves fixation, wherein the sample is fixed in such a way that the cell 

structure or tissue morphology is as close to the living material as possible. This is then followed 

by dehydration by washing using acetone or ethanol, then passed via a solvent such as propylene 

oxide and finally infiltrated and fixed in a liquid resin e.g. epoxy and LR White resin. The resin 

block is then thick sectioned in a process known an ultramicrotomy. In this process, thick sections 

of about 50-70 nm are collected on metal mesh 'grids' which are then stained with electron dense 

stains and therefore ready to view under EM (Sobol, 2010; Giddings, 2003; McDonald, 2009; 

Douglas and Tyla, 2010). 

 

TEMs are equipped with several detectors which includes backscattered, bright-field and dark-

field STEM detectors. These detectors are not only involved in imaging, but they also reveal 

chemical composition of the sample. The equipped detectors includes: EDX which is used for 

elemental identification of metal NPs and SAED which reveals the crystallography of the same 

sample (Strasser et al., 2010). TEM is a very useful instrument with a number of advantages as 

well as disadvantages as listed in a Table 2.2 
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Table 2.2: Advantages and disadvantages of TEM 

Advantages  Disadvantages  

 TEMs have high magnification of over one 

million times or more 

 TEMs are large and very expensive 

 TEMs are used in wide-range of applications 

including a variety of different scientific, 

educational and industrial fields 

 Sample preparation is laborious 

 TEMs provide information on element and 

compound structure 

 Potential artefacts from sample preparation 

 Images produced are high-quality and detailed  Operation and analysis requires special training 

 TEM provides information of surface features, 

shape, size and structure 

 Samples should be electron transparent, able to 

tolerate the vacuum chamber and small enough 

to fit in the chamber 

 With thorough training, they are easy to 

operate 

 TEMs require special infrastructure and 

maintenance 

  Images are black and white 

 

2.3.4.2. Scanning electron microscopy (SEM) 

 

Similarly to TEM, SEM also involves the interaction of an electron beam with the sample, resulting 

in the production of secondary electrons with smaller energies of less than 50 eV. The emission 

efficiency of the secondary electrons used depends on certain factors such as surface geometry, 

surface chemical characteristics and bulk chemical composition. SEM therefore reveals 

information about the surface topology, morphology and chemical composition of the NPs. This 

tool offers high resolution capabilities which are useful in studying the NPs features on the 

nanoscale range which are important to their properties and functionalities (Goldstein et al., 1992). 

A usual setup for SEM (as shown Figure 2.11) also begins with an electron source.  
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Figure 2.11: Diagram of scanning electron microscope (https://www.purdue.edu/ehps/ rem/ 

rs/sem.htm). 

 

An electron beam is generated from the electron gun followed by condensation by the first 

condenser lens which forms the beam and reduces the amount of current (Figure 2.11). The 

condenser lens, in junction with the condenser aperture, eliminate the high-angle electrons from 

the beam. In the second condenser, the lighter electrons are focused into a thin, fitted, clear beam 

and the objective apertures play a further role in eliminating high-angle electrons from the beam. 

The beam of electrons is scanned with set of coils within the condenser. The objective lens then 

focuses the scanning beam to the selected sample one point at a time (Goldstein et al., 1992; 

Hanada et al., 2008).  
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Table 2.3: Advantages and disadvantages of SEM  

Advantages Disadvantages 

 Much higher magnifications can be achieved 

(up to 1,000,000x), with an ultimate resolution 

of 1 nm. 

 SEMs are expensive and bigger in size and 

therefore needs bigger infrastructure which is 

free of any electric, magnetic or vibration 

interference. 

 Gives more information than just the surface 

topography e.g. crystal structure, chemical 

composition and electrical properties.  

 Difficulty in maintenance such as keeping 

steady voltage to electromagnetic coils and 

circulation of cool water. 

 The technological advances in modern SEMs 

allow the generation of data in digital form. 

 The preparation of samples can result in 

artefacts. 

 Very short specimen preparation time while the 

specimen is attached to a sample holder. 

 SEMs are limited to solid, inorganic samples. 

 SEM allows non-destructive evaluation of the 

specimen. 

 

 SEMs carry a small risk of radiation exposure 

associated with the electrons that scatter from 

beneath the sample surface. 

 Large specimens of about 200 mm diameter 

wafers, or even larger can be specially adapted 

in SEMs. 

 Requires specialized training to operate and 

safety precautions must be observed. 

 

Contact between electron beam and the sample produces back scattered electrons (BSE), X-ray, 

secondary electrons (SE), and Auger electrons in a thick or bulk sample. These different electrons 

are detected and the signal detected carries the information about the specimen being investigated 

which can be displayed on the monitor. BSE is much more sensitive to heavier elements than SE. 

The X-ray radiation is used to reveal EDX information which identifies the elemental composition 

of the sample (Hanada et al., 2008; Liu et al., 2008).  
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2.3.5. X-ray powder diffraction (XRD) 

 

In X-ray powder Diffraction (XRD), light is scattered by a periodic array in a long-range order 

resulting in the formation of constructive interference angles and therefore diffractions. The atoms 

in a crystal are arranged in a periodical manner and thus they diffract the light. X-rays have 

wavelengths which are the same as that of the distance between atoms. XRD is used for phase 

identification and characterization of the crystal structure of the materials (Chauhan and Chauhan; 

2014). X-rays pass through the NPs and the resulting diffraction pattern gives information about 

the atomic arrangement in a crystal. Amorphous materials such as glass lacks a periodic array with 

long-range orders and as such they do not form any significant peak in diffraction patterns 

(Sharma, 2000; Dann, 2002; Skoog et al., 2007), resulting in broad reflections. 

 

In XRD the broadness of the peak reveals crucial information about the analyte and the size of a 

crystalline material is determined by measuring the broadness of the reflections in a diffraction 

pattern. The broadening of the XRD is inversely proportional to the size of the crystalline particles, 

thus, the more narrow the peak, the larger the crystallite size. Several factors affect the broadening 

(narrowness or wideness) of the peak such as the periodicity of the individual crystallite domains, 

reinforcing the diffraction of the X-ray beam. Absence of defects and proper periodical 

arrangements of crystals allow the diffraction of X-ray beam at the same angle, even via multiple 

layers of the sample and thus narrow peaks are obtained (Bearden, 1967; Skakle, 2005; Liss et al., 

2003). A random arrangement of crystals has a low periodicity degree, therefore resulting in 

broader peaks. The size of the nanoparticles may be calculated from the powder XRD diffraction 

pattern using the Debye-Scherrer equation (Borchert et al., 2005) (equation 3).  

𝑑 =
𝑘

𝑐𝑜𝑠
            (3) 

where:  

d is the size; k is the Scherrer constant (0.9); λ is the X-ray wavelength; β is the width of XRD 

peak at half height determined from the pattern; and θ is the Bragg diffraction angle (Mahdavi et 

al. 2013). 
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2.3.6. Fourier transform infra-red (FTIR) spectroscopy  

 

For a molecule to absorb light at the infrared (IR) region, it must contain a time-variant dipole 

moment and its vibration frequency must be the same as that of the incident IR light (Johal, 2011). 

IR radiation absorption causes energy transfer to the molecules which induces stretching, bending 

or twisting of the covalent bonds, which may be explained by a stationary state of molecular 

vibrational Hamiltonians in the case of normal modes (Cantor and Schimmel, 1980). Molecules 

which lack dipole moments (e.g. N2 and O2) do not absorb IR radiation (Johal, 2011). In a 

molecule, the oscillations generally involve many pairs of atoms or covalent bonds, all of which 

are considered as a combination of the normal modes; thus, the IR spectrum, showing transmission 

against incident IR frequency, reveal information about the fingerprint of the molecule being 

investigated (Cantor and Schimmel, 1980). 

 

In nanotechnology, FTIR spectroscopy is commonly used to reveal information about the capping 

agent on the NPs. Organic functional groups (e.g. carbonyls, hydroxyls), biomolecule conjugation 

(e.g. proteins bound to NPs surfaces), and the conformational states of the bound proteins 

(Perevedentseva et al., 2010; Shang et al., 2007; Baudot et al., 2010) are detected. In recent years, 

attenuated total reflection (ATR–FTIR) spectroscopy has been become popular. ATR–FTIR 

employs the property of total internal reflection in combination with IR spectroscopy to examine 

the structure of the sample at a solid/air or solid/liquid interface. It is advantageous over 

conventional IR since it avoids the drawbacks of sample preparation and the failure to reproduce 

spectral lines (Johal, 2011; Hind et al., 2001). In an ATR-FTIR, there is total internal reflectance 

which occurs within the equipped internal reflection element (IRE) crystal. IREs comprise of high 

refractive angles at specific angles which results in temporary waves that prolong from the IRE 

crystal-specimen into the specimen with depth of 0.5–5 µm. The strength of these waves decays 

in an exponential rate starting from the interface (Johal, 2011).  

 

ATR–FTIR provides IR spectra for the investigation of certain properties such as alterations in 

surface characteristics and identification of chemical properties (Johal, 2011; Kazarian and Chan, 
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2006; Liu and Webster, 2007). Even though ATR– FTIR spectroscopy is used to examine surface 

properties of NPs, it has certain drawbacks such as lower sensitivity as a surface analytical 

technique at the nanoscale, due to the fact that the ATR–FTIR penetration depth has the same order 

of magnitude as that of the incident IR wavelength (Liu and Webster, 2007).  

 

2.3.7. X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic, surface analytical technique used to 

reveal the chemical composition of samples, the oxidation state of elements (Menard et al., 2006, 

Shem et al., 2009; Schaaff et al., 1997) and it may also be used to quantify the amount of ligand 

present on the surface of NPs. The photoelectron energy positions of each peak for the elements 

indicate whether the ligands being evaluated are indeed attached to the NPs e.g. where a shift in 

peak position is expected for S-H (unbound ligand) as opposed to S-Au (bound to AuNPs) in high 

resolution spectra. In this way, high resolution XPS is therefore used to determine the oxidation 

state of Au atoms (Kariis et al., 1998). This information is obtained by background subtraction 

and deconvolution of the high resolution spectra. 

 

A survey spectrum is regarded as the starting point during XPS analysis due to the fact that is 

identifies all the elements which are present on the surface of the sample (usually the first 10 nm) 

and it paves the way for subsequent high-resolution spectra (which indicates the chemical state of 

the sample). XPS spectra reveal photoelectron intensity versus the binding energy (BE) of the 

photoelectrons detected. Elements possess characteristic signals at specific binding energy values 

which used to identify an element. The spectral peak shape reveals the electron configuration of 

the photoelectron ejected from the sample i.e. whether it is the 1s, 2s, 2p, or 3s photoelectron 

(Shirley, 1972; Seah et al., 1998). For example, the Au 4f peak of Au has a well separated spin-

orbit splitting of Δ=3.7eV with an asymmetric peak shape. The binding energies of metallic Au(0) 

is 84.0 eV while of Au(I) is 85.0 eV and of Au(III) is 86.0 eV and thus, the peak position gives 

crucial information in identifying the elemental state of the sample (Veith et al., 2005; Kruse and 

Chenakin, 2011). 
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Figure 2.12 shows the components of an XPS instrument. The sample area is illuminated by X-

rays which results in the release of photoelectrons with wide range of energies and directions.  The 

magnetic lens units focus the photoelelectrons and collect the information from the emitted 

photoelectrons which are further transferred via a series of apertures to the analyser entrance slit. 

Within the hemispherical analyser (HSA), electrostatic fields are formed which allows the 

electrons to pass through to the detector slits to the detector revealing the sample data. 

 

Figure 2.12: Schematic diagram of a small-spot XPS with raster imaging capability (Kelly, 2003). 

 

2.3.8 Thermo-gravimetric analysis (TGA)  

 

TGA is a thermal analysis technique which measures shifts in the physical or chemical properties 

of a sample as a function of time (with uniform temperature and/or constant weight loss), 

temperature (with constant heating rate) and atmosphere (Mohomed, 2016; Coats and Redfern, 

1963). It is used to reveal information about the physical properties of the material such as 

vaporization, adsorption, sublimation, absorption, desorption and second order transitions. It also 

gives information about the chemical properties of a sample such as that in solid-gas reactions (e.g. 

oxidation or reduction), decomposition, chemisorptions and desolvation (especially dehydration) 

(Coats and Redfern, 1963). 
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TGA is usually used to determine properties of materials that display either weight loss or gain 

because of oxidation, decomposition and loss of volatiles (such as moisture). Some TGA 

applications include: characterisation of materials using decomposition patterns, reaction kinetics 

and degradation mechanism studies, sample organic content determination and sample inorganic 

content determination. This information can be used for confirming predicted sample structures 

(Coats and Redfern, 1963).  

  

TGA relies heavily on a high degree of accuracy in three main measurements: change in mass, 

temperature and change in temperature.  Thus, the basic components for TGA instrument are a 

weighing balance with pan loaded with the material, and a furnace which is programmable for 

certain temperatures and time. Furnace programming can be either for a uniform heating rate or 

that of heating to obtain constant weight loss over time (Tikhonov et al., 2009; Coats and Redfern, 

1963). 

 

2.3.9 Inductively coupled plasma - atomic emission spectroscopy (ICP-AES) 

 

ICP-AES also known as inductively coupled plasma optical emission spectrometry (ICP-OES) is 

a spectroscopic technique used to quantify the elemental composition of nanomaterials. ICP-AES 

involves the use of high energy plasma from an inert gas such as Argon (Ar) which forms excited 

atoms and ions which release the electromagnetic wavelength properties of a specific sample by 

rapidly burning the sample with flame temperature of about 6000 to 10000 K. The electromagnetic 

wavelength emission intensity of the sample of interest shows the concentration of the element 

present (Orbaek and Barron, 2014; McClenathan et al., 2006; Huang and Hieftje, 1989).  The 

schematic view of ICP-AES experimental setup is shown in Figure 2.13.  
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Figure 2.13: Schematic view of ICP-AES (Orbaek and Barron, 2014). 

 

For ICP-AES, NPs must usually be digested in order to allow the atoms to be vaporized in the 

plasma consistently. Metal containing NPs are digested using a strong acid to bring atoms into the 

solution since failure to do this could hinder some metals being vaporized. This results in failure 

to quantify the sample accurately. 

  

 

2.4. Applications of gold nanoparticles 

 

Metallic NPs, or especially AuNPs, have many applications in biotechnology and biomedicine due 

to the large surface area-to-volume ratio of NPs as compared to larger particles. This results in 

larger surface energies for the NPs, giving them the ability to react with certain molecules, 

allowing them to find a wide range of applications in various fields. Nanotechnology is a relatively 

new interdisciplinary field which encompasses chemistry, engineering, biology, and medicine. It 

holds great promise in early detection, precise diagnosis and personalized treatment of several 

diseases, more especially cancer (Cai and Chen, 2007). NPs are smaller entities ranging between 

1-100 nm in diameter compared to larger biomolecules such as enzymes, receptors and antibodies. 

NPs with their very small sizes, can interact with biological molecules either on the surface or 

inside the cells.  This interaction may lead to a better diagnosis and treatment of diseases (Cai et 

al., 2008). The most well-researched NPs include quantum dots (QDs) (Cai et al., 2006; 2007b), 
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carbon nanotubes (CNTs) (Liu et al., 2007), paramagnetic NPs (Thorek et al., 2006), liposomes 

(Park et al., 2004), AuNPs (Huang et al., 2007b) including many others (Ferrari, 2005; Grodzinski 

et al., 2006). 

 

2.4.1. Therapeutic Agents 

 

Cancer nanotechnology aims at fighting cancer and improving certain aspects of oncology such as 

molecular imaging, diagnosis, targeted drug delivery and bioinformatics. The advances made in 

cancer nanotechnology holds the potential for personalized cancer treatment in which cancer will 

be treated and diagnosed using the genetic and protein biomarkers of each individual. AuNPs have 

been studied in a number of different areas including in vitro assays, in in vitro and in vivo imaging, 

cancer therapy and drug delivery in cancer nanotechnology (Cai et al., 2008). 

 

Conventional cancer therapies include surgery, chemotherapy and radiation therapy. Taking 

advantage of the unique properties exhibited by AuNPs, they have been studied in combination 

with photothermal therapy in the treatment of cancer, thus holding potential to undergo clinical 

trials. It has been reported that when cancer cells are irradiated with laser pulses of an appropriate 

wavelength, targeted Au nanospheres, nanorods, nanoshells, and nanocages can have antibacterial 

(Zharov et al., 2006) and anticancer activities (Loo et al., 2005; Tong et al., 2007). It was estimated 

that AuNPs’ light absorption resulted in an increase in localized heating of the cancer cells to 70–

80 °C (Huang et al., 2006). Cancer cells are unable to tolerate higher temperatures. In addition, up 

to 150 antibodies could be functionalized on the gold nanoshell via a bifunctional polyethylene 

glycol (PEG) linker (Lowery et. al. 2006). Interestingly, the authors targeted either epidermal 

growth factor receptor (EGFR) or human epidermal growth factor receptor 2 (HER2) mainly, 

because the monoclonal antibodies that recognize these two proteins are readily available and these 

have been approved by the Food and Drug Administration (FDA) (Cai et. al., 2008). 
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2.4.2. Drug delivery 

 

AuNPs have been used as drug delivery vehicles. Tumour necrosis factor-alpha (TNF-α) is a 

cytokine with tremendous anticancer activity, however, it is systemically toxic which limits its 

therapeutic applications (van Horssen et al., 2006; Mocellin and Nitti 2008). Using NPs, a multi-

modal system made up of PEGylated-AuNPs loaded with TNF-α, cancer cell damage was 

maximized and a concomitant reduction in toxicity of TNF-α was realized (Visaria et al., 2006). 

Combining localized heating with a NP-based delivery of TNF-α showed an improved therapeutic 

efficiency. This conjugate has therefore reached Phase I clinical trials and is called “CYT-6091”. 

It is currently under evaluation for safety, pharmacokinetics profile and clinical efficacy (Visaria 

et al., 2007). 

 

Methotrexate (MTX) is a chemotherapeutic drug which inhibits the activity of dihydrofolate 

reductase (Huennekens, 1994). The in vitro and in vivo anticancer effects of MTX-AuNPs have 

been investigated using the mouse model of Lewis lung carcinoma.  A MTX-AuNP conjugate 

showed suppression of the cancerous cells, whereas the same dose of MTX had no anticancer 

activity. These findings suggest that conjugating the NPs with chemotherapeutic agents can 

improve cancer activity as compared to the drugs alone (Chen et al., 2007). It is thus apparent that, 

for AuNPs to be regarded as valuable drug delivery agents and for it to be indispensable to many 

other biomedical applications such as imaging and therapy, the NPs should be effective, specific, 

and reliable in targeting the specific site of infection with affecting healthy host cells (Chen et al., 

2007b).  

 

2.4.3 Sensors 

 

In the past decade, AuNPs have found new, previously unknown applications in different fields of 

science and technology, such as the coating of glass (Chaikin et al., 2013) to alter their properties 

and for multicolour optical coding for bioimaging applications (Aaron et al., 2008). AuNPs are 

also utilised in the enhancement of electroluminescence stability and quantum efficiency in blue-
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light-emitting polymers (Park et al., 2004b). The application of AuNPs in signal amplification for 

biosensing is another newly developed application (Cao et al., 2011). The fabrication of materials 

at nanoscale level has enabled the development of sensors capable of detecting analytes such as 

chemical vapours at the very low concentrations of a few parts per millions (ppm) (Zhao et al., 

2015b).  

 

2.4.4 Catalysis 

 

AuNP-based technologies offer great potential to solve some of the great environmental issues 

such as greener synthesis methods, pollution control and water treatment. Gold is known to be a 

very stable metal and it is resistant to oxidation reactions. However, at the nanoscale, conditions 

are suitable for the AuNPs to behave as catalysts e.g. in the catalysis of 4-NP by NaBH4 (Sharma 

et al., 2007; Praharaj et al., 2004), the catalysis of carbon monoxide (CO) oxidation (Haruta et al., 

1987), the catalysis of hydrogenation of unsaturated substrates (Mitsudome and Kaneda, 2013), 

electrochemical redox catalysis of CO (Guo and Wang, 2007) and alcohol dehydrogenation and 

oxygen reduction (Maye et al., 2004), as well as catalysis by functional thiolate-stabilized AuNPs 

(Goettmann et al., 2005).  

 

4-Nitrophenol, alongside other phenols, has been listed by the U.S. Environmental Protection 

Agency (EPA) as an important pollutant with regards to water quality. Conventionally, these 

pollutants are removed using various methods such as catalytic liquid-phase oxidation which 

requires high temperature conditions (Levec and Pintar, 1995), making these methods expensive. 

The use of metallic NPs as catalysts for the reduction of 4-NP can be accomplished at room 

temperature, thus just the cost implications make the use of metallic NPs such as AuNPs an 

attractive, appropriate alternative for the removal of these phenols from industrial waste water. 

Several different types of metallic NPs have been used to catalyze the reduction of 4-NP by NaBH4 

including Pt, Pd, Ni, Ag, Au as well as alloy NPs (Mahmoud et al., 2010; Ghosh et al., 2004; Lu 

et al., 2006). 
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AuNPs have been used to monitor and detect mercury (Hg) (James et al., 2012), an important 

application since mercury is known as a dangerous material world-wide, causing diseases such as 

Alzheimer’s and Autism (Mutter et al., 2005). Mercury that exits the boilers in the utilities industry 

find their way into the atmosphere - amounting to over 100 tons of mercury in the atmosphere 

(Romero et al., 2006). AuNP-based catalysts have the potential to provide a solution by catalyzing 

the oxidation of Hg (Zhao et al., 2006). AuNPs have also been shown to be highly effective 

adsorbents in the removal of significant levels of Hg from drinking water (Pacheco et al., 2006). 

 

Another important application of AuNPs of relevance to the environment, is air quality (Yunus et 

al., 2012). CO is a colourless, odourless gas which is acutely toxic. AuNPs have been shown to 

facilitate the oxidation of CO to produce the less toxic carbon dioxide which can be used by plants 

for photosynthesis (Mehrparvar et al., 2013, Haruta et al., 1987; Lopez et al., 2003). In recent 

years, noble metal NPs have been extensively explored in water purification (Qian et al., 2013) 

and pollutant detection (Wang and Yu, 2013).  

  

2.4.5. Electronics  

 

A more obvious application for gold nanoparticles would be the use of AuNPs as conductors for 

various devices ranging from printable inks to electronic chips. The electronics world is highly 

focused on making smaller and smaller devices, making the use of NPs ideal components for 

electronic chip design. Various components in electronic devices such as resistors, conductors and 

other elements are now connected by AuNPs (Huang et al., 2003). AuNPs are also used 

occasionally in solar cells to occasionally provide clean energy (Lu et al., 2016) and they also 

improve high capacity data storage (in flash memories and discs) (Global Market Insights, 2016). 
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2.5. Ulva lactuca 

 

Discussion of the classification of Ulva lactuca is being presented for the work done on whole 

Ulva (Chapter 4). 

 

2.5.1. Scientific classification 

  

Classification of Ulva lactuca 

Kingdom: Plantae 

Phylum: Chlorophyta 

Class: Ulvophyceae 

Order: Ulvales 

Family: Ulvaceae 

Genus: Ulva 

Species: Ulva lactuca (Linnaeus, 1753) 

Common Name: Sea Lettuce 

 

Marine seaweeds are multicellular eukaryotic organisms which belong to the kingdom Protista to 

any one of the three phyla, Phaeophyta (brown algae), Rhodophyta (red algae) and Chlorophyta 

(green algae) (Raven et al., 2005). Even though all macroalgae from various phyla are referred to 

as seaweeds, they do not have same multicellular ancestor, thus they are classified as a paraphyletic 

group. U. lactuca is a green alga from the family of lactucaceae, genus Ulva lactuca and the genus 

was first identified by Linnaeus in 1753. Taxonomists and phycologists have subsequently focused 

of identifying other Ulva species, a difficult process because of their morphological plasticity 

(Wald, 2010).  

 

The Ulva morphology consists of a simple structure that looks like bright green sheets, which may 

be due to certain factors such as environmental conditions, age of the thallus and life style, making 
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the delineation of the species difficult by morphological features alone. Thallus (leaf) of Ulva is 

only 2 cell layers thick as shown in Figure 2.14 (macroscopic image of Ulva thalli). It is transparent 

and can be easily viewed and examined under a light microscope. The cells of the Ulva contain 

chloroplasts which are responsible for converting solar light into energy (Wald, 2010). The 

chloroplast moves around the cell; during the day it is located on the border of the thallus to 

facilitate photosynthesis, whereas at night it is situated on the edge of the cell (Robertson-

Andersson et al., 2009).  

 

Ulva have been used in bioremediation due to its tolerance and high affinity for ammonium, 

nitrogen and other mineral uptakes from shrimp pond effluent (Copertino et al., 2009; Bolton et 

al., 2009). Ulva lactuca play an important role in removing the high level of nitrates present in 

brackish wastewater, which arises as a result of agricultural runoff or from fish farms, such as the 

wastewater produced by salmon fish farms. This is a mutually beneficial relationship for Ulva as 

it now grows faster - enabling harvest of the Ulva, while the water is purified (Tsagkamilis et al., 

2010; Ale et al., 2011). Ulva is further regarded as the perfect candidate for biofiltering due to its 

high rates of nutrient removal, high photosynthetic rates and high specific growth rates (Copertino 

et al., 2009; Tsagkamilis et al., 2010).  

 

 

Figure 2.14: TEM image of the Ulva thallus 
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2.5.2. Distribution 

 

Ulva is a green marine seaweed which is distributed all over the world. It is found attached to the 

rocks in coastal regions, in pools and shallow waters near the low waterline. Ulva is known to 

survive in salty waters, mainly in waters with organic enrichment such as ocean waters, and it is 

commonly found along the South African coastline (Figure 2.15) in mainly sheltered or moderately 

exposed shores (Bolton and Stegenga, 2002). 

 

 

Figure 2.15: South African map showing the coastline which covers the Indian and Atlantic 

Ocean and more important Sea Point in Cape Town, South Africa where the U. lactuca was 

collected (Adapted from http://exploringafrica.matrix.msu.edu/module-twenty-nine-activity-

one/).  

 

2.5.3. Description 

 

Ulva is a member of a huge genus of marine and brackish green seaweed. It is a thin, flat green 

seaweed which grows to only 2 cell layers thick. When Ulva grow, it lacks stipe (roots) however; 
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it grows attached to rocks (Figure 2.16) and other various substrates (Pedersen and Borum, 1996). 

The leaves of Ulva look like those of a lettuce and therefore it is often called Sea Lettuce. At its 

early stage of development, it is pale green, and it becomes bright green as it mature and it turns 

dark green when it is old. This seaweed can grow as long as 45 cm and 30 cm across (Provasoli 

and Pintner, 1980; Nakanishi et al., 1996). 

 

 

Figure 2.16: U. lactuca in nature growing attached to rocks (Nikolaisen et al., 2011). 

 

2.5.4. Uses of U. lactuca 

 

Ulva has a wide range of usage in households where it is used as a source of food, in biotechnology 

industries, including bioremediation, integrated aquaculture systems and potential biofuel 

production (Neori et al., 1996). It is simple to tear apart Ulva from the rock layer and it can easily 

accumulate in large drifting masses. Reports indicate that these Ulva masses make it possible for 

it to have many other uses such as making paper and fertilizers for crops by farmers (Sridhar and 

Rengasamy, 2012). 
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2.5.5. Cultivation of U. lactuca 

 

Ulva species is filamentous which makes it robust and gives it a high growth rate, which makes it 

relatively simple to cultivate across a wide range of environments. Temperate species of 

filamentous Ulva is cultivated for commercial purposes on nets which are artificially seeded under 

monitored conditions, permitting a high level of control over the seeding density and consequently 

biomass production (Troell et al., 2006). In South Africa, large-scale cultivation of the local 

abalone, Haliotis midae, has grown rapidly from its beginnings in the mid-1990s, and it has kept 

on growing ever since then due to the aquaculture of Ulva (Bolton et al., 2009). At the moment, 

South Africa produces the largest quantities of cultured abalone outside Asia (Troell et al., 2006; 

Robertson-Andersson et al., 2008; FAO, 2004), yielding 1 100 tons in 2007 (Robertson-

Andersson, 2007).  

 

Abalones are herbivores and they were previously fed using Ecklonia maxima (Bolton et al., 2009; 

Troell et al., 1999; Robert-Anderson et al., 2007). Abalone production in South Africa has become 

is very important due to its high economic value and the intention to protect this species due to 

illegal harvesting (Troell et al., 2003). In 2004, abalone production reached a peak of 6 000 tons 

harvested (Robertson-Andersson et al., 2008). South African abalone farms are located to the west 

of Cape Agulhas, the southernmost point of Africa (Figure 2.17) (Troell et al., 2006; Bolton et al., 

2009). Two more farms are located further in the east namely the Marine Growers near Port 

Elizabeth and the Wild Coast Abalone at Haga Haga near East London.  
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Figure 2.17: Abalone production farms in the west coast of South Africa (Maneveldt et al., 

2008). 

 

Experimental studies in the cultivation of Wild Coast Abalone started at first with Gracilaria (red 

algae) (Fourie, 1994; Smit, 1997), and then later U. lactuca (Steyn, 2000) for abalone feed 

addition. Following this success, Wild Coast Abalone started producing large quantities of Ulva, 

becoming one of the largest producers in the world (Bolton et al., 2009) with a series of 32 farms 

built in 1992 for growing U. lactuca and Gracilaria. This incorporated abalone/Ulva system yields 

ca. 2.5 tons of Ulva per working day for the entire year (Robertson-Andersson et al., 2008). 

 

2.5.6. Chemistry of U. lactuca 

 

A study was carried out by Yaich et al. (2011) to determine the chemical composition and 

functional properties of the dried U. lactuca seaweed collected from the shoreline between the 

Taboulba and Sayada area in Tunisia. The soluble, insoluble and total dietary fibre content, mineral 

amount, amino acid and fatty acid profiles, swelling capacity (SWC), water holding capacity 

(WHC) and oil holding capacity (OHC) of the dried U. lactuca algae was investigated. It was 

found that the U. lactuca powder contained a high fibre content (54.0%), minerals (19.6%), 

proteins (8.5%) and lipids (7.9%) (Yaich et al., 2011). The neutral fibres comprised of 

hemicellulose (20.6%), cellulose (9.0%) and lignin (1.7%), while the protein content analysis 
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showed that it contains essential amino acids, which represent 42.0% of the total amino acids. 

During the fatty acids profile analysis, it was found that the most constituent fatty acids are palmitic 

acid (60%), followed by oleic acid (16.0%). It was further revealed that the functional properties 

proved that SWC, WHC and OHC of U. lactuca differs with temperature and are comparable to 

those of some commercial fibre rich products (Yaich et al., 2011). Saritha et al. (2013) reported 

that U. lactuca has high protein content of 20.8% followed by carbohydrates with 13.2% then 4.4% 

lipid content. The fibre and protein content therefore implies that it could act as a rich dietary 

source for animals.  

 

Ulvan is the main water-soluble polysaccharide found in the cell wall of green seaweed of the 

order Ulvales (Ulva and Enteromorpha sp.). About 8–29% of the algae dry weight is represented 

by ulvan (Robic et. al., 2009), comprising sulfate, rhamnose, xylose, iduronic and glucuronic acids 

as major components (Lahaye and Ray, 1996; Percival and McDowell; 1967). Ulvan has been 

shown to have a structure with greater complexity and variability with the polysaccharides 

containing repeating units (Lahaye and Robic, 2007). The two major repeating disaccharide 

sequences of ulvan are ulvanobiouronic acid 3-sulfate composed of either glucuronic or iduronic 

acid (Figure 2.18). Furthermore, there are minor repeating units made up of sulfated xylose 

substituting the uronic acid or glucuronic acid as a branch on O2 of the rhamnose-3-sulfate (Lahaye 

and Ray, 1996; Percival and McDowell, 1967; Lahaye et al., 1997). 

 

Figure 2.18: The main repeating disaccharide units of ulvan. A. [→4)--D-Glcp-(1→4)--

LRhap3S-(1→]n; B. [→4)--L-Idop-(1→4)--L-Rhap3S-(1→]n. (Jiao et al., 2011). 
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2.5.7. Bioactivity of compounds isolated from U. lactuca 

 

In recent years, bioactive compounds have been isolated from seaweeds all over the world and 

they are used as antibiotics, laxative, anticoagulants, antiulcer products and suspending agents in 

radiological preparation (Rajasulochana et al., 2009). Algae contains a high content of amino 

acids, terpenoids, phlorotannins, steroids, phenolic compounds, halogenated ketones and alkanes, 

cyclic polysulphides, fatty acids, acrylic acid (Mtolera and Semesi, 1996; Taskin et al., 2007), 

proteins, polysaccharides, vitamins, minerals and fibres (Lahaye, 1991; Darcy-Vrillon, 1993). 

Marine green algae have been reported several times to have the antibacterial (Lavanya and 

Veerapan, 2011), antiviral (Trono, 1999), antifungal (Oumaskour et al., 2012), anticoagulant 

(Yasantha et al., 2007), antitumor and anti-inflammatory (Scheuer, 1990) activities. Alginate, 

carrageenan and agar isolated from seaweeds have been used for medicinal and pharmaceutical 

purposes (Siddhanta et al., 1997). 

  

The pharmaceutical potential of seaweeds is indicated by the presence of several secondary 

metabolites. In a study carried out by Manchu et al. (2014) in investigating the phytochemicals of 

three Ulva species, glycosides, carbohydrates, steroids, terpenoids and phytosterols were detected 

in all three seaweeds. Additionally, the Ulva lactuca and U. intestinalis samples showed the 

presence of flavonoids, quinones and proteins. U. intestinalis was found to be a better resource for 

bioactive compounds than U. lactuca and U. fasciata (Manchu et al., 2014). Thus it is apparent 

that the in-depth chemistry of U. lactuca is not well known.  

 

Ulvan is a soluble sulfated polysaccharide found in the cell wall of Ulva as previously explained 

section 2.26. Ulvan plays an important role in Ulva survival by its ability to produce allelopathic 

substances that prevent the growth of epiphytes thus it is able to compete for nutrients and light 

against phytoplankton and pathogens. Ulvan has other biological activities such as antioxidant, 

antimicrobial and antiviral properties (Ortiz et al., 2006; Abd El-Baky et al., 2008; Ale et al., 

2011). 
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Chapter 3 Screening of aqueous extracts for the synthesis of gold 

nanoparticles  

 

Summary 

 

To facilitate the selection of a suitable seaweed for AuNP production, several seaweeds were 

randomly selected and their aqueous extracts prepared. This chapter therefore discusses the 

screening of the aqueous extracts prepared from different seaweeds to determine their capacity to 

produce AuNPs. The aqueous extracts which were deemed promising were characterized using 

FTIR and UV-vis spectroscopies. The antioxidant, reducing power and radical scavenging 

capabilities of these extracts were also determined and related to their ability to produce NPs. 

 

3.1. Introduction 

 

One of the main goals of nanotechnology is to synthesize metallic NPs which are eco-friendly and 

biocompatible in a reproducible manner. As previously discussed in Chapter 1, metallic NPs are 

conventionally synthesized using numerous chemical and physical methods. Most of these 

methods are known to be expensive, inefficient in material usage and they have a high energy 

consumption. Thus, the future of nanotechnology is highly focused on green synthetic 

methodologies for NPs; in using methods which are not harmful to the environment and do not 

possess health risks to humans. Therefore, the demand for developing cleaner, harmless and 

environmentally benign production methods is ever increasing (Shankar et al., 2004; Parial et al., 

2012).  

 

In recent years, different algal extracts from the families Chlorophyta (green seaweeds), 

Rhodophyta (red seaweeds), and Phaeophyta (brown seaweeds) have been proposed for use in the 

synthesis of metallic NPs such as AgNPs and AuNPs (Sharma et al., 2016). This was mainly due 
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ability of seaweeds to carry out the reduction of metal salts, which may be due to the presence of 

phytoconsitutents such as polysaccharides, phenolic compounds, proteins/enzymes and other 

chelating agents (Manivasagan and Kim, 2015). The NPs synthesized using seaweeds extracts 

possess the morphology, size and stability which make them applicable for biomedical and 

environmental applications (Singaravelu et al., 2007).  

 

NPs exhibit unique optical, chemical, photoelectrochemical and electronic (Krolikowska et al., 

2003; Kumar et al., 2003; Chandrasekharan and Kamat, 2000; Peto et al., 2002) properties which 

makes them incredibly important. These unique properties strongly depend on their size and shape 

(Alivisatos, 1996), while the unique optoelectrical properties of AuNPs makes them valuable in 

diverse fields such as electronics, colourings, coatings, catalysis as well as in the biomedical areas 

(Huang et al., 2003, Xu et al., 2004).  

 

The applications for AuNPs in various fields is intimately tied to their size to shape ratio. The 

optical properties of the Surface Plasmon Resonance (SPR) band for AuNPs is directly dependent 

on the size of the AuNPs produced; i.e. AuNPs which are 20 nm in size display an orange-red 

colour which steadily shifts to blue as the particle size increases to 100 nm (Link and El-Sayed, 

1999; Kreibig and Vollmer, 1995). Thus, the SPR band changes as the size and shape changes. 

Recently, efforts have been made towards understanding how organisms accumulate gold and how 

they convert the gold to non-toxic AuNPs (Mehta and Gaur, 2005).  

 

Brown algal aqueous extracts have been employed in the synthesis of AuNPs in several studies. 

Singaravelu et al. (2007) reported the synthesis of AuNPs using brown algae Sargassum wightii 

extracts, while Vijayan et al. (2014) showed that Au(III) ions can be reduced to Au(0) by 

Turbinaria conoides aqueous extract. A Fucus vesiculosus extract was also found to produce 

AuNPs (Mata et al., 2008). Interestingly, AuNPs syntheses using the green algae Pithophora 

oedogonia, have also been reported (Li and Zhang, 2016). Other classes of brown, green and red 

algae that have been used in the synthesis of AuNPs have already been discussed in Chapter 2. 
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Despite the large number of reports available in the use of algal extracts in the synthesis of metallic 

NPs, there are many others that have not been described. The aim of this study was to screen a 

number of aqueous extracts of red, green and brown algae as model biological systems for the 

production of AuNPs and to characterize these NPs for potential future applications in 

nanotechnology. Screening was carried out on the basis of (1) the capability of the seaweed extract 

to produce gold nanoparticles and (2) the time required for bioconversion. 

 

3.2. Methodology 

 

3.2.1 Seaweeds collection, preparation and chemicals 

 

All marine seaweeds were obtained from Sea Point Coastal area in Cape Town, South Africa. The 

collected algae were washed with distilled water and stored at -20 °C until further use. Folin-

Ciocalteu (F-C), sodium carbonate (Na2CO3), gallic acid, potassium ferricyanide, phosphate 

buffer, trichloroacetic acid (TCA), ferric chloride (FeCl3.6H2O), ascorbic acid, 2,2-diphenyl-1-

picrylhydrazy (DPPH), butylated hydroxytoluene (BHT), gold(III) chloride trihydrate 

(HAuCl4
.3H2O) were all purchased from Sigma Aldrich. All aqueous solutions were prepared 

using MilliQ water (18 mΩ, Millipore). 

 

3.2.2. Preparation of extracts 

 

The aqueous extracts of eleven different algae (listed in Table 3.1) were prepared and these were 

screened for their ability to produce AuNPs. The pure algal aqueous extracts to be screened for NP 

syntheses were prepared by adding 1 g of the freeze-dried, powdered algae into 100 mL of distilled 

water, followed by boiling at 100 oC for 20 min in a 250 mL Erlenmeyer flask. These extracts were 

allowed to cool and then filtered through Whatman No. 1 Filter paper and the supernatant stored 

at -20 °C until further use. 
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Table 3.1: List of algae, the sample codes, seaweed class, scientific name and time taken for the 

characteristic pink colour attributed to AuNPs to develop, with the brown aqueous extracts being 

the only ones that showed the ability to produce the AuNPs 

Sample codes Seaweed   Scientific name  Time produce AuNPs 

(min) 

1. NDK100328-3 Brown Sargassum incisifolium 50 

2. NDK130821-1 Brown  Sargassum incisifolium  70 

3. PA100331-6 Green    

4. UWC150619 Red Laurencia glomerata  

5. UWC150619-2 Red    

6. SB20140302-6 Red    

7. SB20140303-3 Red Portieria hornemanii  

8. SB20140302-3 Brown  Dictyota naevosa 200 

9. DO20140301-2 Red    

10. SB20140302-5 Green    

11.*Ulva Green  Ulva lactuca  

*no code given 

 

3.2.3. Characterization of aqueous extracts  

 

3.2.3.1. UV-vis spectroscopy 

 

UV-vis spectra of the aqueous extracts of those extracts which produced AuNPs i.e. SB2014, 

NDK100 and NDK130 were measured using an Agilent Cary 60 UV-vis 

Spectrophotometer (Agilent Technologies, USA) in the wavelength range of 200 nm to 800 nm. 

Briefly, 100 µL of the extract was added to 2.9 mL of distilled water in a cuvette with 1 cm 

pathlength for UV-vis analysis.  
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3.2.3.2. FTIR spectroscopy  

 

The freeze dried aqueous extracts were analyzed on a Perkin-Elmer Spectrum 400 

spectrophotometer (using the Spectrum software) using an ATR accessory. 

 

3.2.3.3 NMR spectroscopy 

 

NMR spectra (1H and HSQC) were acquired on a Bruker 400 MHz Avance IIIHD Nanobay 

spectrometer equipped with a 5 mm BBO probe at 333K using standard 1D and 2D NMR pulse 

sequences.  All spectra were referenced to residual undeuterated solvent peaks at 60 ºC. 

 

3.2.3.4. Antioxidant, reducing power, radical scavenging properties of the aqueous extracts 

 

3.2.3.4.1 Determination of total phenolic content 

 

Total phenolic content of the three extracts (SB2014, NDK100, and NDK130) was determined 

following the protocol used by Tobwala et al. (2014), which depends on the development of a 

bluish-grey complex between the Folin-Ciocalteu reagent (F-C reagent) and the phenols. An 

amount of 125 μl of the plant extract was added to 625 μl of the F-C reagent that was diluted 10-

fold. The mixture was incubated at room temperature for 5 minutes followed by the addition of 

500 μl of 75 mg/mL Na2CO3 solution. The mixture was briefly vortexed and further incubated at 

room temperature for 90 min. The samples were added to a 96 well microtiter plate in triplicate 

and the absorbance measured at 760 nm against a blank/control using gallic acid as a standard. The 

concentration of the extracts was measured as μg of gallic acid equivalents (GAE)/mg.  
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3.2.3.4.2 Determination of total reducing power 

 

The total reducing power of the algal extracts were determined using the procedure previously 

described by Tobwala et al. (2014). Briefly, 2.5 mL of 0.2 M phosphate buffer (pH 6.6) and 2.5 

mL of a 1% potassium ferricyanide solution were added to 1 mL of the algal extract and gently 

mixed. The mixture was incubated at 50 0C in a water bath for 20 min followed by the addition of 

a 10% trichloroacetic acid (TCA) solution followed by centrifugation at 6 000 rpm for 10 min. 2.5 

mL of the supernatant was drawn and transferred into a 15 mL centrifuge tube containing 2.5 mL 

of distilled water and 0.5 mL of 0.1% ferric chloride (FeCl3.6H2O). The mixture was mixed well 

and incubated for 5 min followed by measurement of the absorbance as described above but with 

ascorbic acid as the standard. The concentrations were calculated as milligrams of ascorbic acid 

equivalent (AAE)/mg of dried plant material. 

 

3.2.3.4.3. Determination of radical scavenging power 

 

The radical scavenging power of the same three extracts were evaluated using the Tobwala et al. 

(2014) protocol. Briefly, 2.9 mL of DPPH (1 × 10−4 M) was mixed with 100 µL of the 

corresponding algae extract. The solutions were kept in the dark at room temperature for 30 min 

followed by measurement of the absorbance at 520 nm against blanks. The radical scavenging 

power was measured as [1 - A1÷A2] × 100%, wherein A1 and A2 are the absorbance with and 

without plant extract, respectively. Butylated hydroxytoluene (BHT) was used as the standard. 

 

3.2.4. Biosynthesis of gold nanoparticles 

 

In a typical synthetic process for the AuNPs, 5 mL of an aqueous algal extract was added to 45 

mL of a 1 mM gold chloride solution in a 250 mL conical flask. The reaction mixture was kept at 

room temperature with mechanical stirring. The time taken for a change in colour from yellow 
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(gold salt solution) to pink (AuNPs solution) was noted and the sample allowed to stir for a further 

1 h. The formation of the AuNPs was also monitored using a Cary 60 UV-vis spectrophotometer 

(Agilent Technologies). 

 

3.2.5. Characterization of the synthesized AuNPs 

 

UV-vis spectroscopic measurements were performed using the wavelength range of 200 nm to 800 

nm by adding 300 µL of the algal extract that produced the AuNPs and 2.7 mL of water into a 

quartz cuvette. The reaction was allowed to proceed for 6 hours with the absorbance measured 

every 10 min. This data was collected and used to determine the rate at which the AuNPs were 

formed. The stability of the AuNPs was determined by using the Malvern Zetasizer (Malvern, 

USA).  

 

Microscopic analysis was carried out to reveal nanoparticle sizes and shapes using an HRTEM 

Tecnai F20 with a field-emission gun (FEG) operating in bright field mode at 200 kV coupled with 

EDX revealing the elemental composition of the AuNPs. A drop of AuNPs was placed on the 

carbon-coated copper grid, making a thin film of sample on the grid which was allowed to dry. 

ImageJ was used to measure NPs size in TEM images. FTIR spectroscopy was used to identify the 

characteristic peaks associated with the metabolites present in the algae aqueous extracts that 

managed to produce the AuNPs. 

 

3.3: Results and discussion 

 

3.3.1. Preparation and characterization of the algal aqueous extracts 

 

3.3.1.1. UV-vis spectroscopy 

 

Preparation of the seaweed aqueous extracts resulted in the formation of brown coloured extracts 

as shown in Figure 3.1 where the differences in the colour intensity for each of the extracts can be 
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seen. NDK130 is the most intense followed by NDK100 and SB2014, respectively. It is assumed 

that the brown colour of these extracts is likely due to the presence of the water soluble 

polyphenolic compounds and polysaccharides (although these are optically transparent), since all 

these algae are brown algae (Mmola et al., 2016). 

 

 

Figure 3.1: Images illustrating difference in colour intensity of the aqueous extracts using the 

algae SB2014, NDK130 and NDK 100 respectively. 

 

The UV-vis absorption spectra of the prepared extracts are shown in Figure 3.2. It is clear that the 

extract with the most intense colour (NDK130) revealed the strongest absorption followed by 

NDK100 and then SB2014 as expected. All three samples revealed a max absorption at ~273 nm. 

The data suggests that the darker the extract, the greater the amount of polyphenolic content, which 

was later confirmed by the determination of the polyphenolic content for these extracts (as given 

in Section 3.3.1.3.1). However, the colour of the extracts show minimal interference with the SPR 

band of the synthesized AuNPs since this band is usually between 520 and 550 nm (Gherbawy et 

al., 2013; Huang & El-Sayed, 2010; Jones et al., 2011). 
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Figure 3.2: UV-vis absorption spectra for NDK130, ND100 and SB2014 respectively starting 

from the one with maximum absorbance. 

 

3.3.1.2. FTIR spectroscopy  

 

FTIR spectroscopy was used to compare the three aqueous extracts. The extracts appear to have 

the same chemical make up as can be seen in Figure 3.3. The only noticeable difference is mainly 

the relative transmittance of all the extracts which could be due to the concentration of 

biomolecules in them but not the molecular composition (Mmola et al., 2016). It could be 

explained due to the fact that the extracts evaluated were all brown seaweeds. 
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Figure 3.3: FTIR spectra of AuNPs synthesized using SB2014, NDK130 and NDK100 algae 

extracts. 

 

3.3.1.3. NMR spectroscopy  

 

Further comparison of these reducing agents was accomplished by NMR and the edited HSQC 

spectra are shown in Figures 3.4 and 3.5 for NDK130 and SB2014, respectively.  The HSQC NMR 

spectra provide information about direct 1H-13C correlations. The purpose of this analysis was not 

to assign the structures of the polyphenols or polysaccharides present in the aqueous extract, but 

rather to provide a basis to allow one to identify the different structural features of the different 

extracts.  In addition, using the edited HSQC, one can easily distinguish between methyl, 

methylene and methine signals.  The large number of overlapping proton signals makes the 

analysis of the 1H NMR spectrum (x-axis) very difficult.   

 

However, the carbon signals (y-dimension) provide a significant amount of information.  Firstly, 

methyl signals at ~  18 is clearly apparent in Figure 3.4 for the NDK130 sample as are the sugar 

oxymethine carbons between  60 and 80.  Finally, the anomeric carbons of sugars are visible 

around  100. Additionally, upon comparison of the two HSQC, significant differences in the 

HSQC spectra of NDK130 and SB2014 are immediately apparent in that the former contains many 
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signals in the aromatic region (C 110-130 and H 6-8), which are absent in the SB2014 sample. It 

is clear that the signals present suggest that the polysaccharides (C 60-80 and H ~3.5) are the 

major constituents in these extracts, whereas the polyphenols/phlorotannins are the minor 

constituents.  

 

Figure 3.4: HSQC NMR spectra obtained for NDK130 obtained in D2O at 60 oC. 

 

Figure 3.5: HSQC NMR spectra obtained for SB2014 obtained in D2O at 60 oC. 
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3.3.1.4. Antioxidant, reducing power, radical scavenging properties of the aqueous extracts 

 

3.3.1.4.1. Total phenolic content  

 

The total phenolic content was used to determine using aqueous extract from three algae (SB2014, 

NDK100 and NDK130) prepared in using distilled water as a solvent. The total phenolic extracts 

of each algae are expressed as μg gallic acid equivalent/mg for each of the extracts is shown in 

Table 3.2. NDK130 appeared to be to the algae with the highest polyphenolic content (0.76 μg 

GAE/mg) followed by NDK100 and finally SB2014 with 0.14 g GAE/mg). These data agree 

with the intensity of the absorption curves obtained in the UV-vis spectra and the colour observed 

for the various algal extracts. 

 

Table 3.2: Total polyphenolic content and total reducing power for the aqueous extracts of 

SB2014, ND100 and NDK130. 

 

Extract 

Total Polyphenolic Content 

(GAE, in μg/mg of dried leaves) 

Total Reducing Power (AAE, 

in μg/mg of dried leaves) 

SB2014 0,143 0,379 

NDK100 0,691 0,312 

NDK130 0,761 0,734 

 

3.3.1.4.2. Total reducing power  

 

The reducing power is related to the antioxidant activity and can be used to assess the antioxidant 

potential of a sample (Tobwala et al., 2014). The total reducing power of the extracts obtained for 

the algae are also shown in Table 3.2 with the largest reducing power obtained in the following 

order: NDK130 > NDK100 > SB2014. Total reducing power of NDK130 was 0,734 μg ascorbic 
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acid equivalent/mg, which was twice that of NDK100 and SB2014. It is therefore expected that 

this extract will have greater capacity to reduce the metal salt producing AuNPs (most likely 

through the concentration of reductants in the extract, hence stronger UV absorbance commented 

on above).  . 

  

3.3.1.4.3. Radical scavenging power  

 

Free radical scavenging power plays a crucial role during the evaluation of the protective effects 

due to the toxicity of free radical biological systems. DPPH is often used to evaluate the radical 

scavenging power of various compounds (Bradford, 1976). Its follows the principle of the ability 

of antioxidants to reduce the DPPH radicals which results in the formation of a more stable DPPHH 

form (Tobwala et al., 2014). When the radical scavengers are present, it results in the reduction of 

DPPH and therefore the corresponding absorbance is decreased. The DPPH scavenging activities 

of aqueous extracts of three different algae (SB2014, NDK100 and NDK130) are shown in Figure 

3.6. Since all the extracts were prepared in same solvent (distilled water) it implies that the 

difference in scavenging activities was affected by the type of alga used as follows: NDK130 > 

NDK100 > SB2014. As before, the NDK130 extract showed a highest activity with the highest 

radical scavenging ability (29%) among the three brown algal extracts used. 

 

 

 

http://etd.uwc.ac.za/



67 
 

 

Figure 3.6: The DPPH radical-scavenging activity of aqueous extracts of SB2014, NDK100 and 

NDK130. The absorbance values were converted and expressed as a percentage and the data 

plotted as the mean of the triplicate scavenging effect (%).  

 

3.3.2. Synthesis and characterization of AuNPs 

 

3.3.2.1. Visual observation  

 

Of the eleven aqueous extracts used, it was found that only three brown algal extracts were able to 

produce AuNPs and interestingly, only the aqueous extracts of brown algae were able to produce 

AuNPs, which may have been caused by the presence of certain water soluble reductant species in 

the brown algae which are not found in green and red algae in the study. The colour of the aqueous 

extracts before addition of the gold chloride solution is shown in Figure 3.7 (A) in the following 

order from left to right: Dictyota naevosa (SB2014), Sargassum incisifolium (NDK100) and 

Sargassum incisifolium (NDK130). The difference between the two Sargassum samples is that 

they were collected at different times of the year (i.e. different seasons)  
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The main components comprising the extracts were discussed earlier in Section 3.3.1.3. Figure 3.7 

(B) shows the ruby red colour attributed to the successful formation of the AuNPs, where the NDK 

extract shows the deepest colour (Figure 3.7 (B)). This may be attributed to the fact that this extract 

also possessed the greatest polyphenolic content, reducing power and radical scavenging ability, 

since it was expected that this extract would produce the AuNPs with relative ease compared to 

the other two extracts. Formation of the NPs were confirmed using UV-vis spectroscopic analyses 

which revealed the presence of the surface plasmon resonance (SPR) band of the AuNPs at ~530 

nm. 

 

The characteristic pink colour of the AuNP solution and the presence of the SPR band is a result 

of collective oscillations of free electrons caused by an interacting electromagnetic field in metallic 

NPs (Mulvaney, 1996). The change in colour of the solution was observed within 20-30 min and 

the reaction was allowed to proceed for 2 hrs – all at room temperature and pressure conditions. In 

the past few years, marine seaweeds have been recognized as a possible source for synthesizing 

NPs, with numerous reports available for the synthesis of AuNPs using algae extracts. Singaravelu 

et al. (2007) synthesized AuNPs using a Sargassum wightii aqueous extract using a 15 h of 

incubation time. Furthermore, Mmola et al. (2016) also synthesized AuNPs using Sargassum 

incisifolium aqueous extracts within 50 min. The above mentioned algal extracts were found to 

produce AuNPs much more rapidly i.e. within 50-120 min. 
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Figure 3.7: Visual observation of the formation of AuNPs where the colour change was observed 

after 1 h. The aqueous extracts of the three extracts observed to produce NPs (A) before addition 

of the gold salt solution and (B) the change in colour of the solutions 1 hr after addition of the gold 

salt solution. 

 

3.3.2.2. UV-vis spectroscopy  

 

To provide a better understanding of the AuNPs formation process, the time dependent increase 

of the SPR absorption band at ~540 nm was monitored. These UV-vis spectra are shown in Figure 

3.8 (A-C). During the synthesis of the AuNPs, an increase in the reaction time generally showed 

an increase in the SPR absorbance from t = 0 to t = 6 h. The maximum absorbance peaks for the 

synthesized AuNPs after 6 hrs were recorded at 544 nm, 537 nm and 553 nm for SB2014, NDK100 

and NDK130, respectively. The SPR band for the NDK130 extract was the most red shifted, while 

that of the SB2014 extract was the most blue shifted. The SPR band is highly sensitive to the 

nature, size, and shape of the formed NPs as well as the interparticle distance and surrounding 

media (Shetty et al., 2006; Liebig et al., 2016). Upon comparison of the UV-vis spectra for each 

of the extracts, unexpectedly, it became apparent that the SPR band for the NDK100 extract was 

well resolved and sharp, while that of the SB2014 and NDK130 (Figure 3.8 A and B respectively) 

extracts the SPR bands remained quite broad, with the absorption spectrum dipping below 0 at 

approximately 500 nm. This is likely due to scattering as AuNPs may be crashing out of solution.  
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Based on the shape and position of the SPR bands for NDK130 and SB2014 in particular, it was 

expected that the AuNPs produced would have a variety of shapes and sizes. This was later 

confirmed by TEM. The observed maximum absorption peak at ~540 nm was further used to 

construct the absorption vs. time graphs for the rate of formation of the AuNPs (Figure 3.9). 
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Figure 3.8: Time-dependent absorption measurements during gold nanoparticle syntheses using 

the aqueous extracts of (A) SB2014 (B) NDK130 and (C) NDK100 over a period of 6 hours.  
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3.3.2.3. Rate of formation of the AuNPs for each of the aqueous extracts 

 

To analyze the speed of formation of the AuNPs after addition of the three aqueous extracts into 

the gold chloride solution UV-vis spectroscopy was used to monitor the reaction. 2.7 mL of a 1 

mM gold salt solution was mixed with 300 µL of each of the algal aqueous extracts and the UV-

vis spectra recorded every 10 min for 6 h. The maximum absorption for the SPR bands of each 

extract at each time interval was then plotted against time and these curves are shown in Figure 

3.9.  

 

Figure 3.9 shows the rate of formation curve for SB2014 extract which was obtained at 544 nm. It 

shows that the AuNPs only started to form after an induction period at about 2 hours, where they 

then started to form at an exponential rate. At 360 min it appears the NP formation is starting to 

level off, but the reaction was stopped due to time constraints before this was confirmed. However, 

a different trend was observed using NDK130 and NDK100 as shown in Figure 3.9, where it was 

observed that it took approximately 100 min and 50 min for the extracts respectively, for the 

AuNPs to start forming. The AuNP formation with NDK100, with the greatest change in 

absorbance, was particularly clear. Although it was expected that the NDK130 extract would 

produce the most NPs with greater efficiency (from the total polyphenolic and reducing power 

contents), this may be due to the NPs crashing out of solution (as observed by the dip at 500 nm 

in the UV-vis spectra of NDK130 Figure 3.8B). The same is true for the SB2014 extract, although 

this sample consistently possessed the least total polyphenolic and reducing power content. The 

data in Figure 3.8 therefore does not correspond to the colour change observed for the samples or 

with the total reducing and polyphenolic contents determined previously. 
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Figure 3.9: Rate of formation of NPs using the max values for the SPR bands vs. time for each 

of the three algal extracts SB2014, NDK 130 and NDK100 at λmax = 544, 553 and 537 nm, 

respectively. 

 

3.3.2.4. Zeta-potential measurements 

 

The zeta potential measurements for the synthesized AuNPs was determined using a Malvern 

Zetasizer after three days of synthesis and the values are found in Table 3.3 for all three algal 

extracts used. It can be observed that the zeta-potential values for the AuNPs listed below exhibit 

a negative potential charge on their surface. Although, it has been reported that for the NPs to be 

regarded as stable, their zeta potential values should be greater than +30 mV or lower than -30 mV 

(Koteswari et. al., 2011). However, the NPs produced using our three extracts are not within the 

cut-off range which implies they are not stable, hence the chances of the NPs agglomerating and 

limiting their applications is high.  

 

The zeta potential values exhibited by the SB2014 AuNPs is very close to zero (-1.36 mV) which 

shows that they are very unstable and this was also observed by quick colour change to blue within 

approximately four days of synthesis. However, the NDK100 and NDK130 AuNP samples have a 

zeta potential of -27.8 and -23.2 mV, respectively, which shows that they relatively stable. There 
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are few reports wherein unstable NPs have been stabilized by the use of a capping agent which 

then reduces their agglomeration, although it is assumed in this study that the polysaccharides 

present in the aqueous extracts are capping the NP. However, all the nanoparticles synthesized had 

a zeta potential within the cut-off range. 

 

Table 3.3: Zeta potential measurements obtained for the AuNPs  

Nanoparticle type  Zeta potential (mV) 

SB2014 -1.36 ± 7.99 

NDK100 -27.8 ± 9.09 

NDK130 -23.2 ± 1.3 

 

3.3.2.5. HRTEM analyses 

 

HRTEM analyses provided some insight into the morphology and sizes of the AuNPs synthesized 

using the aqueous extracts of the algae SB2014, NDK100 and NDK130. The AuNPs formed 

possessed different shapes showing spherical, hexagonal and triangular NPs of different sizes 

when using the three different algae extracts as shown in Figure 3.10. The synthesized AuNPs 

were small in size, particularly for the spherical NPs, while the triangular and hexagonal shaped 

NPs were larger in size with diameters ranging from 30 to 50 nm for all three extracts. In 

comparison to other studies done by Raghunandan et al. (2009), Rajeshkumar (2013), Mmola et 

al. (2016), Noruzi et al. (2011), the brown algal aqueous extracts used to form AuNPs also revealed 

different shapes such as spherical, triangular and pseudo-spherical shapes with size ranging 

between 15 and 50 nm, similar to what was found in the current study. In the same way, Ghodake 

and Lee (2011) produced the AuNPs with same shapes with size diameter ranging between 15 and 

20 nm with an SPR band at 530 nm. This suggests that brown algae are more likely to produce 

AuNPs of different shapes with smaller particles sizes.  
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Figure 3.10: TEM images together with the EDX spectra obtained for the AuNPs synthesized 

using the various aqueous extracts: A) SB2014 B) NDK130 and C) NDK100. Scale bar: 200 nm. 
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The TEM images obtained for NDK130 as shown in Figure 3.10 (B) are particularly interesting. 

The “etching” observed for these AuNPs have been previously reported where the surfaces of gold 

nanospheres were modified using poly-L-histidine (Tian et al., 2015). These features were 

explained by the researchers to be due to the presence of poly-L-histidine that resulted in control 

over the AuNPs growth which confirmed the role of poly-L-histidine in constant nucleation and 

growth of the NPs (Tian et al., 2015). The NPs thus produced were found to have an interesting 

application in bioimaging. It is therefore likely that the NPs produced and shown in Figure 3.10 

(B) may have been etched with proteins present in the aqueous extract of NDK130. 

 

The EDX spectra obtained (Figure 3.10 D-F) confirmed that the elemental composition of the 

synthesized AuNPs was primarily Au followed by copper which is attributed to the copper grids 

used for TEM analyses. Trace amounts of chlorine, oxygen and potassium were also found and 

these could be attributed to sea salt (chlorine and potassium) or unused gold salt (chlorine). Trace 

oxygen could be attributed to adsorbed oxygen present on the sample surface. 

 

3.4. Conclusion  

 

A totally green, eco-friendly, one-step synthesis of AuNPs using algal aqueous extracts as reducing 

agents as was developed. The method is environmentally friendly and eliminates the use of toxic 

chemicals which are typically involved during conventional physical and chemical methods of NP 

synthesis. These AuNPs may find use in various biomedical applications, since the NPs produced 

are biocompatible and they may be further loaded with an active pharmaceutical ingredient such 

as an anticancer agent. Therefore, this rapid, environmental friendly and inexpensive route can be 

employed in the synthesis AuNPs with wide biotechnological and chemical applications. 
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Chapter 4 Synthesis and characterization of gold nanoparticles 

using live Ulva lactuca 

 

Summary 

 

The chapter reports the synthesis of AuNPs using the live marine seaweed U. lactuca and the 

characterization of the resultant NPs produced using various techniques such as UV-vis, HRTEM, 

ICP-AES, XPS, XRD, SEM, TGA and FTIR.  

 

4.1. Introduction 

 

As previously mentioned, the traditional methods usually employed in the synthesis of NPs contain 

many hazardous effects to the environment and human health, resulting in research driven into 

developing innovative ways for synthesizing NPs using non-toxic chemicals. Numerous novel 

green methods for the production of NPs have been realized using a variety of natural resources 

such as plants, algae, bacteria and fungi. In recent years, the synthesis of NPs using biological 

materials have been shown to be a viable alternative due to the various advantages they hold such 

as: biocompatibility, broad size distributions, readily scalable processes and the use of organisms 

are easily available and renewable (Hulkoti and Taranath, 2014; Allafchian et al., 2016). 

Biomaterials that have been used to synthesize NPs include marine algae (Asmathunisha and 

Kathiresan, 2013; Singaravelu et al., 2007), whole plants (Makarov et al., 2014) and many others  

that have already been discussed in Chapters 1 and 2. 

 

However, there are no reports in the literature in the use of live marine algae in the synthesis of 

NPs. Although several live terrestrial plants have been reported to be able to accumulate heavy 

metals and to successfully produce several metallic NPs. Some examples of terrestrial plants 

capable of bioaccumulating heavy metals and synthesizing NPs include Sesbania drummondii 

(Sharma et al., 2007) and Arabidopsis (Parker et al., 2014), which were used to produce AuNPs 

and PdNPs, respectively. U. lactuca has also been reported to have excellent heavy metal uptake 
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capabilities and the metals include mercury (Costa et al., 2011; Kumar et al., 2009) and cadmium 

(Muse et al., 2005). Thus, it was deemed necessary to investigate the live Ulva’s ability to produce 

AuNPs, especially since reports of its crude extract was successfully used to synthesize AgNPs 

(Sangeetha and Saravanan, 2014). However, as reported in Chapter 3 earlier, our Ulva aqueous 

extracts were not able to synthesize AuNPs. This Chapter thus reports on the successful synthesis 

of AuNPs using a live green seaweed U. lactuca.  

 

To appreciate the potential applications of NPs, a thorough knowledge of the NPs’ properties via 

characterization needs to be determined. These properties include the nanoparticle size, 

composition, morphology, crystalline nature and many others. The characterization techniques 

therefore included: UV-vis spectroscopy, TEM and SEM was used to reveal average nanoparticle 

size, morphology, crystallinity, where EDX was used mainly for elemental composition, ICP-AES 

for quantification of the synthesized NPs, zeta-potential measurements were carried out to 

determine the charge of the NP capping agent, XPS for identifying the elements present as well as 

the oxidation state of the gold, XRD was used to give an insight into the crystalline nature and size 

of the NPs, while FTIR was used for identifying functional groups of the capping agent involved 

in the synthesis process. The above techniques were all discussed in Chapter 2.  

 

4.2. Methodology 

4.2.1. Chemicals and seaweed preparation 

 

Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), glutaraldehyde, phosphate-buffered saline 

(PBS), piperazine-N,N-bis (2-ethanesulfonic acid), ethanol and osmium tetroxide were purchased 

from Sigma Aldrich. NIST (National Institute of Standards and Technology, Gaithersburg MD, 

USA) traceable standards for ICP-AES were purchased from Inorganic Ventures (300 Technology 

Drive, Christiansburg, VA 24073). The marine green seaweed U. lactuca and sea water were 

collected from the Marine Research Aquarium at Sea Point in Cape Town, South Africa. Collected 

U. lactuca samples were washed with distilled water and suspended in a fish tank filled with 

seawater and equipped with a fish tank pump to keep the organisms alive. 
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4.2.2. Biosynthesis of gold nanoparticles 

 

AuNPs were synthesized by the addition of live Ulva (10 g wet weight) into a 100 mL solution of 

HAuCl4·3H2O at varying concentrations (i.e. 0.1, 0. 5, 1.0 and 5.0 mM) in a 250 mL conical flask. 

The samples were kept for seven days in normal laboratory lighting and temperature conditions. 

The AuNPs produced in solution as well as the Ulva leaves were collected at different time 

intervals for subsequent characterization. The AuNPs obtained from the solution were collected at 

t = 0 min, 1 min, 10 min, 20 min, 30 min, 50 min, 70 min, 90 min, 120 min, 4 hrs, 6 hrs and day 

7; whereas the AuNP coated Ulva leaves were collected at t = 0 min, 4 h, day 1 and day 7. Where 

dry samples were required (e.g. for FTIR, TGA and XPS analysis), the Ulva leaves were allowed 

to dry in the fumehood at room temperature. For XRD, FT-IR and TGA analyses, the leaf sample 

was cryoground in liquid nitrogen after drying to obtain a fine powder. 

 

4.2.3. Characterization of gold nanoparticles 

 

4.2.3.1. UV-vis spectroscopy  

 

The reaction using the live Ulva organism steeped in a gold chloride solution was measured 

optically by adding 3 mL of the obtained AuNPs solution into a 1 cm pathlength UV quartz cuvette 

and it was subsequently monitored using an Agilent Cary 60 UV-vis Spectrophotometer (Agilent 

Technologies, USA) in the wavelength range of 200 nm to 800 nm.  

 

4.2.3.2. Inductively coupled plasma - atomic emission spectroscopy (ICP-AES) 

 

Aliquots of the AuNPs from the solution in which the Ulva was steeped, were collected at various 

time intervals and centrifuged at 6000 rpm for 30 minutes. The supernatant was collected and the 

pellet discarded. The samples were prepared for ICP-AES by diluting the supernatant aliquots in 
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a 1:10 ratio with distilled water. The determination of the Au concentration remaining in the 

solution (where it was assumed the rest was taken up by the Ulva) was then accomplished through 

the use of a Thermo ICap 6200 ICP-AES. The instrument was calibrated and validated using NIST 

(National Institute of Standards and Technology, Gaithersburg MD, USA) traceable standards in 

order to quantify the gold in solution. 

 

4.2.3.3. Transmission electron microscopy (HRTEM) 

 

The size, shape, crystallinity and elemental composition of the AuNPs produced in the solution in 

which the Ulva were steeped were determined using HRTEM coupled with EDX and SAED 

detectors. The HRTEM images, EDX data and SAED patterns were obtained using an HRTEM 

Tecnai F20 with a field-emission gun (FEG) operating in bright field mode at 200 kV. The AuNPs 

samples were prepared by drying a single drop of undiluted solution on a lacy carbon mesh on top 

of a copper grid and dried under electric bulb. ImageJ was used to measure NP sizes in the TEM 

images. 

 

The biological samples analyzed by TEM refer to the AuNPs embedded in the live Ulva organism 

and these were prepared as follows: the AuNPs supported on and in the U. lactuca thalli were 

collected after day 1 together with a control sample of U. lactuca (i.e. without exposure to the gold 

solution) were prepared for TEM by thorough rinsing with seawater. The samples were then cut 1 

x 2 mm pieces and fixed in a 2% glutaraldehyde in 50 mM piperazine-N,N-bis (2-ethanesulfonic 

acid) solution adjusted to a pH of 6.8. These thalli pieces were subjected to a vacuum briefly to 

aid infiltration of the fixative into the sample tissues and the samples were thereafter incubated in 

the fixative for 2 h at room temperature. The samples were then washed with the 50 mM 

piperazine-N,N-bis (2-ethanesulfonic acid) buffer solution and fixed in a 2% osmium tetroxide 

solution in water for 2 h at room temperature. After rinsing the samples with water, the samples 

were dehydrated through an ethanol series and embedded in Spurr’s resin. Thin sections of this 

resin were then prepared and collected onto Cu-support grids. An FEI Tecnai20 TEM equipped 

with a LaB6 emitter operating at 200 kV was used. The TEM was fitted with a Gatan Tridiem GIF 
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with 2kx2k CCD camera using a Digital Micrograph suite of program to reveal the location of the 

synthesized NPs on the U. lactuca thallus (leaf). 

 

4.3.2.4. Field emission scanning electron microscopy (FESEM)  

 

Leaf (thalli) samples were collected at different time intervals and placed in 10 mL seawater. 

Thereafter the samples were fixed in a 2% glutaraldehyde solution. The Ulva samples were then 

air dried and mounted onto aluminium stubs using carbon glue. The samples were then coated with 

carbon. The samples were viewed in a FEI Nova NanoSEM 230 using a backscatter detector. The 

settings used were 20 KeV landing energy with 4.2, 5.6, 5.8, 6.1, 6.2, and 6.7 mm working 

distance. 

 

4.3.2.5. X-ray photoelectron spectroscopy (XPS) 

 

The XPS analyses were carried out with a PHI 5400 XPS spectrometer using a non-monochromatic 

AlKα X-ray source (1487 eV, 15 kV and 300 W) and hemispherical sector analyzer. The 

instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 

line for metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.67 eV for 

the Cu 2p3/2 line of metallic copper. The photoelectron take-off angle for all measurements was 

45°. Survey scan analyses were carried out with pass energy of 178.95 eV and scan rate of 2.5 

eV/s, while high resolution analyses were carried out with pass energy of 44.75 eV and scan rate 

of 0.625 eV/s. Charge correction was done by referencing to the adventitious carbon peak at 284.8 

eV.  

 

Spectra were analyzed using XPSPEAK 4.1 software (Kwok, available on the web), while a 

Shirley background was used for all peaks. For the Au 4f fits, the spin orbit split option in the 

software was activated and a 3.67 eV energy difference between the splits was used according to 

Moulder et al. (1992). The powder specimens as well as the leaf specimens were mounted on 

adhesive vacuum carbon tape. The XPS survey spectra were corrected for X-ray satellite peaks 
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(present because a non-monochromatic X-ray source was used) and smoothed. The analyses area 

was 3 x 10 mm2. The base pressure in the working chamber was < 5 x 10-9 Torr measured by a 

nude ionization gauge. The initial analysis was done on the as is samples, thus without prior 

cleaning or neither otherwise, nor in situ ion sputtering. An additional set of measurements were 

collected for the powder samples after 10 minutes sputtering by Ar ions at 3 keV and 9 x 9 mm2 

raster. 

 

4.3.2.6. X-ray powder diffraction (XRD) 

 

The XRD patterns for the lyophilized samples of the powdered AuNPs supported on the Ulva leaf 

were acquired on a Bruker AXS (Germany) D8 Advance diffractometer (voltage 40 KV; current 

40 mA). The XRD spectra were recorded in the range 30-90º using a CuKα (λ=0.154 nm) 

monochromatic radiation X-ray source. The size of the NPs was calculated using the Debye-

Scherrer as previously described in Chapter 2 (equation 3). 

 

4.3.2.7. FTIR spectroscopy 

 

IR spectra of the freeze-dried, powdered samples were recorded on a Perkin Elmer Spectrum 400 

FTIR/FT-NIR spectrophotometer equipped with an ATR accessory. 

 

4.3.2.8. Thermal analysis 

 

Thermogravimetric analyses of the freeze-dried, powdered AuNPs supported on U. lactuca were 

carried out using a TGA Analyzer 4000 (Perkin Elmer) under a nitrogen atmosphere with a purge 

rate of 20 mL/minute in the temperature range of 50–900 oC at a rate of 10 oC/min.  
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4.3. Results and discussion 

 

Samples of the solution in which the Ulva were submerged, as well as the AuNPs embedded on or 

in the Ulva thalli itself, were collected at different time intervals. The results and discussion will 

therefore be divided into these the two sections, i.e. solution and solid (for the Ulva thallus) sample 

analyses. 

 

4.3.1. Solution sample analyses 

 

4.3.1.1. Visual observation 

 

The reduction of the metal salt from Au(III) to Au(0) was monitored by observing the colour 

change after addition of the live Ulva into the gold solution as shown in Figure 4.1 (A-E). The 

colour changes from the characteristic yellow of the Au salt solution and green of Ulva thalli to 

dark pink for the solution and the Ulva thalli. The NPs formed in the solution and in/on the leaf 

sample was then subjected to further characterization as discussed later in this chapter. This deep 

pink colour was observed upon immediate exposure of the seaweed into the Au salt solution at a 

1 mM concentration, which implies the immediate formation of the AuNPs in the solution and 

on/in the seaweed itself. It was noted that the pink colour started to form on the seaweed thalli 

after about 10 min; while the solution itself remained colourless at first and then eventually turned 

pink as well after about 30 min. The pink colour of the Ulva leaf as well as the solution was most 

intense between 90 min and 2 h, indicating formation and increased concentration of the AuNPs 

on the Ulva as well as in the solution.  

 

Interestingly, after 2 days the solution itself started to turn colourless once again with a completely 

clear solution obtained on day 7, but the Ulva remained a deep pink colour throughout. This 

suggested that the NPs initially formed in solution were now incorporated into the seaweed itself. 

On the other hand, the other Au salt concentrations used, with the 0.05 mM solution shown in 

Figure 4.1, and 5.0 mM (not shown), the gold chloride solution showed no change in colour which 
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suggests that these concentrations may be too dilute (at 0.05 mM) or too concentrated (at 5.0 mM) 

to synthesize the NPs. It is possible that with the 5.0 mM solution, the Ulva may be carrying out 

some bioremediation processes whereby the Au salt is taken up by the living organism, but since 

the levels are too high, they may not be able to reduce the metal salt sufficiently. The 1 mM 

concentration was therefore regarded as the optimum concentration for the synthesis of AuNPs 

using Ulva. All results discussed hereafter are therefore for those NPs synthesized using the 1 mM 

solution.  
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Figure 4.1: Green synthesis of AuNPs using live Ulva organisms at gold chloride solution 

concentrations of 0.05 mM and 1 mM. Colour change at t = (A) 0 min, (B) 10 min, (C) 30 min, 

(D) 4 h and (E) 6 h. The Ulva sample at 0.05 mM remains green throughout. 
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4.3.1.2. UV-visible spectroscopy 

 

UV-vis spectroscopy is widely considered to be a useful technique to determine the formation of 

AuNPs (Pimprikar et al., 2009). Figure 4.2 (A-B) shows the UV–Vis spectra of the AuNPs that 

were formed, recorded as the function of time. The colour change from light yellow to purple or 

pinkish red in the solution is due to the excitation of the SPR in the AuNPs caused by the light 

passing through and this observation was by using UV-vis spectral analysis (Ramakrishna et al., 

2015; Inbakandan et al., 2010). Changes in SPR of the synthesized AuNPs with respect to time of 

collection is shown in Figure 4.2 (A-B).  

 

Initially, the broad surface plasmon resonance (SPR) band for the AuNPs occurred at 550 nm 

initially, then together with a shoulder at 660 nm, with the maximum absorbance increasing from 

the start at t = 0 to 90 min as shown in Figure 4.2 (A). The initial SPR band at 550 nm at 30 min 

indicates formation of spherical NPs, but the appearance of the shoulder at 660 nm at 50 min is 

likely due to the presence of variously shaped AuNPs. This was confirmed using TEM and is 

discussed later. The optical absorbance (Figure 4.2 (A)) of the AuNPs increased as the reaction 

time increases up to t = 90 min, which may indicate an increase in the concentration of NPs being 

synthesized, since the Beer Lambert law indicates that a substance’s concentration and is directly 

proportional to its absorbance (Swinehart, 1962). However, after 90 min to 6 h, the maximum 

absorbance starts to decrease at both 550 and 660 nm as shown in Figure 4.2 (B), which suggests 

a decrease in the NPs concentration in the solution. At first, it was thought that the observed 

decrease in absorbance was due to the AuNPs aggregating and crashing out of solution. However, 

based on the visual observations (discussed in section 4.3.1.1), this decrease is more likely due to 

the AuNPs being taken up by the live seaweed. This was further confirmed after 2 days starting 

the reaction by the disappearance of the dark pink colour of the solution becoming completely 

colourless. 
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Figure 4.2: UV-vis absorption spectra (in water) of the AuNPs in solution synthesized using the 

live marine algae U. lactuca showing: (A) an increasing absorbance at both 550 nm and 660 nm 

from t = 0 to t = 90 min, followed by: (B) a decreasing absorbance at both 550 and 660 from t = 

120 min and 4 h. The concentration of the gold salt solution used here is 1 mM. 

 

4.3.1.3. Rate of AuNPs formation 

 

A graph for the speed of AuNP formation is shown in Figure 4.3, which was constructed using the 

absorbance data collected from the UV-vis spectra at 550 nm and 660 nm and this is given as a 

function of time. This graph clearly indicates the increase in the formation AuNPs after an initial 
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induction period of 30 min following the addition of the live U. lactuca, up until 100 min where a 

maximum in absorbance was reached. From 100 min onwards, a decrease in absorbance was then 

observed, indicating that the NPs are either settling out of solution (and therefore aggregating) or 

there is a decrease in the AuNP concentration which could only be due to the AuNPs being taken 

up by the Ulva. The latter is in agreement with the visual observations and the UV-vis spectra 

(Figure 4.2) discussed earlier, which indicated that the NPs are being taken up by the seaweed.  

 

 

Figure 4.3: Speed of AuNP formation constructed using UV-vis absorbance data collected at 550 

nm and 650 nm vs. time. 

 

4.3.1.4. Inductively coupled plasma - atomic emission spectroscopy (ICP-AES) 

 

The percentage of Au salt that remained in the solution was quantified using ICP-AES and it is 

shown in Figure 4.4 in a plot of the percentage of Au salt versus time following the addition of 

Ulva to the Au salt solution. The samples for ICP-AES were prepared in such a manner that only 

the Au salt (not the AuNPs) would be detected. The samples were were centrifuged at 6000 rpm 

for 30 min to precipitate out any AuNPs present (which should collect as a pellet) leaving the Au 

salt in the supernatant. The supernatant was collected, diluted in a 1:10 ratio and then the amount 

of Au remaining in the solution as the reaction progresses was quantified by ICP-AES. This should 
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give an indication of the amount of gold salt (and AuNPs formed or taken up) by the Ulva at 

various time intervals. 

 

The amount of Au salt present in the solution (Figure 4.4.) decreased significantly to less than 40% 

of the initial concentration within the first 10 min, indicating rapid uptake of the metal salt by the 

Ulva (at this stage, no AuNPs were observed in the reaction solution, but the Ulva thalli had started 

to turn pink). It is also clear from Figure 4.4, that the Au salt remaining in solution is reduced to 

zero after only 90 min, which suggests that the Au(III) was completely reduced to form AuNPs 

with a Au(0) state or that it was taken up by the seaweed (as either AuNPs or the metal salt). These 

data suggest that Ulva is indeed very good at heavy metal removal from its surrounding 

environment and this is in agreement with that was observed by Ibrahim et al. (2016) where they 

showed the efficient capability of Ulva in taking up heavy metals from wastewater. 

 

 

Figure 4.4: Plot of the percentage Au salt present in the supernatant of the reaction solution 

collected at various time intervals from t = 0 min to day 7 as obtained by using ICP-AES analyses. 
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4.3.1.5. High resolution transmission electron microscopy (HRTEM) 

 

HRTEM provided further insight into the morphology, shape variation and size ranges obtained 

for the AuNPs produced at various time intervals, as illustrated in Figure 4.5 (A-E). The NPs were 

well dispersed and no real agglomeration was noticed at the start (t = 30 min and t = 90 min). 

Interestingly, apart from the presence of spherical AuNPs, very large (more than ~200 nm) 

triangular shaped AuNPs were also formed at t = 30 min. The occurrence of variously shaped NPs 

was hinted at previously by the presence of a small shoulder in the UV-vis spectra obtained at t = 

50 min (Figure 4.2 A). It was, however, found that the majority of AuNPs synthesized were 

spherical, with some triangular and rod shaped NPs also present (Figure 4.5 (A-E)). Figure 4.5 

also clearly shows that the NPs become aggregated from 90 min onwards. This is in agreement 

with the UV-vis spectra (Figure 4.2 A) obtained which showed a decrease in absorbance intensity 

from at this stage. 
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Figure 4.5: TEM micrographs of AuNPs synthesized using Ulva at time intervals show spherical, 

triangular and rod-shaped NPs.  (A) t = 30 min  (B) t = 90 min (C) t = 120 min (D) t = 4 h (E) t = 

6 h. Scale bar: at 50 nm. 

 

The ImageJ software was used to calculate the AuNP size ranges at the different time intervals and 

the sizes were found to be as follows: (A) 69.155 ± 30.717 nm at (t = 30 min), (B) 14.751 ± 6.258 

nm (at t = 90 min), (C) 22.645 ± 9.149 nm (at t = 120 min), (D) 18.134 ± 7.832 nm (at t = 2 hours) 

and (E) 26.646 ± 5.852 nm (at t = 6 hours) for the spheres. From these data, it is clear that there is 

no real correlation between size range and time intervals which may be due to imaging of a 

particular selection of the grid which only contained these NPs, from sample preparation error or 

that a range of NPs shapes and sizes are inconsistently produced at various times.  

 

4.3.1.6. Energy Dispersive X-ray spectroscopy (EDX) and selected area diffraction (SAED) analyses 
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According to the EDX data acquired simultaneously during HRTEM analyses, the presence of Au 

in the sample was positively confirmed and it was present in the greatest quantity (Figure 4.6 A).  

 

 

 

Figure 4.6: Energy dispersive X-ray spectrum (A) of the sample obtained for the AuNPs produced 

in the reaction solution at t = 4 h and (B) the SAED pattern obtained for these AuNPs. 

The occurrence of sodium and chloride in the sample was also revealed, which may be due to the 

presence of sea salt which is associated with the seaweed (or unreacted metal salt in the latter case). 

It further shows the presence of Cu and oxygen which are probably due to the copper grid and 

oxygen which may have been adsorbed onto the sample from the air. The SAED pattern shown in 
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Figure 4.6 (B), obtained for the sample collected at 4 h, suggested that the AuNPs synthesized 

were polycrystalline in nature. The SAED pattern results correspond with the results obtained from 

the XRD analyses. The appearance of the rings is attributed to the set of diffraction planes (1 1 1), 

(2 0 0), (2 2 0), (3 1 1) and (2 2 2) for face-centered cubic gold (Bearden, 1967; Skakle, 2005; Liss 

et al., 2003). 

 

4.3.2. Solid sample analyses 

 

The following section describes the results and discussion obtained for the characterization of the 

Ulva thallus (as opposed to the solution in which the Ulva were steeped) samples  obtained using 

HRTEM, SEM, XRD, XPS, FTIR and TGA. 

  

4.3.2.1. High resolution transmission electron microscopy 

 

HRTEM was carried out to evaluate whether AuNPs were indeed formed and the location of 

formation of the AuNPs on/in the Ulva thalli itself, since visual observation implied that the 

AuNPs are also formed within or on the seaweed itself due to the colour change (Figure 4.1). 

Figure 4.7 (A) shows the TEM images obtained for the Ulva sample that has not been immersed 

in the gold chloride solution. This image clearly shows the Ulva cell structure (without any NPs). 

Figure 4.7 (B-C) were obtained for the Ulva samples following subjection of the Ulva to the gold 

chloride solution and it shows the presence of small dark spots which imply formation of the 

AuNPs on and in the Ulva thallus.  

 

Figure 4.7 (B) shows the presence of the AuNPs on the leaf surface of the Ulva, whereas figure 

4.7 (C) shows the formation of AuNPs in the chloroplasts suggesting the consitutents within the 

chloroplasts (i.e. chlorophyll) are responsible for formation of the AuNPs. Figure 4.7 (D) shows 

that the NPs are consistently located with a uniform pattern of distribution along the cell walls 

(CW), in the chloroplasts (Cp) and on the leaf surface. The shape of the NPs in the cells were 

http://etd.uwc.ac.za/



94 
 

found to be mostly spherical, while the size of these NPs was found to be approximately 9.6 nm 

(this was later confirmed by XRD analyses). The presence of the AuNPs on the surface of the Ulva 

thallus was further confirmed using XPS and FESEM. 

 

  

  

Figure 4.7: TEM images of the U. lactuca cells: (A) not immersed into the gold solution (control), 

and (B-D) AuNPs embedded on/in the Ulva cells. The AuNPs are found on the located on the leaf 

surface, lining the cell walls (CW) and in the chloroplasts (Cp). (Scale bar = 0.2 µm). 

 

The active uptake of heavy metals has been reported in marine seaweeds such as Cladophora 

fasicularis, Ulva lactuca, Chaetoporpha sp, Caulerpa sertularioides and Valoniopsis pachynema 

(Kumar et al., 2009). In U. lactuca, it has also been reported that this seaweed is capable of 

accumulating mercury from wastewaters (Costa et al., 2011; Kumar et al., 2009). The presence of 
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AuNPs in the cell wall as well as the chloroplasts of U. lactuca as shown by the TEM images in 

Figure 4.7 (B-D) indicates the ability of Ulva to accumulate gold after reducing it to its nanoscale. 

The terrestrial plant Sesbania drummondii is also capable of accumulating heavy metals and has 

been shown to have the ability to accumulate AuNPs in their roots in the cytoplasm and other 

organelles (Sharma et al., 2007). There are few reports to conclude that all biomaterials capable of 

accumulating heavy metals are also capable of reducing these heavy metals into their nanoscale 

and accumulate them within or on their surfaces. It is thought that live organisms are likely to 

convert/reduce metal salts which are toxic to their nanoparticles since the latter is considered non-

toxic, while the former is poisonous.  

 

4.3.2.2. Field emission scanning electron microscopy  

 

FESEM analysis was carried out on Ulva leaf samples coated with AuNPs which were collected 

after immediate addition of the Ulva into gold chloride solution, as well as after 4 h and 7 days 

(Figure 4.8 (B-D)). A control Ulva thallus sample was also analyzed and this shown in Figure 4.8 

(A). FESEM revealed the absence of gold in the control sample, while the presence of elemental 

gold was confirmed on the Ulva surface even after a few seconds of exposure (t = 0 min, Figure 

4.8 B) as indicated by the white spots as shown in Figure 4.8 (B-D), although the data does not 

indicate whether the Au is in the metallic state. The information obtained using FESEM is therefore 

in agreement with the XPS and biological TEM data which indicated the presence of AuNPs on 

Ulva cell surface.  

 

Elemental composition as revealed by the EDX data further indicated the presence of a high 

amount of gold (Figure 4.8 E) for the area selected in Figure 4.8 (D). The EDX analysis of the 

Ulva leaf sample further confirms the presence of Ca and Mg which may be due to mineral salts 

from the ocean which were present in the seaweed. Traces of other elements such as Cu, C and O 

are also present, which are due to the copper grid used for the analyses, while the C and O are 

expected for an organic sample as well as adsorbed oxygen.  

Synthesis of the AuNPs supported on biomaterials has shown to be advantageous in catalytic 

reactions such as in reduction of 4-nitrophenol (Sharma et al., 2007). Furthermore, such NPs on 
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the biological material surface can be purified and obtained in larger quantities as compared to 

those trapped on the inside of polymers for example and they can be further employed for various 

applications (Vijayaraghavan et al., 2011; Mata et al., 2009). 

 

    

  

Figure 4.8: FESEM images of the surface of Ulva thalli where (A) is the control  Ulva thallus, (B) 

t = 0 min, (C) t = 4 h and (D) t = 7 days; (E) is the EDX spectrum of a selected area of the Ulva 

thallus as shown in (D). 

 

4.3.2.3. X-ray powder diffraction 

 

The “green” synthesized AuNPs, incorporated into the Ulva leaf samples which was subsequently 

freeze-dried, were clearly observed in the XRD powder patterns. Their crystalline state was 

confirmed by the well resolved reflections, substantiating the SAED data obtained previously. 

Figure 4.9 shows the XRD patterns obtained for the AuNPs prepared using the live Ulva seaweed. 

The XRD patterns showed five clear peaks which correspond to the crystalline face centered cubic 

(fcc) phase (Singh et al., 2013). The diffraction peaks were observed at 2θ = 38.36° (111), 44.13° 
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(200), 64.78° (220), and 77.98° (311) and 83.5° (222) which are identical to those reported for 

standard Au metal (Au(0)) based on the JCPDS 04-0784 file (Saxena et al., 2010). The line 

broadening shown by the reflections in the XRD diffractograms are typical for NPs, where the 

smaller the NPs size, the broader the reflections obtained (Bearden, 1967; Skakle, 2005; Liss et 

al., 2003). Similar XRD results were obtained for AuNPs synthesized using the brown algal 

aqueous extract from Sargassum marginatum (Rajathi et al., 2012). Using the Debye-Scherer 

equation (equation 3). The crystallite size of the synthesized AuNPs was found to be 9.585 nm. 

 

 

Figure 4.9: Powder XRD pattern obtained for the powdered Ulva lactuca leaf-AuNPs sample.  

 

4.3.2.4. X-ray photoelectron spectroscopy (XPS) 

 

XPS was used to evaluate the composition and chemical environment of the elements present on 

the Ulva leaf material coated with AuNPs. An XPS survey scan as shown in Figure 4.10 (A) 

revealed the presence of carbon (C 1s), oxygen (O 1s), nitrogen (N 1s) and silicon (Si 2s) 

photoelectrons at 300, 650, 420 and 160 eV, respectively, in addition to the expected Au 

photoelectrons at 84 eV for Au 4f and ~350 eV for Au 4d. The Si 2s signal may be due to the 

glassware used in preparing the AuNPs, while the carbon, oxygen and nitrogen detected are 

expected from an organic sample.  
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Figure 4.10 (B) shows the high-resolution XPS spectrum of the Au 4f core level photoelectrons of 

the Ulva leaf sample prepared with the gold salt solution concentration of 1 mM. Two distinct 

peaks separated by 3.67 eV binding energy were visible, namely the Au 4f5/2 and Au 4f7/2 peaks at 

~ 84 eV. The two peaks are due to the spin orbit splitting of the Au 4f level. The well separated 

spin orbit pair at 84.0 eV indicates that the gold present on the leaf surface is in the metallic state 

(Au(0)). The binding energy together with the deconvolution or fit (given in green) obtained shows 

Au to be only in its metallic state i.e. Au(0) and not as bulk gold (Au(III)) where higher binding 

energies are expected (Bozˇanic et al., 2013). Most importantly, the spectrum revealed the 

presence of AuNPs on the surface of the Ulva leaf, since XPS is a surface analytical technique 

where photoelectrons are typically ejected from the first 3Å of the sample surface (Drummond and 

Bryson, 1996). 

 

  

Figure 4.10: Survey scan (A) of the Ulva thalli, and (B) high resolution XPS spectrum of the Au 

4f spin-orbit pair showing the presence of Au(0) only (at BE 84.0 eV).  

 

4.3.2.5. FTIR spectroscopy 

 

FTIR was used for characterization of the capping agent’s functional groups. The capping agent 

plays a crucial role in the stabilization of the AuNPs. The FTIR spectra of the Ulva alone and that 

of the biosynthesized AuNPs supported on Ulva are shown in Figure 4.11. This may provide some 
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information any change in the functional groups involved in the bioreduction processes 

(Perevedentseva et al., 2010;). The FTIR spectrum of the biosynthesized AuNPs supported on 

Ulva and Ulva alone show three similar characteristic bands at 3359.88, 1627.26 and 1051.51 cm-

1. The strong broad absorbance at 3359.88 cm−1 corresponds to the N–H stretching vibrations of 

the free NH group. The intense medium absorbance at 1627.26 cm−1 is more likely to be a 

characteristic band of C=O stretch (frequency and intensity) or possibly one of the higher 

frequency C-H inplane bends associated with benzene C=C. The band at 1051.51 cm−1 can be 

assigned to the CH bending vibrations of a CH3 group. The results suggested that the capping 

ligand of the AuNPs may be an aromatic compound or amines (Sangeetha and Saravanan, 2014). 

For the AuNPs Ulva sample, spectrum reveals either new bands or enhanced signals at 3023, 1500 

and 1200 cm-1. 

 

 

Figure 4.11: FTIR spectra of the powdered Ulva before (Ulva alone) and after the biosynthesis of 

AuNPs (AuNPs on Ulva). 

 

4.3.2.6. Thermogravimetric analysis (TGA) 

 

The TGA curves of Ulva alone and that for the AuNP embedded in the Ulva leaf are shown in 
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0

20

40

60

80

100

120

5001000150020002500300035004000

Tr
an

sm
it

ta
n

ce
 (

%
) 

Wavenumbers (cm-1)

Ulva alone

AuNPs on Ulva

3359.88

16273.26

1051.513023

1200
1500

http://etd.uwc.ac.za/



100 
 

stages of mass loss were observed firstly in the region of 30 to 120 ºC with the second stage seen 

between 120 and 250 ºC and this may have been attributed due to loss of volatile and water 

components (Martins et al., 2015). At these two stages of mass loss it can be observed that the 

Ulva alone lost a higher percentage at all stages compared to the Ulva coated with AuNPs. The 

third mass loss stage occurred between 450 ºC where both curves overlapped and 800 ºC where 

again overlapped, albeit unexpectedly. It can be noted that at this stage the mass of Ulva coated 

with AuNPs was a little higher than that of Ulva alone. This may have been caused by the 

degradation of the materials (Martins et al., 2015). The overlap observed at 450 ºC shows that 

Ulva alone presents higher thermal stability as compared to the one supporting the AuNPs. Carbon 

is expected to decompose at approximately 500 oC, and thus it was assumed that all of the seaweed 

would have been consumed at this stage. The fact that a 100% mass loss was not observed, could 

be due to the presence of sea salt (NaCl and KCl) in the seaweed sample. It was expected that it 

would be possible to calculate the mass of Au embedded in the seaweed, but this was not feasible.   

 

 

Figure 4.12: TGA curves obtained for the Ulva seaweed alone and that of the AuNPs supported 

on Ulva. 
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4.4 Conclusion 

 

This study has shown that Ulva can be used as an efficient, green synthetic factory to produce 

AuNPs. Ulva presented a unique ability for the intracellular formation of AuNPs which were also 

revealed to form on the surface of the Ulva thallus. The synthesis procedure is ideal due to its eco-

friendly nature, eliminating the disadvantages associated with conventional physical and chemical 

methods. These biosynthesized NPs are expected to have variety of applications such as catalytic 

activities as well as biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



102 
 

Chapter 5 Catalytic activity of the AuNPs supported on Ulva lactuca  

 

Summary 

 

This chapter presents some background on the catalytic ability of the gold nanoparticles (AuNPs) 

for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) as a model reaction. This is 

followed by an assessment of the gold nanoparticles supported on Ulva (as a solid support) 

synthesized in this study as a catalyst. 

 

5.1. Introduction 

 

AuNPs have attracted an extensive amount of interest in nanotechnology and material science due 

to their unique catalytic, optical, biological, medical, magnetic and electronic properties which 

make them applicable in different fields such as catalysis (Yu et al., 2016), sensors (Rana et al., 

2016), biomedicine (Liu et al., 2015; Joseph et al., 2014), fluorescence imaging (Zhang et al., 

2015), surface-enhanced Raman scattering (SERS) (Xie et al., 2014), electronics and photonics 

(Luechinger et al., 2008). 

 

The exploration of gold nanocatalysts for several reactions became a hot research topic in the late 

1980’s when Haruta and colleagues discovered that AuNPs were effective in the catalysis of low-

temperature oxidation of CO (Haruta et al., 1987). However, naked (or bare) AuNPs usually 

aggregate or dissolve during the catalytic reaction, which, understandably, gradually reduces their 

initial catalytic activities, or the catalytic function fades after several cycles. In recent years, the 

anchoring of AuNPs on, or into, a number of solid supports such as polymers (Percebom et al., 

2016; Quan et al., 2016; Zyuzin et al., 2016), metal oxides (Korotcenkov et al., 2016; Zhao et al., 

2015), silica (Laveille et al., 2016), carbon materials (Lozano-Martı´n et al., 2015; Simenyuk et 

al., 2015) and biomaterials (Wei and Lu 2012) has been successfully used to overcome this 

problem.  
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The exploitation of the catalytic properties of coinage metal NPs such as AuNPs, AgNPs and 

CuNPs in the reduction of nitro-containing, aromatic environmental pollutants (such as 

nitrobenzene or 4-NP) to less harmful, or even useful by-products, was vital because of the 

simplicity and low cost (given that the reduction procedure takes place in water at room 

temperature). 4-NP is a pollutant frequently found in wastewater, often originating as an end-

product in the degradation of pesticides such as parathion and nitrofen (Marais et al., 2006), from 

industrial plants used in paper manufacturing processes, in pharmaceutical companies and dye 

industries (Li et al., 2007; Gupta et al., 2014). 4-aminophenol (4-AP) is a crucial compound in the 

synthesis of painkillers, antipyretic drugs and as corrosion inhibitors (Panigrahi et al., 2014). The 

reduction of the toxic 4-NP by NaBH4 to produce 4-AP requires the use of a catalyst and one with 

enhanced abilities is therefore desired. 

 

Prahdan et al. (2002) reported on the catalytic reduction of 4-NP using NaBH4 in the presence of 

AgNPs as catalysts, while AuNPs have also been used in the catalytic reduction of 4-NP using 

NaBH4 (Fedorczyk et al., 2015; Sharma et al., 2007). It has been previously demonstrated that the 

reduction of 4-NP by NaBH4 does not proceed without the addition of NPs which act as a catalyst.  

However, upon addition of AuNPs, the reaction proceeds easily (Pradhan et al., 2001). An electron 

transfer mechanism is responsible for the reaction and it takes place between the 4-NP, the NaBH4 

and the NPs (Chang and Chen, 2009).  

 

This reaction was chosen as the model reaction since it is fast, clean and can be easily monitored 

in real-time following the addition of AuNPs to the mixture. The reaction is observed by the 

decrease of the 4-NP absorption peak at 400 nm and the appearance of 4-AP peak at 298 nm over 

time using UV-vis spectroscopy. The use of a much higher concentration of NaBH4 compared to 

that of 4-NP shows that the reduction rate is independent of NaBH4 (Lee et al., 2007). Thus, this 

process is regarded as standard test reaction to investigate the catalytic activity of differently 

synthesized NPs which can vary in size and shape (Zhao et al., 2015b; Fedorczyk et al., 2015). 

 

Although there are only a few reports of AuNPs embedded in biomaterials such as Sesbania 

drummondi (Sharma et al., 2007), there is no report of AuNPs embedded uniformly on Ulva. 
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Therefore, the synthesis of AuNPs embedded on surface of Ulva with good catalytic activity and 

high stability will be a good inclusion to research the ability of Ulva as a biosupport. Herein, we 

report on the catalytic function of AuNPs embedded on Ulva for the reduction of 4-nitrophenol in 

the presence of NaBH4. 

 

5.2. Chemicals 

 

HAuCl4, NaBH4 and 4-nitrophenol (4-NP) were all purchased from Sigma Aldrich and used as 

received. All aqueous solutions were prepared with MilliQ water (18 mΩ, Millipore). 

 

5.3. Methodology 

 

5.3.1. Catalytic experiments  

 

The catalytic experiments were performed in a standard quartz cuvette with an optical path length 

of 1 cm. The catalytic activity of the synthesized AuNPs supported on Ulva in the reduction of 4-

NP using NaBH4 was carried out following previously documented protocols (Quites et al., 2017; 

Sharma et al., 2007) with minor modifications. The AuNPs bound to Ulva were firstly cryoground 

in liquid nitrogen to obtain a very fine powder. An amount of 500 µL of freshly prepared aqueous 

NaBH4 (0.88 mM) was added to 25 mL of four different concentrations of 4-NP (0.75, 1.0, 1.50 

and 2.0 mM) in a 50 mL centrifuge tube, resulting in a colour change from light yellow to deep 

yellow. Subsequently, 20 mg of the AuNP powder supported on Ulva was added. Following 

sonication, 100 µL aliquots of the reaction mixture were removed every 30min for 2 h, thereafter 

every 4 h and were diluted with 2.9 mL of water and the decolourization monitored using a UV-

vis spectrophotometry.  
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5.4. Results and discussion 

  

5.4.1. Catalytic reduction of 4-NP 

 

The spectrum of a neutral aqueous solution of 4-NP (at 1.5 mM) showed a strong absorption peak 

with a λmax at 316 nm (Figure 5.1; peak A). Upon the addition of the NaBH4 (0.88 mM), the colour 

of the solution changed from a light yellow to a deep yellow and bubbles were formed in solution 

(due to H2 gas liberation). These observations all indicate transformation of the 4-NP into the 4-

nitrophenolate ions (Quites et al., 2017; Fedorczyk et al., 2015), together with a resultant red shift 

in the absorption band to longer wavelengths at λmax = 400 nm (Figure 5.1; peak B) (Panigrahi et 

al., 2007; Pradhan et al., 2002). 

 

 

Figure 5.1: UV-vis absorption spectra of an aqueous solution of 4-NP (peak A) and of the 4-

nitrophenolate ions (peak B) produced upon the addition of NaBH4 to 4-NP. 

 

Addition of the AuNPs resulted in a decrease in the 4-nitrophenolate absorption peak with the 

appearance and growth of a small peak at 298 nm at approximately 60 min, as can be seen in Figure 

5.2 (A-D), indicating formation of the 4-AP (Sharma et al., 2007; Zhao et al., 2015; Hayakawa et 
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al., 2003). Since different concentrations of 4-NP (0.75, 1.0, 1.5 and 2.0 mM) were used with a 

constant concentration of AuNPs (20 mg) and NaBH4 (0.88 mM), it is important to note the 

difference in the size of the 4-AP peak at 298 nm as well as how quickly it formed. It is also 

important to monitor how rapid the 4-NP peak at 400 nm was reduced. At lower concentrations of 

4-NP (i.e. 0.75 mM), the development of the peak at 298 nm appeared much bigger with a much 

higher absorbance followed by that of 1.0, 1,5 and 2.0 mM respectively. This suggests that an 

increase in the concentration of 4-NP results in a decrease in the concentration of 4-AP 

concentration using the Beer-Lambert Law. Alternatively, the nitrophenolate absorption at 400 

nm, appeared to be reduced much more quickly at a concentration of 0.75 mM compared to other 

higher concentrations. The 0.75 mM [NP] solution was almost completely reduced since the 

nitrophenolate absorbance peak is almost zero, while as the 4-NP concentration is increased, the 

4-NP is not reduced as much. 
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Figure 5.2: Time (in minutes) dependent UV-vis absorption spectra for the reduction of the 4-

nitrophenol and for the gradual development of 4-AP over 4 h. Conditions: (A) [4-nitrophenol] = 

0.750 mM (B) [4-NP] = 1.0 mM, (C) [4-NP] = 1.50 mM and (D) [4-NP] = 2.0 mM. Concentration 

of [NaBH4] = 0.88 mM and quantity of AuNPs = 20 mg. 

 

It is important to note that the intensity of the absorbance peak corresponding to 4-AP is much 

smaller in comparison to that of 4-nitrophenolate peak and this may be due to very low extinction 

coefficient (2582 M−1 cm−1) of the 4-AP compound at λ = 298 nm (Ferdorczyk et al., 2015) 

compared to 4 nitrophenolate ions which have an extinction coefficient of 1.76 × 104 M−1 cm−1 at 

λ = 400 nm. Thus, it is not possible to compare the relative intensities of these peaks offhand to 

give an indication of the quantities present for each component. 

 

Two control reactions were used in this study. Figure 5.3 illustrates the UV-vis absorption spectra 

obtained for the reduction of the 4-NP in the absence of any Ulva material alone or AuNPs 

supported on Ulva. It became apparent that the reaction does not proceed in the absence of a 

catalyst (in this case the AuNPs) which agrees with other studies (Chang and Chen, 2009; Prahadan 
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et al., 2001; Fedorczyk et al., 2015; Sharma et al., 2007). This suggests that the AuNPs supported 

on the Ulva served as a catalyst for the reduction and is required for the reaction to proceed (Chang 

and Chen, 2009; Prahadan et al., 2001; Fedorczyk et al., 2015; Sharma et al., 2007). A second 

control reaction (Figure 5.4) was carried out, where 20 mg of Ulva without AuNPs were added to 

the reaction mixture and similar results were obtained, showing that the reaction cannot proceed 

without AuNPs and that the Ulva alone is not responsible for the reduction.  

 

 

Figure 5.3: Time dependent UV-vis absorption spectra for the attempted reduction of the 4-

nitrophenolate ions with NaBH4 in the absence of U. lactuca or AuNPs (in water). The legend 

given is time in minutes. 
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Figure 5.4: Time dependent UV-vis absorption spectra for the attempted reduction of the 4-

nitrophenolate ions with NaBH4 using Ulva without AuNPs (in water). The legend given is time 

in minutes. 

 

5.4.2. Determination of rate constants for the reduction of 4-NP 

 

Figure 5.2 shows the absorption spectral changes observed during the reduction of 4-NP at 30 min 

intervals using the AuNPs supported on Ulva as a support. Figures 5.3 and 5.4 further show that it 

is the AuNPs which are responsible for the catalytic activity and that Ulva acts simply as a support 

and does not interfere with the AuNPs’ ability to catalyze the reduction. 

 

A plot of the 4-NP concentration versus reaction time is shown in Figure 5.5 and the kinetic data 

obtained is listed in Table 5.1. The linearity of the plots obtained from ln(Co/C) vs. time indicates 

that this reaction follows first order kinetics. The data shows that with an increase in concentration 

of 4-NP, the rate of 4-NP reduction generally stayed the same, while a decrease in kobs was 

observed with an increase in 4-NP concentration. The half-lives for the reaction were found to 

increase with an increase in concentration of 4-NP, indicating the efficiency of the AuNPs is 

greater at lower concentrations of 4-NP. It is apparent from these data (and the R2 values obtained) 

that at a concentration of 2.0 mM, the efficiency of the AuNPs in reducing 4-NP is reaching a 
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threshold. Due to time constraints, reduction reactions at lower concentrations (than 0.75 mM) of 

4-NP were not assessed. 

 

 

Figure 5.5: A Plot of ln(Co/C) versus reaction time for the reduction of 4-NP at four different 

concentrations (i.e. 0.75, 1.0, 1.5 and 2.0 mM).  

  

Table 5.1: Comparison of the rate constants, initial rate and half-lives obtained for 4-NP (at 

0.75, 1.0, 1.5, 2.0 mM) in the presence of 20 mg of AuNPs and 0.88 mM NaBH4. 

[4NP] / x 10-3 mol.L-1 kobs Initial rate / x10-6 mol.L-1.min-1 Half-life/min 

0.75 0.0090 6.75 77 

1.0 0.0060 6.00 116 

1.5 0.0051 7.65 136 

2.0 0.0031 6.20 224 

 

5.4. Conclusions 
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it was indeed the AuNPs that were responsible for the successful reduction of 4-NP as shown by 

the decrease in the λmax of the 4 nitrophenolate ions at 400 nm, together with the successful 

formation of 4-AP by the appearance of the characteristic absorption peak at 298 nm using UV-

vis spectroscopy. The catalyst could be viewed as an organic–inorganic hybrid system in which 

AuNPs are encapsulated in a U. lactuca as a matrix.  
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Chapter 6 Conclusions and future work 

 

 

6.1. Conclusions 

 

Growing concern for the environment, together with the outstanding properties associated with 

nanoparticles has led to the intensive development of green synthetic methods for these 

nanomaterials. The first step in this study involved the screening of the several aqueous extracts 

from a variety of green, red and brown algae to gauge their capacity to make gold nanoparticles. 

Eleven aqueous extracts were screened, including that of the green seaweed Ulva lactuca. Only 

three of the eleven aqueous extracts which were from brown algae shown to produce AuNPs and 

these extracts were all obtained from brown algae. As it has been indicated that in this may have 

been due to the presence of certain water soluble reductant species in the brown algae, while the 

green and red algae in the study do not have. A future question will be to answer is “What are 

they?” The total antioxidant and total reducing power contents, as well as the DPPH radical 

scavenging abilities for these extracts were determined and related to their ability to produce the 

NPs, as previously shown by Mmola et al. (2016).  

 

UV-vis spectroscopy revealed the development of the characteristic SPR band for AuNPs at ~540 

nm and the absorbance used to determine the rate of AuNP formation for these NPs. The zeta 

potential measurements of SB2014 AuNPs was very close to zero (-1.36 mV) while those of 

NDK100 and NDK130 were a highly negative with values of -27.8 and -23.2 mV. The colour 

changed from pink to blue which showed that they were not too stable in water and therefore it 

would be necessary to improve their stability by addititon of a capping agent in the future. HRTEM 

was used to image the samples and the AuNPs were found to be of various shapes and sizes 

including spheres, rods and triangles, with sizes ranging from 20 nm to 200 nm.  

 

Thus, a green, eco-friendly, one-step synthesis of AuNPs using algal aqueous extracts as reducing 

agents at room temperature and pressure conditions was developed. The process was deemed to 
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be energy efficient, the reagent wastage was kept to a minimum with real time monitoring and no 

unnecessary ancillary materials or auxiliary derivatives were employed since only the metal salt 

and aqueous extracts (which functioned as both the reducing and capping agent) were employed. 

This is in keeping with some of the twelve principles of green chemistry. These AuNPs may find 

use in various biomedical applications, since the NPs produced are biocompatible and they may 

be further loaded with an active pharmaceutical ingredient such as an anticancer agent. 

Furthermore, the polysaccharides which are likely capping the NPs are loosely bound to the 

nanoparticle surface via hydrogen bonding, making these NPs potentially useful in catalysis. 

 

The serendipitous discovery of a green synthetic method for AuNP synthesis using a live marine 

green seaweed Ulva lactuca followed this initial study. The formation of AuNPs was at first 

visually observed with a change in solution colour from yellow and to a deep pink colour, which 

was confirmed by monitoring the SPR band using UV-vis spectroscopy. UV-vis spectroscopy 

showed that the production of AuNPs commenced in solution after 30 min as observed by an 

increase in absorbance at the SPR band of AuNPs at 550 nm, and a shoulder at 660 nm, up until 

120 min, when a decrease in the maximum absorbance was observed at both wavelengths. It 

became apparent that after some of the AuNPs were formed in solution, these NPs were then taken 

up the live Ulva too. This accounted for the decrease observed in the absorbance observed. The 

amount of gold remaining in the solution after addition of Ulva was quantified using ICP-AES, 

which revealed that the Ulva rapidly depletes the heavy metal from solution (100% in 90 min). 

This is in keeping with previous studies which observed that Ulva is efficient in heavy metal 

bioremediation. HRTEM coupled to energy dispersive X-ray (EDX) spectroscopy and selected 

area electron diffraction (SAED) was used to determine average particle size, morphology, 

elemental composition and crystallinity of the AuNPs formed initially in solution. The images 

revealed AuNPs which were mostly spherical, with the occasional triangular shape, with sizes 

ranging between 9 and 30 nm on day 7. Additionally, HRTEM was also used to determine the site 

of formation of the AuNPs on and in the Ulva leaf and cells. HRTEM, FESEM and XPS revealed 

that the AuNP formation takes place on the surface of the Ulva thallus, while the TEM images 

further revealed that the AuNPs were located consistently in the chloroplasts and around the cell 

walls. The oxidation state of the Au on the surface of the Ulva thallus was determined to be in its 

http://etd.uwc.ac.za/



114 
 

metallic state (i.e. Au(0)) using XPS, while the reflections in the XRD spectra showed the AuNPs 

embedded in the Ulva to be in an fcc crystalline phase, with an average particle size of ~10 nm. 

This study has shown that Ulva can be used as an efficient, green synthetic biofactory to produce 

AuNPs. Ulva has presented a unique ability for the intracellular formation of AuNPs which were 

also revealed to form on the surface of the Ulva thallus too.  

 

The catalytic ability of the as-synthesized AuNPs supported on the U. lactuca seaweed were 

subsequently assessed using a model reaction i.e. the reduction of 4-nitrophenol (4-NP) 4-

aminophenol. The AuNPs supported on Ulva were successful in reducing the toxic 4-nitrophenol 

to the less toxic, industrially useful intermediate, 4-aminophenol (4-AP). The AuNPs supported 

on Ulva lactuca demonstrated excellent catalytic activity in the reduction of 4-NP by NaBH4 

especially at lower concentrations of 4-NP, as shown by the rapid decrease in the nitrophenolate 

absorption band at 400 nm and the appearance of new absorption band at 298 nm, revealing 

formation of the 4-aminophenol. The study demonstrates that, although it is preferred that the 

capping agent is loosely bound on the NP surface for catalytic applications, the AuNPs supported 

on the Ulva seaweed can still find some purpose. 

 

The synthetic procedures involved in this study are therefore ideal due to its eco-friendly nature, 

eliminating the disadvantages associated with conventional physical and chemical methods. These 

biosynthesized NPs are expected to have variety of applications such as catalytic activities as well 

as biomedical applications. 

 

6.2. Future work 

 

The synthesis of AuNPs using the live seaweed brings about the question of how the nanoparticles 

are produced by the seaweed. It is clear that the gold metal salt is taken up by the seaweed since it 

is toxic and it is therefore reduced to it’s the metallic state (which is non-toxic). The AuNPs formed 

on the Ulva thallus surface, in the chloroplasts and cell walls of Ulva, and it is therefore important 

to isolate the various cellular components to confirm the mechanism of formation of the AuNPs.  
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The biomatrix supported AuNPs showed good catalytic activity in the reduction of 4-NP which is 

a common environmental pollutant found in wastewater. A full evaluation of the kinetics of the 

reaction remain to be determined together with whether the catalyst could be reused or recycled. 

The catalyst could be also be considered in the catalysis of some other environmentally hazardous 

compounds such in the oxidation of carbon monoxide to CO2. Additionally, the AuNPs formed 

within the solution could also be tested for some biomedical applications upon incorporation of 

biologically active components as well.  
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