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ABSTRACT 

Nanomaterials (NMs) tailored via conventional physicochemical routes play havoc with the 

environment which has led to the evolution of competent green routes for the actualization of a 

circular economy on an industrial scale. “Green route” of synthesis of nanoparticles has emerged 

as a revolutionary approach. The current study aimed to exploit plant and algal-mediated 

synthesis of ZnO nanoparticles (ZnO NPs), optimize the process for gram scale synthesis and use 

the ZnO NPs for the photocatalytic degradation of textile dyes (brilliant green and indigo 

caramine) and organic pollutants (bisphenol-A). 

One-step biosynthesis of ZnO NPs from biomolecules in lemon grass extract was carried out. 

The main objective was to investigate the role of aqueous extract of lemon grass in the 

production of ZnO nanoparticles. Different molecules were present in the crude extract of Lemon 

grass were identified by GC-MS and NMR (13C and 1H NMR) spectroscopy and observed 23 

bioactive compounds in the extract rich in various forms of terpenoids, monoterpenes, keto-enol 

compounds, fatty acids, palmitic acid, and phytol along with some other ancillary 

phytochemicals which could be potential candidates for capping agents. The abundant presence 

of citral and photocitral-B in lemon grass extract acted as a coating and provides stability to ZnO 

NPs. Eco-friendly lemon grass capped ZnO NPs were synthesized using lemon grass extract and 

confirmed using different characterization techniques like UV- Vis spectroscopy, XRD, SEM 

and HR-TEM analysis. We found the size of the lemon grass capped ZnO NPs as 43.58± 3.2 nm 

and the shape of the particles as hexagonal through the HR-TEM analysis 

Phycosynthesis of ZnO NPs using a single-step process, from biomolecules present in the 

cyanobacterial extracts of Anabaena variabilis ARM 441 was carried out and analyzed for 

photocatalytic degradation of textile dyes. The primary focus was to explore the role of aqueous 

cellular extract of diazotrophic cyanobacterium A. variabilis ARM 441 in the fabrication of ZnO 

NPs. Bioactive components of algal extracts identified by GC-MS and NMR (13C and 1H NMR) 

spectroscopy, reveals 21 different compounds, among which n-hexadecanoic acid and 13 

tetradecenal had properties of reducing and capping agent required in the synthesis of ZnO NPs. 

Microscopic investigation of particle size and zeta potential confirmed the formation of 

hexagonal ZnO NPs with an average size of 33.31 nm. The EDX and XPS analyses established 



ix 

 

the chemical composition and high purity of ZnO NPs. The rietveld refinement studies of X-ray 

diffraction studies elucidated crystalline and wurtzite phase of ZnO NPs. Pore size (11.551 nm), 

surface area (38.718 m²/g) and pore volume (0.1633 cc/g) were studied by BET analysis. 

In order to optimize the synthesis process response surface methodology (RSM) was applied. To 

get gram scale yield, BBD (Box-Behnken Design) at different parameters was employed to both 

lemon grass and A.variabilis ARM 441 mediated synthesis of ZnO NPs. Impact of three crucial 

paramters, i.e. zinc concentration (mM), reaction time (h) and extract concentration (%) was 

investigated in both the cases. In case of gram scale synthesis for lemon grass mediated ZnO 

NPs, numerical optimization result revealed that the hydrothermally green synthesis of ZnO NPs 

using 550 mM zinc salt concentration, 45% lemon grass extract for 8 h could yield 1857.2 mg 

ZnO NPs.  

Similarly, in case of A.variabilis ARM 441 capped ZnO NPs in co-precipitation method, the 

production was most affected by extract concentration with the highest F-value (369.96). Zinc 

ion concentration had the second-highest F-value (244.78), whereas reaction time had the lowest 

(9.69). The overall nanoparticle yield of 1565.26 mg was reported at optimized conditions of 250 

mM (Zn2+), 30% algal extract for 6 h. The nanoparticle yield was dependent on the extract's 

reducing ability (%), which affects zinc ion availability. The rapid interaction between zinc ions 

and bioactive compounds in the extract reduced the reaction time.  

Further, the photocatalytic behavior of Lemon grass (Cymbopogon citrates) synthesized ZnO 

NPs was estimated by the photodegradation of Bisphenol-A (BPA) under UV illumination. After 

45 min of exposure of BPA to UV light, about 97.41 % of BPA was degraded with a rate 

constant 5.15 × 10−2 min-1. The photodegradation of BPA followed pseudo first-order kinetics 

with catalytic dosage (50mg/100mL), BPA concentration (0.5 mM); pH (6). Further, in the 

reusability experiments, it was observed that after 5 cycles, the degradation efficiency of ZnO 

NPs for BPA was 86.9%. Photodegradation was also observed, and its degradation products were 

analyzed by LC-MS analysis and a metabolic pathway was inferred. 

The photocatalytic behaviour of A.variabilis ARM 441 synthesized ZnO NPs was estimated by 

the photodegradation of Brilliant green (BG) and Indigo caramine (IC) under UV illumination. A 

comparative study was performed to test the photocatalytic efficiency of ZnO NPs with cationic 
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and anionic dyes. The photodegradation of BG dye followed first-order kinetics with catalytic 

dosage (50 mg/100 mL), dye concentration (30 mM); pH 7.0. However, in the case of IC, after 

the exposure of 130 minutes, about 80.8% of the dye was degraded, and it also followed first-

order kinetics with catalytic dosage (50 mg/100 ml), dye concentration (30 mM, and pH 5.0. The 

decolouration reusability experiments for BG and IC were performed. It was observed that after 

5 cycles, the degradation efficiency of ZnO NPs for BG and IC was 88% and 69%, respectively. 

The degradation products were studied via LC-MS analysis and identified by interpretation of 

their m/z value. Various by-products of lower masses (m/z) at different degradation stages were 

observed. The opening of the aromatic rings occurred and aliphatic compounds were converted 

into oxalic acid, which ultimately oxidized into CO2 and H2O. Based on the produced 

metabolites, a degradation pathway was proposed. 

The ability of as-prepared ZnO NPs to produce an extensive amount of reactive radicals (such as 

superoxides, hydroxides and peroxides) owing to their large surface area makes it an eligible 

photocatalyst. Biosynthesized ZnO NPs showed evidence to act as an effective photocatalyst, 

which is appropriate for industrial wastewater treatment, especially to degrade harmful and toxic 

pollutants that persist in aquatic environment.  
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CHAPTER-I Introduction 

Nanotechnology has allured tremendous attention due to parallel augmentation in experimental 

techniques for the development of sustainable materials and resources. It is a diverse and 

contemporary field of research, stimulating the development of nanoscale systems and 

analysing their assets via size, shape, and morphology. Nanoparticles bridge the gap between 

bulk materials and atomic or molecular structures. Generally, nanomaterials possess a high 

surface area to volume ratio with improved surface functionalization, making nanoparticles 

exhibit pharmacological activity, thermal conductivity, optoelectronic properties, chemical 

steadiness, and catalytic reactivity (Borah et al., 2020). Such widespread applications of 

nanomaterials have opened novel frontiers in innovating protocols for the synthesis of 

nanoparticles. 

The existing physicochemical methods are often complicated as they may involve toxic 

reducing and stabilizing agents, non-biodegradable organic and inorganic chemicals, have 

high-energy consumption with relatively low yield (He et al., 2017; (Agarwal, Venkat Kumar 

and Rajeshkumar, 2017). The resulting nanomaterials retain the capping of hazardous chemical 

reagents involved in the conventional synthetic process, resulting in diminished therapeutic 

applications of nanoparticles (Borah et al., 2020).  However, there are many reports in the 

existing literature indicate that the biological synthesis of metallic and metal oxides 

nanoparticles is more environmentally friendly than the conventional chemical or physical 

methods (Kharissova et al., 2013; Makarov, Love and Sinitsyna, 2014; Bandeira et al., 2020).  

Thus, a crucial need for the development of green strategies has emerged. 

A wide array of plants, bacteria, fungi, lichens, virus, algae etc. have been employed for the 

synthesis of nanoparticles as a bio-compatible alternative which is a harmless and environment-

friendly approach (Parveen et al., 2022). The extracts of these bio-moieties have a cocktail of 

natural compounds such as phenolics, terpenoids, flavonones, amines, amides, proteins, 

pigments, alkaloids etc., which assists in both metal reduction and their stabilization at ambient 

temperature with controlled pH for the desired size, shape and composition of nanoparticles 

(Asmathunisha and Kathiresan, 2013). Noteworthy, such green approaches have advantages 

include large-scale, cost-effective nanoparticles free from noxious chemicals (impurities) and 

easy accessibility of raw materials from natural surroundings.  Although greener technologies 

would not be an alternative to physico-chemical methods, lesser damage to the ecosystem could 
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be definitely assured. The existing literature on green approaches for the synthesis of 

nanoparticles using phyto-ingredients is voluminous. 

Biosynthesis of ZnO nanoparticles has been documented using a wide variety of plant species, 

with the Fabaceae family (including Aspalathus linearis, Cassia fistula) and the Rutaceae 

family (including Citrus limon, Limonia acidissima) being the most frequently used followed 

by Apocynaceae, Solanaceae and Lamiaceae (Basnet et al., 2018). Amongst the different plants 

used for the fabrication of various types of nanoparticles, lemon grass chosen due to easily 

availability and cultivability. The Cymbopogon citrate (lemon grass) is a member of the family 

of Gramineae, and is a herb that is known worldwide for its high essential oil content. 

Traditional applications of lemon grass in different countries show its diversity as a common 

tea, medicinal supplement, insect repellent, insecticide, and as anti-inflammatory and 

analgesic. Although several works have extensively reported on lemon grass, using various 

nanoparticles synthesised from its different types of solvent extracts, there is a deficiency of 

information regarding the synthesis of ZnO NPs from aqueous extract of lemon grass (Riyanto 

et al., 2022). 

Algae, the largest photoautotrophic group of microorganisms, are the storehouse of secondary 

metabolites, pigments, and proteins. Algae belonging to different classes such as 

Cyanophyceae, Chlorophyceae, Phaeophyceae, and Rhodophyceae have been widely 

exploited for intracellular and extracellular synthesis of metallic nanoparticles (Ag, Au, Pt, Ni, 

etc.) and metal oxide nanoparticles (CuO, ZnO, MnO2, TiO2, Fe3O4, etc.) (Suresh et al., 2015). 

However, in contrast to other microorganisms, very few algae have been screened for their 

ability to promote the biogenic synthesis of ZnO NPs. Anabaena variabilis ARM 441 was 

chosen because it grows luxuriantly in paddy fields and it can be easily cultivated in inorganic 

media (Chittora et al., 2020). The present research was focused to explore the role of aqueous 

cellular extract of diazotrophic cyanobacterium A. variabilis ARM 441 in the fabrication of 

ZnO NPs (Malek Shahkouhi and Motamedian, 2020).  

ZnO is essentially a multifaceted semiconductor with some exciting characteristic properties 

such as non-toxicity, wide band gap (∼3.37 eV), excitation energy (60 meV) (Aminuzzaman 

et al., 2018), high electron mobility, broad absorption range, high thermal and chemical 

stability, large binding energy, excellent transparency in the visible range, photostability, 

oxidation resistivity, high piezoelectric features, biocompatibility and  biodegradability (Ebadi 

et al., 2019). ZnO NPs are exceptionally advantageous, as they have exhibited outstanding 

https://paperpile.com/c/Nd3oMI/d8QDn
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performances in various fields such as cosmetics, food packaging, anti-corrosives, sensors, 

electronics, communication, agriculture, environmental remediation, and medicinal 

therapeutics and photo-catalysis (Chauhan, Kataria and Garg, 2020; Rafique et al., 2022).  

Green synthesis of NPs is impacted by various factors such as solution pH, synthesis 

temperature and time, extract concentration, and synthesis process. The effect of these 

individual parameters on green synthesis of NPs has been studied extensively (Nayak et al., 

2020). Response surface methodology (RSM) is a robust analytical tool that enables the 

prediction of the correlation between independent parameters and system responses, including 

their interactions. It additionally delineates the impact of individual and interactive factors on 

the process under consideration (Surendra et al., 2016). The utilization of RSM has been 

prevalent in the design of experiments and optimization procedures through the amalgamation 

of mathematical modelling and statistical techniques (Perez et al., 2017). 

Brilliant green (BG) (4-{[4-(diethylamino)phenyl](phenyl)methylidene}-N,N-

diethylcyclohexa -2,5-dien-1-iminium) is triphenylmethane based cationic dye (Alderman, 

1985) which has insightful applications as a biological stain (Zhang et al., 2019), as a 

dermatological agent, as a veterinary medicine, an additive to poultry feed to inhibit 

propagation of mould, intestinal parasites and fungus (Demirbas, 2009). It has extensive usage 

in the leather, textile and paper industry (Bhattacharya et al., 2019). Time bound exposure of 

hazardous BG dye causes gastrointestinal and respiratory tract irritation in humans. Rarely, 

exposure of this perilous dye to skin may lead to dermatitis. 

Indigo carmine (IC) (3,3’-dioxo-2,2’-bisindolyden-5,5’-disulfonic acid sodium salt) is an 

anionic dye belonging to the highly toxic indigoid class of dye (Ryali and Sanasi, 2018). It is 

widely used as a colorant in the textile industry and as an additive in pharmaceutical capsules 

and food items (Lakshmi et al., 2009). It has widespread application in the health industry 

(Almoisheer et al., 2018); however, prolonged consumption of IC tainted water can cause mild 

to severe hypertension, cardiovascular and respiratory disorders (Subramani et al., 2007). It 

may have deleterious carcinogenic impact on reproductive, developmental, and neuronal health 

(Yazdi et al., 2018). Moreover, the presence of  these hazardous dye molecules in the industrial 

effluent streams that mixes with river and domestic water sources leads to a polluted water 

ecosystem (Ali et al., 2019; Chauhan, Kataria and Garg, 2020). Hence, effective treatment of 

these dye polluted aqueous streams by a simple, effective and low-cost methodology is needed 

(Aminuzzaman et al., 2021; Rambabu et al., 2021). 
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Bisphenol-A (BPA) sourced from biomass is commonly employed as a stabilizer during the 

production of plastics and epoxy resins. It was reported that global consumption of BPA 

reached approximately 7.7 million metric tonnes in 2015, with an anticipated annual growth 

rate of nearly 5% (Wang et al., 2020). Bisphenol-A is widely known as an endocrine disruptor 

compound (EDC) and possess carcinogenic and genotoxic properties. A substantial amount 

of  BPA was detected in surface water (193 ng/L) and subsurface and bottom water (39 ng/L) 

(Rachna, Rani and Shanker, 2019). The release of BPA into the ecosystem poses a potential 

risk to human well-being, even at the minimum levels of exposure. It has been established that 

BPA exhibits stability in an aqueous solution and demonstrates resistance to degradation due 

to its symmetrical structure comprising two benzene rings. Therefore, the imperative and 

pressing need lies in the advancement of effective techniques for the elimination of BPA from 

aqueous systems (Ye et al., 2019; Wang et al., 2020) 

The rationale of the current study was the synthesis of ZnO NPs via green routes by exploiting 

the extracts of plants and algae. ZnO NPs were synthesized using aqueous extracts of Lemon 

grass and A. variabilis ARM 441 and were characterized using various spectroscopic and 

microstructural techniques. Gram scale synthesis of ZnO NPs using both the extracts was 

optimized using response surface methodology. Photocatalytic degradation of organic 

pollutants (Bisphenol A) and textile dyes (Brilliant green and Indigo caramine) by synthesized 

ZnO NPs was studied and metabolites of degradation were analysed and plausible degradation 

pathway is proposed.  

Objectives 

1. Green synthesis of ZnO nanoparticles  

2. Characterization of ZnO nanoparticles 

3. Process optimization for gram scale synthesis of ZnO nanoparticles 

 

https://paperpile.com/c/Nd3oMI/boU7M
https://paperpile.com/c/Nd3oMI/boU7M
https://paperpile.com/c/Nd3oMI/boU7M
https://paperpile.com/c/Nd3oMI/WXthy
https://paperpile.com/c/Nd3oMI/paYsa+boU7M
https://paperpile.com/c/Nd3oMI/paYsa+boU7M
https://paperpile.com/c/Nd3oMI/paYsa+boU7M
https://paperpile.com/c/Nd3oMI/paYsa+boU7M
https://paperpile.com/c/Nd3oMI/paYsa+boU7M


5 
 

CHAPTER-II Review of Literature 

 

Nanotechnology is the design, characterization, and application of structures, systems and devices 

by controlled manipulation of size and shape of particles at the nanometric scale (10−9 m) (Basnet 

et al., 2018). The particles are reduced down to the nano-regime because of their superior 

characteristics compared to the bulk particles. Due to the vastly superior properties of 

nanoparticles compared to their bulk counterparts (such as greater chemical reactivity), there has 

been extensive research into synthesizing and optimizing nanoparticles (Mittal, Chisti and 

Banerjee, 2013; Vinotha et al., 2019). In addition, the fabrication of nanoparticles is cheaper, 

easier, and requires a much smaller quantity per application. It is well established in the scientific 

literature that the properties of nanoparticles depend on their morphology and size (Vinotha et al., 

2019; Borah et al., 2020).  

2.1 Categories of nanomaterials 

Metal oxides – The majority of commercial nanomaterials are ceramics made from oxides of zinc, 

iron, cerium, silicon, and zirconium. These materials are utilised in chemical polishing agents for 

scratch-resistant coatings, cosmetics, and sunscreens (Shanmugapriya, Thanuja and Anusuya, 

2013). 

Nanoclays – These plate-shaped clay particles exist naturally and are employed to boost a 

material's tensile strength, flexural rigidity, thermal stability, and flammability. They are utilized 

in the manufacturing of tennis balls, plastic water bottles, paper juice boxes, and other barrier films 

(Espitia et al., 2012). 

Nanotubes and spheres – These are particularly utilized in coatings to decrease static electricity 

in hard disc handling trays and fuel lines. It can also be found in field emitter sources in flat panel 

displays, flame-retardant fillers for polymers, and electrostatically paintable exterior automobile 

parts (Nath and Sahajwalla, 2012) 

Quantum dots – These are exploited in the investigative fields of medical diagnostics and 

therapies, as well as in the self-assembly of nanoelectronic structures. 

https://paperpile.com/c/x3JTlb/OkvVB
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A wide range of nanoparticles (NPs) exists naturally in the environment or can be fabricated 

artificially; the latter is sometimes called anthropogenic NPs. Despite the presence of natural NPs 

in living organisms, their existence is assumed in the biosphere since the genesis of the earth. 

Natural NPs can be obtained as a result of forest fires, volcanic eruptions, weathering of rocks, 

explosion of clay minerals, soil erosions, and sandstorms (Baker et al., 2013).  

2.2 Classification of nanoparticles 

Nanoparticles bridge the gap between bulk materials and atomic or molecular 

structures. Physicochemical synthesis of NPs is often cumbersome and costly with the release of 

harmful by-products posing a high risk to living systems (Borah et al., 2020).  NPs are classified 

in different categories based on shape and dimension, phase composition and nature of the material 

(Fig: 2.1).  

Fig. 2.1: Classification of Nanomaterials 

2.3 Synthesis of nanoparticles 

Fundamentally there are two approaches for the synthesis of NPs, the top-down approach and the 

bottom-up approach). The top-down approach involves slicing of bulk materials into reduced size 

self-assembled nanoscale objects. It often uses microfabrication techniques, where externally 

controlled tools are used to cut, mill, and shape materials into the desired size and shape (Debjani 

https://paperpile.com/c/x3JTlb/vJt18
https://paperpile.com/c/x3JTlb/vJt18
https://paperpile.com/c/x3JTlb/vJt18
https://paperpile.com/c/x3JTlb/ONrzt
https://paperpile.com/c/x3JTlb/ONrzt
https://paperpile.com/c/x3JTlb/ONrzt
https://paperpile.com/c/x3JTlb/LYtH+R9E7
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Nath and Banerjee, 2013; Khan, Saeed and Khan, 2017). A variety of metallic NPs were fabricated 

by top-down approaches like mechanical milling (Arbain, Othman and Palaniandy, 2011), etching 

(Cheng et al., 2016), laser ablation (Amendola and Meneghetti, 2009), sputtering (Matsumura and 

Tarin, 2020) and electro-explosion (Ghorbani, 2014).  

Whereas the bottom-up approach is reversed altogether therefore referred to as molecular 

nanotechnology involving assembly of a defined structure by joining atom by atom, molecule by 

molecule, cluster by cluster or self-organization (Thakkar, Mhatre and Parikh, 2010). In this mode, 

self-assembled properties of single molecules are exploited to build up complex conformations at 

the nanoscale (D. Nath and Banerjee, 2013). Nanoscale structures that have been reported to be 

synthesised by bottom up approaches are supercritical fluid synthesis (Türk and Erkey, 2018), use 

of templates (Apolinário et al., 2014), plasma or frame spraying synthesis (Tanaka, 2018) sol-gel 

process (Sekine et al., 2009), laser pyrolysis (D’Amato et al., 2013), chemical vapour deposition 

(Bhaviripudi et al., 2010), molecular condensation (Gurentsov, Eremin and Schulz, 2007), 

chemical reduction (Guzmán, Dille and Godet, 2009) and most significantly green synthesis 

(González-Ballesteros et al., 2017) (Fig. 2.2). The main focus is inclined towards the synthesis of 

NPs of different chemical composition, sizes, morphologies and monodispersity (Sastry et al., 

2003; Iravani, 2011). 

In top-down approaches, physicochemical processes are involved which may lead to surface 

imperfections that affect the NPs properties. Similarly, in bottom-up approaches, NPs are clustered 

from smaller units. So in both cases, the growth of the NPs is controlled via kinetic processes 

which determine the shape and size of the NPs. The energy and growth rate of crystals are 

monitored by introducing compatible templates or surfactants which can curtail the interfacial 

energy (Khan, Saeed and Khan, 2017; Khan et al., 2018). 

There is an array of various kinds of metallic NPs depending on their metallic behaviour, magnetic 

properties etc. (Fig. 2.3). Up until now, various commercial surfactants such as cetyl trimethyl 

ammonium bromide (CTAB), polyvinylpyrrolidone (PVP), sodium dodecyl sulfate (SDS), 

thioglycerol (TG), mercaptoethanol (ME), sodium hexametaphosphate (SHMP) (Rahdar 2013) 

have been used as capping agents, which could directly modify the surface morphology of NPs 

during their synthesis. Usually, a colour change is the convenient visible signature and the 

https://paperpile.com/c/x3JTlb/LYtH+R9E7
https://paperpile.com/c/x3JTlb/FVUX
https://paperpile.com/c/x3JTlb/YFyX
https://paperpile.com/c/x3JTlb/YFyX
https://paperpile.com/c/x3JTlb/YFyX
https://paperpile.com/c/x3JTlb/W2Qz
https://paperpile.com/c/x3JTlb/LZ8t
https://paperpile.com/c/x3JTlb/LZ8t
https://paperpile.com/c/x3JTlb/haqs
https://paperpile.com/c/x3JTlb/V7Qz
https://paperpile.com/c/x3JTlb/qbtp
https://paperpile.com/c/x3JTlb/mf4y
https://paperpile.com/c/x3JTlb/Y4ml
https://paperpile.com/c/x3JTlb/Y4ml
https://paperpile.com/c/x3JTlb/Y4ml
https://paperpile.com/c/x3JTlb/w72p
https://paperpile.com/c/x3JTlb/4kOd
https://paperpile.com/c/x3JTlb/4kOd
https://paperpile.com/c/x3JTlb/4kOd
https://paperpile.com/c/x3JTlb/osdn
https://paperpile.com/c/x3JTlb/osdn
https://paperpile.com/c/x3JTlb/osdn
https://paperpile.com/c/x3JTlb/nrTo
https://paperpile.com/c/x3JTlb/nrTo
https://paperpile.com/c/x3JTlb/nrTo
https://paperpile.com/c/x3JTlb/CP1k
https://paperpile.com/c/x3JTlb/QEl6
https://paperpile.com/c/x3JTlb/ZLd4
https://paperpile.com/c/x3JTlb/ZLd4
https://paperpile.com/c/x3JTlb/ZLd4
https://paperpile.com/c/x3JTlb/hDzx+k8M1
https://paperpile.com/c/x3JTlb/hDzx+k8M1
https://paperpile.com/c/x3JTlb/hDzx+k8M1
https://paperpile.com/c/x3JTlb/hDzx+k8M1
https://paperpile.com/c/x3JTlb/R9E7+spDH
https://paperpile.com/c/x3JTlb/R9E7+spDH
https://paperpile.com/c/x3JTlb/R9E7+spDH
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qualitative indication for any reaction to take place in the biological/chemical synthetic process. 

Most of the NPs are fabricated in a colloidal solution which can be detected easily (Poinern, 2014; 

Khan, Saeed and Khan, 2017). After completion of the reaction, the NPs are subjected to simple 

downstream processing such as high-speed centrifugation for their recovery (Poinern, 2014).  

Fig. 2.2: Synthesis of nanoparticles via top down and bottom up approach 

Fig. 2.3: Different types of metallic nanomaterials 

https://paperpile.com/c/x3JTlb/R9E7+vXIb
https://paperpile.com/c/x3JTlb/R9E7+vXIb
https://paperpile.com/c/x3JTlb/vXIb
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2.4 Characterization of nanoparticles 

Nanoparticles are subjected to various characterization techniques to ascertain their size, shape, 

distribution, surface morphology, and surface area. Spectroscopic and diffractographic techniques 

involved in the characterization include UV-visible spectroscopy (UV-vis), dynamic lights 

scattering (DLS), energy dispersive spectroscopy (EDS),  X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FT-IR), X-ray photo-electron spectroscopy (XPS) and Raman 

spectroscopy (Shah et al., 2015; Menon, S. and S., 2017). These are the indirect methods used to 

analyse composition, structure, and crystal phase. Whereas scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HR-

TEM), and atomic force microscopy (AFM) are employed to determine the size and morphological 

features of NPs (Quester, Avalos-Borja and Castro-Longoria, 2013; Hulkoti and Taranath, 2014). 

2.4.1 Spectroscopic and diffractographic techniques  

Generally, metallic NPs have striking optical properties due to surface plasmon resonance (SPR), 

which is monitored by UV-Vis spectroscopy within the range of 190-1100 nm (Sharma et al., 

2016). These radiations interact with the metals and promote the electronic transition from ground 

to higher energy state and a specific SPR band is obtained which may help to obtain the size and 

shape of NPs up to a certain limit (2-100 nm) (Poinern, 2014). The absorption spectra for different 

materials is different e.g. for Ag-NPs it is 400-450 nm (Aboelfetoh, El-Shenody and Ghobara, 

2017), for Au-NPs it falls in between 500-550 nm and for ZnO-NPs it is between 350-390 nm 

(Poinern, 2014; Shukla and Iravani, 2017). 

It has been suggested that the broadening of the SPR band width, which illustrates a shift toward 

the red or blue end is considered as an index of size, state of aggregation, shape, the type of capping 

or binding agents, polydispersity, and the surrounding dielectric medium (Govindaraju et al., 2008; 

Jena et al., 2013, Mahmudin et al., 2015). Furthermore, an increase in particle size in the aqueous 

solution is depicted by an increase in band intensity. UV/Vis- diffuse reflectance spectrometer 

(DRS) is a fully equipped device, which can be used to measure the optical absorption, 

transmittance and reflectance. DRS is an exceptional technique to calculate the bandgaps of NMs 

which is important for determining the photoactivity and conductance of the material (Khan, Saeed 

and Khan, 2017; Shukla and Iravani, 2017). 

https://paperpile.com/c/x3JTlb/FoOX+hL5Z
https://paperpile.com/c/x3JTlb/FoOX+hL5Z
https://paperpile.com/c/x3JTlb/FoOX+hL5Z
https://paperpile.com/c/x3JTlb/yaSK+hzdg
https://paperpile.com/c/x3JTlb/KTBp
https://paperpile.com/c/x3JTlb/KTBp
https://paperpile.com/c/x3JTlb/KTBp
https://paperpile.com/c/x3JTlb/KTBp
https://paperpile.com/c/x3JTlb/vXIb
https://paperpile.com/c/x3JTlb/Mjhw
https://paperpile.com/c/x3JTlb/Mjhw
https://paperpile.com/c/x3JTlb/tvrb+vXIb
https://paperpile.com/c/x3JTlb/R9E7+tvrb
https://paperpile.com/c/x3JTlb/R9E7+tvrb
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To investigate the underlying mechanism of synthesis and surface chemistry, FT-IR spectroscopy 

is done to identify the functional groups attached to the NPs. Usually, it ranges between 4000 and 

400 cm−1, and a resolution of 4 cm−1 gives a clear idea about the reducing agents responsible for 

capping, reduction and stabilization. The comparison between the transmittance spectra of aqueous 

native extract and reaction medium gives an idea of the biomolecules involved in the process 

(Dahoumane et al., 2016). Most common functional groups, which adhere to the NPs are −C=O−, 

−NH2− and −SH− (Jena et al., 2015). However, FT-IR has limitations because of the high degree 

of overlapping of IR absorption bands in the complex biological matrix. Additionally, other 

characterization techniques, such as XPS, could shed light on the interaction between the produced 

NPs and their surrounding biomolecules (Dahoumane et al., 2016). 

Surface charge, hydrodynamic diameter and distribution of NPs in liquid form is measured by DLS 

spectroscopy and particle stability is determined by zeta potential (Poinern, 2014). Whereas the 

purity, crystalline size, geometry, orientation and phases can be determined by XRD data, 

generally the diffraction patterns are compared with the standard crystallographic database like 

JCPDS to have the structural information (Shah et al., 2015). It gives a rough idea about the particle 

size determined by Debye Scherer formula (Shah et al., 2015). XRD works well with both single 

and multiphase identification of NPs. Moreover, XRD diffractogram gets influenced with 

amorphous NMs having varied inter-atomic lengths (Ingham, 2015).  

2.4.2 Advanced microscopic techniques  

Properties of NPs are greatly influenced by their morphology which is studied by advanced 

microscopic techniques such as SEM, TEM, AFM and HR-TEM. SEM provides information about 

particles at the nanoscale and assists in determining the surface morphology and dispersion of NPs 

in bulk or matrix. TEM is most commonly used for size and shape, and it can also provide 

information about the number of material layers as it varies from low to high magnification. 

However when both are combined with EDAX or EDS, information is given about the metals 

present (Oza et al., 2012). In some cases of intracellular synthesis of NPs, localization of 

synthesized NPs is explored by SEM and TEM. However, in order to determine the exact shape, 

size and crystalline structure HR-TEM is absolutely required. AFM on the other hand provides 

information on surface topography. While TEM images mainly represent a two-dimensional image 

https://paperpile.com/c/x3JTlb/kekB
https://paperpile.com/c/x3JTlb/kekB
https://paperpile.com/c/x3JTlb/kekB
https://paperpile.com/c/x3JTlb/JDm1
https://paperpile.com/c/x3JTlb/JDm1
https://paperpile.com/c/x3JTlb/JDm1
https://paperpile.com/c/x3JTlb/kekB
https://paperpile.com/c/x3JTlb/kekB
https://paperpile.com/c/x3JTlb/kekB
https://paperpile.com/c/x3JTlb/vXIb
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/OfZs
https://paperpile.com/c/x3JTlb/xHDF
https://paperpile.com/c/x3JTlb/xHDF
https://paperpile.com/c/x3JTlb/xHDF
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of three-dimensional nanoparticles, AFM can be used to obtain three-dimensional information of 

synthesized particles (Quester, Avalos-Borja and Castro-Longoria, 2013; Khan, Saeed and Khan, 

2017). 

2.5 Limitations of physicochemical methods 

Physical and chemical approaches have been mostly relied upon to confirm the synthesis of metal 

nanoparticles because of their consistency in yielding highly pure and well defined nanoparticles 

(Sailaja, Amareshwar and P.Chakravarty, 2011). Unfortunately, these techniques are extremely 

costly, poisonous, time-consuming, heat-intensive, chemically damaging, non-sustainable, and 

inefficient. These procedures necessitate the utilization of strong and weak chemical reducing 

agents and protecting agents, such as sodium borohydride alcohols, phenyl hydrazine, sodium 

citrate, etc., which are poisonous, combustible, and unsafe for direct exposure in the natural 

environment (Borah et al., 2020). Therefore, it is essential to use environmentally friendly 

strategies for nanoparticle synthesis (Table 2.1, Fig. 2.4). 

Table 2.1: Comparison between physicochemical and green methods 

Property Physicochemical method Green method 

Particle size Smaller Larger 

Cost Higher experimental duration  Lower experimental duration  

Toxicity Toxic, involves the use of noxious 

chemicals  

Non-toxic, involves the use of 

extracts of biological moieties 

Stability Unstable (without capping agents) 

or stable (with capping agents) 

Stable (As the extracts act as both 

reducing as well as capping agent) 

Application  

a) Photocatalytic efficiency 

b) Anti-microbial activity 

 

a) Higher photocatalytic efficiency 

b) Lower anti-microbial activity 

 

a) Lower photocatalytic efficiency  

b) Higher anti-microbial activity 

https://paperpile.com/c/x3JTlb/yaSK+R9E7
https://paperpile.com/c/x3JTlb/yaSK+R9E7
https://paperpile.com/c/x3JTlb/oqyn
https://paperpile.com/c/x3JTlb/ONrzt
https://paperpile.com/c/x3JTlb/ONrzt
https://paperpile.com/c/x3JTlb/ONrzt
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Fig. 2.4: Advantages of green methods and disadvantages of physicochemical methods 

(Duvauchelle, Meffre and Benfodda, 2023) 

2.6 Green synthesis of nanoparticles 

Producing and stabilizing nanoparticles via chemical processes necessitates the use of potentially 

dangerous compounds, which represent a significant risk to both humans and animals. On the other 

hand, components that are biologically produced can be employed to create nanoparticles because 

they are chemically and environmentally safe. As a result, nanoparticles can be synthesized using 

a single-step, pollution-free technique that requires less energy to initiate the reaction and has a 

shorter production time as compared to conventional methods. The key asset of this green synthesis 

is its affordability and cost-effectiveness. As the reducing agents involved in this process are 

readily accessible biological species or plants, there is no need to dispose of any hazardous and 

usually poisonous wastes associated with these procedures (Kumar et al., 2021). In addition, the 

green synthesis method can be applicable for large scale, and their prospective uses are vast due 

to the abundance of plant species and related substances (Zeghoud et al., 2022). 

Synergy between engineering and medical sciences has opened novel frontiers in the ever-growing 

new domain of nanotechnology aimed at genesis, implementation and use of nanomaterials (NMs) 

to integrate with biological research. The fountainhead of nano-biotechnology is the fabrication of 

https://paperpile.com/c/x3JTlb/qBms
https://paperpile.com/c/x3JTlb/h4yFz
https://paperpile.com/c/x3JTlb/h4yFz
https://paperpile.com/c/x3JTlb/h4yFz
https://paperpile.com/c/x3JTlb/OA4Ld
https://paperpile.com/c/x3JTlb/OA4Ld
https://paperpile.com/c/x3JTlb/OA4Ld
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nanoscale particles by virtue of biological moieties that influence the characteristics of 

nanoparticles (NPs). Synthesis of NMs of diverse sizes and shapes has underpinned great interest 

due to their novel properties as compared to their bulk counterparts. Consistency in the chemical, 

biochemical and physicochemical properties of materials varies immensely at the nanoscale 

mainly due to the high aspect ratio of surface area to volume. This leads to considerable differences 

in biological and catalytic activity, mechanical properties, melting point, optical absorption, 

thermal and electrical conductivity (Shah et al., 2015). Biological synthesis of NPs using microbes, 

enzymes, plants, and algae has been proposed as an alternative to chemical and physical modes of 

synthesis. The prime focus is on selecting the compounds which are competent, harmless, eco-

friendly and commercially viable. For the green synthesis, the following factors must be 

considered in order to produce highly stable and well-characterized nanoparticles (Iravani, 2011) 

(Fig. 2.5) 

Fig. 2.5: Scheme representing generalized flow of nanoparticle synthesis via green route 

Selection of the organism 

In order to synthesize metal nanoparticles, it is important to acknowledge the inherent 

characteristics of organisms, including their enzyme activity and metabolic pathways. These 

biological features play a crucial role in the synthesis process. 

https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/hL5Z
https://paperpile.com/c/x3JTlb/k8M1
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Optimal conditions for cell growth and enzyme activity 

To achieve optimal growth and synthesis of metal nanoparticles, various growth conditions need 

to be carefully optimized. Factors such as nutrients, inoculum size, light intensity, temperature, 

pH, mixing speed, and buffer strength should be adjusted accordingly. Additionally, it is 

beneficial to ensure the presence of substrates or related compounds at sub toxic levels right from 

the start of the growth process, as this can enhance the activity of the enzymes involved in the 

nanoparticle synthesis. Paying close attention to these conditions and factors is essential for 

obtaining successful and efficient metal nanoparticle synthesis 

Optimal reaction conditions  

In order to achieve higher yield and quality in the synthesis of nanoparticles using bioreduction, 

it is crucial to optimize the reaction conditions. Factors such as substrate, biocatalyst 

concentration, electron donor concentration, pH, exposure time, temperature, buffer strength, 

mixing speed, and light conditions need to be carefully optimized. These variables can 

significantly influence the size, morphology, and reaction rate of the nanoparticles. It has been 

emphasized that the optimization of these bioreduction conditions is essential for achieving 

desired outcomes in terms of yield and quality of the synthesized nanoparticles (Korbekandi, 

Iravani and Abbasi, 2009).  

The utilization of in-vivo techniques in the production of nanoparticles via green nanotechnology 

involves the utilization of living cells as self-replicating bioreactors (Iravani, 2011). There exist 

two methods for the reduction of metal ions to metal nanoparticles, which serve to transform toxic 

ions into benign substances that can be safely discharged into the environment. 

Intracellular synthesis – In this method, nanoparticle synthesis occurs via the utilization of 

intracellular enzymes, which are retained within the cell until extraction. The nanoparticles 

manufactured through this approach are stabilized by cellular constituents, predominantly 

enzymes, and concurrently exhibit distinct morphologies. The size range of nanoparticles is 

restricted in accordance with the organism's spatial limitations, which are determined by the cell 

wall and pre-existing cellular components (Shah et al., 2015; Khan, Saeed and Khan, 2017; Basnet 

et al., 2018). 

https://paperpile.com/c/x3JTlb/CBSJ
https://paperpile.com/c/x3JTlb/CBSJ
https://paperpile.com/c/x3JTlb/k8M1
https://paperpile.com/c/x3JTlb/R9E7+hL5Z+OkvVB
https://paperpile.com/c/x3JTlb/R9E7+hL5Z+OkvVB
https://paperpile.com/c/x3JTlb/R9E7+hL5Z+OkvVB
https://paperpile.com/c/x3JTlb/R9E7+hL5Z+OkvVB
https://paperpile.com/c/x3JTlb/R9E7+hL5Z+OkvVB
https://paperpile.com/c/x3JTlb/R9E7+hL5Z+OkvVB
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Extracellular synthesis – In this method, nanoparticles are generated using enzymes that are 

located outside the cell, primarily enzymes secreted by the cell wall. The process involves the 

trapping of metal ions on the surface of the cells, followed by their reduction in the presence of 

these enzymes. The enzymes facilitate the conversion of the trapped metal ions into nanoparticles, 

leading to the formation of the desired nanoparticles. This approach allows for efficient and 

controlled synthesis of nanoparticles utilizing the enzymatic activity present in the external 

environment of the cells (Shah et al., 2015; Khan, Saeed and Khan, 2017; Basnet et al., 2018). 

Simple methods have been developed comprising of extracellular or intracellular reduction of 

metal ions by biological extracts (Li et al., 2011; Roychoudhury and Pal, 2014; Parial and Pal, 

2015). Extracts from plants (Sangeetha, Rajeshwari and Venckatesh, 2011), bacteria (Li et al., 

2011), fungi (Mukherjee et al., 2002; Mukherji, Ruparelia and Agnihotri, 2012), human cells 

(Anshup and Venkataraman, 2005; El-Said et al., 2014) and diatoms (Schröfel et al., 2011) have 

successfully transformed metal precursors to their corresponding NPs. The synthesis of these NPs 

has been facilitated by a soup of compounds such as terpenoids, phenolics, flavonones, amines, 

amides, proteins, pigments, alkaloids etc., present in the extracts, which assists in metal reduction 

and their stabilization (Asmathunisha and Kathiresan, 2013). The high metal uptake potential of 

algae and their predominance makes them a low-cost raw material (Kannan et al., 2013). The 

interaction and biochemical activities of every microbe and the internal factors such as pH and 

temperature eventually play a crucial role in the size and morphology of the NPs (Makarov, Love 

and Sinitsyna, 2014; Shah et al., 2015; Pathak et al., 2019). The high surface area to volume ratio 

justifies their versatile applicability together with their ability to withstand harsh conditions 

(Dahoumane, Wujcik and Jeffryes, 2016). Their synthesis plays a vital role due to their broad 

spectrum applications, which diverge from medical, industrial, electronic devices, sensors, 

cosmetics, pharmaceutical, agriculture and bioremediation. 

Bacteria, as prokaryotic microorganisms, are widely favoured for the synthesis of metallic 

nanoparticles due to their ability to multiply easily. One notable advantage is their capacity to 

produce nanoparticles intracellularly while maintaining their viability even after crystal growth 

(Mukherji, Ruparelia and Agnihotri, 2012). Various bacterial species have demonstrated the 

capability to synthesize metal nanoparticles intracellularly and extracellularly and even form 

nanoparticle alloys (Shankar et al., 2016).  

https://paperpile.com/c/x3JTlb/R9E7+hL5Z+OkvVB
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In the same line of trend, Fungi, a diverse group of eukaryotic organisms, offer advantages for 

nanoparticle synthesis, including scalability through thin solid substrate fermentation, economic 

viability, and ease of biomass handling. One significant advantage is their ability as eukaryotes to 

overexpress specific enzymes, which can be utilized for nanoparticle synthesis (Ganesan et al., 

2020). Fungi can serve as effective reducing agents for the conversion of metal ions into 

corresponding nanometals, either intracellularly or extracellularly, depending on the location of 

their reduction enzymes. In cases where the reduction enzymes responsible for the conversion of 

metal ions into nanometals are produced extracellularly (often secreted by the cell walls), the 

nanoparticle synthesis occurs outside the fungal cells (Mukherjee et al., 2002). 

2.6.1 Plants as a source for bionanomaterial 

It has been recognized that plant extracts can reduce metal ions, but the nature of the reducing 

chemicals involved has not been well understood. Due to its apparent ease of use, the reduction of 

metal salts to nanoparticles using living plants or complete plant extract has garnered a lot of 

attention in the last 30 years. It is easier to use plant extracts to synthesize nanoparticles than it is 

to use complete plant extracts or plant tissue. The role of plant extracts as mediators of synthesis 

is gaining greater attention. In a one-step green manufacturing procedure, biomolecules found in 

plant extracts can be employed to reduce metal ions to nanoparticles. Rapid, room-temperature, 

pressure-free, and scalable, this bioreduction of metal ions to metal produces metals with few 

impurities. The environmental impact of synthesis mediated by plant extracts is minimal (Mittal, 

Chisti and Banerjee, 2013). Various water-soluble plant metabolites (e.g., alkaloids, phenolic 

compounds, and terpenoids) and coenzymes serve as reducing agents. It's also known that the 

origin of the plant extract impacts the characteristics of the nanoparticles (Singh, Dutta, et al., 

2018). This is because different extracts include organic reducing agents in varying quantities and 

combinations. Typically, a bioreduction mediated by a plant extract entails combining the aqueous 

extract with an aqueous solution of the relevant metal salt (Singh, Dutta, et al., 2018). The reaction 

takes place at room temperature and concludes in minutes. The bioreduction process is relatively 

complex due to many different chemicals involved. Various plant parts reported for the synthesis 

of different types of nanoparticles are summarized in Table 2.2. 

https://paperpile.com/c/P5LqJ5/yPm9
https://paperpile.com/c/P5LqJ5/yPm9
https://paperpile.com/c/P5LqJ5/yPm9
https://paperpile.com/c/P5LqJ5/yPm9
https://paperpile.com/c/P5LqJ5/40MD
https://paperpile.com/c/P5LqJ5/40MD
https://paperpile.com/c/P5LqJ5/40MD
https://paperpile.com/c/x3JTlb/GfA4
https://paperpile.com/c/x3JTlb/GfA4
https://paperpile.com/c/x3JTlb/NB4F
https://paperpile.com/c/x3JTlb/NB4F
https://paperpile.com/c/x3JTlb/NB4F
https://paperpile.com/c/x3JTlb/NB4F
https://paperpile.com/c/x3JTlb/NB4F
https://paperpile.com/c/x3JTlb/NB4F
https://paperpile.com/c/x3JTlb/NB4F


17 
 

Table 2.2: Green synthesis of metallic NPs from various plant extracts 

Plant Nanoparticles Size (nm) Morphology Application References 

Aloe barbadensis Miller Au and Ag 10-30 nm Spherical, triangular 

 

Cancer hyperthermia (Chandran et al., 2006) 

Aloe barbadensis Miller In2O3 5-50 nm Spherical  Solar cells, gas sensors (Maensiri et al., 2008) 

Acalypha indica  Ag  20-30 nm Spherical  Antibacterial activity (Krishnaraj et al., 2010) 

Henna  Ag and Au 39 nm Spherical, triangular, and 

quasi-spherical 

Hyperthermia of cancer 

cells  

(Kasthuri, Veerapandian and 

Rajendiran, 2009) 

Avena sativa   Au 5-20 nm Rod-shaped - (Armendariz et al., 2004) 

Azadirachta indica Au, Ag and 

Ag-Au alloys 

5-35, 50-100 

nm 

Spherical, triangular, 

hexagonal 

Remediation of heavy 

metals 

(Shankar et al., 2004) 

Camellia sinensis  Au and Ag  20 nm Spherical, prism Catalysts, sensors (Mondal et al., 2011) 

Brassica juncea   Ag  2-35 nm Spherical  - (Haverkamp and Marshall, 2009) 

Cinnamomum 

camphora 

Au and Ag  55-80 nm Triangular, spherical (Au), 

quasi-spherical (Ag) 

- (Huang et al., 2007) 

Carica papaya  Ag  60-80 nm Spherical - (Mude et al., 2009) 

Citrus limon  Ag  < 50 nm Spherical, spheroidal - (Prathna et al., 2011) 

Coriandrum sativum Au 6.75-

57.91nm 

Spherical, triangular, 

truncated triangular, 

decahedral 

Drug delivery, photo-

thermal therapy 

(Narayanan and Sakthivel, 2008) 

Cymbopogon flexuosus Au  200-500 Spherical, triangular Infrared-absorbing optical 

coatings 

(Shankar et al., 2005) 

Cycas sp.  Ag 2-6 nm Spherical - (Jha and Prasad, 2010) 

Diospyros kaki Bimetallic Au-

Ag 

50-500 nm  Cubic - (Song and Kim, 2008) 

Emblica officinalis Au and Ag 10-20nm, 15-

25 nm 

- - (Ankamwar, Chaudhary and 

Sastry, 2005) 

https://paperpile.com/c/x3JTlb/TfPi
https://paperpile.com/c/x3JTlb/TfPi
https://paperpile.com/c/x3JTlb/TfPi
https://paperpile.com/c/x3JTlb/Rh5J
https://paperpile.com/c/x3JTlb/Rh5J
https://paperpile.com/c/x3JTlb/Rh5J
https://paperpile.com/c/x3JTlb/RjNj
https://paperpile.com/c/x3JTlb/RjNj
https://paperpile.com/c/x3JTlb/RjNj
https://paperpile.com/c/x3JTlb/G4x4
https://paperpile.com/c/x3JTlb/G4x4
https://paperpile.com/c/x3JTlb/rgFo
https://paperpile.com/c/x3JTlb/rgFo
https://paperpile.com/c/x3JTlb/rgFo
https://paperpile.com/c/x3JTlb/ssxm
https://paperpile.com/c/x3JTlb/ssxm
https://paperpile.com/c/x3JTlb/ssxm
https://paperpile.com/c/x3JTlb/WoMG
https://paperpile.com/c/x3JTlb/WoMG
https://paperpile.com/c/x3JTlb/WoMG
https://paperpile.com/c/x3JTlb/qH4F
https://paperpile.com/c/x3JTlb/Rvz6
https://paperpile.com/c/x3JTlb/Rvz6
https://paperpile.com/c/x3JTlb/Rvz6
https://paperpile.com/c/x3JTlb/xwer
https://paperpile.com/c/x3JTlb/xwer
https://paperpile.com/c/x3JTlb/xwer
https://paperpile.com/c/x3JTlb/M7ZL
https://paperpile.com/c/x3JTlb/M7ZL
https://paperpile.com/c/x3JTlb/M7ZL
https://paperpile.com/c/x3JTlb/TRAk
https://paperpile.com/c/x3JTlb/AXbg
https://paperpile.com/c/x3JTlb/AXbg
https://paperpile.com/c/x3JTlb/AXbg
https://paperpile.com/c/x3JTlb/O6jJ
https://paperpile.com/c/x3JTlb/O7H4
https://paperpile.com/c/x3JTlb/ovj5
https://paperpile.com/c/x3JTlb/ovj5
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Eucalyptus citriodora Ag 20 nm  Spherical Antibacterial (Ravindra et al., 2010) 

Eucalyptus hybrida Ag  50-150 nm Crystalline, spherical - (Dubey, Bhadauria and 

Kushwah, 2009) 

Garcinia mangostana Ag  35 nm Spherical Antimicrobial activity 

against E. coli and S. 

aureus 

(Veerasamy et al., 2011) 

Gardenia jasminoides 

Ellis 

Pd 3-5 nm - Nanocatalysts for p-

nitrotoluene hydrogenation 

(Jia et al., 2009) 

Syzygium aromaticum Au 5-100 nm Irregular Detection and destruction 

of cancer cells 

(Raghunandan et al., 2010) 

Jatropha curcas  Ag  15-50 nm Spherical - (Bar et al., 2009) 

Ludwigia adscendens Ag 100-400 nm Spherical - (Mochochoko et al., 2013) 

Mentha piperita Ag  5-30 nm  Spherical Against microbes (Parashar and Saxena, 2009) 

Medicago sativa Fe2O3  2-10 nm Crystalline Cancer hyperthermia, drug 

delivery  

(Herrera-Becerra et al., 2008) 

Morus  

 

Ag  15-20 nm Spherical Antimicrobial activity 

against E. coli, B. subtilis 

(Singh et al., 2017) 

Ocimum sanctum  Ag 10 nm Spherical Catalytic reduction (Singh, Mehta, et al., 2018) 

Ocimum sanctum  Au and Ag 30, 10-20 nm Crystalline, hexagonal, 

triangular and spherical 

Biolabeling, biosensor (Philip and Unni, 2011) 

Pear Au  200-500 nm  Triangular, hexagonal Catalysis, biosensing (Ghodake et al., 2010) 

Pelargonium roseum Au 2.5-27.5 nm Crystalline - (Shiv Shankar et al., 2003) 

Psidium guajava  Au  25-30 nm  Spherical - (Raghunandan et al., 2009) 

Sedum alfredii  ZnO  53.7 nm Hexagonal and pseudo-

spherical 

Nanoelectronics (Qu, Luo and Hou, 2011) 

Tanacetum vulgare  Au and Ag  11, 16 nm Triangular, spherical Antibacterial, sensors (Dubey, Lahtinen and Sillanpää, 

2010) 

 

https://paperpile.com/c/x3JTlb/0Qp6
https://paperpile.com/c/x3JTlb/0Qp6
https://paperpile.com/c/x3JTlb/0Qp6
https://paperpile.com/c/x3JTlb/TLwT
https://paperpile.com/c/x3JTlb/TLwT
https://paperpile.com/c/x3JTlb/rPpl
https://paperpile.com/c/x3JTlb/rPpl
https://paperpile.com/c/x3JTlb/rPpl
https://paperpile.com/c/x3JTlb/CBDS
https://paperpile.com/c/x3JTlb/CBDS
https://paperpile.com/c/x3JTlb/CBDS
https://paperpile.com/c/x3JTlb/hhLj
https://paperpile.com/c/x3JTlb/hhLj
https://paperpile.com/c/x3JTlb/hhLj
https://paperpile.com/c/x3JTlb/xsiT
https://paperpile.com/c/x3JTlb/xsiT
https://paperpile.com/c/x3JTlb/xsiT
https://paperpile.com/c/x3JTlb/tj6E
https://paperpile.com/c/x3JTlb/tj6E
https://paperpile.com/c/x3JTlb/tj6E
https://paperpile.com/c/x3JTlb/WofP
https://paperpile.com/c/x3JTlb/vs79
https://paperpile.com/c/x3JTlb/vs79
https://paperpile.com/c/x3JTlb/vs79
https://paperpile.com/c/x3JTlb/fUJO
https://paperpile.com/c/x3JTlb/fUJO
https://paperpile.com/c/x3JTlb/fUJO
https://paperpile.com/c/x3JTlb/KFjY
https://paperpile.com/c/x3JTlb/KFjY
https://paperpile.com/c/x3JTlb/KFjY
https://paperpile.com/c/x3JTlb/bEYl
https://paperpile.com/c/x3JTlb/GWHw
https://paperpile.com/c/x3JTlb/GWHw
https://paperpile.com/c/x3JTlb/GWHw
https://paperpile.com/c/x3JTlb/IXI2
https://paperpile.com/c/x3JTlb/IXI2
https://paperpile.com/c/x3JTlb/IXI2
https://paperpile.com/c/x3JTlb/R6rK
https://paperpile.com/c/x3JTlb/R6rK
https://paperpile.com/c/x3JTlb/R6rK
https://paperpile.com/c/x3JTlb/FOEX
https://paperpile.com/c/x3JTlb/APTg
https://paperpile.com/c/x3JTlb/APTg
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2.6.2 Biosynthesis of ZnO NPs via plants and their possible cause 

Different plant families (eight major taxonomic ranks) can be used to account for the 

relationship between diverse plant species, as the majority of plants belonging to the same 

family have similar patterns, compounds, and medicinal characteristics (for example, the 

members of the Rosa family have five petals, typically numerous stamens, and contain tannic 

acid, which is used as an astringent). Biosynthesis of ZnO nanoparticles has been documented 

using a wide variety of plant species, with the Fabaceae family (including Aspalathus linearis, 

Cassia fistula, Pongamia pinnata, and Trifolium pratense) and the Rutaceae family (including 

Citrus aurantifolia, Agathosma betulina, Citrus limon, and Limonia acidissima) being the most 

frequently used followed by Apocynaceae, Solanaceae and Lamiaceae (Basnet et al., 2018) 

(Table 2.3).  

The Fabaceae family of plants are rich in polyphenols, flavonoids, alkaloids, saponins, etc. 

These phytochemicals are primarily responsible for the formation of zinc metal salt complexes 

with themselves. In fact, these phytochemicals are the primary biochemicals responsible for 

the reduction of metal salts that results in the production of ZnO nanoparticles. Furthermore, 

these phytochemicals serve as capping agents, resulting in ZnO nanoparticles with a limited 

size distribution. Carotenoids, coumarins, limonoids, flavonoids, etc., are common 

phytochemicals found in plants belonging to the family Rutaceae. However, the biosynthesis 

of ZnO nanoparticles is not feasible with every plant in the environment. Using plants 

containing polyphenols (or flavonoids) increases the likelihood of success because they are 

excellent reducing and capping/stabilizing agents. In addition, they readily form complexes 

with zinc metal salts, enabling the synthesis of ZnO nanoparticles by hydrolysis followed by 

calcinations. 

 

 

  

https://paperpile.com/c/x3JTlb/OkvVB
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Table 2.3: Synthesis of ZnO NPs from various plant extracts and their application 

Plant Part Size & Morphology Application Bioreductant and Capping 

Agent 

Reference 

Anisochilus carnosus  Leaves 56.14, 49.55 and 

38.59 nm 

Photocatalytic degradation of  

MB; Antibacterial activities 

against S. para- typhi, V. 

cholerae, S. aureus, and E. coli 

Polyphenols, carboxylic acid, 

polysaccharide, amino acid 

and proteins  

(Anbuvannan et al., 

2015a) 

Phyllanthus niruri Leaves  25.61 nm Semiconducting, pyroelectric, 

piezo- electric, catalysis  

Presence of aromatic 

aldehydes, capping agent is 

Starch 

(Anbuvannan et al., 

2015b) 

Palm  Pollen 18nm Bio-hybrid nanocomposite for 

pharmaceutical and biomedical  

Amino acid residues of the 

protein molecules 

(Azizi et al., 2015) 

Anchusa italic  Flower ~8 and ~14 nm  Antibacterial activity Fatty acids (Azizi et al., 2016) 

Hibiscus subdariffa Leaves   Anti-diabetic effect on 

streptozotocin 

- (Bala et al., 2015) 

Vaccinium arctostaphylos L. Dried Fruit 15.5 and 13.9 nm  - Organic molecules (Bayrami et al., 

2018) 

Nasturtium officinale Leaves 21 nm, 14 nm  Antidiabetic and enhanced 

antibacterial activities 

Aromatic compounds (Bayrami, Ghorbani, 

et al., 2019) 

Vaccinium arctostaphylos L. Leaves 27.9 nm and 21 nm Bacterial decontamination, 

removal of organic compounds 

Phenolic compounds  (Bayrami, Alioghli, 

et al., 2019) 

Eryngium foetidum L Leaves 8 nm Antibacterial agent against 

 E. coli, P. aeruginosa, S. 

aureus, S. pneumoniae 

- (Begum, 

Ahmaruzzaman and 

Adhikari, 2018) 

Potato Potato 

Extract 

20 nm Attractive for biological and 

medical applications 

Starch (Buazar et al., 2016) 

https://paperpile.com/c/SNmkdH/RTG4
https://paperpile.com/c/SNmkdH/RTG4
https://paperpile.com/c/SNmkdH/RTG4
https://paperpile.com/c/SNmkdH/RTG4
https://paperpile.com/c/SNmkdH/nn9s
https://paperpile.com/c/SNmkdH/nn9s
https://paperpile.com/c/SNmkdH/nn9s
https://paperpile.com/c/SNmkdH/nn9s
https://paperpile.com/c/SNmkdH/U1pV
https://paperpile.com/c/SNmkdH/U1pV
https://paperpile.com/c/SNmkdH/U1pV
https://paperpile.com/c/SNmkdH/0CZc
https://paperpile.com/c/SNmkdH/0CZc
https://paperpile.com/c/SNmkdH/0CZc
https://paperpile.com/c/SNmkdH/ECgx
https://paperpile.com/c/SNmkdH/ECgx
https://paperpile.com/c/SNmkdH/ECgx
https://paperpile.com/c/SNmkdH/1xB7
https://paperpile.com/c/SNmkdH/1xB7
https://paperpile.com/c/SNmkdH/1xB7
https://paperpile.com/c/SNmkdH/1xB7
https://paperpile.com/c/SNmkdH/fUJd
https://paperpile.com/c/SNmkdH/fUJd
https://paperpile.com/c/SNmkdH/fUJd
https://paperpile.com/c/SNmkdH/fUJd
https://paperpile.com/c/SNmkdH/3pNl
https://paperpile.com/c/SNmkdH/3pNl
https://paperpile.com/c/SNmkdH/3pNl
https://paperpile.com/c/SNmkdH/3pNl
https://paperpile.com/c/SNmkdH/IbcI
https://paperpile.com/c/SNmkdH/IbcI
https://paperpile.com/c/SNmkdH/IbcI
https://paperpile.com/c/SNmkdH/YtU3
https://paperpile.com/c/SNmkdH/YtU3
https://paperpile.com/c/SNmkdH/YtU3
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Calotropis gigantea Leaves 10 nm Military camouflage package - (Chaudhuri and 

Malodia, 2017) 

Eucalyptus spp Leaves 20-40 nm  Removal of MG  - (Chauhan, Kataria 

and Garg, 2020) 

Laurus Nobilis  Leaves 20-35 nm Antibacterial and 

 Photocatalytic activity  

Polyphenols and flavonoids (Chemingui et al., 

2019) 

 Juglans regia L.  Leaves  Cytotoxicity and antimicrobial  Phenolic and aromatic 

compounds  

(Darvishi, Kahrizi 

and Arkan, 2019) 

Lemon  Juice 21.5 nm Photocatalytic degradation of 

MO, MR, and MB  

Sucrose as reducing agent (Davar, Majedi and 

Mirzaei, 2015) 

Jacaranda mimosifolia Flowers 2-4 nm Antibacerial activity  

Gram -ve: E. coli; Gram +ve: 

E. faecium  

Oleic acid as a reducing and 

capping agent 

(Sharma et al., 2016) 

Camellia sinensis  Leaves 54.84 nm  Super capacitor applications Amino acid, protein and 

lipids  

(Dhanemozhi, 

Rajeswari and 

Sathyajothi, 2017) 

Chelidonium majus Whole 10 nm Antimicrobial agents,  Anti-

cancerous against human non-

small cell lung cancer A549 

Chelidonine, chelerythrine, 

sanguinarine, berberine, 

 coptisine and stylopine. 

(Dobrucka, 

Dlugaszewska and 

Kaczmarek, 2017) 

Sechium edule Leaves 30 to 70 nm Antibacterial agents on B. 

subtilis and K. pneumoniae 

-OH groups from the phenol 

and flavonoid compounds  

(Elavarasan et al., 

2017) 

Azadirachta indica Leaves 18 nm Antimicrobial activities  Water-soluble phenolic acid 

and flavonoid compounds  

(Elumalai and 

Velmurugan, 2015) 

Solanum torvum Leaves 28.24 nm - Alkaloids and flavonoids  (Ezealisiji et al., 

2019) 

Mimosa pudica  Leaves & 

Powder 

27.14 Å and 46.94Å Photocatalytic activity in MB 

photooxidation 

- (Fatimah, Pradita 

and Nurfalinda, 

2016) 

https://paperpile.com/c/SNmkdH/DbK9
https://paperpile.com/c/SNmkdH/DbK9
https://paperpile.com/c/SNmkdH/QLCU
https://paperpile.com/c/SNmkdH/QLCU
https://paperpile.com/c/SNmkdH/HQQ8
https://paperpile.com/c/SNmkdH/HQQ8
https://paperpile.com/c/SNmkdH/HQQ8
https://paperpile.com/c/SNmkdH/HQQ8
https://paperpile.com/c/SNmkdH/UOaa
https://paperpile.com/c/SNmkdH/UOaa
https://paperpile.com/c/SNmkdH/NN5E
https://paperpile.com/c/SNmkdH/NN5E
https://paperpile.com/c/SNmkdH/kwcP
https://paperpile.com/c/SNmkdH/kwcP
https://paperpile.com/c/SNmkdH/kwcP
https://paperpile.com/c/SNmkdH/4Rek
https://paperpile.com/c/SNmkdH/4Rek
https://paperpile.com/c/SNmkdH/4Rek
https://paperpile.com/c/SNmkdH/lJmS
https://paperpile.com/c/SNmkdH/lJmS
https://paperpile.com/c/SNmkdH/lJmS
https://paperpile.com/c/SNmkdH/1JqI
https://paperpile.com/c/SNmkdH/1JqI
https://paperpile.com/c/SNmkdH/1JqI
https://paperpile.com/c/SNmkdH/1JqI
https://paperpile.com/c/SNmkdH/VezR
https://paperpile.com/c/SNmkdH/VezR
https://paperpile.com/c/SNmkdH/GgqQ
https://paperpile.com/c/SNmkdH/GgqQ
https://paperpile.com/c/SNmkdH/GgqQ
https://paperpile.com/c/SNmkdH/GgqQ
https://paperpile.com/c/SNmkdH/sgWP
https://paperpile.com/c/SNmkdH/sgWP
https://paperpile.com/c/SNmkdH/sgWP
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Carissa edulis Fruits 50–55 nm  Dye degradation Water soluble phenolic and 

flavonoids  

(Fowsiya et al., 

2016) 

Momordica charantia Leaves 21.32 nm Anti-parasitic activity against 

R. microplus, P. humanus 

capitis, An. Stephensi, Cx. 

quinquefasciatus 

Vinyl ethers, aldehydes, beta 

lactones, and aliphatic amines 

(Gandhi et al., 2017) 

Catharanthus roseus Leaves 36.83 nm Antibacterial against Gram +ve  

and Gram -ve pathogens 

- (Gupta et al., 2018) 

Silybum marianum Whole 

Plant 

31.20 nm Antioxidant, Antimicrobial  

against fungal and bacterial 

strains 

Phytochemicals  (Hameed et al., 

2019) 

Olea europaea Leaves 41nm - Flavonoids, glycosides, 

proteins and phenols  

(Hashemi et al., 

2016) 

Corriandrum sativum Leaves 9–18 nm Photocatalytic degradation of 

anthracene  

- (Hassan et al., 2015) 

Pandanus odorifer Leaves 90 nm Anticancer and antimicrobial 

agent  

- (Hussain et al., 

2019) 

Rosa canina Fruits 13.3 and 11.3 nm  Dose dependent toxicity to 

cells 

Fruit acids  (Jafarirad et al., 

2016) 

Prunus cerasifera Leaves 12 nm  Photocatalytic and 

antimicrobial activity  

Phenols, terpenoids, 

anthocyanins, carboxylic 

acids, aromatic amines, 

aliphatic amines and alkyl 

halides 

(Jaffri and Ahmad, 

2019) 

Zingiber officinale Rhibozome 23-26 nm Antimicrobial activity- K. 

pneumonia, S. aureus, C. 

albicans and P. notatum 

- (Janaki, Sailatha and 

Gunasekaran, 2015) 

https://paperpile.com/c/SNmkdH/crr7
https://paperpile.com/c/SNmkdH/crr7
https://paperpile.com/c/SNmkdH/crr7
https://paperpile.com/c/SNmkdH/crr7
https://paperpile.com/c/SNmkdH/BBP2
https://paperpile.com/c/SNmkdH/BBP2
https://paperpile.com/c/SNmkdH/BBP2
https://paperpile.com/c/SNmkdH/daLa
https://paperpile.com/c/SNmkdH/daLa
https://paperpile.com/c/SNmkdH/daLa
https://paperpile.com/c/SNmkdH/EZn0
https://paperpile.com/c/SNmkdH/EZn0
https://paperpile.com/c/SNmkdH/EZn0
https://paperpile.com/c/SNmkdH/EZn0
https://paperpile.com/c/SNmkdH/FxSV
https://paperpile.com/c/SNmkdH/FxSV
https://paperpile.com/c/SNmkdH/FxSV
https://paperpile.com/c/SNmkdH/FxSV
https://paperpile.com/c/SNmkdH/j1jj
https://paperpile.com/c/SNmkdH/j1jj
https://paperpile.com/c/SNmkdH/j1jj
https://paperpile.com/c/SNmkdH/lmEq
https://paperpile.com/c/SNmkdH/lmEq
https://paperpile.com/c/SNmkdH/lmEq
https://paperpile.com/c/SNmkdH/lmEq
https://paperpile.com/c/SNmkdH/bIaN
https://paperpile.com/c/SNmkdH/bIaN
https://paperpile.com/c/SNmkdH/bIaN
https://paperpile.com/c/SNmkdH/bIaN
https://paperpile.com/c/SNmkdH/nYau
https://paperpile.com/c/SNmkdH/nYau
https://paperpile.com/c/SNmkdH/tdT4
https://paperpile.com/c/SNmkdH/tdT4
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Lawsonia inermis Leaves 24nm Eco-friendly green synthesis Linalool α-terpineol, 

Eugenol, etherphenylvinyla 

1,3-indandione, 2-hydroxy-1, 

4-napthoquionone, Oxirane-

tetradecyl, Hexadecanoic acid 

(Jayarambabu, Rao 

and Rajendar, 2018) 

Kalopanax septemlobus Dried 

Barks 

500nm  - Alkane, alcohol, hydroxyl (Lu et al., 2019) 

Echinacea purpurea Callus 40 nm Growth and physiological 

changes in tissue culture in the 

field of plant science 

- (Karimi et al., 2018) 

Acalypha indica Leaves 39.34 and 43.63 nm  - - (Karthik et al., 2017) 

Andrographis paniculata Leaves 20.23 nm  Drug delivery processes Aromatic ring polyphenol (Kavitha et al., 

2017) 

Sageretia thea Leaves 12.4 nm Antifungal potential and 

antioxidant potential 

- (Khalil et al., 2017) 

Abutilon indicum, 

Clerodendrum infortunatum, 

Clerodendrum inerme 

Leaves 17.49 nm Antimicrobial, antioxidant, and 

antifungal potential. 

- (Khan et al., 2018) 

Trianthema portulacastrum Plant 

Biomass 

25-90 nm  Biological and photocatalytic 

applications 

- (Z. U. H. Khan et 

al., 2019) 

Costus woodsonii Bulb 

Extract 

30-40 nm Alternate pathway  Terpenoids, phenolic acid, 

flavonoids, and proteins  

(M. M. Khan et al., 

2019) 

Aloe barbadensis Leaves 15 nm Antimicrobial and anti-biofilm 

activities  

Phenolic compounds, 

terpenoids and proteins 

(Ali et al., 2016) 

Arabica coffee Coffee 

Powder 

25-31 nm Inhibition of proteinase K 

activity and the increase in the 

thermal stability  

Carboxylic acid, phenol, 

functional groups 

(Koupaei et al., 

2016) 

https://paperpile.com/c/SNmkdH/Dqa1
https://paperpile.com/c/SNmkdH/Dqa1
https://paperpile.com/c/SNmkdH/IXy2
https://paperpile.com/c/SNmkdH/IXy2
https://paperpile.com/c/SNmkdH/IXy2
https://paperpile.com/c/SNmkdH/23es
https://paperpile.com/c/SNmkdH/23es
https://paperpile.com/c/SNmkdH/23es
https://paperpile.com/c/SNmkdH/MMMS
https://paperpile.com/c/SNmkdH/MMMS
https://paperpile.com/c/SNmkdH/MMMS
https://paperpile.com/c/SNmkdH/OpXq
https://paperpile.com/c/SNmkdH/OpXq
https://paperpile.com/c/SNmkdH/OpXq
https://paperpile.com/c/SNmkdH/OpXq
https://paperpile.com/c/SNmkdH/037F
https://paperpile.com/c/SNmkdH/037F
https://paperpile.com/c/SNmkdH/037F
https://paperpile.com/c/SNmkdH/UA5W
https://paperpile.com/c/SNmkdH/UA5W
https://paperpile.com/c/SNmkdH/UA5W
https://paperpile.com/c/SNmkdH/vhPC
https://paperpile.com/c/SNmkdH/vhPC
https://paperpile.com/c/SNmkdH/vhPC
https://paperpile.com/c/SNmkdH/vhPC
https://paperpile.com/c/SNmkdH/Qttw
https://paperpile.com/c/SNmkdH/Qttw
https://paperpile.com/c/SNmkdH/Qttw
https://paperpile.com/c/SNmkdH/Qttw
https://paperpile.com/c/SNmkdH/Nxa3
https://paperpile.com/c/SNmkdH/Nxa3
https://paperpile.com/c/SNmkdH/Nxa3
https://paperpile.com/c/SNmkdH/U8lD
https://paperpile.com/c/SNmkdH/U8lD
https://paperpile.com/c/SNmkdH/U8lD
https://paperpile.com/c/SNmkdH/U8lD
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Pithecellobium dulce Peel 11.5 ± 2 nm - Phytochemicals  (Madhumitha et al., 

2019) 

Sutherlandia frutescens Whole 

Plant 

13.3 nm Antiproliferative activity 

against human lung cancer 

cells (A549); Gram -ve: E. coli, 

P. aeruginosa; Gram +ve: S. 

aureus, E. faecalis 

- (Mahlaule-Glory et 

al., 2019) 

Sageretia thea Leaves 31.03 nm,  25.15 nm Catalytic and conductivity 

Electrochemical activity  

Glucopyranoside, 

Polyphenolic compound 

(myricetrin and syringic acid) 

(Shinwari and 

Maaza, 2017) 

Punica granatum Fruit Peel 22.39, 30.08, 32.39 

and 57.36 nm 

Cytotoxicity against colorectal 

cancer cells (HCT116) and 

normal colon cells (CCD112)  

- (Mohamad Sukri et 

al., 2019) 

Accinium arctostaphylos Fruits Crystalline, 12nm Anti-bacterial agent - (Mohammadi-

Aloucheh et al., 

2018) 

 Silybum marianum Dried 

Seeds 

Hexagonal, >18-

22nm 

Treatment of diabetes mellitus Organic compounds  (Mohammadi 

Arvanag et al., 2019) 

Ocimum basilicum Leaves 10–25 nm Anti-bacterial agent Phytochemical compounds (Abdelsattar et al., 

2022) 
Ocimum basilicum L. var. 

purpurascens 
Leaves Hexagonal, 50nm - - (Abdul Salam, 

Sivaraj and 

Venckatesh, 2014) 
Nephelium lappaceum L Peel 50.95 nm Anti-bacterial agent - (Yuvakkumar et al., 

2014) 
Vitex negundo Dried 

Leaves 

38.17 nm Anti-bacterial agent 

Gram -ve: E. coli ; Gram +ve: 

S. aureus 

Isoorientin (flavone) (Ambika and 

Sundrarajan, 2015) 

https://paperpile.com/c/SNmkdH/q9P0
https://paperpile.com/c/SNmkdH/q9P0
https://paperpile.com/c/SNmkdH/q9P0
https://paperpile.com/c/SNmkdH/q9P0
https://paperpile.com/c/SNmkdH/OhHb
https://paperpile.com/c/SNmkdH/OhHb
https://paperpile.com/c/SNmkdH/OhHb
https://paperpile.com/c/SNmkdH/OhHb
https://paperpile.com/c/SNmkdH/Bvcn
https://paperpile.com/c/SNmkdH/Bvcn
https://paperpile.com/c/SNmkdH/FhE0
https://paperpile.com/c/SNmkdH/FhE0
https://paperpile.com/c/SNmkdH/FhE0
https://paperpile.com/c/SNmkdH/FhE0
https://paperpile.com/c/SNmkdH/djOY
https://paperpile.com/c/SNmkdH/djOY
https://paperpile.com/c/SNmkdH/djOY
https://paperpile.com/c/SNmkdH/djOY
https://paperpile.com/c/SNmkdH/djOY
https://paperpile.com/c/SNmkdH/bSwh
https://paperpile.com/c/SNmkdH/bSwh
https://paperpile.com/c/SNmkdH/bSwh
https://paperpile.com/c/SNmkdH/bSwh
https://paperpile.com/c/572TnI/PQ6P
https://paperpile.com/c/572TnI/PQ6P
https://paperpile.com/c/572TnI/1KkI
https://paperpile.com/c/572TnI/1KkI
https://paperpile.com/c/572TnI/1KkI
https://paperpile.com/c/572TnI/IJnN
https://paperpile.com/c/572TnI/IJnN
https://paperpile.com/c/572TnI/JFlL
https://paperpile.com/c/572TnI/JFlL
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2.6.3 Algae as a source for bionanomaterial 

Algae are known to be one of the most primitive and influential biological entities existing 

autotrophically performing more than 50% of photosynthesis on this planet (Barsanti and 

Gualtieri, 2014; Rakesh et al., 2015). Being rich in biologically active compounds they are 

regarded as an appealing platform to serve as photosynthetic biorefineries capable of contriving 

a spectrum of high value-added products in addition to fuels (Jeffryes, Agathos and Rorrer, 

2015). Besides that, they are reported as hyperaccumulators of heavy metals and their chemical 

transformation and are believed to produce metal NPs (Zinicovscaia, 2012). Some of the 

pragmatic properties of the algae that make them as remarkable ‘nanobiofactories’ are (i) faster 

doubling time (Chisti, 2007) (ii) easily scalable and well developed systems (Chisti, 2007, 

2008), (iii) cells can be readily disrupted (Chisti and Moo-Young, 1986), (iv) easily harvested 

(Molina Grima et al., 2003) (v) low cost large-scale synthesis (Sharma, Kanchi and Bisetty, 

2015) and (vi) nucleation and crystal growth are accelerated due to the presence of negative 

charge on the surface of the cell (Sahoo et al., 2014). The chronicle, chemistry and the 

biological benefits of algae have been thoroughly discussed and documented elsewhere 

(Ramakrishnan et al., 2010, 2023; Chen and Jiang, 2013; Namvar et al., 2015). More than a 

hundred different micro and macro algae have been reported that exhibit the ability to tailor 

NPs both intracellularly (Roychoudhury and Pal, 2014) and extracellularly (Mohseniazar et al., 

2011), which can be recovered during downstream processing (Dahoumane et al., 2012). 

Algae belonging to different classes such as Cyanophyceae, Chlorophyceae, Phaeophyceae, 

and Rhodophyceae have been widely exploited for intracellular and extracellular synthesis of 

metallic nanoparticles (Ag, Au, Pt, Ni, etc.) and metal oxide nanoparticles (CuO, ZnO, MnO2, 

TiO2, Fe3O4, etc.) (Suresh et al., 2015).  

Gold Nanoparticles from algae 

Algae have been proven to be a boon with indefinite applications in numerous fields that have 

been employed as a substitute to chemical reductants for the tailoring of Au-NPs. Au-NPs have 

been synthesized from four different classes of algae such as Cyanophyceae (Blue-green algae), 

Chlorophyceae (Green algae), Phaeophyceae (Brown algae) and Rhodophyceae (Red algae) 

(Table 2.4). Material scientists have been consistently trying to fabricate Au-NPs by numerous 

methods with uniform size, shape, and monodispersity. It has been a challenging and vital 

mission to fabricate flexible and straightforward eco-friendly preparation methods to produce 

shape- and size-preferred Au-NPs (Namvar et al., 2015). 

https://paperpile.com/c/572TnI/XwTK+OFjF
https://paperpile.com/c/572TnI/XwTK+OFjF
https://paperpile.com/c/Xoq36P/GTyPU
https://paperpile.com/c/Xoq36P/GTyPU
https://paperpile.com/c/Xoq36P/PLjfD
https://paperpile.com/c/Xoq36P/pAtjS
https://paperpile.com/c/Xoq36P/pAtjS+NhLmr
https://paperpile.com/c/Xoq36P/pAtjS+NhLmr
https://paperpile.com/c/Xoq36P/7qZ0z
https://paperpile.com/c/Xoq36P/eeBhk
https://paperpile.com/c/Xoq36P/eeBhk
https://paperpile.com/c/Xoq36P/eeBhk
https://paperpile.com/c/Xoq36P/C7CXt
https://paperpile.com/c/Xoq36P/C7CXt
https://paperpile.com/c/Xoq36P/gO4gK
https://paperpile.com/c/Xoq36P/gO4gK
https://paperpile.com/c/Xoq36P/gO4gK
https://paperpile.com/c/572TnI/c2fS+9tZc+HMFt+6GBW
https://paperpile.com/c/Xoq36P/k9IXr
https://paperpile.com/c/Xoq36P/otA2B
https://paperpile.com/c/Xoq36P/otA2B
https://paperpile.com/c/Xoq36P/otA2B
https://paperpile.com/c/Xoq36P/otA2B
https://paperpile.com/c/Xoq36P/ZHeN2
https://paperpile.com/c/Xoq36P/ZHeN2
https://paperpile.com/c/Xoq36P/ZHeN2
https://paperpile.com/c/Xoq36P/9RDzN
https://paperpile.com/c/Xoq36P/9RDzN
https://paperpile.com/c/Xoq36P/9RDzN
https://paperpile.com/c/Xoq36P/BPUZC
https://paperpile.com/c/Xoq36P/BPUZC
https://paperpile.com/c/Xoq36P/BPUZC
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Silver nanoparticles from algae 

Silver is known to be a good conductor of heat and electricity, however, the high price limits 

its application in the electrical industry (Keat et al., 2015). For some time, the antimicrobial 

potential of silver has been explored in many medical fields and has been successfully tested 

against 650 pathogenic microbes (Annamalai and Nallamuthu, 2016). Among the various noble 

metallic NPs known so far silver NPs (Ag-NPs) have gained the most attention, exhibiting the 

highest level of commercialization, accounting for 55.4% of the NMs based consumer products 

existing in the market (313 out of 565) (Agnihotri, Mukherji and Mukherji, 2014). 

Consequently, nanosilver is eventually becoming the nucleus of the nano-industry. Ag-NPs 

have been synthesised from different microalgae and macroalgae belonging to Cyanophyceae, 

Chlorophyceae, Rhodophyceae and Phaeophyceae (Table 2.5). 

Algae-mediated synthesis of other nanomaterials 

As discussed in the previous sections, different types of algal species were reported to 

synthesize gold and silver NPs. Synthesis of various other NPs such as ZnO-NPs, TiO2, CdS, 

Pt, Pd, Fe3O4 have also been reported (Table 2.6). Lengke and colleagues (2006 b) for the first 

time developed an alternative method to abiotic chemical methods for the synthesis of platinum 

NPs and platinum (II) organics from Plectonema boryanum UTEX 485. They investigated the 

synthesis at temperatures ranging from 25-180 °C, and the optimal temperature was found to 

be 29°C. The resulting NPs were spherical, connected with bead-like organic moieties released 

from dead cyanobacterial cells. However, the size could not be systematically studied as the 

variation in temperature and time was large. Crystallization and re-crystallization were affected 

by temperature, at lower temperature amorphous behaviour was observed contrary to the 

crystalline structure at higher temperature (180°C) (Lengke et al., 2006). Phormidium was 

found to be a suitable candidate for the extracellular synthesis of copper NPs. The reduction of 

cationic copper was believed to be done by a 25 kDa metal chelating protein moiety in aerobic 

conditions at neutral pH and room temperature. The role of proteins in the stabilization of NPs 

was confirmed by SDS- PAGE and FT-IR (Rahman et al., 2010). The aqueous cellular extract 

of diazotrophic cyanobacterial strain Anabaena L31 was exercised for the synthesis of ZnO-

NPs conjugated with shinorine, water-soluble UV-B absorbent. A sharp decline in the surface 

charge of the conjugate from +30.25 mV to 3.75 mV resulted from the changes in the surface 

functionalities after conjugation formation (Singh et al., 2014; Pathak et al., 2019). 

https://paperpile.com/c/Xoq36P/CCL1X
https://paperpile.com/c/Xoq36P/CCL1X
https://paperpile.com/c/Xoq36P/CCL1X
https://paperpile.com/c/Xoq36P/7w7aL
https://paperpile.com/c/Xoq36P/lP0s
https://paperpile.com/c/Xoq36P/IWqf
https://paperpile.com/c/Xoq36P/IWqf
https://paperpile.com/c/Xoq36P/IWqf
https://paperpile.com/c/Xoq36P/zW2a
https://paperpile.com/c/Xoq36P/zW2a
https://paperpile.com/c/Xoq36P/zW2a
https://paperpile.com/c/Xoq36P/XcEt+YNDF
https://paperpile.com/c/Xoq36P/XcEt+YNDF
https://paperpile.com/c/Xoq36P/XcEt+YNDF
https://paperpile.com/c/Xoq36P/XcEt+YNDF
https://paperpile.com/c/Xoq36P/XcEt+YNDF
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Aqueous extract from Sargassum plagiophyllum was reported successfully for the fabrication 

of AgCl-NPs (Dhas et al., 2014) (Table 2.6). Advanced characterization techniques like UV-

Vis, FT-IR, FE-SEM, HR-TEM and XRD were employed to confirm the formation of AgCl-

NPs which could be used as antimicrobial agents (Dhas et al., 2014). While screening a 

candidate for the synthesis of ZnO-NPs, Sargassum myriocystum was found to be suitable and 

process optimization was done for its synthesis (Azizi et al., 2014). To optimize parameters 

resulting in the synthesis of 36 nm sized ZnO-NPs extracellularly, pH, temperature, 

concentration of seaweed extract and metal concentration were studied. Sargassum muticum 

was also reported to biosynthesize hexagonal ZnO-NPs with an average size of 4 nm (Azizi et 

al., 2014). 

A rapid and simple method for complete reduction of Pd (II) ions to Pd NPs by aqueous extract 

Chlorella vulgaris was demonstrated by Arsiya and co workers (2017). Gradual colour change 

of the solution from yellow to dark brown indicated the formation of Pd-NPs. The reaction was 

completed in 10 min as the characteristic peak of Pd (II) ions at 410 and 420 nm disappeared. 

Furthermore, the formation of Pd-NPs was confirmed by SPR peak range at 370-440nm. Polyol 

and amide groups of the extract were assumed to be responsible for the reduction and 

stabilization as strong and intense peaks were observed at 1051 cm-1 (Carbohydrate v(C-O-C) 

of polysaccharides, Nucleic Acid (and other phosphate-containing compounds), 1641 cm-1 

(amide or C=C stretching vibrations of aromatic rings), 2922 (C−H stretching of polyols) and 

3417 cm-1 (O−H group of polyols) in the FT-IR spectrum (Arsiya, Sayadi and Sobhani, 2017). 

Algae-mediated synthesis of bimetallic nanoparticles 

Bimetallic NPs are composed of two different metals and they are combined in different ratios 

to show novel properties derived from the constituting metals. These NMs have drawn more 

interest than monometallic NMs due to the presence of an extra degree of freedom. 

Extracellular interaction of single-cell proteins of Spirulina platensis with aqueous AgNO3 and 

HAuCl4 was examined for the biosynthesis of Ag-NPs, Au- NPs and Ag-Au core shell NPs. 

The interaction of cyanobacterial biomass and the metal precursor solutions (AgNO3 and 

HAuCl4 each at 10-3 M) solely or in combination for 120 h at 37°C led to significant chromatic 

changes due to the excitation of surface plasmon vibrations in the metal NPs. The visual change 

in the colour of the reaction mixture to yellowish brown (Ag-NPs), ruby red (Au-NPs) and 

purple to brown (Ag-Au bimetallic) was noticed. SPR λmax bands were observed at 424, 530 

for Ag-NPs, Au-NPs. However, for bimetallic NPs absorption peaks were observed at 509, 486 

https://paperpile.com/c/Xoq36P/DH3d
https://paperpile.com/c/Xoq36P/DH3d
https://paperpile.com/c/Xoq36P/DH3d
https://paperpile.com/c/Xoq36P/DH3d
https://paperpile.com/c/Xoq36P/DH3d
https://paperpile.com/c/Xoq36P/DH3d
https://paperpile.com/c/Xoq36P/ThgT
https://paperpile.com/c/Xoq36P/ThgT
https://paperpile.com/c/Xoq36P/ThgT
https://paperpile.com/c/Xoq36P/ThgT
https://paperpile.com/c/Xoq36P/ThgT
https://paperpile.com/c/Xoq36P/ThgT
https://paperpile.com/c/Xoq36P/ThgT
https://paperpile.com/c/Xoq36P/A3yc
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and 464 nm for 75:25, 50:50 and 25:75 (Au:Ag) mol concentrations, respectively. The gradual 

shift from 530 to 424 nm was commensurate with the increased mole fraction of silver. The 

size of the NPs observed for Ag-NPs was 7-16 nm, Au-NPs was 6-10 nm and for bimetallic 

Au-Ag NPs it was 17-25 nm (Govindaraju et al., 2008; Pathak et al., 2019).  

https://paperpile.com/c/Xoq36P/XcEt+enhm
https://paperpile.com/c/Xoq36P/XcEt+enhm
https://paperpile.com/c/Xoq36P/XcEt+enhm
https://paperpile.com/c/Xoq36P/XcEt+enhm
https://paperpile.com/c/Xoq36P/XcEt+enhm
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Table 2.4: Algae mediated synthesis of gold nanoparticles (Au-NPs)  

Algae Size & morphology Application Characterization Bioreductant and capping 

agent 

Reference 

Blue green algae-mediated synthesis of gold nanoparticles (Au-NPs) 

Nostoc 

ellipsosporum 

20–40 nm, decahedral, icosahedra 

rods 

Uniform distribution of aspect 

ratio of monodispersity 

UV-Vis, TEM, DLS, Zeta 

Potential, XRD 

Intracellular biotransformation, 

sodium citrate for extraction of 

nanorods 

(Parial et al., 2012) 

Spirulina platensis 20-30 nm; spherical Pharmaceutical technological 

purpose 

UV-Vis, FTIR, TEM, SEM-

EDAX, XRD, NAA, AAS 

Extracellular; biomolecules 

(amino, carboxylic, phosphate, 

thiol) 

(Kalabegishvili and 

Kirkesali, 2012) 

Spirulina platensis 5 nm, spherical Gram +ve strains: B. subtilis 

and S. aureus; stable for 2 

months 

UV-Vis, FTIR, HRTEM, 

EDAX 

Carboxylate group in the 

reduction,  

Carboxyl, hydroxyl and 

primary amine   are involved in 

stabilization 

(Suganya et al., 2015) 

Green algae mediated synthesis of gold nanoparticles (Au-NPs) 

Klebsormidium 

flaccidum 

10-20 nm Sol-gel methods for 

encapsulation of  algal species 

within silica gels 

UV-Vis, XRD, TEM, PAM, 

PEA, XPS, SERS 

Insitu, gold reduction occurs 

in thylakoids where reducing 

enzymes 

(Sicard et al., 2010) 

Chlorella vulgaris 40-60 nm; spheroidal,  polyhedral Potentially attractive route to 

commercial production 

XRD, TEM,XAS, AAS, 

XANES 

Intracellular  (Luangpipat et al., 2011) 

Klebsormidium 

flaccidum 

9 ±3.4 nm Development of cell-based 

bioreactors for the production of 

metal NPs 

PAM, TEM, UV-Vis Intracellular (Dahoumane et al., 2012) 

Chlorella 

pyrenoidusa 

25-30 nm; spherical, icosahedral, 

FCC 

pH-dependent size controllable 

tuning of the synthesis of 

thermodynamically stable Au 

nanoparticle 

UV-Vis, XRD, HRTEM NADH-dependent enzyme (Oza et al., 2012) 

Spirogyra 

submaxima 

2-50 nm; spherical, triangular, 

hexagonal 

Pure, easily extractable NPs are 

formed which can be used in 

biomedical applications 

UV-Vis, DLS, XRD, TEM, 

Zeta Potential 

Intracelluar synthesis at cell 

wall and the chloroplast 

(Roychoudhury and Pal, 

2014) 

Prasiola crispa 5-25 nm, FCC, spherical  Facile, one step and eco-friendly 

for the large scale synthesis 

UV-Vis, XRD, FTIR, DLS, 

HRTEM 

Protein and other molecules, 

extracellular 

(Sharma et al., 2014) 

Stoechospermum 

marginatum 

18.7 to 93.7 nm; spherical, 

triangular and hexagonal 

Antibacterial against Gram -ve 

E. faecalis 

PL, SEM, TEM, XRD, 

FTIR, WD-XRF 

Hydroxyl groups present in 

the diterpenoids 

(Rajathi et al., 2012) 

https://paperpile.com/c/MWOBNZ/HbZLW
https://paperpile.com/c/MWOBNZ/HbZLW
https://paperpile.com/c/MWOBNZ/HbZLW
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https://paperpile.com/c/MWOBNZ/F2l8W
https://paperpile.com/c/MWOBNZ/Mss2e
https://paperpile.com/c/MWOBNZ/Mss2e
https://paperpile.com/c/MWOBNZ/Mss2e
https://paperpile.com/c/MWOBNZ/nXbpc
https://paperpile.com/c/MWOBNZ/nXbpc
https://paperpile.com/c/MWOBNZ/nXbpc
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Turbinaria 

conoides 

6-10 nm; spherical Antibacterial, biocompatible  UV-Vis, XRD, FTIR, TEM Fucoidan and polyphenolic 

groups 

(Shanmugam 

Rajeshkumar et al., 

2013) 

Turbinaria 

conoides 

60 nm, triangle, rectangle and 

square 

High antibacterial  activity 

against Streptococcus sp, and 

medium for B. subtilis and 

Klebsiella pneumoniae 

SEM, EDS Biochemical material (S. Rajeshkumar et al., 

2013) 

Padina gymnospora 

 

8-21 nm; spherical  Antitumor on liver cancer 

(HepG2) cell line  

UV-Vis, XRD, AFM, 

HRTEM, FTIR 

Fucoxanthin or flavonoids  (M. Singh et al., 2014) 

Dictyota 

bartayresiana 

Spherical, poly-dispersed NPs Antifungal against Humiclo 

insulans and Fusarium dimerum 

UV-Vis, FTIR, SEM Carboxylic, amine and 

polyphenolic groups 

(Varun, Sudha and 

Kumar, 2014) 

Sargassum muticum 5.42 ± 1.18 nm, spherical, FCC Biomedical and pharmaceutical UV-Vis, TEM, Zeta 

Potential, XRD 

Capping of anionic bio-

compounds, Bio-organic 

compounds/proteins 

(Namvar et al., 2015) 

Turbinaria conoides 12-57 nm, anistropic, poly-dispersed 

NPs  

Higher catalytic activity for 

reduction of aromatic nitro 

compounds and organic dye 

molecules  

UV-Vis, HRTEM, FTIR, 

DLS, Zeta potential 

Polyphenolic substances, 

hydroxyl group may act as 

capping agent 

(Ramakrishna et al., 

2016) 

Cystoseira baccata 8.4 ± 2.2 nm, spherical, 

polycrystalline 

Cytotoxic effect against human 

colon cancer cell lines  HT-29 

followed by Caco-2;  

biocompatibility with healthy 

cell line PCS-201-010 

UV–Vis, TEM, HR-TEM, 

STEM, EELS, EDS, FT-IR, 

Zeta potential 

Bioreduction  by polyphenols 

and polysaccharides; Capping 

by proteins;  

Metal complexation by 

sulfonic groups from 

polysaccharides  

(González-Ballesteros et 

al., 2017) 

Red algae mediated synthesis of gold nanoparticles (Au-NPs) 

Kappaphycus 

alvarezii 

10-40 nm; polydisperse Antibacterial against 

Pseudomonas flouresences, S. 

aureus  

UV-Vis, XRD, TEM, 

FTIR,FAAS 

Extracellular, polyphenol 

compounds 

(Rajasulochana, 

Krishnamoorthy and 

Dhamotharan, 2012) 

Galaxaura elongata 3.85–77.13 nm; rod, triangular, 

truncated, triangular, hexagonal 

Antibacterial against E. coli, 

Klebsiella pneumonia, S. aureus 

and Pseudomonas aeruginosa 

TEM, FTIR, Zeta Potential, 

GC-MS, HPLC 

Palmitic acid acts as 

stabilizing agent. 

Epigallocatechin catechin and 

epicatechin gallate are 

polyphenol compound as 

capping agents 

(Abdel-Raouf, Al-Enazi 

and Ibraheem, 2017) 

 

 

 

https://paperpile.com/c/MWOBNZ/y6dwt
https://paperpile.com/c/MWOBNZ/y6dwt
https://paperpile.com/c/MWOBNZ/y6dwt
https://paperpile.com/c/MWOBNZ/y6dwt
https://paperpile.com/c/MWOBNZ/y6dwt
https://paperpile.com/c/MWOBNZ/NOkxQ
https://paperpile.com/c/MWOBNZ/NOkxQ
https://paperpile.com/c/MWOBNZ/NOkxQ
https://paperpile.com/c/MWOBNZ/NOkxQ
https://paperpile.com/c/MWOBNZ/li6fe
https://paperpile.com/c/MWOBNZ/li6fe
https://paperpile.com/c/MWOBNZ/li6fe
https://paperpile.com/c/MWOBNZ/Vv1l7
https://paperpile.com/c/MWOBNZ/Vv1l7
https://paperpile.com/c/MWOBNZ/E8ibO
https://paperpile.com/c/MWOBNZ/E8ibO
https://paperpile.com/c/MWOBNZ/E8ibO
https://paperpile.com/c/MWOBNZ/cLp75
https://paperpile.com/c/MWOBNZ/cLp75
https://paperpile.com/c/MWOBNZ/cLp75
https://paperpile.com/c/MWOBNZ/cLp75
https://paperpile.com/c/MWOBNZ/Nbm3
https://paperpile.com/c/MWOBNZ/Nbm3
https://paperpile.com/c/MWOBNZ/Nbm3
https://paperpile.com/c/MWOBNZ/Nbm3
https://paperpile.com/c/MWOBNZ/fvKyj
https://paperpile.com/c/MWOBNZ/fvKyj
https://paperpile.com/c/MWOBNZ/fvKyj
https://paperpile.com/c/MWOBNZ/Mjb8g
https://paperpile.com/c/MWOBNZ/Mjb8g
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 Table 2.5: Algae mediated synthesis of silver nanoparticles (Ag-NPs)  

Algae Size & Morphology Application Characterization Bioreductant and capping 

agent 

Reference 

Blue green algae mediated synthesis of silver nanoparticles (Ag-NPs) 

Plectonema 

boryanum UTEX 485 

Intracellularly (<10 nm) and 

extracellularly (1-200 nm), 

octahedral 

Temperature-dependent size 

control of NPs 

TEM, XPS, TEM-EDS Utilizing nitrate by reducing 

nitrate to nitrite and ammonium, 

which is fixed as glutamine 

before death 

(Lengke, Fleet and 

Southam, 2007a) 

Spirulina platensis  10-15 nm; FCC Live algal mass can used for 

synthesis 

UV-Vis, XRD, TEM Cellular reductases  (Mahdieh et al., 2012) 

Cylindrospermum 

stagnale NCCU-104 

38- 88 nm, pentagonal Extracellular cell free 

biosynthesis 

UV-Vis, SEM Proteins in the cell extract (Husain, Sardar and 

Fatma, 2015) 

Microchaete NCCU-

342 

60-80 nm, spherical, polydisperesed  Degradation of azo dye methyl 

red. 

UV-Vis, TEM, DLS, Zeta 

potential 

Cellular metabolites (Husain et al., 2020) 

Green algae mediated synthesis of silver nanoparticles (Ag-NPs) 

Chlamydomonas 

reinhardtii 

Rounded/rectangular 

in vitro 5±1 to 15±2 nm 

in vivo 5±1 to 35±5 nm 

Understanding the role of 

diverse cellular protein in the 

synthesis and capping  

UV-Vis, ICP- MS,  SEM, 

TEM, EDAX, MALDI-TOF, 

MS 

Cellular proteins viz histone 

(H4), CA, FNR, SOD, SBPase, 

ATP synthase, RuBP 

carboxylase, and OEE.  

(Barwal et al., 2011) 

Chlorella sp. 34 nm, spherical, FCC Scale up method UV-Vis, XRD, FTIR, SEM Enzymes or Protein (Elumalai, Santhose and 

Devika, 2013) 

Chlorococcum 

humicola 

16 nm; spherical Gram -ve: E.coli UV-Vis, XRD,SEM , EDX, 

TEM, FTIR 

Intracellular and extracellular 

synthesis, protein molecules 

(Jena et al., 2012) 

Scenedesmus sp.  36 nm; spherical, FCC Biological synthesis UV-Vis, XRD, FTIR, SEM Enzymes or protein (Elumalai, Santhose and 

Devika, 2013) 

Scenedesmus 15-20 nm, spherical,  Gram +ve: S. mutans   

Gram -ve: E. coli 

AAS, UV-Vis, TEM, XRD, 

FTIR, DLS, TGA 

Intracellular, extracellular 

synthesis Biomolecules, 

proteins and peptides 

(Jena et al., 2014) 

Chlorella vulgaris 8–20 nm, FCC Cost effective bioreactor for 

the conversion of ionic form 

of metals to NMs 

UV-Vis, XRD, FTIR, TEM, 

DLS, Zeta Potential,  SEM-

EDAX,  

Extracellular, aromatic groups 

in the protein moiety 

(Satapathy et al., 2015) 

Chlorella 

pyrenoidosa 

5-20 nm  with average 12 nm, FCC,  Gram -ve: K. pneumoniae, A. 

hydrophila, Acenetobacter sp.;  

Gram +ve: S. aureus;  

UV-Vis, XRD, SEM EDS, 

TEM, XRD, FTIR,  

(NH)C=O group within the cage 

of cyclic peptides  

(Aziz et al., 2015) 

https://paperpile.com/c/MWOBNZ/HY1Dd
https://paperpile.com/c/MWOBNZ/HY1Dd
https://paperpile.com/c/MWOBNZ/O2SKn
https://paperpile.com/c/MWOBNZ/O2SKn
https://paperpile.com/c/MWOBNZ/O2SKn
https://paperpile.com/c/MWOBNZ/hQR0
https://paperpile.com/c/MWOBNZ/hQR0
https://paperpile.com/c/MWOBNZ/XtXt
https://paperpile.com/c/MWOBNZ/XtXt
https://paperpile.com/c/MWOBNZ/XtXt
https://paperpile.com/c/MWOBNZ/wgCex
https://paperpile.com/c/MWOBNZ/wgCex
https://paperpile.com/c/MWOBNZ/wgCex
https://paperpile.com/c/MWOBNZ/bbuFr
https://paperpile.com/c/MWOBNZ/bbuFr
https://paperpile.com/c/MWOBNZ/ckAxk
https://paperpile.com/c/MWOBNZ/ckAxk
https://paperpile.com/c/MWOBNZ/ckAxk
https://paperpile.com/c/MWOBNZ/bbuFr
https://paperpile.com/c/MWOBNZ/bbuFr
https://paperpile.com/c/MWOBNZ/x2KmD
https://paperpile.com/c/MWOBNZ/x2KmD
https://paperpile.com/c/MWOBNZ/x2KmD
https://paperpile.com/c/MWOBNZ/YPFTj
https://paperpile.com/c/MWOBNZ/YPFTj
https://paperpile.com/c/MWOBNZ/YPFTj
https://paperpile.com/c/MWOBNZ/G5dul
https://paperpile.com/c/MWOBNZ/G5dul
https://paperpile.com/c/MWOBNZ/G5dul
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Photocatalytic agent: 

Degradation of methylene 

blue 

Urospora sp 20-30nm , FCC, spherical Gram +ve: S. aureus, B. 

subtilis; Gram -ve: E.coli, P. 

aeruginosa, K. pneumonia,   

UV-Vis, XRD, FTIR, 

HRTEM 

Hydrogen bonded hydroxyl 

group, carbonyl and alcoholic 

group  

(Suriya et al., 2012) 

Ulva fasciata 28-41 nm, spherical,  Xanthomonas campestris pv. 

Malvacearum 

UV-Vis, FTIR, XRD, SEM 

and EDX. 

1-(Hydroxymethyl)–2, 5, 5, 8A-

tetramethyl decahydro-2-

napthalenol as reducing agent; 

Hexadecanoic acid as stabilizing 

agent 

(Rajesh et al., 2012) 

Ulva lactuca 20-56nm; spherical Anticancer: Hep2, MCF7 and 

HT29 cancer cell lines 

UV-Vis, FTIR, XRD, SEM, 

TEM, EDAX,  

Release of protein molecules (Devi and Bhimba, 2012) 

Ulva lactuca 48.9 nm, spherical Photocatalytic degradation of 

methyl orange dye 

U-Vis, FTIR, Zeta Potential, 

HRSEM, XRD,  

phenolic compounds, amines 

and aromatic ring  

(Kumar et al., 2013) 

Codium capitatum 3-44 nm, 30 avg. First report on using seaweed 

from the widespread Codium 

genus, non toxic 

UV-Vis, EDX, FTIR,  Amine, peptide and sulphate 

groups 

(Kannan, Stirk and Van 

Staden, 2013) 

Enteromorpha 

flexuosa (wulfen) 

J.Agardh 

15 +1.5nm, circular Gram +ve: B. subtilis, S. 

aureus, E. faecalis, S. 

epidermidis; Gram -ve: E.coli, 

K. pneumonia;Fungus: C. 

albicans, S. cerevisiae 

UV-Vis, XRD, TEM, EDS Amines, peptides and secondary 

metabolites 

(Yousefzadi, Rahimi and 

Ghafori, 2014) 

Ulva lactuca 20 nm, spherical Gram +ve: Bacillus sp.; Gram 

-ve: Pseudomonas sp., E.coli 

UV-Vis, XRD, TEM, SEM, 

FTIR 

Aromatic compound or alkanes 

or amine 

(Sangeetha. and 

Saravanan., 2014) 

Caulerpa racemosa 5-25 nm, 10nm; FCC  Gram +ve: S. aureus; Gram -

ve: P. mirabilis 

UV-Vis, XRD, TEM, FTIR Cyclic peptides in stabilization 

and reduction 

(Kathiraven et al., 2015) 

Pithophora 

oedogonia 

25-44 nm, cubical and hexagonal-

shaped 

Gram -ve: E. coli, P. 

aeruginosa, V. Cholera, 

Shigella flexneri; Gram +ve: 

B. subtilis, S. aureus, 

Micrococcus luteus  

UV-Vis, EDS, SEM, DLS, 

FTIR 

Phytochemicals as reducing 

agents and protein as capping 

agents  

(Sinha et al., 2015) 

Spirogyra 40-80 nm, spherical First report for using Ag2SO4 

as a salt; Gram +ve: S. aureus;  

Gram -ve: E. coli 

UV-Vis, FTIR, TEM and 

NTA 

Proteins (Pinjarkar et al., 2016) 

Spirogyra varians 17.6 nm; FCC structure, quasi-

spheres 

Gram +ve: S. aureus, B. 

cereus, L. Monocytogenes 

UV-Vis, XRD, FTIR, SEM Amino, carboxylic, hydroxyl 

and carbonyl groups, quinine 

(Salari et al., 2016) 

https://paperpile.com/c/MWOBNZ/Q5Jj9
https://paperpile.com/c/MWOBNZ/Q5Jj9
https://paperpile.com/c/MWOBNZ/Q5Jj9
https://paperpile.com/c/MWOBNZ/fxwxD
https://paperpile.com/c/MWOBNZ/fxwxD
https://paperpile.com/c/MWOBNZ/fxwxD
https://paperpile.com/c/MWOBNZ/Zv05W
https://paperpile.com/c/MWOBNZ/upMas
https://paperpile.com/c/MWOBNZ/upMas
https://paperpile.com/c/MWOBNZ/upMas
https://paperpile.com/c/MWOBNZ/mVzax
https://paperpile.com/c/MWOBNZ/mVzax
https://paperpile.com/c/MWOBNZ/fJ5rW
https://paperpile.com/c/MWOBNZ/fJ5rW
https://paperpile.com/c/MWOBNZ/r8WW3
https://paperpile.com/c/MWOBNZ/r8WW3
https://paperpile.com/c/MWOBNZ/efOFr
https://paperpile.com/c/MWOBNZ/efOFr
https://paperpile.com/c/MWOBNZ/efOFr
https://paperpile.com/c/MWOBNZ/F6ESa
https://paperpile.com/c/MWOBNZ/F6ESa
https://paperpile.com/c/MWOBNZ/F6ESa
https://paperpile.com/c/MWOBNZ/VVTqw
https://paperpile.com/c/MWOBNZ/VVTqw
https://paperpile.com/c/MWOBNZ/VVTqw
https://paperpile.com/c/MWOBNZ/Iho6N
https://paperpile.com/c/MWOBNZ/Iho6N
https://paperpile.com/c/MWOBNZ/Iho6N


33 
 

Gram -ve: S. typhimurium, E. 

coli, P. aeruginosa, Klebsiella 

Caulerpa serrulata 10 ± 2 nm, spherical, fcc structure Catalytic reduction of Congo 

red; Antibacterial activity 

Gram +ve : S. aureus; Gram –

ve: Salmonella typhi, E. coli, 

P. aeruginosa, Shigella 

UV–Vis, FT-IR, XRD, HR-

TEM, 1H and 13C NMR 

Caulerpenyne and/or its 

derivatives 

(Aboelfetoh, El-Shenody 

and Ghobara, 2017) 

Red algae mediated synthesis of  silver nanoparticles (Ag-NPs) 

Gelidiella acerosa 22 nm; spherical, FCC Antifungal against Humicola 

insolens, Fusarium dimerum, 

Mucor indicus, Trichoderma 

reesei  

UV-Vis, SEM, TEM, XRD, 

FTIR, 

Aromatic compound or alkanes 

or amines 

(Vivek et al., 2011) 

Gracilaria edulis 12.5-100 nm; spherical Downstream processing UV-Vis, SEM, TEM, XRD, 

FTIR,  

Proteins   while   terpenoids   

are implicated   in   stabilization 

extra cellular synthesis 

(Murugesan, Elumalai 

and Dhamotharan, 2011) 

Acanthophora 

spicifera 

48 nm, spherical Antimicrobial against biofilm 

forming bacteria S. typhii and 

S. flexneri 

UV-Vis, FTIR, TEM Alcohols and phenols, 

carboxylic acids and its 

derivatives and chloroalkanes 

(Kumar, Senthamilselvi, 

et al., 2012) 

Gelidiella sp. 40-50 nm; spherical Anticancer against Hep 2 cell 

lines 

UV-Vis, XRD, FTIR, SEM, 

EDS, 

Protein molecules (Devi, Bhimba and 

Ratnam, 2012) 

Gracilaria dura 6.0 ± 2 nm, sphere Antibacterial against 

B.pumilus, food preservation 

and wound dressing 

EDX, SAED, XRD, TGA, 

DSC, TEM 

Polymer (Shukla et al., 2012) 

Gracilaria corticata 18-46 nm Antifungal activity against C. 

albicans and C. glabrata 

UV-Vis, FTIR, TEM, DLS, 

Zeta Potential 

Phenolic compounds, amide I 

group and aromatic rings were 

responsible for stabilization 

(Kumar, Senthamil Selvi 

and Govindaraju, 2013) 

Pterocladia 

capillacae, 

7 nm; spherical Gram +ve: S.aureus; Gram -

ve: E.coli 

UV-Vis, TEM , FTIR, GLC Reducing sugar, carbonyl 

groups and sulphated 

polysaccharides  

(El-Rafie, El-Rafie and 

Zahran, 2013) 

Jania rubins,  12 nm; spherical Gram +ve: S.aureus; Gram -

ve: E.coli 

UV-Vis, TEM , FTIR, GLC Carbonyl group from amino 

acid residues and proteins 

(El-Rafie, El-Rafie and 

Zahran, 2013) 

Gracilaria edulis 55-99 nm, FCC, spherical,  Anticancerous against Human 

PC3 cell lines and non-toxic to 

normal Vero cell lines 

UV-Vis, EDX, FTIR, 

FESEM, XRD 

Free and bound amide groups (Priyadharshini, 

Prasannaraj and Geetha, 

2014) 

Gracilaria birdiae  20.3 nm, spherical Gram -ve: E.coli UV-Vis, TEM, FTIR, DLS, 

Zeta Potential,  

Reduction of the silver ions is 

coupled to the oxidation of the 

hydroxyl and carbonyl group 

(de Aragão et al., 2016) 

https://paperpile.com/c/MWOBNZ/ZLZu
https://paperpile.com/c/MWOBNZ/ZLZu
https://paperpile.com/c/MWOBNZ/bazGh
https://paperpile.com/c/MWOBNZ/bazGh
https://paperpile.com/c/MWOBNZ/bazGh
https://paperpile.com/c/MWOBNZ/cE2i6
https://paperpile.com/c/MWOBNZ/cE2i6
https://paperpile.com/c/MWOBNZ/ZJjP8
https://paperpile.com/c/MWOBNZ/ZJjP8
https://paperpile.com/c/MWOBNZ/ZJjP8
https://paperpile.com/c/MWOBNZ/ZJjP8
https://paperpile.com/c/MWOBNZ/BOub4
https://paperpile.com/c/MWOBNZ/BOub4
https://paperpile.com/c/MWOBNZ/7Lgog
https://paperpile.com/c/MWOBNZ/7Lgog
https://paperpile.com/c/MWOBNZ/7Lgog
https://paperpile.com/c/MWOBNZ/tcpJV
https://paperpile.com/c/MWOBNZ/tcpJV
https://paperpile.com/c/MWOBNZ/V8BKQ
https://paperpile.com/c/MWOBNZ/V8BKQ
https://paperpile.com/c/MWOBNZ/V8BKQ
https://paperpile.com/c/MWOBNZ/V8BKQ
https://paperpile.com/c/MWOBNZ/UTGTJ
https://paperpile.com/c/MWOBNZ/UTGTJ
https://paperpile.com/c/MWOBNZ/UTGTJ
https://paperpile.com/c/MWOBNZ/yH7b4
https://paperpile.com/c/MWOBNZ/yH7b4
https://paperpile.com/c/MWOBNZ/yH7b4
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Acanthophora 

specifera 

33-81 nm, cubic Gram +ve: S. aureus, B. 

subtillis; Gram -ve: 

Salmonella sp., E. coli; Fngus: 

Candida albicans 

XRD, FTIR Monosaccharide, 

polysaccharide, uronic acids and 

secondary metabolites 

(Ibraheem, AbdElaziz 

and Saad, 2016) 

Brown algae mediated synthesis of  silver nanoparticles (Ag-NPs) 

Sargassum wightii 

grevilli 

8-27 nm, spherical,  Gram +ve :S. aureus, B. 

rhizoids; Gram -ve: E. coli, P. 

aeruginosa 

UV-Vis, FTIR, XRD, 

HRTEM 

Extracellular, oxidation of 

alcoholic group to aldehyde, 

carboxylate ions 

(Govindaraju et al., 

2009) 

Sargassum ilicifolium 33-40 nm, spherical Gram +ve: S. aureus 

Gram -ve: E. coli, Klebsiella 

pneumoniae, S. typhii, Vibrio 

cholera; Cytotoxic against 

Artemia salina 

UV-Vis, SEM, TEM Biologically active compounds (Kumar, Selvi, et al., 

2012) 

Sargassum polycystum 5-7 nm, spherical, FCC Gram +ve: S. aureus; Gram -

ve: E. coli, P. aeruginosa, K. 

pneumonia; Anticancer 

against MCF-7 breast cancer 

cell lines  

UV-Vis, FTIR, HRTEM, 

XRD, GC-MS 

Hexadecane, hexadecanoicacid, 

cis -9-  octadecanol, 1- 

eicosanol, octadecanoic acid 

(Thangaraju et al., 2012) 

Padina pavonica  10-72 nm; spherical, polydisperse Cotton pathogens:  

Fungus: Fusarium oxysporum  

Bacteria: Xanthomonas 

campestris 

UV-Vis, FTIR, XRD, SEM, 

TEM. 

Extracellular, terpenoids (Sahayaraj, Rajesh and 

Rathi, 2012) 

Padina 

tetrastromatica 

14 nm, spherical Gram +ve: Bacillus sps, B. 

Subtilis;  Gram -ve: Klebsiella 

planticola, Pseudomonas sp 

UV-Vis, XRD, TEM, FTIR Broalkanes engage in recreation 

the foremost role in the NPs 

synthesis 

(S. Rajeshkumar, 

Kannan and Annadurai, 

2012) 

Turbinaria conoides 96 nm; spherical Gram +ve: B. subtilis;  Gram -

ve: K. planticola 

XRD, SEM, FTIR, UV-Vis Amines and polyphenols (Shanmugam 

Rajeshkumar, Kannan 

and Annadurai, 2012) 

Padina gymnospora 25-40 nm, spherical Gram +ve: B.cereus; Gram -

ve: E. coli 

UV-Vis, TEM Aqueous extract of Padina 

gymnospora 

(Shiny, Mukherjee and 

Chandrasekaran, 2013) 

Colpmenia sinusa  20 nm; spherical Gram +ve: S.aureus; Gram -

ve: E.coli 

UV-Vis, TEM , FTIR, GLC -C-O- groups of polyols of 

polysaccharides; -C-O-SO4- of 

sulphated polysaccharides. 

(El-Rafie, El-Rafie and 

Zahran, 2013) 

Cystophora 

moniliformis 

75 nm, FCC Temperature-dependent 

variation of the size of NPs 

XRD, UV-Vis, SEM, DLS 

EDAX, Zeta Potential 

Metabolites, phenolic 

compounds 

(Prasad, Kambala and 

Naidu, 2013) 

https://paperpile.com/c/MWOBNZ/1OCqe
https://paperpile.com/c/MWOBNZ/1OCqe
https://paperpile.com/c/MWOBNZ/NrdLl
https://paperpile.com/c/MWOBNZ/NrdLl
https://paperpile.com/c/MWOBNZ/NrdLl
https://paperpile.com/c/MWOBNZ/NrdLl
https://paperpile.com/c/MWOBNZ/S4TdB
https://paperpile.com/c/MWOBNZ/S4TdB
https://paperpile.com/c/MWOBNZ/S4TdB
https://paperpile.com/c/MWOBNZ/S4TdB
https://paperpile.com/c/MWOBNZ/NatgW
https://paperpile.com/c/MWOBNZ/NatgW
https://paperpile.com/c/MWOBNZ/NatgW
https://paperpile.com/c/MWOBNZ/pZoqz
https://paperpile.com/c/MWOBNZ/pZoqz
https://paperpile.com/c/MWOBNZ/i0N6T
https://paperpile.com/c/MWOBNZ/i0N6T
https://paperpile.com/c/MWOBNZ/i0N6T
https://paperpile.com/c/MWOBNZ/efbim
https://paperpile.com/c/MWOBNZ/efbim
https://paperpile.com/c/MWOBNZ/efbim
https://paperpile.com/c/MWOBNZ/CHZt8
https://paperpile.com/c/MWOBNZ/CHZt8
https://paperpile.com/c/MWOBNZ/V8BKQ
https://paperpile.com/c/MWOBNZ/V8BKQ
https://paperpile.com/c/MWOBNZ/bgWxe
https://paperpile.com/c/MWOBNZ/bgWxe
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Sargassum 

longifolium 

40-85 nm; spherical, FCC Antifungal: Aspergillus 

fumigatus, C. albicans, 

Fusarium sp. S.longifolium 

SEM, XRD. TEM. FTIR, 

UV-Vis, EDX 

Proteins for capping; carboxylic 

groups  involved in stability 

(Rajeshkumar et al., 

2014) 

Sargassum 

polycystum C. 

Agardh 

 Antibacterial: E. coli, 

Streptococcus pyogenes, P. 

aeruginosa, S. flexneri,  

Morengilla morrgani; 

Cytotoxic: Dalton’s 

lymphoma ascites (DLA) 

UV-Vis, FTIR, XRD Capped by proteins and 

metabolites such as phenolic 

acid, carboxylic acid and 

flavonoids 

(Asha et al., 2015) 

Sargassum vulgare 10 nm, spherical  Anticancer: Human 

myeloblastic leukemic cells 

HL60, cervical cancer cells 

HeLa  

TEM, FACS, XRD, HR-

TEM, FTIR, EDX 

Alginate moieties, secondary 

OH groups 

(Govindaraju et al., 

2015) 

https://paperpile.com/c/MWOBNZ/ILt0L
https://paperpile.com/c/MWOBNZ/ILt0L
https://paperpile.com/c/MWOBNZ/ILt0L
https://paperpile.com/c/MWOBNZ/ILt0L
https://paperpile.com/c/MWOBNZ/7Bvlb
https://paperpile.com/c/MWOBNZ/7Bvlb
https://paperpile.com/c/MWOBNZ/7Bvlb
https://paperpile.com/c/MWOBNZ/3G0XO
https://paperpile.com/c/MWOBNZ/3G0XO
https://paperpile.com/c/MWOBNZ/3G0XO
https://paperpile.com/c/MWOBNZ/3G0XO
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Table 2.6: Algae mediated synthesis of other nanomaterials (NMs) 

Algae NP Size Applications Characterization Bioreductant and capping agent Reference 

Blue green algae 

Plectonema boryanum UTEX 

485 

Pt 30 nm- 0.3 µm, 

spherical 

First study as an alternative method to 

abiotic chemical methods 

SEM,TEM, XPS Polysaccharides have abundant 

uronic acid subunits, which, 

through their carboxyl groups 

(Lengke, Fleet and 

Southam, 2006) 

Plectonema boryanum UTEX 

485 

Pd >30nm, 

spherical, FCC 

First viable alternative method SEM, TEM, XPS, XRD Organic materials (Lengke, Fleet and 

Southam, 2007b) 

Anabaena flos-aquae β-FeOOH - - XRD, HRTEM, SEM-

EDS 

Intracellular (Brayner et al., 

2009) 

Calothrix pulvinata β-FeOOH - - XRD, HRTEM, SEM-

EDS 

Intracellular (Brayner et al., 

2009) 

Phormidium cyanobacterium CuO 10-40 nm  

quasi-spheres, 

crystalline 

Proteins induced under metal stress play a 

dual role of hydrolysis of precursor salt to 

CONPs and stabilizing agent, as particle 

solution is stable at room temperature for 

more than a week 

UV-Vis, TEM, 

SEM,EDAX,  XRD, 

FTIR, SDS-PAGE 

Extracellular , 25 kDa protein 

fraction as capping agent  

(Rahman et al., 

2010) 

 Phormidium tenue NTDM05 CdS 5.1 ± 0.2 nm, 

spherical 

Biolabelling FTIR. EDAX, TEM, 

UV-Vis 

C-phycoerythrin, thiol groups 

partial capping along with 

biological molecules 

(MubarakAli et al., 

2012) 

Anabaena strain L31 ZnO 80nm, 

hexagonal,  

Environmental-friendly sunscreen filters UV-Vis, XRD, SEM, 

TEM, FTIR, SAED, 

DLS 

Phycobiliproteins (G. Singh et al., 

2014) 

Brown algae 

Sargassum muticum Fe3O4 18± 4 nm, cubic 

shape 

High functional bioactivity UV-Vis, EDXRF, XRD, 

FESEM, VSM,FTIR, 

TEM 

Sulphated polysaccharides in the 

reduction process and the 

stabilization, extracellular 

synthesis 

(Mahdavi et al., 

2013) 

Sargassum myriocystum ZnO 36 nm spherical, 

triangle, radial, 

hexagonal, rod, 

rectangle size 

Natural nanomedicine against microbial 

infection. 

UV–visible, DLS, AFM, 

SEM, EDX, TEM, XRD, 

FTIR 

Fucoidan water soluble pigments (Nagarajan and 

Arumugam 

Kuppusamy, 2013) 

Sargassum plagiophyllum AgCl 18–42 nm, 

spherical 

Antibacterial properties UV-Vis, FTIR, EDAX, 

HRTEM, FESEM,XRD 

Role of C=C in the reduction (Dhas et al., 2014) 
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Bifurcaria bifurcata CuO 5 to 45 nm; 

spherical 

Antibacterial UV-Vis , FTIR, XRD, 

TEM 

Water-soluble compounds such as 

diterpenoids 

(Abboud et al., 

2014) 

Sargassum ilicifolium Pd 60-80 nm, 

spherical 

- SEM, UV-Vis - 

 

(Prasad and 

Padmesh, 2014) 

Sargassum muticum ZnO 3-57nm; 

hexagonal 

wurtzite 

structures 

One pot method for synthesis UV-Vis, XRD, FESEM Sulfate and hydroxyl moieties of 

polysaccharide 

(Azizi et al., 2014) 

Green algae 

Klebsormidium flaccidum β-FeOOH   XRD, HRTEM, SEM-

EDS 

Intracellular (Brayner et al., 

2009) 

Chlorella vulgaris Pd 7nm, spherical Photosynthetically driven metal 

transformation  

TEM, SEM, ICP-OES, 

XPS 

NADPH (Eroglu et al., 

2012) 

Chlorococcum sp. MM11 Fe 20-50 nm, 

spherical 

Remediation of toxic Cr(VI) UV-Vis, TEM, DLS, 

FTIR, EDAX 

Carbonyl and amine bonds from 

polysaccharides and glycoproteins 

present in the algal cell wall  

(Subramaniyam et 

al., 2015) 

Scenedesmus-24 CdS 120-175 nm, 

oval shape 

Environmental remediation-based 

application 

FTIR, XRD, TEM Hydroxly Group, N-H bond of 

amino group 

(Jena et al., 2015) 

Red algae 

Gracilaria edulis ZnO 66-95 nm, rod 

shaped,  

Anticancerous against PC3 cell lines UV-Vis, EDX, FTIR, 

FESEM, XRD 

Quinines (Priyadharshini, 

Prasannaraj and 

Geetha, 2014) 
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2.6.4 Mechanism of synthesis of nanoparticles from algae 

Algae are known to hyper accumulate heavy metal ions and possess an exceptional capability 

to remodel them into more malleable forms (Fawcett, Verduin and Shah, 2017). Because of 

these alluring attributes, algae have been foreseen as model organisms for fabricating bio-

nanomaterials. Algal extracts consist of carbohydrates, proteins, minerals, oil, fats, 

polyunsaturated fatty acids along with the soup of bioactive compounds such as antioxidants 

(polyphenols, tocopherols), and pigments such as carotenoids (carotene, xanthophyll), 

chlorophylls, and phycobilins (phycocyanin, phycoerythrin) ((Michalak and Chojnacka, 

2015)). These potentially active compounds have been elucidated as reducing and stabilizing 

agents. From the available reports, algae-mediated synthesis of NMs involves preparation of 

(i) algal extract, (ii) metal precursor solution, and (iii) incubation of algal extract with metal 

precursor solution (Sharma et al., 2016). The reaction is initiated by mixing the liquid algal 

extract with the molar solution of metal precursor. Typically, the colour change of the reaction 

mixture demarcates as a visible signature for the initiation of reaction illustrating nucleation, 

followed by growth of NPs in which the adjoining nucleonic particles club together, thus 

forming thermodynamically stable NPs of different size and shape (Prasad, Pandey and 

Barman, 2016; Sharma et al., 2016; Fawcett, Verduin and Shah, 2017). The bioactive 

component of extract supports the cascade of nanoparticle synthesis and the controlling factors 

involved are pH, temperature, concentration and time. Keeping aside the controlling factors, 

there are two routes of synthesis i.e. extracellular and intracellular. Initially, the nanoparticle 

synthesis was reported to be intracellular (Lengke, Fleet and Southam, 2007)but later algae 

were exploited for an extracellular mode of synthesis (Dahoumane et al., 2012; Aboelfetoh, 

El-Shenody and Ghobara, 2017; Fawcett, Verduin and Shah, 2017). 

2.6.4.1 Intracellular mode of synthesis of nanoparticles  

The term “intracellular” refers to the process which takes place inside the cell. There is no 

requirement for any pre-treatment of microalgae because the process relies on metabolic 

pathways likely to be responsible for synthesis such as photosynthesis, respiration and nitrogen 

fixation (Sharma et al., 2016). The reducing agents may be NADPH or NADPH dependent 

reductase in the energy generating steps during photosynthesis via electron transport system 

(ETS) or may be respiratory ETS at thylakoid membranes (Sicard et al., 2010) or at the cell 

wall (Senapati et al., 2012). 
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An example is of Rhizoclonium fontinale and Ulva intestinalis when treated with chloroauric 

acid for 72 h at 20 °C; there was a visual change in the colour of thallus from green to purple 

confirming the fabrication of Au-NPs. This was supported by the fact when the gold solution 

was incubated with dried biomass there was no change in colour, which affirms that the 

bioreduction process is not associated with any of the metabolic pathways involving enzymes 

or other metabolites and the cells were poisoned by Au3+ when converted to Au0 (Parial et al., 

2012). Sicard et al (2010) encapsulated Klebsormidium flaccidum in silica gel suspension. The 

evident colour change of chloroplasts from green to purple inside the cells demonstrated the 

capacity of the entrapped cells to reduce gold salts. TEM images showed dark spots of reduced 

gold salts in the thylakoid membranes suggesting involvement of enzymes (NADPH and 

NADPH dependent reductase) in the synthesis of nanoparticles (Sicard et al., 2010). 

In line with this trend, Senapati and co-workers (2012) demonstrated the intracellular synthesis 

by the algal cell wall in Tetraselmis kochinensis. UV-visible spectroscopy clearly proved that 

there was no extracellular synthesis. The NPs were more densely present near the cell wall 

rather than the cytoplasmic area, which is most likely due to the presence of bioactive moieties 

responsible for bioreduction. Further XRD of gold nano-alga biofilm confirms the synthesis of 

NPs at the cell wall (Senapati et al., 2012). Another chlorophycean alga Spirogyra submaxima, 

was also found to be efficient in bioconversion of Au3+ to Au0. After exposure to gold solution, 

colour of the biomass turned pinkish purple and Au-NPs were extracted using sodium citrate 

solution as a capping agent. The intracellular synthesis of crystalline gold was further supported 

by Bragg reflections of purple coloured biomass (Roychoudhury and Pal, 2014). 

2.6.4.2 Extracellular mode of synthesis of nanoparticles 

The term “extracellular” refers to the process that takes place outside the cell mainly supported 

by the exudates  of cell metabolism comprising of metabolites, ions, pigments, various proteins 

(enzymes) and non-protein entities such as DNA, RNA, microbial by-products (hormones, 

antioxidants) and lipids (Mata et al., 2009; Vijayan et al., 2016). The algal biomass is subjected 

to rudimentary pre-treatments such as washing and blending (Dahoumane, Wujcik and 

Jeffryes, 2016). 

Kalabegishvili et al. (2012) hypothesized that the active moieties on the surface of cells are not 

solely responsible for the synthesis rather optimum concentration of metal precursor and a 

number of cells is essential. Gold NPs were customized by varying the cell number and dose 
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of Au (III) ions. The presence of gold peak at 530 nm affirmed the extracellular synthesis 

assisted by biomolecules/ proteins and enzymes on the cell surface of Spirulina platensis. In 

addition, gold uptake is time dependent which takes place in two phases i.e. rapid phase in 

which metal ions are taken up quickly on the cell surface because of the presence of active 

biomolecules (amino, carboxylic, phosphate, thiol), and the slow phase in which metal ions 

cross the cell membrane using transport mechanisms of the cell (Kalabegishvili and Kirkesali, 

2012).  

In another study, Parial and Pal (2015) reported the extracellular synthesis of Au-NPs from 

Lyngbya majuscula and Spirulina subsalsa, where the gradual development of colour was a 

time-dependent convenient visible signature indicating massive bioconversion of Au3+ to Au0 

leading to a steady synthesis of Au-NPs (Parial and Pal, 2015). Shakibaie et al. (2010) were 

hesitant to confirm the exact mechanism involved in the synthesis of Au-NPs via Tetraselmis 

suecica. The gold NPs fabricated were not enzyme dependent as the organism is a non-

thermophile since the clear band at 530 nm appeared after 90 oC. The formation and 

stabilization of Au-NPs at these conditions might be due to the presence of reducing agents 

such as polyols and water-soluble heterocyclic compounds respectively (Shakibaie et al., 

2010). The dried biomass of epilithic green alga, Prasiola crispa was exercised to tailor 

spherical Au-NPs (Sharma et al., 2014). The FT-IR spectrum clearly illustrated the 

extracellular production of protein and organic moieties which might be responsible for 

preventing agglomeration and facilitating synthesis. The colour of the algal biomass remained 

intact after the completion of the process, thus ruling out the intracellular mode. The authors 

believed an extracellular pathway was responsible indicated by the purple colour and an 

absorption peak at 535 nm (Sharma et al., 2014). 

Apart from the intracellular and extracellular modes of synthesis of NPs, two research groups 

reported both the modes of synthesis simultaneously (Parial et al., 2012; Jena et al., 2015). 

Though many theories and hypotheses have been postulated to date, not one could clearly 

explain the exact mechanism for the synthesis of NPs. 

2.7 Zinc oxide nanoparticle 

ZnO possesses a wide band gap of 3.37eV and exhibits natural n-type electrical conductivity, 

while also being non-toxic and belonging to the II-VI group (Rao et al., 2022). The term "II-

VI semiconductor" is utilized in materials science to denote a class of materials that possess 
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notable characteristics including favourable transparency, elevated electron mobility, broad 

band gap, and luminescent properties (Morkoç and Özgür, 2008). ZnO exhibits a white 

powdery appearance and displays a high degree of insolubility in aqueous solutions (Bhunia et 

al., 2016). ZnO is a highly sought-after additive in various materials and products, including 

ceramics, glass, cement, lubricants, paints, ointments, adhesives, plastics, sealants, pigments, 

foods (zinc nutrient), batteries, ferrites, and fire retardants (Chauhan, Kataria and Garg, 2020). 

This is due to its exceptional properties, such as high refractive index, high thermal 

conductivity, strong binding energy, antibacterial effects, and UV-protection (Aminuzzaman 

et al., 2021). According to some studies reported in literature, ZnO exhibits superior durability, 

selectivity, and heat resistance compared to both organic and inorganic materials (Morkoç and 

Özgür, 2008; Rao et al., 2022). ZnO possesses favourable attributes such as rapid electron 

transfer and a high level of biocompatibility. These characteristics make it a promising 

candidate for utilization as a bio-mimetic membrane for the purpose of immobilizing and 

altering bio-molecules (Anbuvannan et al., 2015; Azizi et al., 2015; Sharma et al., 2016). ZnO 

stands out among other semiconducting materials due to its abundance of nanostructures and 

its capacity to undergo various morphological transformations (Morkoç and Özgür, 2008; 

Aspoukeh, Barzinjy and Hamad, 2022). These transformations include the formation of 

nanowires (Manzano, Philippe and Serrà, 2022), nanorods (Aspoukeh, Barzinjy and Hamad, 

2022), nanocombs (Asiya and Pal, 2022), nanoflowers (Raj et al., 2022) and nanosheet 

(Supraja et al., 2022). Despite its lack of toxicity to humans, it is commonly consumed in the 

form of a daily supplement for its mineral element, which is essential to human health. 

According to Rahmah and coworkers (2022) , PVC films coated with ZnO powder exhibited 

antibacterial properties against foodborne pathogens (Rahmah, Sabry and Aziz, 2022). 

2.7.1 Properties of ZnO 

The following section provides a comprehensive analysis of crystal structures, including 

various aspects such as lattice parameters, electronic band structures, mechanical properties 

(elastic constants and piezoelectric constants), thermal properties, electrical properties, and 

low-field and high-field carrier transports (Table 2.7). 
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Table 2.7: Physical properties of ZnO 

Molecular formula ZnO 

Molecular Weight 81.37 g/mol 

Stable phase at 300 K Wurtzite 

Colour Pure microcrystalline ZnO is white 

Odour Odourless 

Relative Density 5.607g/cm3 

Sublimation Point 1200℃ 

Melting Point 1975℃  

Boiling Point 2360℃ 

Vapor Pressure (1500℃ ) 12mm 

Solubility in water 0.16 mg/100 mL (30 °C) 

Band gap (RT) 3.370 eV 

Band gap (4 K) 3.437 eV 

Exciton binding energy (meV) 60 

Electron effective mass 0.24 

Refractive Index w = 2.004, e = 2.020 

Heat of Sublimation between 1350℃ and 

1500℃ 

129 Kcal/mole (vapor not 

disassociated) 

and 193 Kcal/mole (vapor associated) 

Heat Capacity Cp = 9.62 cal/deg/mole at 25℃ 

Linear expansion coefficient a0 : 6.5 cm3 × 10-6 

 c0: 3.0 cm3 × 10-6 

Thermal conductivity (Wm-1 ℃-1 ) 0.6, 1-1.2 

Static dielectric constant 8.656 

Electron Hall mobility at 300 K (cm2 /Vs) 200 

Hole effective mass 0.59 

Hole Hall mobility at 300 K (cm2 /Vs) 5-50 

2.7.2 Crystal structure of ZnO 

ZnO exhibits the wurtzite hexagonal crystal structure, which is considered the most stable 

configuration (Morkoç and Özgür, 2008). This crystal structure is observable exclusively under 
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an electron microscope. The precise formation method greatly influences the distinctive 

structure of the crystal. ZnO displays variations in morphology, with acicular needle-like 

shapes (Chen et al., 2023) and plate-shaped crystals (Ashour, El-Awady and Tawfik, 2022) 

exhibiting contrasting characteristics. Presently, specific deposition methods are being actively 

researched and developed to induce the formation of a crystalline structure in ZnO. It is 

noteworthy that ZnO commonly crystallizes in three distinct forms: the hexagonal wurtzite 

structure, the cubic zinc blende structure, and the cubic rock salt structure (Fig. 2.6) (Morkoç 

and Özgür, 2008; Aspoukeh, Barzinjy and Hamad, 2022). 

 

Fig.2.6: ZnO crystal structure (a) rock salt, (b) Zinc blende and (c) Wurtzite (Source: (Özgür, 

Avrutin and Morkoç, 2018)) 

2.7.3 Lattice parameters 

By applying bond technique to symmetrical and asymmetrical reflections, high resolution x-

ray diffraction (HRXRD) is often and widely used to estimate the lattice parameters of any 

crystalline material (Rodrigues et al., 2022). The lattice parameters of a semiconductor are 

influenced by several factors (Morkoç and Özgür, 2008). These include the concentration of 

free electrons, which affects the deformation potential of the conduction-band minimum that 

these electrons occupy ((Özgür, Avrutin and Morkoç, 2018)). Additionally, the concentration 

of foreign atoms and defects, as well as their difference in ionic radii compared to the 

substituted matrix ion, can also impact lattice parameters (Morkoç and Özgür, 2008; Özgür, 

Avrutin and Morkoç, 2018). External strains induced by the substrate and temperature are also 

contributing factors. 
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Experimental measurements and theoretical calculations of the lattice constants for wurtzite 

ZnO at room temperature exhibit good agreement. The a parameter typically ranges from 

3.2475 to 3.2501 Å, while the c parameter ranges from 5.2042 to 5.2075 Å (Morkoç and Özgür, 

2008; Özgür, Avrutin and Morkoç, 2018). Slight variations are observed in the c/a ratio, 

ranging from 1.593 to 1.6035, and the u parameter, ranging from 0.383 to 0.3856 (Morkoç and 

Özgür, 2008; Rao et al., 2022). These deviations from the ideal wurtzite crystal structure are 

likely attributed to factors such as lattice stability and ionicity (Gurbandurdyyev et al., 2023). 

Studies indicate that the expansion of the lattice is primarily influenced by free charge, which 

is proportional to the deformation potential of the conduction-band minimum and inversely 

proportional to the carrier density and bulk modulus (Sa et al., 2022). 

2.7.4 Mechanical properties 

The mechanical characteristics of materials include a range of fundamental principles, 

including but not limited to, hardness, stiffness, piezoelectric constants, young's and bulk 

moduli, and yield strength. The wurtzite ZnO crystal exhibits acoustic anisotropy, albeit to a 

minimal extent. Specifically, the difference between the shear sound velocities vTA1 and 

vTA2, which propagate along the (001) and (100) directions, respectively, is negligible, with a 

ratio of vTA2/vTA1 equal to 0.98 (Decremps et al., 2001). 

ZnO has been identified as the tetrahedrally bonded semiconductor with the most significant 

piezoelectric tensor (Hijazi and Xie, 2022). The significant attribute of this material renders it 

a crucial technological component in numerous applications that necessitate a substantial 

electromechanical coupling (Mula et al., 2022). In crystals exhibiting hexagonal wurtzite 

phase, the piezoelectric tensor comprises three distinct and independent components, while in 

crystals exhibiting cubic zinc-blende phase, it comprises a single component. These 

components serve to fully characterize the piezoelectric tensors of said crystals. Two 

components in the wurtzite phase are capable of quantifying the polarization that is induced 

along the c axis, when there is no electric field present. This polarization is generated by a 

uniform strain that is either applied along the c axis or in the basal plane (Hijazi and Xie, 2022; 

Mula et al., 2022). 

2.7.5 Electronic properties 

Due to its large direct band gap of 3.3 eV at room temperature, ZnO is transparent and colorless. 

It has many useful properties, including high breakdown voltages, resistance to electric fields, 
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and ability to function in high-heat and high-power environments (Singh, 2010). 

Understanding the electrical properties of ZnO nanostructures is of utmost importance for the 

future development of nanoelectronics applications.  In its pure form, ZnO exhibits n-type 

characteristics primarily due to non-stoichiometry, including oxygen vacancies and zinc 

interstitials (Ellmer and Bikowski, 2016). This behavior is particularly evident in ZnO 

nanowires, which display n-type semiconductor behavior (Ellmer and Bikowski, 2016). 

However, a significant challenge in utilizing ZnO for electronics and photonics applications 

lies in achieving effective p-type doping. Overcoming this obstacle and successfully achieving 

p-type doping in ZnO nanostructures would greatly enhance their potential for advanced 

applications in nanoscale electronics and optoelectronics. By achieving p-type doping, both p-

type and n-type ZnO nanowires can be utilized to create p-n junction diodes and light-emitting 

diodes (LEDs), further expanding their functionality (Singh, 2010; Ellmer and Bikowski, 

2016). 

2.7.6 Optical properties 

ZnO is a wide band gap semiconductor that displays luminescent properties in the near ultra 

violet and the visible regions (Morkoç and Özgür, 2008; Özgür, Avrutin and Morkoç, 2018). 

The emission properties of ZnO nanoparticles in the visible region widely depend on their 

synthetic method as they are attributable to surface defects. In ZnO, a photon with energy 3655 

A corresponds to the gap in energy between the valence and conduction bands. It's visible-light 

transparent, however it has a high absorption of UV light with a wavelength below 3655A 

(Behera, 2011). Compared to other white pigments, it generally demonstrates higher absorption 

in this range. In the visible wavelength region, standard zinc oxide appears white. When 

exposed to UV light, zinc oxide exhibits photoconductive behaviour, as observed through 

analytical analysis. Doped zinc oxide further enhances its optical and semiconductor properties, 

making it a prime candidate for the development of next-generation devices (Özgür, Avrutin 

and Morkoç, 2018).  

2.8 Application of ZnO NPs 

ZnO NPs, a type of wide bandgap semiconductor that has garnered significant attention due to 

their versatility in various fields (Ahmed et al., 2017). Apart from the various industrial 

applications of ZnO NPs discussed in Table 2.3. One notable advantage of these nanoparticles 

is their enhanced antibacterial activity against both gram positive and gram negative bacteria 
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(Jena et al., 2015; Ahmed et al., 2017), antifungal activity (Gunalan, Sivaraj and Rajendran, 

2012). This heightened effectiveness is primarily attributed to the larger surface-to-volume 

ratio exhibited by the nanoparticles (Basnet et al., 2018). Owing to the high band gap energy, 

it has exhibited widespread applications as photocatalyst for degradation of toxic compounds 

(Kaur et al., 2023).  Plants treated with different concentration of ZnO NPs enhanced 

carotenoids, biomass, chlorophyll a, total soluble proteins, SOD, and POX but reduced CAT 

and malondialdehyde. Antioxidant defense enzymes regulate isoenzyme expression and ROS. 

Thus, ZnO NPs in phycomolecules have agricultural potential (Venkatachalam et al., 2017). 

2.9 Concluding remarks 

Existing conventional methods for nanomaterial syntheses and their physicochemical 

characterizations are not user-friendly, as they involve toxic reducing and stabilizing agents, 

non-biodegradable organic and inorganic compounds, high energy consumption, and a 

relatively low yield. In addition, the resultant nanomaterials retain the encapsulation of 

hazardous chemical reagents used in conventional synthesis, limiting their therapeutic 

application. To overcome these limitations, the development of green strategies has become 

crucial. In this study, ZnO NPs were synthesized from aqueous extracts of plants (Lemon grass) 

and algae (A. variabilis ARM 441), which were then characterized using different 

spectroscopic and microstructural techniques. Further, they were utilized for the photocatalytic 

degradation of organic pollutants (bisphenol-A) and textile dyes (bright green and indigo 

caramine) for future industrial applications.   
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CHAPTER-III Material and Methods 

3.1 Material required 

3.1.1 Chemicals and glassware 

General (analytical) chemicals  

Zinc acetate dihydrate (Zn(CH3COO)2.2H2O)) (99.9%) was purchased from Merck 

EMSURE®, Germany. Both the dyes, brilliant green (C27H33N2.HO4S) and indigo carmine 

(C16H8N2Na2O8S2), Bisphenol-A ((CH3)2C(C6H4OH)2) were purchased from Sigma Aldrich, 

USA. All the experiments were performed using analytical grade water with a resistivity of 

18.2 MΏ cm from a Millipore Milli-Q Gradient filtration system (Millipore, USA). Unless 

otherwise stated, all other reagents and chemicals were of analytical grade and obtained from 

HiMedia Pvt. Ltd., India. 

Plants 

 Cymbopogon citratus commonly known as Citronella grass or Lemon grass was procured from 

the Science and Technology Entrepreneur’s Park, Thapar Institute of Engineering and 

Technology, Patiala, located at 30.3530° N, 76.3710° E, 310 m above sea level. 

Algal strains 

Anabaena variabilis ARM 441 was procured from the Centre for Conservation and Utilisation 

of Blue-Green Algae (CCUBGA), Indian Agricultural Research Institute (IARI), New Delhi 

(India). 

Glassware and plastic ware 

Glassware used in the entire study were procured from borosil, JSGW, or Schott Duran and the 

plastic ware used was from Tarsons or HiMedia. 

3.1.2 Sterilization techniques 

All the glassware used in the study were washed thoroughly with HiClean followed by 

treatment with aqua regia (HNO3:HCl::1:3) and final rinsing with distilled water to remove all 

the accumulated salts and metals. Cleaned glassware were dried in oven at 60°C.  
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3.2 Preparation of extracts 

Preparation of plant extracts 

Lemon grass leaves were washed thoroughly with tap water and dried in shade at ambient 

temperature and cut into smaller pieces and stored in an airtight container. 10 g of Lemon grass 

pieces were was taken in 100 ml of milli-Q water in the Soxhlet apparatus for continuous 

solvent extraction, using water solvent at 90-95℃ for 6 h to prepare Lemon grass extract (Khan 

et al., 2018) with deep yellow colour (Fig 3.1).  

Fig. 3.1: Schematic flow illustrating the preparation of Lemon grass extract 

Preparation of cyanobacterial cell extracts 

Anabaena variabilis ARM 441 was cultivated for 21 days in Erlenmeyer flasks (5 L), stirred 

daily with continuous white light illumination (3000 Lux) at 28°C. The biomass was filtered 

with Whatman’s filter no. 1, thoroughly washed with milli-Q water to remove adhering 

medium debris and shade dried at ambient temperature. Dried algal biomass was powdered 

using a sterile mortar and pestle and stored in airtight vials at room temperature. 3 g of dried 

biomass was taken in 100 ml of milli-Q water in the Soxhlet apparatus for continuous solvent 

extraction, using water solvent at 90-95℃ for 3 h to prepare algal extract (Khan et al., 2018) 

until development of green colour.  

Plant and algal extracts were allowed to cool at room temperature and filtered with Whatman’s 

filter no. 1 to remove any biomass residues, leaving deep yellow and dark green solution 

respectively and stored in glass vials at 4℃ for further analysis. 
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3.3 GC-MS analysis, 1H NMR, and 13C NMR spectroscopy of extract 

The aqueous extract of Lemon grass and A. variabilis ARM 441 was concentrated using a 

rotary evaporator for GC-MS analysis, 1H NMR, and 13C NMR spectroscopy to detect the 

bioactive compounds of interest (Vinotha et al., 2019). The compounds obtained from Lemon 

grass and A. variabilis ARM 441 were analyzed as per standard protocol using a Thermo 

Scientific TSQ 800 GC-MS. The extract components were identified by comparing the 

retention time and fragmentation pattern with mass spectra of the NIST database. The relative 

percentage of compounds was expressed along with peak area normalization, 1H NMR and 

13C NMR were carried out using FT NMR Spectrometer model advance II (Bruker) at 400 

MHz with a 5 mm inverse probe. 

3.4 Green synthesis of ZnO NPs 

Plant-mediated synthesis of ZnO NPs 

Bioactive components from aqueous extracts of Lemon grass were utilized as reducing and a 

capping agent for the fabrication of ZnO NPs. Initially, the dark yellow extract prepared from 

Lemon grass was diluted by 1:10 (v/v) to obtain a stock solution by addition of milli-Q water. 

Thereafter, 10 ml of Zn(CH3COO)2 (0.2M) solution was added drop by drop to 90 ml of plant 

extract stock solution in a round bottom flask. The mixture was maintained at 80 ℃ using a 

silicone oil bath and continuously stirred at 500 rpm on a magnetic stirrer for 6 h until the 

colour changed from dark yellow to cloudy light yellow.  

Phycosynthesis of ZnO NPs 

Water soluble bioactive components from cell extracts of A. variabilis ARM 441 were utilized 

as reducing and a capping agent for the fabrication of ZnO NPs. Initially, the dark green extract 

prepared from A. variabilis ARM 441 was diluted by 1:5 (v/v) to obtain a stock solution by 

addition of milli-Q water. Thereafter, 10 ml of Zn(CH3COO)2 (0.2M) solution was added drop 

by drop to 90 ml of cyanobacterial stock solution in a round bottom flask. The mixture was 

maintained at 80 ℃ using a silicone oil bath, continuously stirred at 500 rpm on a magnetic 

stirrer for 6 h until the colour changed from dark green to cloudy light green.  

After cooling at room temperature, both the samples were centrifuged at 8000 rpm for 10 min 

to obtain the pellets and the supernatant was discarded. Pellets were washed twice with milli-
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Q water followed by ethanol (99.9%) to remove the impurities and dried in vacuum oven at 

100℃ for 12 h. The dried powder was uniformly ground using motar and pestle, sieved, and 

stored at room temperature for subsequent analyses. 

3.5 Analytical characterization of ZnO NPs 

3.5.1   UV-Visible spectroscopy 

After visual identification, to affirm the complete reduction of zinc acetate to ZnO NPs was 

confirmed by UV Spectrophotometer using UV Win Software. The absorption maxima were 

determined by scanning the sample in a quartz cuvette from 200 to 800 nm where the cuvette 

path length was set 1 cm (Dutta, Maji and Adhikary, 2014). 

3.5.2   Particle size, polydispersity index (PDI), and zeta potential 

The stability of nanoparticles was evaluated by zeta potential whereas, PDI reveals 

homogeneity of the sample. 1 mg of ZnO NPs powder was added to 1 ml of milli-Q water and 

sonicated for 20 min (Thakur, Singh and Pal, 2021). The average hydrodynamic size, PDI and 

zeta potential of synthesized ZnO NPs was determined using the principle of dynamic light 

scattering by Malvern Zen 3600 particle sizer.  

3.5.3   Fourier transform spectroscopy (FT-IR) analysis 

Functional groups on the surface were identified using a PerkinElmer’s FTIR.  Lemon grass 

extract, A. variabilis ARM 441 extract, and ZnO NPs were triturated with pure KBr (Sigma 

Aldrich) and pressed in a mechanical press to generate pellets (Ezealisiji et al., 2019). These 

pellets were analyzed along with pure KBr pellets at the background, and FT-IR spectrum was 

recorded in 4000-400 cm-1 to ascertain the possible secondary metabolites responsible for 

capping and stabilizing nanoparticles (Akhtar, Goyal and Goyal, 2017). 

3.5.4   Brunauer–Emmett–Teller (BET) 

Estimation of pore diameter, surface area, and porosity of ZnO NPs were characterized under 

liquid nitrogen temperature using Quanta Chrome Nova-1000 surface analyzer instrument. It 

involves multilayer adsorption-desorption of N2 as a function of relative pressure. After 

degassing the samples at 150°C for 2h in N2, final measurements were carried out. BET and de 
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Boer t-plot methods were used to determine surface area and pore volume (Kaur, Goyal and 

Agnihotri, 2021). 

3.5.5   X-ray powder diffraction (XRD) analysis 

XRD analysis of as-synthesized ZnO NPs was carried out in reflection geometry with 

PANalytical X’Pert PRO diffractometer using Cu Kα radiation (1.5406 Å) for an angle (2θ) 

range of 20°- 80° with step size 0.02 and counting time 5 s per step operating at 10 kV and 30 

mA for identification of structure and crystalline phase. The crystallite size was calculated from 

XRD peaks by Debye Schererr equation D = kλ/ βcosθ where D is the  crystallite size, λ is the 

wavelength for Cu Kα, β is full width half maxima (FWHM), θ is Bragg's diffraction angle, 

and k is constant (0.9). XRD data was analyzed by reitveild refinement by using 

crystallographic computing software Jana 2006 (Agarwal et al., 2020). The phase composition 

was confirmed using the JCPDS PDF database (Agarwal et al., 2021). 

3.5.6   X-ray photoelectron spectroscopy (XPS) 

The atomic concentration and binding energy of synthesized ZnO NPs was analyzed using the 

X-ray Photoelectron Spectroscopy PHI 5000 VersaProbe III (Physical Electronics). The 

binding energy was corrected for the charge shift using the C1s peak of graphitic carbon (BE 

¼ 284.6 eV) as a reference. XPS measurement was performed with a step size of 0.2 eV. 

Spectra were processed and fitted by Origin 9.0 software using Gaussian–Lorentzian curve 

profile and Shirley baseline (Diallo et al., 2015). 

3.5.7   Field emission scanning electron microscopy (FE-SEM) and energy-dispersive X-

ray spectroscopy (EDX), High-resolution transmission electron microscopy (HR-TEM), 

and Selected area diffraction (SAED) analysis 

Size, morphology, and size distribution were analyzed using FE-SEM and elemental analysis 

was done using EDX. Powdered sample was used for FE-SEM at an accelerating voltage of 15 

kV on MIRA3 TESCAN-XMU (Czech Republic). One drop of sonicated ZnO NPs in ethanol 

(99.9%) was dropped over the copper grid (200 mesh) and dried for surface analysis (Brazuna 

et al., 2019). The micrographs and SAED pattern of as-synthesized ZnO NPs was recorded on 

high-resolution transmission electron microscope Jeol, JEM2100 at 200kV. The 

microstructural analysis for obtained results from SEM and TEM was determined with ImageJ 

software. 
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3.5.8 Thermogravimetric analysis (TGA) 

Thermal stability of the synthesized ZnO NPs was studied using thermogravimetric analysis 

on Mettler Toledo Instrument under N2 atmosphere, over a temperature range of 25- 1000°C 

and heating rate of 10 °C min-1. 

3.6 Optimization of nanoparticle synthesis using Response surface methodology (RSM) 

Response surface methodology (RSM), a widely employed method for the optimization of a 

multivariable system was used for nanoparticle synthesis optimization of gram scale synthesis 

from Lemon grass and A. variabilis ARM 441 extracts. A three level Box-Behnken Design 

(BBD) was assessed for regression analysis taking three independent factors. The polynomial 

coefficients for every term of the equation were determined by the analysis of multiple 

regressions. The three independent factors employed for the optimization were zinc initial 

concentration (mM), reaction time (h), and extract (%). The yield (mg) was recorded as a 

response. The ranges and the levels of the independent variables based on experimental design 

are given in Table 3.1 and Table 3.2 for Lemon grass and A. variabilis ARM 441 respectively. 

Table 3.1: The ranges and levels of variables in Box–Behnken statistical experimental design 

for Lemon grass 

Variables Symbol 

Coded level 

Low 

-1 

Centre 

0 

High 

+1 

Zinc (mM) A 100 550 1000 

Reaction time (h) B 6 8 10 

Extract (%) C 10 45 80 

Table 3.2: The ranges and levels of variables in Box–Behnken statistical experimental design 

for A. variabilis ARM 441 

Variables Symbol 

Coded level 

Low 

-1 

Centre 

0 

High 

+1 

Zinc (mM) A 100 250 400 

Reaction time (h) B 4 6 8 

Extract (%) C 10 30 50 
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The nanoparticle yield (mg), obtained as the response (dependent variable) was represented as 

a second order polynomial equation to express the effect of different variables (Eq.1). 

𝑌 =  𝛽0 + ∑ 𝛽𝑖 + 𝑋𝐼 +  ∑ 𝛽𝑖𝑖𝑋𝑖
2 + ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗………………………. (1) 

Where Y= represents response, Xi and Xj= independent variables which affect the response. 

The β0 defines regression coefficient for the intercept, βi for linear, βij for cross product terms 

and βii for quadratic. 

Model adequacy for the investigated parameters was assessed via Analysis of Variance 

(ANOVA). ANOVA is an analytical tool to evaluate the enactment of tested experiments, by 

perceiving the value of “p”, multiple correlation coefficients (R2), lack of fit, as well as 

adjusting coefficient of determination (R2-adj). The Box-Behnken Design was employed to 

evaluate the influence of three independent variables in 17 sets of experiments. The generated 

model by RSM was then validated by performing experiments at the generated optimum 

variable conditions. 

3.7 Photocatalytic degradation 

3.7.1 Photocatalytic degradation of Brilliant green (BG) and Indigo carmine (IC) by ZnO 

NPs synthesized by A. variabilis ARM 441  

The photocatalytic efficiency of as-synthesized ZnO NPs was estimated by the 

photodegradation of BG and IC dyes. The impact of major parameters (pH, dye concentration, 

catalyst dosage and time) affecting the dye degradation was evaluated individually. The ZnO 

NPs and dye mixture was stirred in the dark for 20 minutes to achieve the adsorption-desorption 

equilibrium and eliminate the adsorption errors.  

3.7.2 Photocatalytic degradation of Bisphenol-A by ZnO NPs synthesized by Lemon grass 

The photocatalytic efficiency of as-synthesized ZnO NPs was estimated by the 

photodegradation of Bisphenol-A (BPA). The impact of major parameters (pH, dye 

concentration, catalyst dosage and time) affecting the dye degradation was evaluated 

individually. The ZnO NPs and dye mixture was stirred in the dark for 10 minutes to achieve 

the adsorption-desorption equilibrium and eliminate the adsorption errors.  

Each mixture was placed inside two 15W low-pressure mercury lamps (LP Hg lamps, Cole-

Parmer) with monochromatic emission at 253.7 nm. The fluency rate of the lamp was 
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calculated to be 1.3 W/cm2 photoreactor and exposed to UV light with continuous stirring. All 

the photochemical experiments were done in triplicates and at 40-45 ℃. Milli-Q water was 

used in the preparation of sample solutions. Over desired time intervals (0-130 min for BG, IC 

and 0-45 min for BPA) about 5 ml solution was collected and centrifuges to separate the 

catalyst. The absorption spectra for the supernatant were analysed using UV-Visible 

spectrophotometer in the 200-800 nm range. 

3.7.3 Degradation kinetics 

The degradation efficiency (%) of the respective ZnO NPs was calculated by the following 

reference (Eq.2).  

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐶0−𝐶

𝐶0
× 100………………………. (2) 

The kinetics of degradation of different dyes and organic pollutants was studied by testing four 

kinetic models: first order, pseudo-first order, second order, and pseudo-second order (Kaur, 

Goyal and Agnihotri, 2021). These models were expressed by the following equations: 

First order: 
𝑙𝑛𝐶 = 𝑙𝑛𝐶0 − 𝑘𝑡 

Pseudo-first order: 
𝑙𝑛 𝑙𝑛 [𝐶 − 𝐶0] =𝑙𝑛 𝑙𝑛 𝐶 − 𝑘𝑡   

Second order: 1

𝐶
=

1

𝐶0
+ 𝑘𝑡 

Pseudo-second order: 𝑡

𝐶
=

𝑡

𝐶0
−

1

𝑘𝐶0
2 

Where C0 and C are the initial concentration (t=0) and concentration at a given time interval of 

each dye at λmax, respectively and k is the kinetic rate constant.   

3.8 Liquid chromatography mass spectroscopy (LC-MS) analysis of by-products 

The photodegradation by-products of degraded dye solution were analysed at different time 

intervals using an Alliance 2795, Q-TOF Micromass Mass spectrometer (Waters Corporation, 

UK) instrument. The mobile phase was a blend of water (A) and acetonitrile (B) at 0.6 ml min−1 

of the flow rate. The gradient was set as follows: t = 0 min, A:B = 5:95 (v/v); t = 30 min, A:B 

= 95:5 (v/v) (Aminuzzaman et al., 2018). Using an auto sampler, the injection volume was 

20.00 μl and the column temperature was 30°C. The mass fragments were studied in the range 

of 40 to 400 m/z. 

https://paperpile.com/c/1Nu2rG/4s9P
https://paperpile.com/c/1Nu2rG/4s9P
https://paperpile.com/c/1Nu2rG/jgGdd
https://paperpile.com/c/1Nu2rG/jgGdd
https://paperpile.com/c/1Nu2rG/jgGdd
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CHAPTER-IV Results and Discussion 

4.1 Green Synthesis of ZnO nanoparticles 

4.1.1 Synthesis of ZnO NPs using Lemon grass extract 

Lemon grass was chosen, as it is a herb known worldwide for its high essential oil content. It 

is easily available and cultivable. In the present investigation, bioactive components from the 

prepared aqueous extract of Lemon grass were utilized as a reducing and a capping agent for 

the fabrication of ZnO NPs. 

4.1.1.1 Determination of the content of Lemon grass bio-active compounds 

GC-MS analysis of extract from Lemon grass 

A large variety of bioactive compounds (23) are present in crude extract of Lemon grass since 

chromatogram shows a number of peaks with various retention times (Fig. 4.1). The major 

components present in the aqueous extract of Lemon grass, along with the molecular formula, 

molecular weight, retention time, and peak area, are presented in Table 4.1. The principle 

bioactive compounds present in the extract are Citral (13.9%), 2,6-Octadienal, 3,7-dimethyl-, 

(Z)- (10.3%), 2-Isopropenyl-5-methylhex-4-enal (9.8%), Photocitral B (4.68%), 2-Pentanone, 

4-hydroxy-4-methyl- (4.69%), (S)(-) Citronellic acid, methyl ester (2.83%), Geraniol (2.63%), 

Geranic acid (2.19%), Limonene oxide (1.71%), phytol (1.71%), cis-Vaccenic acid (1.44%), 

hexadecanoic acid, methyl ester (1.14%) (Gandhi et al., 2017; Gurusamy et al., 2019). Potential 

compounds as capping agents could be various forms of terpenoids, monoterpenes, keto-enol 

compounds, fatty acids, palmitic acid and phytol with some other ancillary phytochemicals.  

1H and 13C NMR spectroscopic analysis Lemon grass extract 

NMR spectroscopy is suitable for metabolite profiling and analysis as it provides an overview 

of all the metabolites and detects diverse groups of secondary metabolites. 1H and 13C NMR 

spectroscopic investigations were done to determine the components present in the Lemon 

grassf. The Indian Lemon grass is composed of 75% oil which largely contains (75-85%) citral 

(Do et al., 2021). Amongst the numerous constituents of the oil, some common constituents 

include linalool, geraniol, citronellol, nerol, 1,8- cineole, citronellal, linalyl acetate, geranyl 

https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/Cwca
https://paperpile.com/c/SmSsDX/Cwca
https://paperpile.com/c/SmSsDX/Cwca


56 
 

acetate, α-pinene, limonene, caryophyllene, β- pinene, β- thujene, myrcene, β- ocimene, 

terpenolene, methyl heptanone and α-terpineol (Do et al., 2021).  

The 1H NMR spectral data show chemical shift values ranging between δ = 0 to 10.0, as 

displayed in Fig. 4.2 and Table 4.2. The chemical shift values δ 1.09, 1.15, 1.16, 1.17 signify 

1° alkanes; δ 1.22 represent 2° alkanes and δ 1.53, 1.58 correspond to 3° alkanes whereas δ 

1.62, 1.65 indicate the presence of allylic protons and δ 1.93, 1.99, 2.17, 2.60 imply for 

germinal alkenes. The chemical shifts δ 3.39, 3.49, 3.52, 3.54, 3.59, 3.60, 3.62, 3.64, 3.66, 3.69, 

3.70, 3.76, 4.00 represent the alcoholic groups, δ 5.04, 5.26 correspond to vinylic groups and 

δ 5.83, 5.87, 6.23, 6.31, 6.54, 6.64. 6.69, 6.89 indicate conjugated vinylic chain. Finally, the 

peaks arising from δ 9.97, 9.99 indicate the aldehyde groups, according to the standard chart. 

The chemical shifts for 13C NMR ranged between δ = 0 to 200.0, as shown in Fig. 4.3 and 

Table 4.2. The 13C spectrum showed resonance at δ 18.38, 18.21 representing 1° alkanes; δ 

25.62, 26.13, 26.29, 27.22 corresponding to 2° alkanes and δ 32.81, 34.41 signifying 3° alkanes 

whereas δ 102.59, 104.63, 116.65, 123.79, 127.53, 133.43, 135.42, 142.37 indicate the 

presence of allylic carbons and δ 102.59, 104.63, 116.65, 123.79, 127.53, 133.43, 135.42, 

142.37 represent germinal alkenes. The chemical shifts δ 52.69, 52.92, 61.28, 61.94, 62.65, 

63.11, 70.47, 70.92, 72.28, 72.52, 72.91, 73.66, 75.53, 77.18, 82.80, 92.78, 93.03 represent 

alcohol bearing carbons, δ 161.27 signify vinylic groups and δ 168.13, 168.82, 169.46, 171.72, 

172.97, 173.56 indicate conjugated vinylic components. Finally, the peaks arising from δ 

193.55, 194.32 represent the aldehyde group affirming the 1H NMR spectral data. 

4.1.1.2 Biosynthesis of ZnO NPs using extracts from Lemon grass  

Lemon grass mediated synthesis of ZnO NPs was achieved using a co-precipitation method. 

10 ml of Zn(CH3COO)2 (0.2M) solution was added drop by drop to 90 ml of plant extract stock 

solution in a round bottom flask. The mixture was maintained at 80℃ using a silicone oil bath, 

continuously stirred at 500 rpm on a magnetic stirrer for 6 h until the colour changed from dark 

yellow to cloudy light yellow. In the present study, the development of light yellow colour in 

the reaction mixture confirmed the fabrication of ZnO NPs. 

https://paperpile.com/c/SmSsDX/Cwca
https://paperpile.com/c/SmSsDX/Cwca
https://paperpile.com/c/SmSsDX/Cwca
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Fig. 4.1: GCMS of Lemon grass extract
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Table 4.1: Bioactive compounds of Lemon grass extract identified through GC–MS analysis 

Peak 

No. 

Retention 

time (RT) 

Area% Compound Name Molecular 

Formula 

Compound nature 

1 4.19 3.07 
Thiocyanic acid, propyl 

ester 

C4H7NS Ester 

2 5.16 3.63 Propane, 1,1-dipropoxy- C9H20O2 Aldehyde 

3 6.99 4.6 
2-Pentanone, 4-hydroxy-4-

methyl- 
C6H12O2 

Diacetone alcohol 

4 13.41 6.91 
2,6-Octadienal, 3,7-

dimethyl-, (E)- 
C10H16O 

Citral 

5 13.83 9.8 
2-Isopropenyl-5-methylhex-

4-enal 

C10H16O - 

6 14.17 4.68 Photocitral B C10H16O Citral 

7 14.37 10.3 
2,6-Octadienal, 3,7-

dimethyl-, (Z)- 

C10H16O Citral 

8 14.56 2.63 Geraniol C10H18O Monoterpenoid 

9 14.81 13.9 Citral C10H16O Monoterpene aldehyde 

10 15.41 1.16 
2,6-Octadiene-1,8-diol, 2,6-

dimethyl- 
C10H18O2 

- 

11 15.62 2.83 
(S)(-) Citronellic acid, 

methyl ester 
C11H20O2 

Monoterpenoid 

12 16.06 2.19 Geranic acid C10H16O2 Fatty Acid 

13 16.89 1.5 
Glutaric acid, 4chlorobenzyl 

tetradecyl ester 
C26H41ClO4 

Carboxylic Acid 

14 17.21 1.07 

2-Heptanone, 7,7 

dimethoxy-5-(1-

methylethyl)- 

C12H24O3 

Ketone 

15 17.89 1.71 Limonene oxide C10H16O Terpene oxide 

16 18.22 3.06 
3-Nonanol, 1,2:6,7-diepoxy-

3,7-dimethyl-, acetate 
C13H22O4 

- 

17 19.10 0.81 Caryophyllene oxide C15H24O Sesquiterpenoid oxide 

18 19.56 1.19 Selina-6-en-4-ol C15H26O Terpenoids 

19 22.23 1.05 1-Hexadecanol C16H34O Cetyl alcohol 

20 22.67 1.14 
Hexadecanoic acid, methyl 

ester 
C17H34O2 

Palmitic acid 

21 22.88 2.35 
2,6-Octadien-1-ol, 3,7-

dimethyl-, propanoate, (E)- 
C13H22O2 

- 

22 24.49 1.71 Phytol C20H40O Diterpene 

23 25.26 1.44 cis-Vaccenic acid C18H34O2 Trans- fatty acid 
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Table 4.2: Characteristic peaks of Lemon grass extract identified through of 1H and 13C NMR 

Compound 1H NMR chemical shift values 13C NMR chemical shift values 

Alkane  

1° 

2° 

3° 

 

1.09, 1.15, 1.16, 1.17  

1.22 

1.53, 1.58 

 

18.38, 18.21 

25.62, 26.13, 26.29, 27.22 

32.81, 34.41 

Allylic  1.62, 1.65 38.91, 39.58, 40.88, 42.21 

Alkene (geminal) 1.93, 1.99, 2.17, 2.60 102.59, 104.63, 116.65, 123.79, 

127.53, 133.43, 135.42, 142.37 

Alcohol  3.39, 3.49, 3.52, 3.54, 3.59, 

3.60, 3.62, 3.64, 3.66, 3.69, 

3.70, 3.76, 4.00 

52.69, 52.92, 61.28, 61.94, 62.65, 

63.11, 70.47, 70.92, 72.28, 72.52, 

72.91, 73.66, 75.53, 77.18, 82.80, 

92.78,  93.03  

Vinylic  5.04, 5.26 161.27 

Vinylic (conjugated) 5.83, 5.87, 6.23, 6.31, 6.54, 

6.64. 6.69, 6.89 

168.13, 168.82, 169.46, 171.72, 

172.97, 173.56 

Aldehyde/Ketone 9.97, 9.99 193.55, 194.32 

 

Fig. 4.2: 1H NMR analysis Lemon grass extract 
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Fig. 4.3: 13C NMR analysis Lemon grass extract 

4.1.1.3 Mechanism of synthesis of ZnO NPs from Lemon grass extract 

Lemon grass aqueous extract as a novel, cost-effective yet safe source was selected for the 

production of ZnO nanoparticles. Plant extracts had been exploited as natural stabilizing and 

capping agent due to the presence of distinctive consortia of secondary metabolites. Recent 

research has indicated that bioactive components present in the extract of lemongrass may have 

significant role in the synthesis of diverse nanoparticles (Anvekar, Rajendra and Kadam, 2017; 

Ajayi and Afolayan, 2017; Motelica et al., 2021; Riyanto et al., 2022; Mohammed et al., 2023). 

The extract of Lemon grass is rich in phytochemical compounds that serve as critically 

important reducing and stabilising agents in the production of ZnO NPs, resulting in a high-

quality yield.  Citral and photocitral-B constitute approximately 37% of the aqueous crude 

extract of Lemon grass. Thus, it could be inferred that the reduction of Zn2+ ions to stable Zn 

atoms is predominantly facilitated by citral and photocitral-B. The probable chemical equations 

for synthesis of Lemon grass /ZnO NPs as shown in Eqs. (3) and (4). Fig. 4.4 illustrates a 

plausible mechanism of interaction of Zn2+ ions and the main components of Lemon grass 

extract (Mohamad Sukri et al., 2019). 

𝐿𝑒𝑚𝑜𝑛 𝑔𝑟𝑎𝑠𝑠 + 𝐻2𝑂(𝐿) +  𝑍𝑛2+ → [𝐿𝑒𝑚𝑜𝑛 𝑔𝑟𝑎𝑠𝑠/𝑍𝑛2+]………………………. (3) 

https://paperpile.com/c/SmSsDX/Cu7a
https://paperpile.com/c/SmSsDX/Cu7a
https://paperpile.com/c/SmSsDX/Cu7a
https://paperpile.com/c/SmSsDX/Cu7a
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[𝐿𝑒𝑚𝑜𝑛 𝑔𝑟𝑎𝑠𝑠/𝑍𝑛2+] + 𝑂2 → [𝐿𝑒𝑚𝑜𝑛 𝑔𝑟𝑎𝑠𝑠/𝑍𝑛𝑂 𝑁𝑃𝑠] + 𝐶𝑂2(𝑔)……………  (4) 

Fig. 4.4:  Schematic presentation of synthesis of ZnO NPs from Lemon grass extract 

The aforementioned phenomenon demonstrates that an abundance of negatively charged atoms 

within the extract contribute their electrons, thereby stabilizing complex ions of Zn2+ that carry 

a positive charge. Consequently, the Zn2+ complex ions undergo a conversion process leading 

to the formation of ZnO NPs. 

4.1.2 Synthesis of ZnO NPs using A.variabilis ARM 441 extract 

Anabaena variabilis ARM 441 was chosen because it grows luxuriantly in paddy fields and it 

can be easily cultivated in inorganic media (Chittora et al., 2020). The present investigation 

was focused to explore the role of aqueous cellular extract of diazotrophic cyanobacterium A. 

variabilis ARM 441 in the fabrication of ZnO NPs (Malek Shahkouhi and Motamedian, 2020). 

4.1.2.1 Determination of the content of A. variabilis ARM 441 bio-active compounds  

GC-MS analysis of extract from A.variabilis ARM 441 

Chromatogram of A.variabilis ARM 441 extract shows a number of peaks of bioactive 

compounds with variable retention times (Fig. 4.5). The major components present in the 

cyanobacterial extract of A.variabilis ARM 441, along with the molecular formula, molecular 

weight, retention time, and peak area, are presented in Table 4.3. The principle bioactive 

compounds (21) present in the extract include 13-tetradecenal (33.19 %), chloromethyl 5-

https://paperpile.com/c/SmSsDX/1wHno
https://paperpile.com/c/SmSsDX/1wHno
https://paperpile.com/c/SmSsDX/1wHno
https://paperpile.com/c/SmSsDX/zVRFO
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chloroundecanoate (19.91%), n-hexadecanoic acid (12.83%), 4-hydroxy-4-methyl-2-

pentanone (9.39%), octadecanoic acid (5.69%), 2-chloroethyl linoleate (3.09%), tetradecanoic 

acid, 10,13-dimethyl-, methyl ester (2.15%) hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) 

ethyl ester (1.86%), ricinoleic acid (0.81%), phytol (0.44%)(Gandhi et al., 2017; Gurusamy et 

al., 2019) Thus, potential candidates for capping agents could be fatty acids, palmitic acid, and 

phytol along with protein moieties and some other ancillary phytochemicals. The abundance 

of n-hexadecanoic acid and 13-tetradecenal in cyanobacterial cell extract act as a coating and 

provide stability to ZnO NPs (Gandhi et al., 2017; Gnanakani et al., 2019; Gurusamy et al., 

2019). 

1H and 13C NMR spectroscopic analysis A. variabilis ARM 441 extract 

1H and 13C NMR spectroscopic investigations were performed to determine the components 

present in the A.variabilis ARM 441 cyanobacterial extract. The 1H NMR spectral data show 

chemical shift values ranging between δ = 0 to 9.0, as displayed in Fig. 4.6 and Table 4.4. The 

chemical shift values δ 0.83, 0.85, 0.91, 0.93, 0.94 signify 1° alkanes; δ 1.21, 1.22, 1.31 

represent 2° alkanes and δ 1.48 correspond to 3° alkanes whereas δ 1.78, 1.80, 1.91, 1.96, 2.02, 

2.04, 2.05, 2.16, 2.18, 2.19 indicate the presence of alkenes and δ 2.31 imply for alkynes. The 

chemical shifts δ 3.89, 3.90, 3.91, 3.93 represent alkyl chloride and δ 2.53, 3.60, 3.62, 3.64 

correspond to acids and esters (Vinotha et al., 2019). Finally, the peaks arising from δ 3.06, 

3.13, 3.20 indicate alcohols, δ 5.32, 5.33 signify the presence of 2-furanoyl group and δ 8.36 

as aldehyde/ketone components, according to the standard chart (Silverstein et al., 2014).  

The chemical shifts for 13C NMR ranged between δ = 0 to 200.0, as shown in Fig. 4.7 and 

Table 4.4. The 13C spectrum showed resonance at δ 14.0, 14.1, 16.9, 20.2, 20.9 representing 1° 

alkanes; δ 21.3, 22.3, 24.7, 25.2 corresponding to 2° alkanes and δ 31.5, 34.0 signifying 3° 

alkanes whereas δ 125.7, 127.1, 127.7, 128.1, 128.2, 128.4, 129.7, 130.0, 131.6 indicate the 

presence of alkenes and δ 72.6 represent alkynes. The chemical shifts δ 48.7, 49.9, 63.0, 63.2 

represent alkyl chloride and δ 172.5, 174.8 signify acids and esters. Finally, the peaks arising 

from δ 66.8, 70.6, 172.6, and 174.9 indicate the presence of the 2-furanoyl group and δ 177.8 

as aldehyde/ketone components affirming the 1H NMR spectral data (Silverstein and Bassler, 

1962). Vinotha et al., 2019(Vinotha et al., 2019) point out that the potential of NMR-based 

metabolomics is indiscriminating classes of compounds that may contribute to nanoparticles' 

surface stabilization. The obtained 1H and 13C NMR spectral analysis further corroborates with 

the GC-MS spectroscopic data. 

https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/nsuvX+dFjsu+CnMiO
https://paperpile.com/c/SmSsDX/TOcjP
https://paperpile.com/c/SmSsDX/TOcjP
https://paperpile.com/c/SmSsDX/TOcjP
https://paperpile.com/c/SmSsDX/WMGx3
https://paperpile.com/c/SmSsDX/WMGx3
https://paperpile.com/c/SmSsDX/WMGx3
https://paperpile.com/c/SmSsDX/hcPYp
https://paperpile.com/c/SmSsDX/hcPYp
https://paperpile.com/c/SmSsDX/TOcjP
https://paperpile.com/c/SmSsDX/TOcjP
https://paperpile.com/c/SmSsDX/TOcjP
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Table 4.3: Bioactive compounds of A. variabilis ARM 441 extract identified through GC–MS analysis 

Peak 

No.  

Retention 

time (RT) 

Area

% 

Compound Name Molecular 

Formula 

Compound 

nature 

1 5.03 0.61 4-Methyl-3-penten-2-one C6H10O Mesityl oxide 

2 6.39 9.39 4-Hydroxy-4-methyl-2-pentanone C6H12O2 Diacetone alcohol 

3 15.41 0.15 Dodecamethyl-cyclohexasiloxane C12H36O6Si6  

4 20.47 0.26 Dodecane, 2,7,10-trimethyl- C15H32 Sesquiterpene 

5 21.18 0.33 Tetradecanoic acid C14H28O2 Myristic acid, 

Fatty acid 

6 21.86 0.44 Phytol, acetate C22H42O2 Diterpene 

7 22.83 2.15 Tetradecanoic acid, 10,13-

dimethyl-, methyl ester 

C17H34O2  

8 23.08 1.32 cis,cis,cis-7,10,13-

Hexadecatrienal 

C16H26O  

9 23.32 12.83 n-Hexadecanoic acid C16H32O2 Palmitic acid 

10 24.29 0.86 13-Hexyloxacyclotridec-10-en-2-

one 

C18H32O2  

11 24.50 3.09 2-Chloroethyl linoleate C20H35ClO2 Fatty acid 

12 25.08 33.19 13-Tetradecenal C14H26O Volatile steroid 

13 25.25 5.69 Octadecanoic acid C18H36O2 Oleic acid 

14 25.42 3.79 cis-7,cis-11-Hexadecadien-1-yl 

acetate 

C18H32O2 Alkyl 

Chalcogenides 

15 25.66 0.29 17-Octadecynoic acid C18H32O2 Long-chain fatty 

alcohols 

16 25.84 1.36 (R)-(-)-14-Methyl-8-hexadecyn-1-

ol 

C17H32O Long-chain fatty 

alcohols 

17 26.50 0.99 Methyl 12-hydroxy-9-

octadecenoate 

C19H36O3 Fatty acid methyl 

ester 

18 27.14 19.91 Chloromethyl 5-

chloroundecanoate 

C12H22Cl2O2  

19 27.47 0.81 Ricinoleic acid C18H34O3 Fatty acid 

20 29.39 0.68 cis, 6-Octadecenoic acid, 

trimethylsilyl ester 

C21H42O2Si Oleic acid 

21 29.72 1.86 Hexadecanoic acid, 2-hydroxy-1-

(hydroxymethyl)ethyl ester 

C19H38O4 Palmitic acid 
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Fig. 4.5: GCMS of A.varaibilis ARM 441 extract 
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Table 4.4: Characteristic peaks of A. variabilis ARM 441 extract identified through of 1H and 13C NMR   

Compound 1H NMR chemical shift 

values 

13C NMR chemical shift values 

Alkane  

1° 

2° 

3° 

 

0.83, 0.85, 0.91, 0.93, 0.94  

1.21, 1.22, 1.31, 1.31 

1.48 

 

14.1, 14.0, 16.9, 20.2, 20.9 

21.3, 22.3, 24.7, 25.2 

31.5, 34.0 

Alkene  1.78, 1.80, 1.91, 1.96, 2.02, 

2.04, 2.05, 2.16, 2.18, 2.19 

125.7, 127.1, 127.7, 128.1, 128.2, 

128.4, 129.7,  130.0, 131.6 

Alkyne  2.31 72.6 

Alkyl chloride 3.89, 3.90, 3.91, 3.93 48.7, 49.9, 63.0, 63.2  

Acid/Ester 2.53, 3.60, 3.62, 3.64 172.5, 174.8 

Alcohol  3.06, 3.13, 3.20  

Aldehyde/Ketone 8.36 177.8 

2-Furanoyl group 5.32, 5.33 66.8, 70.6, 172.6, 174.9 

Fig. 4.6: 1H NMR analysis A. variabilis extract 
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Fig. 4.7: 13C NMR analysis A. variabilis extract 

4.1.2.2 Biosynthesis of ZnO NPs using extracts from A.variabilis ARM 441 

A.variabilis ARM 441 mediated synthesis of ZnO NPs was achieved using a co-precipitation 

method. The development of cloudy green colour in the reaction mixture confirmed the 

fabrication of ZnO NPs, which might be attributed to the interaction of functional groups of 

bioactive moieties of the cyanobacterial extract with zinc acetate to reduce it into Zn0 ions, thus 

stabilizing ZnO NPs (Fig 4.8). The gradual change in colour during the reaction between zinc 

acetate and aqueous extract of A.variabilis ARM 441 indicated the phycoreduction of zinc 

acetate to ZnO NPs as reported by (Naseer et al., 2020).  

 

https://paperpile.com/c/SmSsDX/JtaDR
https://paperpile.com/c/SmSsDX/JtaDR
https://paperpile.com/c/SmSsDX/JtaDR
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Fig. 4.8: Schematic flow illustrating the preparation of A. variabilis ARM441 extract and formation-mechanism of the ZnO NPs
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4.1.2.3 Mechanism of synthesis of ZnO NPs from A.variabilis ARM 441 extract 

Aqueous extract  from A.variabilis ARM 441 as a new, safe and inexpensive source for the 

synthesis of ZnO NPs. The unique consortia of secondary metabolites present in algal extracts 

are commonly utilized as a native stabilizing and capping agent (Król et al., 2019). Recent 

studies have revealed that n-hexadecanoic acid has a potential role in synthesizing various 

nanoparticles (Ebadi et al., 2019; Borah et al., 2020) A.variabilis ARM 441 extract contains 

phytochemical compounds that plays a vital role as reducing and stabilizing agents for 

obtaining a good yield of ZnO NPs. Amongst all, 13-tetradecenal and n-hexadecanoic acid 

make up about 46% of A.variabilis ARM 441 aqueous crude extract with a percentage of 

33.19% and 12.83% respectively. Therefore, it is assumed that 13-tetradecenal and n-

hexadecanoic acid primarily lead to the process of reducing Zn2+ ions to stable Zn atoms. The 

probable chemical equations for synthesis of A.variabilis /ZnO NPs as shown in Eqs. (5) and 

(6). Fig. 4.9 illustrates a plausible mechanism of interaction of Zn2+ ions and the main 

components of A.variabilis ARM 441 extract. 

𝐴. 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑠 + 𝐻2𝑂(𝐿) +  𝑍𝑛2+ → [𝐴. 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑠/𝑍𝑛2+]………………………. (5) 

[𝐴. 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑠/𝑍𝑛2+] + 𝑂2 → [𝐴. 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑠/𝑍𝑛𝑂 𝑁𝑃𝑠] + 𝐶𝑂2(𝑔)…………….. (6) 

This illustrates, excess of negatively charged atoms present in the extract donate their electrons 

and stabilize positively charged Zn2+ complex ions. As a result, the Zn2+ complex ions get 

converted to ZnO NPs (Indramahalakshmi, 2017; Mohamad Sukri et al., 2019). 
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Fig. 4.9: Schematic diagram of interaction of Zn2+ ions with main compounds found in 

A.variabilis ARM 441 to produce ZnO NPs 
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4.2 Characterization of ZnO nanoparticles 

4.2.1 Characterization of ZnO NPs synthesized using Lemon grass  

4.2.1.1 UV-Vis of ZnO NPs synthesized using Lemon grass 

The gradual change in colour during the reaction between zinc acetate and aqueous extract of 

Lemon grass indicated the reduction of zinc acetate to ZnO NPs as reported by (Naseer et al., 

2020). The absorbance band edge of synthesized ZnO NPs was approximately 351 nm as 

shown in Fig. 4.10, which coincides with the findings of Agarwal and Shanmugam (2019) 

(Agarwal and Shanmugam, 2019). The optical absorption seems to be enhanced in the 325–

375 nm region. This indicates the blue shift in the absorption energies of ZnO NPs which are 

the manifestations of quantum size confinement in ZnO NPs. The broad band observed for 

ZnO NPs indicated the formation of varied sizes and shapes of the nanoparticles (Fig. 4.10). 

However, the dynamic absorption peak within 200-250 nm suggests the presence of secondary 

metabolites such as citral, terpenoids, keto-enol components, fatty acids, polyphenols which 

might have been responsible for reduction of Zn(CH3COO)2 to ZnO NPs. The band gap energy 

of green synthesized ZnO NPs was calculated by Wood’s Tauc relation. It is 3.19 eV which is 

similar to the previous reports (Brazuna et al., 2019). The enhanced radiative absorptions in 

325–375 nm region and broadening of the corresponding adsorption region (3.19 eV) could be 

due to the discrete inter-band absorptions between the energy state of conduction band and 

valence band.  

Fig. 4.10: Plot of (αhυ)2 vs hυ inset UV–vis spectra of the ZnO NPs synthesized using Lemon 

grass extract 
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4.2.1.2 Particle size, polydispersity index (PDI), and zeta potential of ZnO NPs 

synthesized using Lemon grass 

Malvern Zeta sizer was utilized to analyse the particle size, polydispersity index (PDI), and 

Zeta potential of the ZnO nanoparticles. Prior to analysis, 5 mg sample was subjected to 

dilution at a ratio of 1:1 (w/v) using 5 ml of milli-Q water. The resulting mixture was sonicated 

for 15 minutes. The graph displays a hydrodynamic size of 129.36 nm at its highest point (Fig. 

4.11). The observed PDI value of 0.597 suggests the presence of polydispersed ZnO 

nanoparticles. In comparison to their solid-state counterparts, as-synthesized ZnO NPs had a 

larger hydrodynamic size. The hydrodynamic size of ZnO NPs increased in aqueous 

environment due to the addition of hydrate layers by the phytochemicals and ions or molecules 

involved during the fabrication of ZnO NPs (Telgmann et al., 2016; Rolim et al., 2019). 

Furthermore, an additional factor that contributed to a certain extent was agglomeration, as 

reported in literature (Santos et al., 2016; Ahluwalia et al., 2018). The bio-moieties present in 

Lemon grass extract could influence the zeta potential of green synthesized ZnO NPs (Ezealisiji 

et al., 2019). In addition, the stability and biological activity of nanoparticles can be associated 

with the surface charge. The green synthesized ZnO exhibited a negative charge of -10.17 mV, 

as observed in the present study. The surface negative charge of ZnO nanoparticles was 

ascribed to the existence of negative charge on monoterpene aldehydes. The findings suggest 

that citral and photocitral-B are present on the surface of ZnO nanoparticles. Several other 

studies have shown negative zeta potential values for biogenic metallic nanoparticles (Sudha, 

Jeyakanthan and Srinivasan, 2017). Furthermore, the magnitude of the zeta potential in the 

present study suggests that the suspension of ZnO NPs exhibits a limited stability (Ezealisiji et 

al., 2019; Jain et al., 2020).  

4.2.1.3 Fourier transform spectroscopy (FT-IR) analysis of ZnO NPs synthesized using 

Lemon grass 

FT-IR study was performed to recognize the active biomolecules present in the Lemon grass 

extract involved in ZnO synthesis (Fig. 4.12). The O-H hydrogen bonds of alkaloids and 

steroids identified by a broad peak at 3432.8 cm-1, which closely correlated with the ZnO peak 

at 3391.6 cm-1. Absorption peaks at 2961.5 cm-1 indicated vibrational motion of the alkyl 

(methyl) group's C-H bonds in ZnO NPs. Weak stretching in the range of 1700-1600 

correspond to C = O and C = C of ketone and aldehyde. The spectra observed in the range of 

1400-1000 suggest N-H stretching of amines and the C-O stretching of polyphenolic groups 
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such as flavonoids, terpenoids, and polysaccharides (Basera et al., 2019). A distinct high 

intensity band was observed at 471.1 cm-1, resulting from the presence of the oxygen and zinc 

bands while this peak was not observed in Lemon grass extract. Moreover, the less intense 

peaks that appeared at 698.9 cm-1 were attributed to mono-substituted aromatic compounds 

found in Lemon grass extract, confirmed the incorporation of synthesis ZnO NPs. The 

existence of functional groups such as -N-H, -OH, C = C, and C-H suggests that the plant 

extract contains hydroxyl and amine groups, which indicates the presence of flavonoids and 

terpenoids. The principal molecules accountable for stabilization are fatty acids, which have 

been corroborated by the results of GC-MS and NMR analyses. 

Fig. 4.11: Particle size distribution of the ZnO NPs synthesized using Lemon grass extract 

Fig. 4.12: FT-IR spectra of the ZnO NPs synthesized using Lemon grass extract 
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4.2.1.4 Thermal behaviour of ZnO NPs synthesized using Lemon grass 

The investigation of the green synthesized ZnO NPs stability under varying temperatures is a 

crucial aspect of the analysis. The present study utilized thermogravimetric analysis (TGA) to 

investigate the as-synthesized ZnO nanoparticles within a temperature range of 25 to 800 °C 

(Fig. 4.13).  The weight of ZnO nanoparticles exhibited a slight reduction of 1% at 100°C, 

which attributed to the presence of residual moisture and the resulting dehydration 

phenomenon. A significant and uninterrupted reduction in weight of approximately 8% was 

noted above 200°C, due to the organic components present in the extract of Lemon grass. Upon 

reaching a temperature of 431°C, the extract undergoes complete decomposition and acts as 

capping agent on ZnO NPs (Rambabu et al., 2019). Nevertheless, it is noteworthy that ZnO 

exhibits stability at significantly elevated temperatures beyond the scope of the investigated 

range (Khatami et al., 2018). 

Fig. 4.13: TG thermogram of the ZnO NPs synthesized using Lemon grass extract  

4.2.1.5 Nitrogen adsorption-desorption isotherms analysis (BET analysis) of ZnO NPs 

synthesized using Lemon grass  

Nitrogen adsorption and desorption experiments were performed to investigate the surface 

characteristics such as surface area and porous nature of synthesized ZnO NPs mediated via 

Lemon grass. The results revealed a typical type IV isotherm attended by a type H3 hysteresis 

loop which authenticates mesoporous dominance (Fig. 4.14 (a)) (Anupama, Keune and Sahoo, 

2017). The pore size distribution is shown in Fig. 4.14 (b), with an average pore diameter 

12.036 nm, surface area was 57.865 m²/g with pore volume 0.233 cc/g. The average diameter 
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was found to be smaller, with a greater surface area expectation. As the diameter decreases, 

surface area increases; hence the as-synthesized nanoparticles can be utilized as a catalyst 

involving adsorption and desorption of reactants (Anupama, Keune and Sahoo, 2017). A 

decrease in pore diameter of ZnO NPs can be another reason for its enlarged active sites 

(Bayrami, Alioghli, et al., 2019; Bayrami, Ghorbani, et al., 2019).  

Fig. 4.14: (a) Nitrogen adsorption-desorption isotherm (b) Pore size distribution curve 

4.2.1.6 Crystallinity Study of ZnO NPs synthesized using Lemon grass 

The diffraction patterns obtained via green synthesis were indexed as hexagonal wurtzite 

structure according to ICDS data (JCPDS 01-079-0208) as shown in Fig 4.15 (a). The 

fabricated nanoparticles were pure and crystalline in nature as no evidence of peak related to 

any foreign moiety or bulk remnant was observed. Subsequently, narrow and sharp diffraction 

peaks at 2θ and indexed with planes at 31.54° (100), 34.20° (002), 36.95° (101), 47.17° (102), 

56.28° (110), 62.48° (103), 67.23° (112), 68.78° (201) provide the evidence for the synthesis 

of single-phase wurtzite crystal structure (Saloga and Thünemann, 2019). Further, the XRD 

pattern was refined and analyzed employing Rietveld whole profile fitting method based on 

refinement technique with the help of the Jana (2006) in Fig. 4.15 (b,c and d) and Table 4.5. 

Table 4.5: Refined Parameters and phase data of ZnO NPs synthesized using Lemon grass 

Cell parameters a=b= 3.2648 Å; c=5.2194 Å 

  α=β= 90; γ=120 

Space group P63mc 186 

R-factor Rwp = 4.63 %, Rexp = 5.94% 

GOF=1.59  

Damping factor 0.1000 

Volume 48.18 Å3 
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Fig. 4.15: (a) Crystallographic (XRD) pattern (b) Reitveild refinement (c,d) Wurzite hexagonal 

structure of the ZnO NPs synthesized using Lemon grass extract 

4.2.1.7 Structural and chemical nature of ZnO NPs synthesized using Lemon grass 

The XPS survey spectra of green synthesised ZnO nanoparticles are shown in (Fig. 4.16 (a)). 

The presence of C, O, and Zn elements predominantly confirms the composition as ZnO. The 

deconvolutions of high resolutions scan of Zn 2p peak revealed two prominent peaks centered 

around at 1021.28 eV and 1044.78 eV corresponding to Zn 2p3 and Zn 2p1, respectively (Fig. 

4.16 (b)). Here, the binding energy difference between Zn 2p3 and Zn 2p1 peaks was recorded 

to be 23.5 eV, which is the characteristic value for ZnO nanoparticles. Furthermore, the sharp 

peak of Zn 2p3 is indicative of Zn2+ state form of Zn element. In addition, high resolution 

spectra of O 1s and corresponding deconvolution also resulted in emergence of two distinctive 

peaks (Fig. 4.16 (c)). The two peaks at 530.2 and 532.8 corresponds to two symmetrical signals 

namely O 1s1 and O 1s2, respectively. These signals are attributed to the presence of O element 

in O2- state with Zn2+, validating the successful synthesis of ZnO nanoparticles. 
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 Fig. 4.16: (a) XPS survey scan; Deconvolution spectra of (b) Zn 2p (c) O1s of the ZnO NPs 

synthesized using Lemon grass extract  

4.2.1.8 Microstructural features of ZnO NPs synthesized using Lemon grass 

Fig. 4.17 represents the microscopic analysis of synthesized ZnO NPs. FE-SEM micrographs 

illustrate that nanoparticles are of various shapes and sizes, primarily polygonal and spherical 

(Fig. 4.17 (a)). Aggregation was also visible. The drop-off in size was noticeable, which can 

be due to the entrapment of extract over ZnO NPs. The entrapment of extract played a vital 

role in remodeling hexagonal shape to spherical nanoparticles in SEM images and EDX 

analysis was also done as shown in Fig. 4.17 (b). Three peaks were observed between 1.1, 8.5 

and 9.5 keV, characteristic of elemental zinc which certifies the formation of high purity ZnO 

NPs (Fakhar-e-Alam et al., 2014; Król et al., 2019). Apart from zinc (64.27%), a finite 

percentage of oxygen (35.73%) was also detected (Demissie et al., 2020). Elemental mapping 
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of the synthesized ZnO NPs is shown in Fig. 4.17 (c, d). It was observed that zinc and oxygen 

are homogenously distributed throughout the sample. 

To elucidate the crystalline nature and morphology of ZnO nanoparticles, HRTEM analysis 

was performed on the dried powder. HRTEM micrograph revealed the hexagonal shape of 

biogenically synthesised ZnO nanoparticles (Fig 4.18). The definite edges of these hexagonal 

nanoparticles along with faded boundaries of extracts over the particles were clearly observed 

with average particle size 91.25± 2.9 nm. Small agglomeration of nanoparticles was also 

observed which is attributed to the high surface energy employed in synthesized ZnO 

nanoparticles by Lemon grass extract. Furthermore, the lattice spacing observed from 

magnified HRTEM micrograph aligned well with interplaner distance of (100) and (101) 

planes. The lattice spacing parameters of synthesised ZnO nanoparticles 2.81 Å (100) and 2.46 

Å (101) were ascribed to the wurtzite type structure of the ZnO nanoparticles. The obtained 

crystallite size and lattice spacing corroborated well with parameters obtained using XRD 

analysis. 

Fig. 4.17: Micrographs of ZnO NPs synthesized using Lemon grass extract (a) FE-SEM image 

(b) EDX Spectra (c) Elemental Mapping of Zinc (d) Elemental Mapping of Oxygen 
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Fig 4.18: (a,b,c,d) HRTEM image of ZnO NPs synthesized using Lemon grass extract 

4.2.2 Characterization of ZnO NPs synthesized using A.variabilis ARM 441  

4.2.2.1 UV-Vis Spectroscopy of ZnO NPs synthesized using A.variabilis ARM 441 

The absorbance band edge of synthesized ZnO NPs was approximately 356 nm as shown in 

Fig. 4.19, which coincides with the findings of Agarwal and Shanmugam (2019) (Agarwal and 

Shanmugam, 2019). The optical absorption seems to be enhanced in the 325–375 nm region. 

This indicates the blue shift in the absorption energies of ZnO NPs which are the manifestations 

of quantum size confinement in ZnO NPs. The broad band observed for ZnO NPs indicated the 

formation of varied sizes and shapes of the nanoparticles (Fig. 4.19). However, the dynamic 

absorption peak within 200-250 nm suggests the presence of secondary metabolites such as 

https://paperpile.com/c/DecuJ8/Exnz5
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fatty acids, polyphenols which might have been responsible for reduction of Zn(CH3COO)2 to 

ZnO NPs. The band gap energy of phycosynthesized ZnO NPs was calculated by Wood’s Tauc 

relation (Eq. 7), 

[ℎ𝜐𝛼 =  𝑐(ℎ𝜐 −  𝐸𝑔)𝑛] ……………….. (7) 

where, α is absorption coefficient, c is constant, hυ is the photon energy, and Eg is band gap. 

The parameter ‘n’ varies with the type of electronic transitions i.e. n=2, 1/2, 2/3 or 3 for the 

direct-allowed, indirect-allowed, direct-forbidden, and indirect-forbidden transitions, 

respectively. As ZnO is a direct bandgap material, value of n=2. Fig. 4.19 shows the replotted 

data between hυ v/s (αhυ)2 using Origin 9.0 and the band gap was obtained by the extrapolation 

of a linear regression on the X-axis. It is 3.21 eV which is similar to the previous reports 

(Brazuna et al., 2019). The enhanced radiative absorptions in 325–375 nm region and the 

broadening of the corresponding adsorption region (3.21 eV) could be due to the discrete inter-

band absorptions between the energy state of conduction band and valence band.  

Fig. 4.19: Plot of (αhυ)2 vs hυ inset UV–vis spectra of the ZnO NPs synthesized using 

A.variabilis ARM 441 extract 

4.2.2.2 Particle size, polydispersity index (PDI), and Zeta potential of ZnO NPs 

synthesized using A.variabilis ARM 441 

Particle size, polydispersity index (PDI), and Zeta potential of the ZnO NPs were done using a 

Malvern Zeta sizer. Before analysis, the sample (5mg) was diluted (1:1, w/v) using 5 ml of 

milli-Q water and sonicated for 15 min. The peak of the graph (Fig. 4.20) depicted 138.23 nm 

hydrodynamic size. Further, the PDI value was observed to be 0.753, which anticipated the 
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presence of polydispersed ZnO NPs. The hydrodynamic size of as-synthesized ZnO NPs was 

relatively higher in contrast to the solid-state. The phytochemicals and ions or molecules 

involved in the synthesis of ZnO NPs add extra hydrate layers, thus, higher hydrodynamic size 

in aqueous environment (Telgmann et al., 2016; Rolim et al., 2019). Also, as an additional aid 

to a certain degree was agglomeration, as reported (Santos et al., 2016; Ahluwalia et al., 2018). 

The Zeta potential of phycosynthesized ZnO NPs can be affected by the bio-moieties present 

in A.variabilis ARM 441 extract (Ezealisiji et al., 2019). On the contrary, nanoparticles' 

stability and biological activity can be derived from the surface charge. In this study, 

phycosynthesized ZnO NPs had a negative charge of -9.32 mV. The negative charge on ZnO 

NPs' surface was attributed to the presence of negative charge on long-chain fatty acids and 

aldehydes. This result indicated the presence of n-hexadecanoic acid and 13-tetradecenal on 

the surface of ZnO NPs. Several other reports are demonstrating comparable negative zeta 

potential for biogenic metallic nanoparticles (Sudha, Jeyakanthan and Srinivasan, 2017). 

Additionally, the magnitude of the zeta potential in the present study suggests that the 

suspension of ZnO NPs have limited stability (Jain et al., 2020). 

Fig. 4.20: Particle size distribution (DLS histogram) of the ZnO NPs synthesized using 

A.variabilis ARM 441 extract  

4.2.2.3 Fourier transform spectroscopy (FT-IR) analysis of ZnO NPs synthesized using 

A.variabilis ARM 441 

FT-IR study was performed to recognize the active biomolecules present in the A. variabilis 

extract involved in ZnO synthesis (Fig. 4.21). A broad peak at 3395 cm-1 is an indication of O-

H hydrogen bonds of alkaloids and steroids, which is in good correlation with the ZnO peak at 
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3397.42 cm-1. Absorption peaks at 2961.5 cm-1 and 2954.7 cm-1 correspond to the alkyl 

(methyl) group's C-H vibration in ZnO NPs A. variabilis extract, respectively. Prominent peaks 

of proteins were observed in A. variabilis extract for C=O stretching (amide I) and C–N 

stretching and N–H deformation (amide II) at 1561.2 cm-1. The weak stretching of peaks at 

1413.7 cm-1, 1047.8 cm-1, and 1413.7 cm-1, 1052.6 cm-1 revealed the presence of C=O and C-

O-C  stretching in ZnO NPs and A. variabilis ARM 441 extract, respectively (Ebadi et al., 

2019). The spectrum of ZnO NPs showed a significant peak at 1649.9 cm-1, which was 

characteristic stretching of fatty acid and carboxylic O-H bending vibration of fatty acid 

(Carballo et al., 2008; Sankar et al., 2014; Sharma et al., 2019). A distinct high intensity band 

was observed at 451.2 cm-1, resulting from the presence of the oxygen and zinc bands while 

this peak was not observed in cyanobacterial extract. It is reported that secondary metabolites 

present in A. variabilis ARM 441 could be responsible for the reduction of zinc acetate 

dihydrate into ZnO NPs. Thus, it can be inferred that the nanoparticle is synthesized and 

stabilized by replacing acidic protons with methyl and hydroxyl groups (Rolim et al., 2019). 

Moreover, the less intense peaks that appeared at 861.7 cm-1 and 657.2 cm-1 were attributed to 

C-Cl and C≡C group of alkyl halides, and alkynes found in cyanobacterial extract, confirmed 

the incorporation of synthesis ZnO NPs. The primary molecules responsible for the 

stabilization are fatty acids, which have been validated with the findings of GC-MS and NMR. 

Fig. 4.21: FT-IR spectra of A.variabilis ARM 441 extract and ZnO NPs 
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4.2.2.4 Thermal behaviour of ZnO NPs synthesized using A.variabilis ARM 441 

The synthesis of ZnO NPs was manipulated via moderate thermal treatment and stability of the 

product with temperature variations is an important aspect of the analysis. Thermogravimetric 

analysis (TGA) was employed to as-synthesized ZnO NPs at the temperature range of 25 to 

800 °C (Fig. 4.22).  The ZnO NPs showed a minimal (1%) decrease in weight at 100°C due to 

residual moisture ascribed to the dehydration phenomenon. A substantial continuous weight 

loss of about (∼12%) was observed at above 200°C due to the organic moieties of the 

cyanobacterial extract. After 442°C, the extract is completely decomposed as a capping agent 

on ZnO NPs (Rambabu et al., 2019). However, ZnO itself is stable at much higher temperatures 

than the studied range (Khatami et al., 2018). The weight loss was mainly attributed to the 

decomposition of bioactive compounds. Predominant reduction of Zn (CH3COO)2 to Zn2+
 by 

biomoieties occurred in the initial phase of the synthesis with low formation levels of 

A.variabilis/Zn2+ complex which is further reduced to ZnO NPs (Rambabu et al., 2021). Thus, 

secondary metabolites and other bioactive components in the extract of A. variabilis ARM 441 

were present in significant amount over synthesized ZnO NPs which was confirmed through 

this analysis as well (Vimala et al., 2014). 

Fig. 4.22: TG thermogram ZnO NPs synthesized using A.variabilis ARM 441 extract 

4.2.2.5 Nitrogen adsorption-desorption isotherms analysis (BET analysis) of ZnO NPs 

synthesized using A.variabilis ARM 441 

Nitrogen adsorption and desorption experiments were performed to investigate the surface 

characteristics such as surface area and porous nature of synthesized ZnO NPs mediated via A. 

https://paperpile.com/c/DecuJ8/lXUU5
https://paperpile.com/c/DecuJ8/lXUU5
https://paperpile.com/c/DecuJ8/lXUU5
https://paperpile.com/c/DecuJ8/6LyWY
https://paperpile.com/c/DecuJ8/6LyWY
https://paperpile.com/c/DecuJ8/6LyWY
https://paperpile.com/c/DecuJ8/2AsUj
https://paperpile.com/c/DecuJ8/2AsUj
https://paperpile.com/c/DecuJ8/2AsUj
https://paperpile.com/c/DecuJ8/KvwS2
https://paperpile.com/c/DecuJ8/KvwS2
https://paperpile.com/c/DecuJ8/KvwS2
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variabilis ARM 441. The results revealed a typical type IV isotherm attended by a type H3 

hysteresis loop which authenticates mesoporous dominance (Fig. 4.23(a)) (Anupama, Keune 

and Sahoo, 2017). The pore size distribution is shown in Fig. 4.23 (b), with an average pore 

diameter 11.551 nm, surface area was 38.718 m²/g with pore volume 0.1633 cc/g. The average 

diameter was found to be smaller, with a greater surface area expectation. As the diameter 

decreases, surface area increases; hence the as-synthesized nanoparticles can be utilized as a 

catalyst involving adsorption and desorption of reactants (Anupama, Keune and Sahoo, 2017). 

A decrease in pore diameter of ZnO NPs can be another reason for its enlarged active sites 

(Bayrami, Alioghli, et al., 2019; Bayrami, Ghorbani, et al., 2019). 

Fig. 4.23: (a) Nitrogen adsorption-desorption isotherm (b) Pore size distribution curve 

4.2.2.6 Crystallinity Study of ZnO NPs synthesized using A.variabilis ARM 441 

XRD is the primary tool for characterizing synthesized ZnO NPs. It was performed to analyse 

the structural properties of pulverized ZnO NPs. The diffraction patterns obtained via 

phycosynthesis were indexed as hexagonal wurtzite structure according to ICDS data (JCPDS 

01-079-2205) as shown in Fig. 4.24 (a). The fabricated nanoparticles were pure and crystalline 

in nature as no evidence of peak related to any foreign moiety or bulk remnant was observed. 

Subsequently, narrow and sharp diffraction peaks at 2θ and indexed with planes at 31.79° 

(100), 34.45° (002), 36.28° (101), 47.56° (102), 56.62° (110), 62.89° (103), 67.97° (112), 

69.09° (201) provide the evidence for the synthesis of single-phase wurtzite crystal structure 

(Saloga and Thünemann, 2019). Further, the XRD pattern was refined and analyzed employing 

Rietveld whole profile fitting method based on refinement technique with the help of the Jana 

(2006) in Fig. 4.24 (b,c and d) and Table 4.6. 

https://paperpile.com/c/DecuJ8/0egfk
https://paperpile.com/c/DecuJ8/0egfk
https://paperpile.com/c/DecuJ8/0egfk
https://paperpile.com/c/DecuJ8/s2NZu+FyfCJ
https://paperpile.com/c/DecuJ8/s2NZu+FyfCJ
https://paperpile.com/c/DecuJ8/s2NZu+FyfCJ
https://paperpile.com/c/DecuJ8/s2NZu+FyfCJ
https://paperpile.com/c/DecuJ8/s2NZu+FyfCJ
https://paperpile.com/c/DecuJ8/9Ji8N
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Table 4.6: Refined parameters and phase data of ZnO NPs synthesized using A.variabilis ARM 

441 

Cell parameters a=b= 3.2488 Å; c=5.2054 Å 

  α=β= 90; γ=120 

Space group P63mc 186 

R-factor Rwp = 5.60 %, Rexp = 6.83% GOF=1.61  

Damping factor 0.1000 

Volume 47.58 Å3 

Fig. 4.24: (a) Crystallographic (XRD) pattern (b) Reitveild refinement (c,d) Wurzite hexagonal 

structure of ZnO NPs synthesized using A.variabilis ARM 441 extract 

4.2.2.7 Structural and chemical nature of ZnO NPs synthesized using A.variabilis ARM 

441 

To validate the wurtzite structure and chemical purity of A.variabilis ARM 441 mediated ZnO 

NPs, XPS analysis was performed. Fig. 4.25 (a) shows the survey spectrum indicating the 

presence of Zn, O along with adventitious carbon (Morozov et al., 2015). The sample was 

chemically pure and devoid of any contaminants. High-resolution XPS spectra of the elements 

Zn and O are shown in Fig. 4.25 (b) and (c) respectively. The Zn 2p spectrum was deconvoluted 

https://paperpile.com/c/DecuJ8/nZTBN
https://paperpile.com/c/DecuJ8/nZTBN
https://paperpile.com/c/DecuJ8/nZTBN
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(Fig. 4.25 (b)) and displayed a strong spin-orbit coupling doublet at 1022.39 eV and 1045.57 

eV corresponding to core levels Zn 2p3/2 and Zn 2p1/2 respectively with binding energy 23.18 

eV. Sharp peaks of Zn 2p3/2 were observed; thus it confirmed that the Zn element exists in the 

form of Zn2+ (Liqiang et al., 2006). In the case of O1s, an asymmetric peak was observed in 

Fig. 4.25 (c). XPS line was fitted by Gauss profile functions including linear background 

(Säuberlich et al., 2003). O1s emission was composed of two contributions, with significant 

peaks centered at 531.77 and 533.17 eV. As per the literature, these peaks can be ascribed to 

Zn-OH bonding and to the presence of C=O bonding originating from surface defects and 

chemisorbed oxygen, respectively (Diallo et al., 2015; Steffy et al., 2018). Also, Zn 2p and 

O1s regions are consistent with stoichiometric ZnO. To pre-conclude, it can be deduced that 

Zn atoms in ZnO NPs crystal are in oxidation state 2p. The results show that the ratio O/Zn is 

slightly lower than unity, confirming that the synthesized powders are pure ZnO as confirmed 

by XRD results. In view of the XPS and EDX results, no impurities were found in their 

detection limits. 

Fig. 4.25: (a) XPS survey scan; Deconvolution spectra of (b) Zn 2p (c) O1s  

  

https://paperpile.com/c/DecuJ8/HI41G
https://paperpile.com/c/DecuJ8/HI41G
https://paperpile.com/c/DecuJ8/HI41G
https://paperpile.com/c/DecuJ8/fLmnt
https://paperpile.com/c/DecuJ8/fLmnt
https://paperpile.com/c/DecuJ8/fLmnt
https://paperpile.com/c/DecuJ8/oiiNH+jOSdF
https://paperpile.com/c/DecuJ8/oiiNH+jOSdF
https://paperpile.com/c/DecuJ8/oiiNH+jOSdF
https://paperpile.com/c/DecuJ8/oiiNH+jOSdF
https://paperpile.com/c/DecuJ8/oiiNH+jOSdF
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4.2.2.8 Microstructural features of ZnO NPs synthesized using A.variabilis ARM 441 

Fig. 4.26 represents the microscopic analysis of synthesized ZnO NPs. FE-SEM micrographs 

illustrate that nanoparticles are of various shapes and sizes, primarily polygonal and spherical 

(Fig. 4.26 (a,b)). Aggregation was also visible. The drop-off in size was noticeable, which can 

be due to the entrapment of extract over ZnO NPs. The entrapment of extract played a vital 

role in remodeling hexagonal shape to spherical nanoparticles in SEM images and EDX 

analysis was also done as shown in Fig. 4.26 (c). Three peaks were observed between 1.1, 8.5 

and 9.5 keV, characteristic of elemental zinc which certifies the formation of high purity ZnO 

NPs (Fakhar-e-Alam et al., 2014; Król et al., 2019). Apart from zinc (42.89%), a finite 

percentage of oxygen (57.11%) was also detected (Demissie et al., 2020). These results 

undoubtedly imply that even after several washings some residual portion of the extract was 

carried over the surface of ZnO NPs which establishes the strong bonding of bioactive 

molecules with ZnO NPs (Król et al., 2019). Reports have suggested that the use of different 

zinc salt precursors influence the morphological, textural and optical properties of ZnO NPs. 

As reported by Mayekar et al 2014, (Mayekar, Dhar and Radha, 2014) the ZnO NPs fabricated 

from zinc acetate possessed highest purity whereas ZnO NPs fabricated from other zinc salts 

show similar crystallite size with different shapes. Additionally, it was predicted that acetate 

ions provide shielding effect during the synthesis preventing nanoparticle fusion  during growth 

(Pourrahimi et al., 2014). 

Further, HR-TEM images clearly illustrated the presence of faded but clear boundaries of 

extracts over the particles (Fig. 4.27 (a)) (Bayrami, Alioghli, et al., 2019). Hence, capping 

action of phytochemicals of cyanobacterial extract can be associated with reducing the size by 

preventing them from growing further and changing the shape during the crystallization 

process. The average particle size calculated from HR-TEM was 33.31nm (Fig. 4.27 (a)). The 

interplanar adjacent planes were 0.256 nm, which corresponds to the inter-planar separation of 

002 face-centered cubic ZnO NPs (Fig. 4.27 (a)). SAED pattern of ZnO NPs was also studied. 

In Fig. 4.27 (b), the presence of bright rings suggested the crystalline nature of fabricated ZnO 

NPs. The hexagonal wurtzite phase of ZnO NPs was evident from the concentric rings assigned 

to (100), (002), (101), (102), (110), (103), (112), (201)(Gao et al., 2019). These findings agree 

well with the estimated calculations of XRD. 

https://paperpile.com/c/DecuJ8/oy0kJ+cgOv8
https://paperpile.com/c/DecuJ8/oy0kJ+cgOv8
https://paperpile.com/c/DecuJ8/oy0kJ+cgOv8
https://paperpile.com/c/DecuJ8/oy0kJ+cgOv8
https://paperpile.com/c/DecuJ8/oy0kJ+cgOv8
https://paperpile.com/c/DecuJ8/ELoqH
https://paperpile.com/c/DecuJ8/ELoqH
https://paperpile.com/c/DecuJ8/ELoqH
https://paperpile.com/c/DecuJ8/oy0kJ
https://paperpile.com/c/DecuJ8/oy0kJ
https://paperpile.com/c/DecuJ8/oy0kJ
https://paperpile.com/c/DecuJ8/I29Ie
https://paperpile.com/c/DecuJ8/I29Ie
https://paperpile.com/c/DecuJ8/I29Ie
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https://paperpile.com/c/DecuJ8/eKSR
https://paperpile.com/c/DecuJ8/s2NZu
https://paperpile.com/c/DecuJ8/s2NZu
https://paperpile.com/c/DecuJ8/s2NZu
https://paperpile.com/c/DecuJ8/YzeCZ
https://paperpile.com/c/DecuJ8/YzeCZ
https://paperpile.com/c/DecuJ8/YzeCZ
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Fig. 4.26: Micrographs of ZnO NPs synthesized using A.variabilis ARM 441 extract (a, b) FE-

SEM image (c) EDX Spectra (Unlabelled peak is of gold) 

Fig. 4.27: (a) HRTEM image; (b) SAED pattern of ZnO NPs synthesized using A.variabilis 

ARM 441 extract 
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4.3 Process optimization for gram scale synthesis of ZnO nanoparticles 

4.3.1 Gram scale synthesis of Lemon grass mediated ZnO NPs using Response surface 

methodology (RSM) 

The impact of three crucial parameters, i.e. zinc concentration (mM), reaction time (h) and 

extract concentration (%) was investigated using RSM. The response recorded at the 

experimental conditions were placed and the model generated the predicted values as shown in 

Table 4.7. The model generated an equation in terms of the actual factors with significant terms, 

having impact on the nanoparticles synthesis process (yield (mg)) as follows (Eq.8): 

𝑌𝑖𝑒𝑙𝑑 (%) =  −5177.549 + 5.828𝐴 + 1113.477𝐵 + 40.676𝐶 − 0.0027𝐴2 − 70.512𝐵2 −

0.498𝐶2 − 0.235𝐴𝐵 − 0.0054𝐴𝐶 + 1.792𝐵𝐶……………….. (8) 

where, A is the zinc concentration (mM); B is reaction time (h); and C is extract concentration 

(%). 

The competence of the experimental data was interpreted by the analysis of variance (ANOVA) 

as shown in Table 4.8. The ANOVA of second order quadratic polynomial model for 

nanoparticles yield (mg) revealed F-value (34.79) with p-value less than 0.0001 at 95% 

confidence level indicating a high significance of the generated model. Furthermore, the lack 

of fit F-value of 4.21 corroborates well with the obtained R2 value (0.9781). The obtained 

results indicated a great correlation between predicted and experimental values of operational 

parameters. It was envisaged that the response change possibly occurred due to a change in 

independent parameters not due to error or noise. Precision parameter was also recorded as 

18.281 revealing the usefulness of the employed model.  

  



 

89 
 

Table 4.7: RSM based BBD design for the independent variables and their corresponding 

response for nanoparticle synthesis using Lemon grass extract 

Run Zinc 

(mM) 

Reaction time 

(h) 

Extract 

(%) 

Yield (mg) 

Actual Predicted 

1 100 10 45 725.32 828.30 

2 1000 10 45 965.23 971.53 

3 1000 6 45 1754.56 1651.58 

4 1000 8 80 1025.23 1148.24 

5 100 8 10 201.56 78.55 

6 550 8 45 1857.2 1873.84 

7 550 10 80 1359.23 1229.93 

8 550 8 45 2015.3 1873.84 

9 1000 8 10 844.23 817.91 

10 550 8 45 1845.23 1873.84 

11 100 6 45 665.23 658.94 

12 100 8 80 725.4 751.72 

13 550 10 10 457.21 477.24 

14 550 6 80 1254.36 1234.33 

15 550 8 45 1795.23 1873.84 

16 550 8 45 1856.24 1873.84 

17 550 6 10 854.23 983.53 

Table 4.8: ANOVA results of response surface quadratic model for nanoparticle yield (mg) 

using Lemon grass extract 

Source Sum of square DF Mean square F-value Prob>F 

Model 5.134E+006 9 5.704E+005 34.79 < 0.0001 

Residual 1.148E+005 7 16395.66   

Lack of Fit 87173.95 3 29057.98 4.21 0.0993 

Pure Error 27595.65 4 6898.91   

Total 5.248e+006 16    

 R2=0.9781     

The coefficients of regression were also analyzed using ANOVA as shown in Table 4.9. It can 

be clearly observed that zinc concentration (A) has the greatest impact on the nanoparticles 

yield with highest F-value (39.35). The extract concentration (C) was second most influential 
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parameter (F-value=30.71), while reaction time (B) had least impact on the nanoparticles yield 

(mg) with F-value of 7.95. The overall availability of the zinc ions present in the solution and 

the reducing capability of the concentration dependent extract (%) determined the nanoparticles 

yield. The reaction time had lesser impact due to the fast pace reaction between zinc ions and 

bioactive molecules in the extract (Surendra et al., 2016). All the quadratic terms (A2, B2, and 

C2) also had significant impact on the nanoparticles yield (mg). The interaction between zinc 

concentration and reaction time (AB) was observed to impact the nanoparticles yield (mg), 

whereas other interactions (AC, and BC) had no significant impact. Subsequently the model 

adequacy was confirmed by the conducting experiments at the optimum conditions generated 

by the model (Shabaani et al., 2020).  

Table 4.9: ANOVA results for the coefficients of response surface quadratic model for 

nanoparticles yield (mg) using Lemon grass extract 

Factor Coefficient DF Standard 

error 

F-

value 

95% CI 

low 

95% CI high p-value 

Intercept 1873.84 1 57.26 - 1738.43 2009.25 - 

A 283.97 1 45.27 39.35 176.92 391.02 0.0004 

B -127.67 1 45.27 7.95 -234.72 -20.62 0.0258 

C 250.87 1 45.27 30.71 143.82 357.92 0.0009 

A2 -564.20 1 62.40 81.75 -711.76 -416.65 <0.0001 

B2 -282.05 1 62.40 20.43 -429.61 -134.49 0.0027 

C2 -610.53 1 62.40 95.72 -758.09 -462.98 <0.0001 

AB -212.35 1 64.02 11.00 -363.74 -60.96 0.0128 

AC -85.71 1 64.02 1.79 -237.10 65.68 0.2225 

BC 125.47 1 64.02 3.84 -25.92 276.86 0.0908 

The combinational impacts are graphically represented as two dimensional contour plots and 

three-dimensional response surface plots (Fig. 4.28). One variable was kept constant and the 

impact of two variables on the nanoparticles yield (mg) was plotted.  

https://paperpile.com/c/9tbO2n/ngyGn
https://paperpile.com/c/9tbO2n/ngyGn
https://paperpile.com/c/9tbO2n/ngyGn
https://paperpile.com/c/9tbO2n/JkffS
https://paperpile.com/c/9tbO2n/JkffS
https://paperpile.com/c/9tbO2n/JkffS
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Fig. 4.28: 2D contour and 3D response surface plots for analyzing the interaction effects between (a) Zinc concentration and reaction time, (b) 

Zinc concentration and Lemon grass extract concentration and (c) Reaction time and Lemon grass extract concentration



 

92 
 

4.3.2 Gram scale synthesis of A.variabilis ARM 441 mediated ZnO NPs using Response 

Surface Methodology (RSM) 

The impact of three crucial parameters, i.e. zinc concentration (mM), reaction time (h) and 

extract concentration (%) was investigated using RSM. The response recorded at the 

experimental conditions were placed and the model generated the corresponding values as 

shown in Table 4.10. The model generated an equation in terms of the actual factors with 

significant terms, having impact on the nanoparticles synthesis process (yield (mg)) as follows 

(Eq. 9): 

𝑌𝑖𝑒𝑙𝑑 (%) =  −3769.922 + 14.522𝐴 + 738.513𝐵 + 57.754𝐶 − 0.02233𝐴2 −

59.909 𝐵2 − 0.6149𝐶2 − 0.8334 𝐴𝐵 − 0.0525 𝐴𝐶 + 0.6775 𝐵𝐶………..….. (9) 

where, A is the zinc concentration (mM); B is reaction time (h); and C is extract concentration 

(%). 

Table 4.10: RSM based BBD design for the independent variables and their corresponding 

response for nanoparticle synthesis using A.variabilis ARM 441 extract 

Run 
Zinc 

(mM) 

Reaction time 

(h) 

Extract 

(%) 

Yield (mg) 

Actual Predicted 

1 250 8 10 785.21 810.97 

2 250 6 30 1498.26 1521.44 

3 400 6 50 1021.23 1043.26 

4 250 6 30 1565.26 1521.44 

5 250 6 30 1509.24 1521.44 

6 100 6 10 209.56 187.53 

7 100 4 30 487.25 524.13 

8 400 4 30 954.26 957.98 

9 100 6 50 985.56 974.43 

10 250 6 30 1512.23 1521.44 

11 400 6 10 875.26 886.39 

12 400 8 30 1021.23 984.35 

13 250 8 50 1322.21 1337.06 

14 250 6 30 1522.23 1521.44 

15 100 8 30 654.23 650.51 

16 250 4 50 1232.25 1206.49 

17 250 4 10 803.65 788.80 
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The competence of experimental data was interpreted by the analysis of variance (ANOVA) as 

shown in Table 4.11. The ANOVA of second order quadratic polynomial model for 

nanoparticles yield (mg) revealed F-value (237.03) with p-value less than 0.0001 at 95% 

confidence level indicating a high significance of the generated model. Furthermore, the lack 

of fit F-value of 2.84 corroborates well with the obtained R2 value (0.9967). The obtained 

results indicated a great correlation between predicted and experimental values of operational 

parameters. It was envisaged that the response changes possibly occurred due to a change in 

independent parameters not due to error or noise. Precision parameter was also recorded as 

50.127 revealing the usefulness of the employed model.  

Table 4.11: ANOVA results of response surface quadratic model for nanoparticle yield (mg) 

using A.variabilis ARM 441 extract 

Source Sum of square DF Mean square F-value Prob>F 

Model 2.568E+06 9 2.853E+05 237.03 < 0.0001 

Residual 8426.85 7 1203.84   

Lack of Fit 5735.06 3 1911.69 2.84 0.1695 

Pure Error 2691.79 4 672.95   

Total 2.577E+06 16    

 R2= 0.9967     

The coefficients of regression were also analyzed using ANOVA as shown in Table 4.12. It 

can be clearly observed that extract concentration (C) has the greatest impact on the 

nanoparticles yield with highest F-value (369.96). The zinc ion concentration (A) was second 

most influential parameter (F-value= 244.78), while reaction time (B) had least impact on the 

nanoparticles yield (mg) with F-value of 9.69.  The reducing capability of the extract (%) 

impacts the overall availability of the zinc ions present in the solution and hence, determines 

the nanoparticles yield (Surendra et al., 2016). The reaction time had lesser impact due to the 

fast pace reaction between zinc ions and bioactive molecules in the extract. All the quadratic 

terms (A2, B2, and C2) also had significant impact on the nanoparticles yield (mg). The 

interaction between zinc concentration and reaction time (AB) was observed to impact the 

nanoparticles yield (mg), whereas other interactions (AC, and BC) had no significant impact. 

Subsequently the model adequacy was confirmed by the conducting experiments at the 

optimum conditions generated by the model (Shabaani et al., 2020).  

https://paperpile.com/c/9tbO2n/ngyGn
https://paperpile.com/c/9tbO2n/ngyGn
https://paperpile.com/c/9tbO2n/ngyGn
https://paperpile.com/c/9tbO2n/JkffS
https://paperpile.com/c/9tbO2n/JkffS
https://paperpile.com/c/9tbO2n/JkffS
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Table 4.12: ANOVA results for the coefficients of response surface quadratic model for 

nanoparticles yield (mg) using A.variabilis ARM 441 extract 

Factor Coefficient DF Standard 

error 

F-

value 

95% CI 

low 

95% CI high p-value 

Intercept 1521.44 1 15.52 - 1484.75 1558.14 - 

A 191.92 1 12.27 244.78 162.92 220.93 < 0.0001 

B 38.18 1 12.27 9.69 9.18 67.19 0.0170 

C 235.95 1 12.27 369.96 206.94 264.95 < 0.0001 

A2 -25.00 1 17.35 2.08 -66.02 16.02 0.1927 

B2 -157.51 1 17.35 82.43 -198.53 -116.49 < 0.0001 

C2 27.10 1 17.35 2.44 -13.92 68.12 0.1622 

AB -502.56 1 16.91 883.39 -542.55 -462.58 < 0.0001 

AC -239.64 1 16.91 200.85 -279.62 -199.65 < 0.0001 

BC -245.98 1 16.91 211.62 -285.96 -205.99 < 0.0001 

The combinational impacts are graphically represented as two dimensional contour plots and 

three-dimensional response surface plots (Fig. 4.29). One variable was kept constant and the 

impact of two variables on the nanoparticles yield (mg) was plotted. 
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Fig. 4.29: 2D contour and 3D response surface plots for analyzing the interaction effects between (a) Zinc concentration and reaction time, (b) 

Zinc concentration and A.variabilis ARM 441 extract concentration (c) Reaction time and A.variabilis ARM 441 extract concentration 
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4.4 Photocatalytic activity of ZnO NPs 

4.4.1 Photocatalytic activity of Bisphenol-A using ZnO NPs synthesized from Lemon 

grass 

The photocatalytic behaviour of Lemon grass synthesized ZnO NPs was estimated by the 

photodegradation of Bisphenol-A (BPA) under UV illumination. A study was performed to 

test the photocatalytic efficiency of ZnO NPs to analyse impact of various operational 

parameters such as dye concentration, pH, catalyst dosage, and time were studied for BPA (Fig. 

4.31).  Fig. 4.30 (a) illustrate the absorption spectra of BPA (λmax= 276 nm) during UV 

illumination for 45 minutes. The absorption peak of BPA decreased noticeably with 

progression of reaction time, hence the decreased relative concentration (C/C0) of BPA (Fig. 

4.32 (a)). After 45 min of exposure of BPA to UV light, about 97.41 % of BPA was degraded 

with a rate constant 5.15 × 10−2 min-1 (Table 4.13) (Yan et al., 2020). Photodegradation was 

also observed and its degradation products were analysed the by-products by LC-MS analysis. 

The photodegradation of BPA followed pseudo first order kinetics with catalytic dosage 

(50mg/100mL), BPA concentration (0.5 mM); pH (6). Concerning the interference of 

absorbance with photodegradation the control set of experiments were being conducted in the 

absence of  UV light with ZnO NPs.  No significant changes in the concentration of BPA was 

observed after attaining the adsorption-desorption equilibrium. Additionally, another control 

test for the photocatalytic degradation of the organic pollutant in the absence of ZnO NPs was 

performed and the results were not significantly different (Fig. 4.32), which confirms the high 

photostability of BPA under the presence of UV light. Further, the reusability experiments for 

BPA were performed and the results are shown in Fig. 4.30 (b). The figure clearly illustrates 

the decline in degradation efficiency. It was observed that after 5 cycles, the degradation 

efficiency of ZnO NPs for BPA was 86.9%. The stable crystal structure of ZnO NPs is mainly 

what makes catalytic reusability work well (Udayabhanu et al., 2017).  

Table 4.13: Kinetic parameters for degradation of BPA via ZnO NPs under UV- illumination 

Model Equation Rate constant, k R2 values 

First order 𝑙𝑛𝐶 = 𝑙𝑛𝐶0 − 𝑘𝑡 8.31 × 10−2min-1 0.71604 

Pseudo-first order 
𝑙𝑛 𝑙𝑛 [𝐶 − 𝐶0] =𝑙𝑛 𝑙𝑛 𝐶

− 𝑘𝑡   
5.15 × 10−2 min-1 0.96439 

Second order 
1

𝐶
=

1

𝐶0
+ 𝑘𝑡 5.3 × 10−3mg-1L-1min-1 0.35134 

Pseudo-second order 
𝑡

𝐶
=

𝑡

𝐶0
−

1

𝑘𝐶0
2 9.2 × 10−4mg-1L-1min-1 0.3551 

https://paperpile.com/c/EQiO6k/ta20
https://paperpile.com/c/EQiO6k/ta20
https://paperpile.com/c/EQiO6k/ta20
https://paperpile.com/c/EQiO6k/31pb4
https://paperpile.com/c/EQiO6k/31pb4
https://paperpile.com/c/EQiO6k/31pb4
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Fig. 4.30: (a) Time dependent photocatalytic degradation studies by ZnO NPs, absorption 

spectra of BPA samples and (b) Reusability efficiency of ZnO NPs for BPA 

Fig. 4.31: Effect of operational parameters on degradation efficiency of ZnO NPs on BPA (a) 

pH, (b) dye concentration, (c) catalyst dosage and (d) time 
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Fig. 4.32: Plots of BPA (a) Time dependent degradation, (b) First order kinetics, (c) Pseudo 

first order kinetics, (d) Second order kinetics and (e) Pseudo second order 
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4.4.1.1 Mechanism of photodegradation of Bisphenol-A 

The abundant production of oxidizing radicals during the process was highly beneficial for 

decolourization of BPA. Further, the degradation products were studied via LC-MS 

analysis. Fig. 4.33 (a) represents the mass spectrum of standard BPA and its characteristic peak 

was identified at 228.90 m/z and Fig. 4.33 (b, c) depict their mass spectrum in presence of ZnO 

NPs under UV irradiation after 20 min and 45 min respectively. Various by-products (BP) of 

lower masses (m/z) at different degradation stages were observed (Fig. 4.33 (b, c)) and their 

plausible fragmentation pattern is illustrated in Fig. 4.34. 

Intermediate DBP1 was formed when radicals in the aqueous solution attacked the C-C bond 

of BPA (Wang et al., 2020). DBP2 and DBP4 were generated by the attack of electrophilic 

•OH radical on DBP1 and BPA respectively. DBP3 was produced through oxidation reaction 

of DBP2 by cleavage of the C-C bridge and the aromatic ring. DBP5 was formed by 

hydroxylation and dehydration of DBP4 (Garg, Gupta and Bansal, 2021). DBP11 was 

generated via different routes, i.e directly from DBP4 or after the formation of intermediate 

DBP5 and DBP6 (Garg, Gupta and Bansal, 2021). Reactive species generated during the 

process had the ability to attack the C-C bonds between the two aromatic rings, leading to the 

formation of an intermediate DBP6. Additionally, BPA gets oxidized by •OH radicals and 

produces another intermediate compound DBP7 which undergoes ring cleavage and further 

induces the production of intermediate DBP8. The intermediate compound DBP8 oxidizes to 

DBP9 by cleavage of C-C bond adjacent to ring and gave compound DBP10. DBP10 was also 

produced by the dehydrogenation of DBP6 (Wang et al., 2020). Further DBP10 either produces 

smaller fragments like DBP13 or undergoes enolization to produce DBP12, which gets 

oxidized by cleavage of ring to produce smaller by-products which ultimately mineralized to 

CO2 and H2O (Yan et al., 2020). 
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Fig. 4.33: Mass spectra of BPA (a) Before irradiation and (b) after UV irradiation in the presence of ZnO NPs for 20 and 45 min, respectively 
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Fig. 4.34: Detailed photocatalytic degradation mechanism of BPA by ZnO NPs under UV 

irradiation 

4.4.2 Photocatalytic activity of BG and IC using ZnO NPs synthesized from A.variabilis 

ARM441 

Semiconductors like ZnO under the illumination of UV light absorb photons of energy equal 

or higher than the band gap energy, electrons and holes are created on the surface of a 

photocatalyst and generate highly reactive species which lead to the degradation of dyes 

(Suresh et al., 2015; Udayabhanu et al., 2017). Photocatalytic efficiency of a catalyst is 

dependent on several factors, such as crystallinity, phase composition, particle size, 

morphology, band gap, surface area and surface hydroxyl density, etc. (Rambabu et al., 2021). 

The photocatalytic behaviour of A.variabilis ARM 441 synthesized ZnO NPs was estimated 

https://paperpile.com/c/EQiO6k/Ot5Hz+31pb4
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by the photodegradation of Brilliant green (BG) and Indigo caramine (IC) under UV 

illumination. A comparative study was performed to test the photocatalytic efficiency of ZnO 

NPs over cationic and anionic dyes. Various operational parameters such as dye concentration, 

pH, catalyst dosage, and time were studied for both BG and IC (Fig 4.35).  Fig. 4.36 (a) and 

(b) illustrate the absorption spectra of BG (λmax= 625 nm) and IC (λmax= 610 nm) during UV 

illumination for 130 minutes. The absorption peak of BG and IC decreased noticeably with 

progression of reaction time, hence the decreased relative concentration (C/C0) of BG and IC 

(Fig. 4.37 (a)). After 130 min of exposure of BG to UV light, about 98.07 % of BG dye was 

degraded with a rate constant 26.4 × 10−3 min-1 (Table 4.14). Photodegradation was also 

visible by the gradual disappearance of BG's bluish green colour to a colourless solution, 

indicating the complete removal of chromophore in BG molecules, which was further analysed 

the by-products by LC-MS analysis. The photodegradation of BG dye followed first order 

kinetics with catalytic dosage (50mg/100mL), dye concentration (30mM); pH (7) (Fig. 4.37 

(b)). However, in the case of IC, after the exposure of 130 minutes, about 80.8% of the dye 

was degraded and it also followed first order kinetics with catalytic dosage (50mg/100ml), dye 

concentration (30mM), and pH (5) (Fig. 4.37 (b)).  

Table 4.14: Kinetic parameters for degradation of BG and IC via ZnO NPs under UV- 

illumination 

  Brilliant Green Indigo Carmine 

Model Equation Rate constant, k R2 values Rate constant, k R2 values 

First order 𝑙𝑛𝐶 = 𝑙𝑛𝐶0 − 𝑘𝑡 26.4 × 10−3min-1 0.98743 12.1 × 10−3 min-1 0.99499 

Pseudo-first 

order 
𝑙𝑛 𝑙𝑛 [𝐶 − 𝐶0] =𝑙𝑛 𝑙𝑛 𝐶 − 𝑘𝑡   10.9 × 10−3 min-1 0.75623 12.4 × 10−3 min-1 0.85349 

Second order 
1

𝐶
=

1

𝐶0
+ 𝑘𝑡 

1.2 × 10−3mg-

1L-1min-1 
0.73602 

2.2 × 10−4mg-1L-

1min-1 
0.92604 

Pseudo-

second order 

𝑡

𝐶
=

𝑡

𝐶0
−

1

𝑘𝐶0
2 

5.2 × 10−3mg-

1L-1min-1 
0.66775 

1.7 × 10−3 mg-

1L-1min-1 
0.88115 
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Fig. 4.35: Effect of operational parameters on degradation efficiency of ZnO NPs on BG and 

IC dyes (a) pH, (b) dye concentration, (c) catalyst dosage and (d) time 

Fig. 4.36: Time dependent photocatalytic degradation studies by ZnO NPs (a) Absorption 

spectra of BG dye samples and (b) Absorption spectra of IC dye samples 
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Fig. 4.37: Plots of BG and IC dyes (a) Time dependent degradation, (b) First order kinetics, 

(c) Pseudo first order kinetics, (d) Second order kinetics and (e) Pseudo second order 
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Fig. 4.38: Degradation of IC and BG (a) in presence ZnO NPs and absence of UV light and (b) 

in absence of ZnO NPs and presence of UV light 

Fig. 4.39: Reusability efficiency of ZnO NPs for BG and IC 

Concerning the interference of absorbance with photodegradation the control set of 

experiments (Fig. 4.38 (a)) were being conducted in the absence of UV light with ZnO 

NPs.  No significant changes in the concentration of dyes was observed after attaining the 

adsorption-desorption equilibrium. Additionally, another control test for the photocatalytic 

degradation of the respective dyes in the absence of ZnO NPs was performed and the results 

were not significantly different (Fig. 4.38 (b)), which confirms the high photostability of dyes 

under the presence of UV light. Further, the decolouration reusability experiments for BG and 

IC were performed and the results are shown in Fig. 4.39. The figure clearly illustrates the 

decline in degradation efficiency. It was observed that after 5 cycles, the degradation efficiency 

of ZnO NPs for BG and IC was 88% and 69% respectively. The stable crystal structure of ZnO 

NPs is mainly what makes catalytic reusability work well (Udayabhanu et al., 2017).  
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4.4.2.1 Mechanism of photodegradation of brilliant green dye 

Photodegradation of dyes under UV illumination is governed by simultaneous photooxidation 

followed by photosensitization. In photooxidation, photoelectron-hole pairs are generated in 

the conduction and valence band, which pair with free oxygen and water molecules of the 

solution to generate hydroxyl radicals and superoxide anions. OH· generated is the potential 

oxidizing agent that assists the degradation of dyes (Eq. 10-17) (Zhang et al., 1998; 

Udayabhanu et al., 2017; Bhattacharya et al., 2019). 

𝑍𝑛𝑂 + ℎ𝜐 → 𝑍𝑛𝑂 (𝑒𝐶.𝐵.
− + ℎ𝑉.𝐵

+ )………………..(10) 

𝑒𝐶.𝐵.
− +  𝑂2 → · 𝑂2

−………………..(11) 

ℎ𝑉.𝐵
+ + 𝑂𝐻− →· 𝑂𝐻−………………..(12) 

ℎ𝑉.𝐵
+ + 𝐻2𝑂 → 𝐻+ + 𝑂𝐻−………………..(13) 

· 𝑂2
− +  𝐻+ → · 𝐻𝑂2………………..(14) 

𝐵𝐺 +· 𝑂𝐻− → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡………………..(15) 

𝐵𝐺 +  ℎ𝑉.𝐵
+ → 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡………………..(16) 

𝐵𝐺 + 𝑒𝐶.𝐵.
− →  𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡………………..(17) 

Simultaneously, the photosensitization mechanism, adsorbed dye molecules (BG), are excited 

by energy from UV irradiation. This leads to the formation of dye radicals (BG*) by jumping 

electrons to the conduction band of ZnO NPs and further producing extra oxygen radicals (O2
-

) (Eq. 18-21) (Zhang et al., 1998, 2019; Bhattacharya et al., 2019). 

𝐵𝐺 + ℎ𝜐 → 𝐵𝐺∗………………..(18) 

𝐵𝐺 + 𝑍𝑛𝑂 →· 𝐵𝐺+ + 𝑍𝑛𝑂(𝑒𝐶.𝐵.
− )………………..(19) 

𝑍𝑛𝑂(𝑒𝐶.𝐵.
− ) + 𝑂2 → · 𝑂2

− + 𝑍𝑛𝑂………………..(20) 

· 𝐵𝐺+ → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠………………..(21) 

As brilliant green is a cationic dye, its excited dye radicals interact with the hydroxyl radicals 

and oxide radicals to generate degraded products (Eq. 22-29) (Shanmugam et al., 2016). 

· 𝐵𝐺+ +  𝑂𝐻− → 𝐵𝐺 + 𝐻𝑂 ·………………..(22) 

𝐵𝐺 + 2𝐻𝑂 ·→ 𝐻2𝑂 + 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠………………..(23) 

· 𝑂2
− + 𝐻+ →· 𝐻𝑂2………………..(24) 

· 𝐻𝑂2 + 𝐻+ + 𝑒𝐶.𝐵.
− → 𝐻2𝑂2………………..(25) 

𝐻2𝑂2 + 𝑒𝐶.𝐵.
− → 𝐻𝑂 · + 𝐻𝑂−………………..(26) 
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https://paperpile.com/c/EQiO6k/31pb4+pYXoy+8EmqF
https://paperpile.com/c/EQiO6k/31pb4+pYXoy+8EmqF
https://paperpile.com/c/EQiO6k/31pb4+pYXoy+8EmqF
https://paperpile.com/c/EQiO6k/31pb4+pYXoy+8EmqF
https://paperpile.com/c/EQiO6k/31pb4+pYXoy+8EmqF
https://paperpile.com/c/EQiO6k/31pb4+pYXoy+8EmqF
https://paperpile.com/c/EQiO6k/31pb4+pYXoy+8EmqF
https://paperpile.com/c/EQiO6k/PQoh3+8EmqF+pYXoy
https://paperpile.com/c/EQiO6k/PQoh3+8EmqF+pYXoy
https://paperpile.com/c/EQiO6k/PQoh3+8EmqF+pYXoy
https://paperpile.com/c/EQiO6k/PQoh3+8EmqF+pYXoy
https://paperpile.com/c/EQiO6k/PQoh3+8EmqF+pYXoy
https://paperpile.com/c/EQiO6k/YVmSy
https://paperpile.com/c/EQiO6k/YVmSy
https://paperpile.com/c/EQiO6k/YVmSy


107 
 

· 𝐵𝐺+ + · 𝑂2
− → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠………………..(27) 

· 𝐵𝐺+ + · 𝐻𝑂2 → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠………………..(28) 

· 𝐵𝐺+ +  𝐻𝑂 ·→ 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠………………..(29) 

The abundant production of oxidizing radicals during the process was highly beneficial for 

decolourization of BG (Shanmugam et al., 2016; Aminuzzaman et al., 2018). Further, the 

degradation products were studied via LC-MS analysis and identified by interpretation of their 

m/z value (where m is molecular weight of the intermediates in the mass spectra and z is charge 

number) (Qi et al., 2020).  Fig. 4.40 (a) represents the mass spectrum of standard BG dye and 

its characteristic peak was identified at 386.50 m/z and Fig. 4.40 (b, c) depict their mass 

spectrum in presence of ZnO NPs under UV irradiation after 60 min and 130 min respectively. 

Various by-products (BP) of lower masses (m/z) at different degradation stages were observed 

(Fig. 4.40 (b, c)) and their plausible fragmentation pattern is illustrated in Fig. 4.42. 

Initial de-ethylation of BG either by direct photolysis or •OH have contributed to the 

independent formation of BP1 with m/z 357.23. The removal of the HO2• group from peroxy 

radical and then upon subsequent reaction with H2O can lead to the generation of degradation 

product BP1, an enol (ethenol) (Rehman et al., 2018). This ethenol can undergo keto-enol 

tautomerism forming acetaldehyde. These de-ethylated byproducts were also reported by 

Rehman et al (Rehman et al., 2018). Another degradation product BP9 (m/z 399.36) was 

formed, and its hydroxylation can lead to the formation of BP10 with m/z 415.34 (Rehman et 

al., 2018). Direct photolysis of BP9 can form BP4 m/z 254.18; following the same mechanistic 

pathway BP10 can lead to production of BP5 (m/z 270.13). Such types of hydroxylation 

byproducts have been reported in literature (Shah et al., 2016, 2019; He et al., 2018). The 

addition of •OH net resulted in the formation of intermediate by product BP4 with m/z 

254.13(Rehman et al., 2018). Hydroxylation of BP4, possibly at the aromatic ring, could lead 

to the formation of BP5, m/z 270.13 whereas its de-ethylation can lead to the formation of 

degradation product BP6, m/z 226.12 (Rehman et al., 2018; Shah et al., 2019). There is the 

elimination of the –NCH2CH3 group, followed by the insertion of H+, forming BP2 with m/z 

347.21. The OH group added to BP2 and easily oxidized to –CO and forming benzophenone 

(BP3) as the oxidizing agent (Migliorini et al., 2016). Due to presence of excess •OH, and 

subsequent addition to BP3 intermediate degradation products were obtained followed by an 

internal cycle process resulting in formation of BP7 (m/z 149.12) identified as phthalic 

anhydride. Subsequently, decarboxylation process followed by addition of •OH led to 
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formation of BP8. Further, the opening of the aromatic rings occurred and aliphatic compounds 

were converted into oxalic acid, which ultimately oxidized into CO2 and H2O. After that, 

further degradation and abstraction of H-atom from the resulting intermediates causes m/z to 

dip further into the lowest value of 60.  

The final solution consisted of smaller hydrocarbons and other organic residues. It was evident 

that photodegradation was more efficient and selective for cationic dye brilliant green 

compared to anionic indigo caramine because of the electrostatic interaction between the dye 

molecules and photocatalyst (Fig 4.41). ZnO NPs were negatively charged (Zeta potential -

9.32 mV) in a neutral solution which elucidated the selectivity for cationic dyes. 
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Fig. 4.40: Mass spectra of BG Dye (a) before irradiation and (b, c) after UV irradiation in the presence of ZnO NPs for 60 and 130 min, respectively 
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Fig. 4.41: Mass spectra of IC Dye (a) efore ibrradiation and (b) after UV irradiation in the presence of ZnO NPs for 130 min
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Fig. 4.42: Detailed photocatalytic degradation mechanism of BG dye by ZnO NPs under UV irradiation 
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A comparative literature search with current experimental data is represented in Table 4.15, 

revealed better photocatalytic efficiency of synthesized ZnO NPs than other catalysts. 

Table 4.15:  Comparison of photocatalytic performance of green synthesized ZnO NPs with 

other green synthesized ZnO nanomaterials on degradation of different organic 

pollutants 

Nanomaterial Green source Dye Irradiation 

source 

Degradation 

time (min) 

Degradation 

efficiency (%) 

Reference 

ZnO Hylocereus 

polyrhizus 

Methylene 

blue 

Sunlight 120 95.0 Aminuzzaman 

et al., 2018 

ZnO Carissa edulis Congo Red Photo-

reactor 

130 97.0 Fowsiya et al. 

2016 

ZnO Calotropis 

procera 

Methyl 

Orange 

UV light 100 81.0  Gawade et al. 

2017 

ZnO Ulva lactuca Methylene 

Blue 

Sunlight 120 90.4 Ishwarya et 

al. 2018 

ZnO Coriandrum 

sativum 

Reactive 

Yellow 186 

Sunlight 130 93.4 Singh et al. 

2019 

ZnO Ruellia 

tuberosa 

Methylene 

blue 

Sunlight 150 94 Vasantharaj et 

al. 2021 

ZnO Ruellia 

tuberosa 

Malachite 

green 

Sunlight 150 92 Vasantharaj et 

al. 2021 

ZnO Phoenix 

dactylifera  

Methylene 

blue 

UV light 180 90.6 Rambabu et 

al. 2021 

ZnO  Phoenix 

dactylifera 

Eosin yellow UV light 180 90.5 Rambabu et 

al. 2021 

ZnO Salvia 

officinalis 

Methyl 

Orange 

UV light 120 92.47 Abomuti et al. 

2021 

Al-ZnO Amomum 

longiligulare 

Malachite 

green 

UV light 60 38.1 Liu et al., 

2020 

Al-ZnO Amomum 

longiligulare 

Methylene 

blue 

UV light 60 66 Liu et al., 

2020 

ZnO Lemon grass Bisphenol- A UV Light 45 97.41 Current study 

ZnO Anabaena 

variabilis 

ARM 441 

Brilliant 

Green 

UV light 130 98.1 Current study 
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Salient Findings 

1. The abundant presence of citral and photocitral-B in lemon grass extract identified by GC-

MS and NMR (13C and 1H NMR) spectroscopy acted as a coating and provided stability 

to ZnO NPs. 

2. One-pot synthesis of lemongrass-capped ZnO nanoparticles had a size of 43.58±3.2 nm 

and exhibited a hexagonal shape based on HR-TEM analysis. 

3. GC-MS and NMR (13C and 1H NMR) spectroscopic characterization of the aqueous algal 

extract revealed 21 different bioactive compounds, of which n-hexadecanoic acid and 13-

tetradecane from algal extract had reducing and capping properties that were needed for 

the synthesis of ZnO NPs the synthesis of ZnO NPs.  

4. XRD and HR-TEM revealed the properties of A. variabilis ARM 441 mediated ZnO NPs, 

which include crystals of nanoscale dimension (33.31 nm) possessing hexagonal wurtzite 

phases and exhibiting promising optical properties.  

5. Gram-scale synthesis of ZnO NPs from aqueous extracts of lemon grass and A. variabilis 

ARM 441 via a single-step co-precipitation method was accomplished. 

6. Numerical optimization of lemon grass mediated ZnO NPs, revealed that the concentration 

of zinc ions had the greatest impact to achieve an overall yield of 1857.2 mg with 

optimized conditions.   

7. A. variabilis ARM 441-mediated ZnO NPs yield was improved by the RSM optimization 

procedure with an overall yield of 1565.26 mg of ZnO NPs, which is six-fold higher as 

compared to the yield at a lower scale. 

8. 97.41 % of BPA photodegradation was achieved by ZnO NPs synthesized from lemon 

grass extract with a reusability efficiency of 86.9% after 5 cycles. 

9. The photocatalytic degradation of brilliant green and indigo carmine dyes in aqueous 

solution by A. variabilis ARM 441 mediated ZnO NPs was 98.07% and 80.8% for BG and 

IC, respectively, which followed first-order kinetics. 

10. The photocatalytic degradation studies revealed amphoteric and rapid photocatalytic 

activity of A.variabilis ARM 441 mediated ZnO NPs exhibiting excellent degradation of 

cationic dye BG as compared to anionic IC dye.  

11. Biosynthesized ZnO NPs showed evidence of their ability to act as an effective 

photocatalyst, which can be appropriate for industrial wastewater treatment, especially to 

degrade harmful and toxic pollutants that persist in aquatic environment. 
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Future Scope of Work 

The photocatalytic efficiency of biosynthesized ZnO NPs makes them suitable for industrial 

effluent treatment, particularly for the degradation of persistently harmful and toxic pollutants. 

We have developed a low-cost, eco-friendly protocol that can be implemented on a pilot scale 

to increase overall yield. The plausible mechanisms for the synthesis of nanoparticles using 

lemon grass and A. variabilis ARM 441 have been proposed. However, further studies such as 

carbon dioxide estimation and electrochemical potential of the compounds in the extracts need 

to be performed to explore the exact mechanism. Moreover, we synthesized nanomaterials that 

can improve the industrial applications of these NPs, thereby making them sustainable. Our 

newly developed green synthesis method has the potential to enhance industrial effluent 

management. Further evaluation could be conducted in the textile, food processing, and water 

purification industries. In addition, the use of synthesized ZnO NPs may be an excellent 

strategy to explore in agriculture, biologics, and therapeutics. 
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A B S T R A C T

Nanomaterials (NMs) tailored via conventional physicochemical routes play havoc with the environment that
has led to the evolution of competent green routes for the actualization of a circular economy on an industrial-
scale. Algae belonging to the class Cyanophyceae, Chlorophyceae, Phaeophyceae and Rhodophyceae have been
harnessed as nano-machineries through intracellular and extracellular synthesis of gold (Au), silver (Ag) and
several other metallic nanoparticles. Algae are an appealing platform for the production of diverse NMs, pri-
marily due to the presence of bioactive compounds such as pigments and antioxidants in their cell extracts that
act as biocompatible reductants. Chlorella spp. and Sargassum spp. have been extensively explored for the
synthesis of nanoparticles having antimicrobial properties, which can potentially substitute conventional anti-
biotics. Characterization of nanoparticles (NPs) synthesised from algae has been done using advanced spectro-
scopic, diffractographic and microscopic techniques such as UV-Vis FT-IR, DLS, XPS, XRD, SEM, TEM, AFM, HR-
TEM, and EDAX. The present paper reviews the information available on algae-mediated biosynthesis of various
NPs, their characterization and applications in different domains.

1. Introduction

Synergy between engineering and medical sciences has opened
novel frontiers in the ever-growing new domain of nanotechnology
aimed at genesis, implementation and use of nanomaterials (NMs) to
integrate with biological research. The fountainhead of nano-bio-
technology is the fabrication of nanoscale particles by virtue of biolo-
gical moieties that influence the characteristics of nanoparticles (NPs).
Synthesis of NMs of diverse sizes and shapes has underpinned great
interest due to their novel properties as compared to their bulk coun-
terparts. Consistency in the chemical, biochemical and physicochemical
properties of materials varies immensely at the nanoscale mainly due to
the high aspect ratio of surface area to volume. This leads to con-
siderable differences in biological and catalytic activity, mechanical
properties, melting point, optical absorption, thermal and electrical
conductivity (Shah et al., 2015). Nanoparticles bridge the gap between
bulk materials and atomic or molecular structures. Physicochemical
synthesis of NPs is often cumbersome and costly with the release of
harmful by-products posing a high risk to living systems (Sinha et al.,
2009; Azizi et al., 2014). Biological synthesis of NPs using microbes,
enzymes, plants, and algae has been proposed as an alternative to
chemical and physical modes of synthesis. The prime focus is on se-
lecting the compounds which are competent, harmless, eco-friendly and

commercially viable. In the past few years, phyconanotechnology,
though in its stage of infancy, is becoming an exciting and upcoming
area with greater scope in the synthesis of algae-based NPs. Algae being
the largest photoautotrophic group of microorganisms are the potential
source for an array of secondary metabolites, pigments and proteins,
which can serve as nanobiofactories for metallic nanoparticles (Ali
et al., 2011; Prasad and Elumalai, 2013; Namvar et al., 2015; Aziz et al.,
2015; Kalabegishvili et al., 2012; Patel et al., 2015; González-
Ballesteros et al., 2017).

Simple methods have been developed comprising of extracellular or
intracellular reduction of metal ions by biological extracts (Li et al.,
2011; Roychoudhury and Pal, 2014; Parial and Pal, 2014). Extracts
from plants (Sangeetha et al., 2011), bacteria (Li et al., 2011), fungi
(Mukherjee et al., 2002), human cells (Anshup et al., 2005; El-Said
et al., 2014) and diatoms (Schröfel et al., 2011) have successfully
transformed metal precursors to their corresponding NPs. The synthesis
of these NPs has been facilitated by a soup of compounds such as ter-
penoids, phenolics, flavonones, amines, amides, proteins, pigments,
alkaloids etc., present in the extracts, which assists in metal reduction
and their stabilization (Asmathunisha and Kathiresan, 2013). The high
metal uptake potential of algae and their predominance makes them a
low-cost raw material (Kannan et al., 2013a). The interaction and
biochemical activities of every microbe and the internal factors such as
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pH and temperature eventually play a crucial role in the size and
morphology of the NPs (Makarov et al., 2014; Shah et al., 2015; Pathak
et al., 2019). The high surface area to volume ratio justifies their ver-
satile applicability together with their ability to withstand harsh con-
ditions (Dahoumane et al., 2016). Their synthesis plays a vital role due
to their broad spectrum applications, which diverge from medical, in-
dustrial, electronic devices, sensors, cosmetics, pharmaceutical, agri-
culture and bioremediation.

The present paper comprehensively reviews work done on algae-
mediated biosynthesis of gold (Au), silver (Ag), palladium (Pd), pla-
tinum (Pt), iron (Fe), cadmium (Cd), titanium oxide (TiO2), zinc oxide
(ZnO) and Ag-Au bimetallic nanoparticles and their mechanism of
synthesis followed by advances in characterization techniques with
their application in different domains.

2. Classification of nanoparticles

A wide range of NPs exists naturally in the environment or can be
fabricated artificially; the latter is sometimes called anthropogenic NPs.
Despite the presence of natural NPs in living organisms, their existence
is assumed in the biosphere since the genesis of the earth. Natural NPs
can be obtained as a result of forest fires, volcanic eruptions, weath-
ering of rocks, explosion of clay minerals, soil erosions, and sandstorms
(Baker et al., 2013). NPs are classified in different categories based on
shape and dimension, phase composition and nature of the material
(Fig. 1).

3. Synthesis and characterization of nanoparticles

Fundamentally there are two approaches for the synthesis of NPs,
the top-down approach and the bottom-up approach). The top-down
approach involves slicing of bulk materials into reduced size self-

assembled nanoscale objects. It often uses microfabrication techniques,
where externally controlled tools are used to cut, mill, and shape ma-
terials into the desired size and shape (Nath and Banerjee, 2013; Khan
et al., 2017). A variety of metallic NPs were fabricated by top-down
approaches like mechanical milling (Arbain et al., 2011), etching
(Cheng et al., 2016), laser ablation (Amendola and Meneghetti, 2009),
sputtering (Hatakeyama et al., 2011) and electro-explosion (Ghorbani,
2014). Whereas the bottom-up approach is reversed altogether there-
fore referred to as molecular nanotechnology involving assembly of a
defined structure by joining atom by atom, molecule by molecule,
cluster by cluster or self-organization (Thakkar et al., 2010). In this
mode, self-assembled properties of single molecules are exploited to
build up complex conformations at the nanoscale (Nath and Banerjee,
2013). Nanoscale structures that have been reported to be synthesised
by bottom up approaches are supercritical fluid synthesis (Türk and
Erkey, 2018), use of templates (Apolinário et al., 2014), plasma or
frame spraying synthesis (Tanaka, 2018.) sol-gel process (Sekine et al.,
2009), laser pyrolysis (D’Amato et al., 2013), chemical vapour de-
position (Bhaviripudi et al., 2010), molecular condensation (Gurentsov
et al., 2007), chemical reduction (Guzmán et al., 2009) and most sig-
nificantly green synthesis (Sangeetha et al., 2011; González-Ballesteros
et al., 2017) (Fig. 2). The main focus is inclined towards synthesis of
NPs of different chemical composition, sizes, morphologies and mono-
dispersity (Sastry et al., 2003; Iravani, 2011).

In top-down approaches, physicochemical processes are involved
which may lead to surface imperfections that affect the NPs properties.
Similarly, in bottom-up approaches, NPs are clustered from smaller
units. So in both cases, the growth of the NPs is controlled via kinetic
processes which determine the shape and size of the NPs. The energy
and growth rate of crystals are monitored by introducing compatible
templates or surfactants which can curtail the interfacial energy
(Sharma et al., 2011; Khan et al., 2017). There is an array of various

Fig. 1. Classification of nanomaterials (NMs).
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kinds of metallic NPs depending on their metallic behaviour, magnetic
properties etc. (Fig. 3). Up until now, various commercial surfactants
such as cetyl trimethyl ammonium bromide (CTAB), poly-
vinylpyrrolidone (PVP), sodium dodecyl sulfate (SDS), thioglycerol
(TG), mercaptoethanol (ME), sodium hexametaphosphate (SHMP)
(Rahdar, 2013) have been used as capping agents, which could directly
modify the surface morphology of NPs during their synthesis. Usually, a
colour change is the convenient visible signature and the qualitative
indication for any reaction to take place in the biological/chemical
synthetic process. Most of the NPs are fabricated in a colloidal solution
which can be detected easily (Poinern, 2014; Khan et al., 2017). After
completion of the reaction, the NPs are subjected to simple downstream
processing such as high-speed centrifugation for their recovery
(Poinern, 2014).

Thereafter, NPs are subjected to various characterization techniques
to ascertain their size, shape, distribution, surface morphology, and
surface area. Spectroscopic and diffractographic techniques involved in
the characterization include UV-visible spectroscopy (UV-vis), dynamic
lights scattering (DLS), energy dispersive spectroscopy (EDS), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-
ray photo-electron spectroscopy (XPS) and Raman spectroscopy
(Menon et al., 2017; Shah et al., 2015). These are the indirect methods

used to analyse composition, structure, and crystal phase. Whereas
scanning electron microscopy (SEM), transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HR-TEM),
and atomic force microscopy (AFM) are employed to determine the size
and morphological features of NPs (Quester et al., 2013; Hulkoti and
Taranath, 2014).

3.1. Spectroscopic and diffractographic techniques

Generally, metallic NPs have striking optical properties due to sur-
face plasmon resonance (SPR), which is monitored by UV-Vis spectro-
scopy within the range of 190–1100 nm (Sharma et al., 2016). These
radiations interact with the metals and promote the electronic transi-
tion from ground to higher energy state and a specific SPR band is
obtained which may help to obtain the size and shape of NPs up to a
certain limit (2–100 nm) (Poinern, 2014). The absorption spectra for
different materials is different e.g. for Ag-NPs it is 400–450 nm (Verma
et al., 2010; Aboelfetoh et al., 2017), for Au-NPs it falls in between
500–550 nm and for ZnO-NPs it is between 350 and 390 nm (Poinern,
2014; Shukla and Iravani, 2017).

It has been suggested that the broadening of the SPR band width,
which illustrates a shift toward the red or blue end is considered as an

Fig. 2. Synthesis of nanomaterials (NPs) via top-down and bottom-up approaches.

Fig. 3. Different types of metallic nanomaterials (NPs).
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index of size, state of aggregation, shape, the type of capping or binding
agents, polydispersity, and the surrounding dielectric medium
(Govindaraju et al., 2008; Jena et al., 2013, Mahmudin et al., 2015).
Furthermore, an increase in particle size in the aqueous solution is
depicted by an increase in band intensity. UV/Vis- diffuse reflectance
spectrometer (DRS) is a fully equipped device, which can be used to
measure the optical absorption, transmittance and reflectance. DRS is
an exceptional technique to calculate the bandgaps of NMs which is
important for determining the photoactivity and conductance of the
material (Khan et al., 2017; Shukla and Iravani, 2017).

To investigate the underlying mechanism of synthesis and surface
chemistry, FT-IR spectroscopy is done to identify the functional groups
attached to the NPs. Usually, it ranges between 4000 and 400 cm−1,
and a resolution of 4 cm−1 gives a clear idea about the reducing agents
responsible for capping, reduction and stabilization. The comparison
between the transmittance spectra of aqueous native extract and reac-
tion medium gives an idea of the biomolecules involved in the process
(Dahoumane et al., 2016). Most common functional groups, which
adhere to the NPs are eC=Oe, eNH2e and eSHe (Jena et al., 2013,
2014). However, FT-IR has limitations because of the high degree of
overlapping of IR absorption bands in the complex biological matrix.
Additionally, other characterization techniques, such as XPS, could
shed light on the interaction between the produced NPs and their sur-
rounding biomolecules (Dahoumane et al., 2016).

Surface charge, hydrodynamic diameter and distribution of NPs in
liquid form is measured by DLS spectroscopy and particle stability is
determined by zeta potential (Poinern, 2014). Whereas the purity,
crystalline size, geometry, orientation and phases can be determined by
XRD data, generally the diffraction patterns are compared with the
standard crystallographic database like JCPDS to have the structural
information (Shah et al., 2015). It gives a rough idea about the particle
size determined by Debye Scherer formula (Ullah et al., 2017). XRD
works well with both single and multiphase identification of NPs.
Moreover, XRD diffractogram gets influenced with amorphous NMs
having varied inter-atomic lengths (Ingham, 2015).

3.2. Advanced microscopic techniques

Properties of NPs are greatly influenced by their morphology which

is studied by advanced microscopic techniques such as SEM, TEM, AFM
and HR-TEM. SEM provides information about particles at the na-
noscale and assists in determining the surface morphology and disper-
sion of NPs in bulk or matrix. TEM is most commonly used for size and
shape, and it can also provide information about the number of material
layers as it varies from low to high magnification. However when both
are combined with EDAX or EDS, information is given about the metals
present (Oza et al., 2012). In some cases of intracellular synthesis of
NPs, localization of synthesized NPs is explored by SEM and TEM.
However, in order to determine the exact shape, size and crystalline
structure HR-TEM is absolutely required. AFM on the other hand pro-
vides information on surface topography. While TEM images mainly
represent a two-dimensional image of three-dimensional nanoparticles,
AFM can be used to obtain three-dimensional information of synthe-
sized particles (Quester et al., 2013; Khan et al., 2017).

4. Mechanism of synthesis of nanoparticles from algae

Algae are known to hyperaccumulate heavy metal ions and possess
an exceptional capability to remodel them into more malleable forms
(Fawcett et al., 2017). Because of these alluring attributes, algae have
been foreseen as model organisms for fabricating bio-nanomaterials.
Algal extracts consist of carbohydrates, proteins, minerals, oil, fats,
polyunsaturated fatty acids along with the soup of bioactive compounds
such as antioxidants (polyphenols, tocopherols), and pigments such as
carotenoids (carotene, xanthophyll), chlorophylls, and phycobilins
(phycocyanin, phycoerythrin) (Michalak and Chojnacka, 2015). These
potentially active compounds have been elucidated as reducing and
stabilizing agents (Fig. 4). From the available reports, algae-mediated
synthesis of NMs involves preparation of (i) algal extract, (ii) metal
precursor solution, and (iii) incubation of algal extract with metal
precursor solution (Sharma et al., 2016). The reaction is initiated by
mixing the liquid algal extract with the molar solution of metal pre-
cursor. Typically, the colour change of the reaction mixture demarcates
as a visible signature for the initiation of reaction illustrating nuclea-
tion, followed by growth of NPs in which the adjoining nucleonic
particles club together, thus forming thermodynamically stable NPs of
different size and shape (Sharma et al., 2016; Prasad et al., 2016;
Fawcett et al., 2017). The bioactive component of extract supports the

Fig. 4. Mechansim of synthesis of nanomaterials (NPs) from algae.
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cascade of nanoparticle synthesis and the controlling factors involved
are pH, temperature, concentration and time. Keeping aside the con-
trolling factors, there are two routes of synthesis i.e. extracellular and
intracellular. Initially, the nanoparticle synthesis was reported to be
intracellular (Lengke et al., 2007a) but later algae were exploited for an
extracellular mode of synthesis (Dahoumane et al., 2012b; Aboelfetoh
et al., 2017; Fawcett et al., 2017).

4.1. Intracellular mode of synthesis of nanoparticles

The term “intracellular” refers to the process which takes place in-
side the cell. There is no requirement for any pre-treatment of micro-
algae because the process relies on metabolic pathways likely to be
responsible for synthesis such as photosynthesis, respiration and ni-
trogen fixation (Sharma et al., 2016). The reducing agents may be
NADPH or NADPH dependent reductase in the energy generating steps
during photosynthesis via electron transport system (ETS) or may be
respiratory ETS at thylakoid membranes (Sicard et al., 2010) or at the
cell wall (Senapati et al., 2012).

An example is of Rhizoclonium fontinale and Ulva intestinalis when
treated with chloroauric acid for 72 h at 20 °C; there was a visual
change in the colour of thallus from green to purple confirming the
fabrication of Au-NPs. This was supported by the fact when the gold
solution was incubated with dried biomass there was no change in
colour, which affirms that the bioreduction process is not associated
with any of the metabolic pathways involving enzymes or other me-
tabolites and the cells were poisoned by Au3+ when converted to Au0

(Parial et al., 2012a). Sicard et al. (2010) encapsulated Klebsormidium
flaccidum in silica gel suspension. The evident colour change of chlor-
oplasts from green to purple inside the cells demonstrated the capacity
of the entrapped cells to reduce gold salts. TEM images showed dark
spots of reduced gold salts in the thylakoid membranes suggesting in-
volvement of enzymes (NADPH and NADPH dependent reductase) in
the synthesis of nanoparticles (Sicard et al., 2010).

In line with this trend, Senapati and co-workers (2012) demon-
strated the intracellular synthesis by the algal cell wall in Tetraselmis
kochinensis. UV-visible spectroscopy clearly proved that there was no
extracellular synthesis. The NPs were more densely present near the cell
wall rather than the cytoplasmic area, which is most likely due to the
presence of bioactive moieties responsible for bioreduction. Further
XRD of gold nano-alga biofilm confirms the synthesis of NPs at the cell
wall (Senapati et al., 2012). Another chlorophycean alga Spirogyra
submaxima, was also found to be efficient in bioconversion of Au3+ to
Au0. After exposure to gold solution, colour of the biomass turned
pinkish purple and Au-NPs were extracted using sodium citrate solution
as a capping agent. The intracellular synthesis of crystalline gold was
further supported by Bragg reflections of purple coloured biomass
(Roychoudhury and Pal, 2014).

4.2. Extracellular mode of synthesis of nanoparticles

The term “extracellular” refers to the process which takes place
outside the cell mainly supported by the exudates of cell metabolism
comprising of metabolites, ions, pigments, various proteins (enzymes)
and non-protein entities such as DNA, RNA, microbial by-products
(hormones, antioxidants) and lipids (Mata et al., 2009; Vijayan et al.,
2014). The algal biomass is subjected to rudimentary pre-treatments
such as washing and blending (Dahoumane et al., 2016).

Kalabegishvili et al. (2012) hypothesized that the active moieties on
the surface of cells are not solely responsible for the synthesis rather
optimum concentration of metal precursor and a number of cells is
essential. Gold NPs were customized by varying the cell number and
dose of Au (III) ions. The presence of gold peak at 530 nm affirmed the
extracellular synthesis assisted by biomolecules/ proteins and enzymes
on the cell surface of Spirulina platensis. In addition, gold uptake is time
dependent which takes place in two phases i.e. rapid phase in which

metal ions are taken up quickly on the cell surface because of the
presence of active biomolecules (amino, carboxylic, phosphate, thiol),
and the slow phase in which metal ions cross the cell membrane using
transport mechanisms of the cell (Kalabegishvili and Kirkesali 2012).

In another study, Parial and Pal (2014) reported extracellular
synthesis of Au-NPs from Lyngbya majuscula and Spirulina subsalsa,
where the gradual development of colour was a time-dependent con-
venient visible signature indicating massive bioconversion of Au3+ to
Au0 leading to a steady synthesis of Au-NPs (Parial and Pal, 2014).
Shakibaie et al. (2010) were hesitant to confirm the exact mechanism
involved in the synthesis of Au-NPs via Tetraselmis suecica. The gold NPs
fabricated were not enzyme dependent as the organism is a non-ther-
mophile since the clear band at 530 nm appeared after 90 oC. The for-
mation and stabilization of Au-NPs at these conditions might be due to
the presence of reducing agents such as polyols and water-soluble
heterocyclic compounds respectively (Shakibaie et al., 2010). The dried
biomass of epilithic green alga, Prasiola crispa was exercised to tailor
spherical Au-NPs (Sharma et al., 2014a). The FT-IR spectrum clearly
illustrated the extracellular production of protein and organic moieties
which might be responsible for preventing agglomeration and facil-
itating synthesis. The colour of the algal biomass remained intact after
the completion of the process, thus ruling out the intracellular mode.
The authors believed an extracellular pathway was responsible in-
dicated by the purple colour and an absorption peak at 535 nm (Sharma
et al., 2014a).

Mata et al. (2009) coupled the recovery and reduction of gold na-
nospheres by brown alga Fucus vesiculosus extracellularly at varying pH.
A two-stage approach was followed in which the initial introduction of
metal precursor had no effect on the colour, however, a reduction of
gold and a colour change was observed in the second stage by a large
decrease in the concentration of Au ions and pH. They found that gold
uptake and bioreduction was at its highest level at neutral pH 7, be-
cause both the processes took place simultaneously. Further, FT-IR
analysis revealed that the hydroxyl groups present in the algal poly-
saccharides are the possible reducing and capping agents (Mata et al.,
2009). Macrolaga Sargassum wightii was reported to synthesize stable
and uniform gold nanospheres with an average diameter of 11 nm ex-
tracellularly in a shorter duration. Interestingly there was absence of
capping material around NPs which were at a uniform distance and
were not in physical contact as observed in TEM images (Singaravelu
et al., 2007).

Fluorescent Au-NPs were successfully fabricated using the dried
biomass of an edible freshwater epilithic red alga Lemanea fluviatilis (L.)
C.Ag (Sharma et al., 2014b). The synthesis from an aqueous reaction
mixture of chloroauric acid and Lemanea fluviatilis was found to be a
function of reaction time as revealed by UV-visible spectra, which ex-
hibited SPR at 530 nm. The NPs were stable up to 90 days as supported
by the retention in red colour of the solution and negligible change in
SPR band position. Proteins were believed to be the capping and re-
ducing agents. The fabricated nanospheres were spherical and TEM
images at low magnification corroborated that the NPs tend to assemble
in chain-like structures (Sharma et al., 2014b; LewisOscar et al., 2016).
Nitrate reductase helps in NADH dependent extracellular reduction of
Au+3 to Au0, and has been suggested to be involved in the synthesis of
nanogold in freshwater alga Chlorella pyrenoidosa (Oza et al., 2012).

Apart from the intracellular and extracellular modes of synthesis of
NPs, two research groups reported both the modes of synthesis si-
multaneously (Parial et al., 2012a, b; Jena et al., 2014). Though many
theories and hypotheses have been postulated to date, not one could
clearly explain the exact mechanism for the synthesis of NPs.

4.3. Factors controlling synthesis of nanoparticles

Physical factors such as pH, precursor concentration, reaction time,
exposure time and temperature control the nucleation, formation and
stabilization of NPs. These factors can be altered to change the size and
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morphology as well as to prevent agglomeration (Dahoumane et al.,
2012b, 2014a, 2014b; Parial and Pal, 2015). The effect of extract
concentration, pH, time and temperature were studied using UV-Vis
spectroscopy (Fig. 5) for the optimization of synthesis of Ag-NPs using
Caulerpa serrulata (Aboelfetoh et al., 2017).

4.3.1. Effect of extract concentration
Different concentrations of C. serrulata extract (5–25%) were added

to 10−3 M AgNO3 solution at room temperature after 24 h, and the
effect was observed on Ag-NPs synthesis (Aboelfetoh et al., 2017). The
increase in the concentration of extract from 5 to 20% lead to an in-
crease in the SPR band intensity, causing a blue shift towards 435nm,
indicating a decrease in average size of Ag-NPs (Fig. 5a). However, a
further increase in the extract concentration up to 25% reduced the SPR
band intensity which was perhaps due to particle agglomeration (Khalil

et al., 2014; Velammal et al., 2016).

4.3.2. Effect of contact time
C. serrulata extract (10%) and Ag+ ions were allowed to interact for

8 days at room temperature (Aboelfetoh et al., 2017). With gradual
increase in contact time, SPR peak intensity increased without any shift
leading to rapid synthesis of Ag-NPs. This clearly demonstrated the
stability of Ag-NPs without agglomeration (Fig. 5b).

4.3.3. Effect of pH
Chromatic change in the reaction mixture and SPR band peak in-

tensity were dependent on pH. The reducing and stabilizing power of C.
serrulata extract was enhanced at basic pH. With an increase in pH from
6.65 to 9.95, a narrow SPR band at 427 nm was observed along with an
increase in absorbance (Fig. 5c) (Aboelfetoh et al., 2017). However, in

Fig. 5. UV–Vis spectra of Ag-NPs formed using 10−3M AgNO3 after 24 h at 27 °C with (a) various extract concentrations, (b) 10% extract as a function of contact
time, (c) 10% extract at diverse pH values and (d) 10% extract at diverse temperatures (Abdel-Raouf et al., 2017).
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acidic condition (pH-4.10), a broad SPR band was detected at 470 nm,
reflecting the agglomeration of Ag-NPs or an increase in particle size,
which indicates the formation of a large number of Ag-NPs with smaller
diameter at higher pH values (Siddiqui et al., 2017).

4.3.4. Effect of temperature
Temperature plays a key role in the synthesis of Ag-NPs and at

elevated temperature, the rate of reaction increases due to rapid utili-
zation of reactants, leading to the formation of smaller NPs (Ibrahim,
2015). With increase in temperature from 27 to 95 °C, the less intense
SPR band at 440 nm sharpens to 412 nm at 95 °C, decreasing the overall
reaction time to 1 h (Fig. 5d) (Aboelfetoh et al., 2017).

5. Algae as a source for bionanomaterial

Algae are known to be one of the most primitive and influential
biological entities existing autotrophically performing more than 50%
of photosynthesis on this planet (Barsanti and Gualtieri, 2014). Being
rich in biologically active compounds they are regarded as an appealing
platform to serve as photosynthetic biorefineries capable of contriving a
spectrum of high value-added products in addition to fuels (Jeffryes
et al., 2015). Besides that, they are reported as hyperaccumulators of
heavy metals and their chemical transformation and are believed to
produce metal NPs (Zinicovscaia, 2012). Some of the pragmatic prop-
erties of the algae that make them as remarkable ‘nanobiofactories’ are
(i) faster doubling time (Chisti, 2007) (ii) easily scalable and well de-
veloped systems (Chisti, 2007, 2008), (iii) cells can be readily disrupted
(Chisti and Moo-Young, 1986), (iv) easily harvested (Grima et al.,
2003) (v) low cost large-scale synthesis (Sharma et al., 2015b) and (vi)
nucleation and crystal growth are accelerated due to the presence of
negative charge on the surface of the cell (Sahoo et al., 2014). The
chronicle, chemistry and the biological benefits of algae have been
thoroughly discussed and documented elsewhere (Chen and Jiang,
2013; Namvar et al., 2015). More than a hundred different micro and
macro algae have been reported that exhibit the ability to tailor NPs
both intracellularly (Roychoudhury and Pal, 2014) and extracellularly
(Mohseniazar et al., 2011), which can be recovered during downstream
processing (Dahoumane et al., 2012a).

5.1. Gold nanoparticles

Conventionally, Au-NPs have been synthesized by physical and
chemical processes (Table 1). These methods have been exploited ex-
tensively, however they have certain shortcomings such as release of
unhealthy by-products, stringent chemicals, and are capital intensive
(Shedbalkar et al., 2014). To refrain from the detrimental effects of
toxic physicochemical techniques, research turned towards exploring
living organisms. Enormous efforts have been made to understand the
roles that organisms can play in the accumulation of gold and its con-
version to non-toxic NPs (Parial et al., 2012a). The research in this
niche has expanded rapidly with one or the other reports confirming the
production of NPs by microbes (Baker et al., 2013). Rather than using
all other biological entities, algae mediated synthesis is a straightfor-
ward approach for achieving the desired Au-NPs (Sharma et al., 2016).

However, the mechanism of synthesis, bioreduction, capping, and sta-
bilization has been hypothesized by many researchers (Oza et al., 2012;
Shabnam and Pardha-Saradhi, 2013; Parial and Pal, 2015; Namvar
et al., 2015).

Algae have been proved as a boon with indefinite applications in
numerous fields that have been employed as a substitute to chemical
reductants for the tailoring of Au-NPs. Au-NPs have been synthesized
from four different classes of algae such as Cyanophyceae (Blue-green
algae) (Table 2), Chlorophyceae (Green algae) (Table 3), Phaeophyceae
(Brown algae) (Table 4) and Rhodophyceae (Red algae) (Table 5). Ma-
terial scientists have been consistently trying to fabricate Au-NPs by
numerous methods with uniform size, shape, and monodispersity. It has
been a challenging and vital mission to fabricate flexible and straight-
forward eco-friendly preparation methods to produce shape- and size-
preferred Au-NPs (Namvar et al., 2015).

5.1.1. Synthesis of gold nanoparticles from cyanobacteria
Lengke et al. (2006a) used two different gold precursors [AuCl4-]

and [Au (S2O3)23-] and successfully demonstrated intracellular and
extracellular synthesis of Au-NPs ranging in size from 10 to 25 nm. They
used Plectonema boryanum UTEX 485 as a model organism because it is
predominantly found in water bodies. In this study, cubical NPs and
octahedral nanoplates were observed using TEM.

Parial et al. (2012a) performed a dual study of screening of potential
algal strains and the effect of pH on the morphology of NPs. All three
strains Phormidium valderianum, Phormidium tenue and Microcoleus
chthonoplastes were able to synthesize NPs intracellularly. Among all
Phormidium valderianum, could only synthesize gold nanospheres with a
diameter of 15 nm at pH 5 along with triangular NPs (24 nm) at neutral
pH and hexagonal NPs (25 nm) at basic pH 9. UV-Visible spectroscopy
and TEM studies revealed the diversity in shapes and sizes of NPs. XRD
peaks of the purple coloured biomass confirmed the reduction of Au
(III) to Au (0) (Parial et al., 2012a).

Suganya et al. (2015) demonstrated the biosynthesis of Au-NPs
using a protein extract of Spirulina platensis and 10mM HAuCl4·3H2O in
the ratio of 1:1. Addition of 1N NaOH under constant stirring for 3 h led
to an instant colour change from green to greenish yellow. Further in-
cubation of the reaction mixture at room temperature for 48 h produced
a ruby red colour marking the formation of Au-NPs attributed to the
collective oscillation of electron induction by the interacting electro-
magnetic field. Different UV-Vis peaks were observed at 685 nm,
524 nm and 385 nm for Au-NPs and S. platensis protein showed an ex-
citation maximum at 620 nm. Stability of Au-NPs was evaluated at
different temperatures (4, 15, 25, 60 and 80 °C) by monitoring λmax.
UV-Vis spectra revealed that Au-NPs were stable at 4-60 °C and at 80 °C
stability was affected.

Many other researchers could collate the findings of the later by
utilizing other species like Plectonema boryanum UTEX 485 (Lengke
et al., 2006c), Lyngbya majuscule (Chakraborty et al., 2009), Nostoc el-
lipsosporum (Parial et al., 2012b) and S. platensis (Suganya et al., 2015)
(Table 2). The factors affecting the morphology were mainly dependent
on the cocktail of biological components present in the cell.

5.1.2. Synthesis of gold nanoparticles from green algae
The intracellular algae based synthesis of nano-gold was reported in

unicellular green alga Chlorella vulgaris by Ting et al. (1995). Later on
Xie et al. (2007a)) were successful in fabricating single-crystalline,
triangular gold nanoplates from Chlorella vulgaris. They determined that
there was a gold shaping protein (GSP of 28 kDa), involved in the
bioreduction and shape regulation which was isolated and purified
using SDS-PAGE and HPLC (Xie et al., 2007b).

Shakibaie et al. (2010) introduced the utilization of marine green
microalgae Tetraselmis suecica for polydispersed and crystalline Au-NPs.
The alternation of colour from yellow to red demonstrated the forma-
tion of spherical Au-NPs of size range 51-59 nm with an average size of
79 nm. They also tried to develop a rapid extracellular route, which was

Table 1
Physicochemical methods for synthesis of gold nanoparticle.

Synthesis of gold nanoparticles

Physical method Chemical method Physicochemical method

● UV radiation
● Laser ablation
● Plasma synthesis

● Citrate synthesis
● Turkevich method
● Wet chemical synthesis
● Chemical reduction

synthesis

● Sono-chemical
● Sono-electrochemical
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comparatively cheaper and convenient for downstream processing
(Shakibaie et al., 2010).

Using dried biomass of a fresh water green alga, Prasiola crispa re-
sulted in extracellular biosynthesis of highly stable nearly spherical Au-
NPs. The progress of the reaction was routinely monitored by UV-Vis
spectrum and colour change (yellow to purple). SPR band around 530
nm was observed after 1 h, which red shifted to 535 nm after 12 h, due
to an increase in size with time. The differential intensity related to
particle size distributions of Au-NPs was obtained from DLS study,
which revealed average particle diameter and the cumulative mean
diameter to be 10.0 ± 8.6 nm and 30.1 nm respectively. Greater par-
ticle size and high polydispersity observed in DLS in comparison to TEM
are attributed to the fact that the measured size also included the bio-
materials covering the surface of Au-NPs (Sharma et al., 2014a).

While searching for a suitable algal bioreagent for monodispersed
Au-NPs, Parial and Pal (2015) reported a marine macroalgal strain
Rhizoclonium fontinale which synthesized monodispersed gold nano-
spheres of 16 nm size with a maximum yield at pH 9. Variation in the
physicochemical growth parameters like cell wall thickening, rapid
akinete formation, pigment loss, giant cell formation, pyknosis, and
purple coloration of the filaments during algae-gold interaction pro-
vided evidence for the synthesis of Au-NPs. In the context of obtaining
better yield and monodispersed NPs, the effect of different concentra-
tions of gold ions, biomass and pH of the reaction mixture were also
studied. Maximum yield was obtained when alga was incubated for
72 h at pH 9 with 15mg L−1 AuCl4-1. Polydispersed nanotriangles (15-
88 nm), nanohexagons (34 nm) and nanorods (~100×51.5 nm) were
formed at pH 5 and nanospheres at pH 7 (Parial and Pal, 2015).

Other strains in which in-situ synthesis of Au-NPs were reported are
Klebsormidium flaccidum (Sicard et al., 2010; Dahoumane et al., 2012a),
Spirogyra submaxima (Roychoudhury and Pal, 2014), and Tetraselmis
kochinensis (Senapati et al., 2012). Chlorella vulgaris (Luangpipat et al.,
2011), Chlorella pyrenoidusa (Oza et al., 2012), Prasiola crispa (Sharma
et al., 2014a) produced gold nanospheres extracellularly with varied
applications (Table 3).

5.1.3. Synthesis of gold nanoparticles from brown algae
After an exhaustive screening of a large number of marine brown

algae, Sargassum spp. was reported as a promising candidate for the
fabrication of gold nanoplates (Liu et al., 2005). Hexagonal, truncated
triangular and triangular gold nanoplates were fabricated by the re-
duction of aqueous AuCl4- ions from seaweed extract. Gold nanoplates
of size 200-800 nm could be regulated by altering the initial con-
centration of the reactants. It was observed that the formation of gold
nanoplates was dependent on various environmental factors such as the
age of seaweed extract including reaction conditions such as pH, ionic
concentration, temperature and time (Liu et al., 2005). Singaravelu
et al. (2007) synthesized highly stable Au-NPs via the extracellular
mode involving biotransformation of chloroauric acid. The bio-reduc-
tion process was highly efficient with nearly 95% of Au ions reduced to
Au-NPs of size 8-12 nm within 12 h. A rapid bioprocess to scale up the
yield of Au-NPs was developed (Singaravelu et al., 2007). Efficient re-
covery of Au-NPs was reported in Fucus vesiculosus and the process was
nutrient independent, harmless and at a favourable neutral pH. This
approach can replace the traditionally used hydrometallurgical method
for gold recovery (Mata et al., 2009) (Table 4).

Novel brown alga Ecklonia cava was found to have potential redu-
cing agents which help in the synthesis of Au-NPs. The appearance of
ruby red colour after 1min at 80 °C indicated the formation of Au-NPs
with spherical and triangular morphologies with an average size of
30 ± 0.25 nm. UV-Vis spectra recorded at 532 nm attributed to the
formation of Au-NPs. FT-IR spectra revealed that at 1628 cm-1 an N–H
bend can be assigned to the 1° amine groups of the proteins. The intense
medium absorbance at 1223 and 1031 cm-1 (C–N stretch) is the char-
acteristic of the aliphatic amine groups. X-ray diffraction pattern
showed high purity of biosynthesized Au-NPs which exhibited fourTa
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prominent Bragg reflections at around 38.39°, 44.54°, 64.89° and 77.72°
which were indexed on the basis of face-centered cubic (fcc) of gold
crystal planes corresponding to (111), (200), (220) and (311) respec-
tively (Venkatesan et al., 2014).

González-Ballesteros et al. (2017) also demonstrated the biosynth-
esis of Au-NPs using aqueous extract of the brown alga Cystoseira bac-
cata and HAuCl4 solution (0.01M) after 24 h with continuous stirring at
room temperature. The reaction took place in few a minutes with
progress of the reaction regularly monitored by UV-Vis spectroscopy.
The end point was observed after 24 h as SPR peak intensity was sta-
bilized at 532 nm. However, a slight dip in the pH (5.4 to 4.5) of the
solution was noticed after the completion of the reaction. Au-NPs re-
covered were spherical in shape (mean diameter of 8.4 ± 2.2 nm),
stable and polycrystalline in nature as demonstrated by TEM, HR-TEM,
STEM and zeta potential measurements (González-Ballesteros et al.,
2017).

5.1.4. Synthesis of gold nanoparticles from red algae
Presently there are very few reports which are industrially sig-

nificant on red algae mediated synthesis of Au-NPs. Abdel-Raouf et al.
(2017) found aqueous and ethanolic extracts of Galaxaura elongata se-
parately could assist the synthesis of Au-NPs. The time reported for
bioreduction of ethanolic and aqueous extracts was 2–5min and 3 h,
respectively. The change in colour of the solution was observed in both
instances; however, there was a slight shift in λmax from 535 nm
(aqueous) to 536 nm (ethanol) which affirmed the synthesis of Au-NPs.
While FT-IR determined that the carbonyl group of amino acids and
peptides of proteins was responsible for capping, GC-MS and HPLC
determined that the exact compound involved as stabilizing agent was
palmitic acid and capping of Au-NPs was done by polyphenol com-
pounds (epigallocatechin, catechin and epicatechin gallate) (Abdel-
Raouf et al., 2017). An aqueous extract of Lemanea fluviatilis, an edible
freshwater epilithic red alga, was used to biosynthesize Au-NPs. The
initial yellow colour of chloroauric acid solution turned to red in 12 h.
SPR band at 530 nm affirmed the synthesis and stability as colour was
retained for 3 months. Polydispersed, crystalline, nearly spherical NPs
of 5-15 nm were synthesized. HR-TEM revealed lattice fringes between
the two adjacent planes to be 0.231 nm apart which corresponded to
the interplanar separation of the (111) plane of face-centered cubic
(fcc) Au-NPs. FT-IR revealed algal proteins were responsible for the
reduction and stabilization of the Au-NPs (Sharma et al., 2014b). The
majority of Au-NPs obtained from red algae are either rich in anti-
oxidant activity (Sharma et al., 2014b) or have probable applications in
therapeutics (Naveena and Prakash, 2013) (Table 5).

5.2. Silver nanoparticles

Silver is known to be a good conductor of heat and electricity,
however, the high price limits its application in the electrical industry
(Keat et al., 2015). For some time, the antimicrobial potential of silver
has been explored in many medical fields, and has been successfully
tested against 650 pathogenic microbes (Annamalai and Nallamuthu,
2016). Among the various noble metallic NPs known so far silver NPs
(Ag-NPs) have gained the most attention, exhibiting the highest level of
commercialization, accounting for 55.4% of the NMs based consumer
products existing in the market (313 out of 565) (Agnihotri et al.,
2014). Consequently, nanosilver is eventually becoming the nucleus of
the nano-industry. Ag-NPs have been synthesised from different mi-
croalgae and macroalgae belonging to Cyanophyceae (Table 6), Chlor-
ophyceae (Table 7), Rhodophyceae (Table 8) and Phaeophyceae (Table 9).

5.2.1. Synthesis of silver nanoparticles from cyanobacteria
Plectonema boryanum UTEX 485 was explored for the synthesis of

Ag-NPs for the first time by Lengke et al. (2007a). Both intracellular and
extracellular modes of synthesis were reported with considerable var-
iation in the size of NPs from less than 10 nm and 1–200 nm Ta
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respectively. They observed a decline in nitrate concentration at 25 °C,
which suggests the intracellular reduction of nitrate to ammonia. Am-
monia is further converted to the amide group of glutamines, which
shows that bioreduction of AgNO3 to Ag-NPs is dependent on metabolic
pathways of cyanobacteria. However, the release of organic moieties
from dead cells attributed to extracellular bioreduction.

Tsibakhashvili et al. (2011) carried out extracellular synthesis via
Spirulina platensis and studied the effect of short term and long term
exposure of Ag ions along with its dependence on concentration. The
shape and recovery of the NPs depend on both the factors viz on day 1,
with the observation of scarcely dispersed 1mM long AgNO3 ag-
gregates, and on day 5, NPs were distributed more uniformly on the
surface of cells and were recovered completely (Tsibakhashvili et al.,
2011). Cell free aqueous extract of Microchaete NCCU-342 was exposed
to various cultural and physical conditions for optimizing synthesis of
Ag-NPs. Optimal synthesis of Ag-NPs was obtained with biomass
quantity of 80 μg/ml at pH 5.5 and 60 °C with UV light exposure
(60min) and 1mM AgNO3. Spherical, polydispersed NPs of size in the
range of 60-80 nm were synthesized as revealed by TEM and DLS
(Husain et al., 2019).

Screening of cyanobacterial species Aphanothece, Oscillatoria,
Microcoleus, Aphanocapsa, Phormidium, Lyngbya, Gloeocapsa, and
Synechococcus, isolated from mangroves was performed by Sudha et al.
(2013) and Microcoleus spp could only fabricate spherical Ag-NPs with
an average diameter of 55 nm. Cyanobacterial mediated synthesis of
Ag-NPs at large scale was conducted by Sharma et al. (2015b) (Table 6).

5.2.2. Synthesis of silver nanoparticles from green algae
Over the past decade, researchers have proved the vitality of green

microalgae in fabrication of Ag-NPs (Barwal et al., 2011; Jena et al.,
2013; Annamalai and Nallamuthu, 2016). Xie et al. (2007b) used the
extract of economically important unicellular green alga Chlorella vul-
garis, for the synthesis of silver nanoplates. Synthesis of Ag nanoplates is
a kinetically controlled process in which hydroxyl groups in tyrosine
residues are the most active functional groups responsible for Ag+ ion
reduction and anisotropic growth and the shape control is regulated by
carboxyl groups in Aspartic acid and/or Glutamic acid of the protein
fraction in the extract (Xie et al., 2007a). Barwal et al. (2011) reported
in vitro and in vivo biosynthesis of rounded and rectangular Ag-NPs from
Chlamydomonas reinhardtii. In vitro synthesis was found to be slower,
taking 13 days, and so-formed NPs possessed size in the range of 5 ± 1
to 15 ± 2 nm, while in vivo synthesis was a comparatively faster pro-
cess which took 10 h, and the NPs produced were in the range of 5 ± 1
to 35 ± 5 nm. The formed NPs were in the peripheral cytoplasm and
the basal body (end of the flagella). Such NPs were observed to be as-
sociated with oxidative reductive machinery and proteins involved in
photosynthesis, stress response and ATP synthesis, i.e. ATP synthase,
RUBP carboxylase, ferredoxin NADP+ reductase, superoxide dismutase,
sedoheptulose-1,7-bisphosphatase and oxygen evolving enhancer pro-
teins. The involvement of these proteins was confirmed by the altera-
tion in size and biosynthesis rate of NPs in protein-depleted fractions
(Sharma et al., 2016).

Chlorophyte Chlorococcum humicola was exploited for intracellular
and extracellular biosynthesis of Ag-NPs using fresh extracts (in vitro)
and whole cells (in vivo) (Jena et al., 2013). After incubation of algal
extract and whole cells with AgNO3 (5mM) solution for 48 h at 28 °C,
spherical, crystalline Ag-NPs ranging from 2 to 16 nm with fcc geo-
metry were obtained. The binding of proteins to the Ag-NPs through
free amine groups, cysteine residue and electrostatic attraction of car-
boxylic groups in the cell wall was reported which probably stabilized
the Ag-NPs as revealed by FT-IR (Jena et al., 2013; Sharma et al., 2016).
Chlorella spp. was tailored for the synthesis of Ag-NPs both in-
tracellularly and extracellularly for their application as antibacterial
agents (Satapathy et al., 2015; Annamalai and Nallamuthu, 2016), in
wastewater treatment (Karthikeyan et al., 2015; Aziz et al., 2015) and
for large-scale synthesis (Elumalai et al., 2013) (Table 7). Li and co-Ta
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workers (2015b) for the first time reported in vitro and in vivo bio-
synthesis of Ag-NPs from Euglena spp. and found that the decreased
concentrations of silver ions in the solutions, which were treated with
Euglena gracilis and Euglena intermedia were almost equal. They also
confirmed that concentration of chlorophyll plays a role in controlling
the size and primary amines are the potential bioreductants (Li et al.,
2015b).

In addition, other green algal species like Nannochloropsis oculata
(Mohseniazar et al., 2011), Chlorococcum humicola (Jena et al., 2013),
Euglena gracilis (Li et al., 2015a), Scenedesmus sp. (Jena et al., 2014) etc.
have been reported to synthesize Ag-NPs with variable shapes and ap-
plications (Table 7). Other macroalgae have been investigated ex-
tensively for the synthesis of Ag-NPs are Enteromorpha compressa
(Dhanalakshmi et al., 2012), Urospora sp. (Suriya et al., 2012), Codium
capitatum (Kannan et al., 2013b), Pithophora oedogonia (Sinha et al.,
2015) and Spirogyra varians (Salari et al., 2016) (Table 7).

During synthesis of Ag-NPs, chromatic changes in the reaction
mixture act as a visual marker affirming the continuity of the process.
Kannan et al., 2013b observed an obvious change of brown to yellow
colour after 48 h during reduction of AgNO3 by the extract of Codium
capitatum and a time-dependent increase in brown colour intensity at
422 nm. Moreover during reduction of AgNO3 by Chaetomorpha linum
extract, the same colour change was observed within 30 minutes and
with the increase in incubation time, the brown colour intensity de-
creased at 422 nm viz characteristic absorption peak of Ag-NPs (Kannan
et al., 2013a). The role of amines and peptides in reduction and stabi-
lization of NPs was the same in both the cases (Kannan et al., 2013a,
2013b).

Ulva lactuca, cheap seaweed readily available in the coastal areas of
south India has been widely exploited as a facile method of synthesis by
various scientific groups. The synthesized Ag-NPs have varied appli-
cations (Table 7). Kumar et al. (2013a) successfully fabricated spherical
Ag-NPs with an average size of 48.59 nm at room temperature within
48 h of incubation, biometrically (Table 7).

5.2.3. Synthesis of silver nanoparticles from red algae
Coralline algae (red seaweeds) grow extensively in the marine en-

vironment, which are being used for commercial production of agar and
its derivatives (Table 8). Unlike the conventional green synthesis ap-
proaches, a rapid and novel microwave-mediated protocol was devised
by Priyadharshini et al. (2014) for the synthesis of Ag-NPs extra-
cellularly from Gracilaria edulis. The presence of quinines in the aqu-
eous extract was found to be responsible for the synthesis of nano-
spheres of 55-99 nm size which was confirmed by FT-IR and FE-SEM.
Vivek et al. (2011) obtained spherical Ag-NPs of an average size of
22 nm using the aqueous extract of the red alga Gelidiella acerosa. Ag-
NPs present in the filtrate were well distributed as non-aggregates and
showed a broad λmax peak at 408 nm. Aromatic compounds, alkanes or
amines were attributed to be the capping ligand of the Ag-NPs
(LewisOscar et al., 2016). The algal polysaccharides present in the de-
coction of Gracilaria birdiae played triple roles, i.e. complex formation
with silver ions, control of reduction and stabilization of Ag-NPs. Effect
of pH and polysaccharide concentration of (0.02, 0.03 and 0.05%, v/v)
was done to optimize the process. The resulting NPs were effective
against Escherichia coli (de Aragão et al., 2016) (Table 8).

5.2.4. Synthesis of silver nanoparticles from brown algae
Prasad et al. (2013) employed Australasian brown marine alga Cy-

stophora moniliformis for the first time. Effect of temperature on the size
and agglomeration showed that at temperatures lower than 65 °C,
spherical Ag-NPs with size range 50-100 nm and higher temperatures
up to 95 °C, NPs of size greater than 2 μm were formed. The NPs so
formed were of crystalline nature with FCC geometry as suggested by
XRD pattern (Prasad et al., 2013). Madhiyazhagan et al. (2015) re-
ported the synthesis of crystalline spherical Ag-NPs with FCC geome-
tery, ranging from 43 to79 nm in size using the aqueous extract of the

seaweed Sargassum muticum. The synthesis of silver nanospheres was
confirmed through visual assessment as the colour of the solution
turned from yellowish light brown to dark brown after the addition of
1mM AgNO3 to 5% (w/v) algal extract at 95 °C. Initially no SPR peaks
were observed however after 120min of incubation, a characteristic
SPR band of Ag-NPs at 420 nm was reported and the peak steadily in-
creased over time indicating the saturation of the peak along with
complete reduction of AgNO3 (Madhiyazhagan et al., 2015) (Table 9).

5.3. Algae-mediated synthesis of other nanomaterials

As discussed in the previous sections, different types of algal species
were reported to synthesize gold and silver NPs. Synthesis of various
other NPs such as ZnO-NPs, TiO2, CdS, Pt, Pd, Fe3O4 have also been
reported (Table 10). Lengke et al. (2006b) for the first time developed
an alternative method to abiotic chemical methods for the synthesis of
platinum NPs and platinum (II) organics from Plectonema boryanum
UTEX 485. They investigated synthesis at temperatures ranging from 25
to 180 °C, and the optimal temperature was found to be 29 °C. The re-
sulting NPs were spherical, connected with bead-like organic moieties
released from dead cyanobacterial cells. However, the size could not be
systematically studied as the variation in temperature and time was
huge. Crystallization and re-crystallization were affected by tempera-
ture, at lower temperature amorphous behaviour was observed con-
trary to the crystalline structure at higher temperature (180 °C) (Lengke
et al., 2006b). Phormidium was found to be a suitable candidate for the
extracellular synthesis of copper NPs. The reduction of cationic copper
was believed to be done by a 25 kDa metal chelating protein moiety in
aerobic conditions at neutral pH and room temperature. The role of
proteins in the stabilization of NPs was confirmed by SDS- PAGE and
FT-IR (Rahman et al., 2009). The aqueous cellular extract of diazo-
trophic cyanobacterial strain Anabaena L31 was exercised for the
synthesis of ZnO-NPs conjugated with shinorine, water-soluble UV-B
absorbent. A sharp decline in the surface charge of the conjugate from
+30.25mV to 3.75mV resulted from the changes in the surface func-
tionalities after conjugation formation (Singh et al., 2014a, 2014b,
Pathak et al., 2019).

Aqueous extract from Sargassum plagiophyllum was reported suc-
cessfully for the fabrication of AgCl-NPs (Dhas et al., 2014) (Table 10).
Advanced characterization techniques like UV-Vis, FT-IR, FE-SEM, HR-
TEM and XRD were employed to confirm the formation of AgCl-NPs
which could be used as antimicrobial agents (Dhas et al., 2014). While
screening a candidate for the synthesis of ZnO-NPs, Sargassum myr-
iocystum was found to be suitable and process optimization was done
for its synthesis (Azizi et al., 2014). To optimize parameters resulting in
the synthesis of 36 nm sized ZnO-NPs extracellularly, pH, temperature,
concentration of seaweed extract and metal concentration were studied.
Sargassum muticum was also reported to biosynthesize hexagonal ZnO-
NPs with an average size of 4 nm (Azizi et al., 2014). Sargassum muticum
is so far the only algal species whose aqueous extract could manoeuvre
cubic Fe3O4 NPs at room temperature. Apart from XRD, FT-IR, FE-SEM,
ED-XRF and TEM, vibrating sample magnetometer (VSM) was studied
to check the magnetic behaviour. FT-IR revealed sulphated poly-
saccharides were efficient stabilizers and bioreductants (Mahdavi et al.,
2013).

A rapid and simple method for complete reduction of Pd (II) ions to
Pd NPs by aqueous extract Chlorella vulgaris was demonstrated by
Arsiya et al. (2017). Gradual colour change of the solution from yellow
to dark brown indicated the formation of Pd-NPs. The reaction was
completed in 10min as the characteristic peak of Pd (II) ions at 410 and
420 nm disappeared. Furthermore, the formation of Pd-NPs was con-
firmed by SPR peak range at 370-440 nm. Polyol and amide groups of
the extract were assumed to be responsible for the reduction and sta-
bilization as strong and intense peaks were observed at 1051 cm-1

(Carbohydrate v(C-O-C) of polysaccharides, Nucleic Acid (and other
phosphate-containing compounds), 1641 cm-1 (amide or C=C
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stretching vibrations of aromatic rings), 2922 (C−H stretching of
polyols) and 3417 cm-1 (O−H group of polyols) in the FT-IR spectrum
(Arsiya et al., 2017).

5.4. Algae-mediated synthesis of bimetallic nanoparticles

Bimetallic NPs are composed of two different metals which combine
in different ratios to show novel properties derived from the con-
stituting metals. These NMs have drawn more interest than mono-
metallic NMs due to the presence of an extra degree of freedom.
Extracellular interaction of single-cell proteins of Spirulina platensis with
aqueous AgNO3 and HAuCl4 was examined for the biosynthesis of Ag-
NPs, Au- NPs and Ag-Au core shell NPs. The interaction of cyano-
bacterial biomass and the metal precursor solutions (AgNO3 and
HAuCl4 each at 10-3 M) solely or in combination for 120 h at 37 °C led to
significant chromatic changes due to the excitation of surface plasmon
vibrations in the metal NPs. The visual change in the colour of the re-
action mixture to yellowish brown (Ag-NPs), ruby red (Au-NPs) and
purple to brown (Ag-Au bimetallic) was noticed. SPR λmax bands were
observed at 424, 530 for Ag-NPs, Au-NPs. However, for bimetallic NPs
absorption peaks were observed at 509, 486 and 464 nm for 75:25,
50:50 and 25:75 (Au:Ag) mol concentrations, respectively. The gradual
shift from 530 to 424 nm was commensurate with the increased mole
fraction of silver. The size of the NPs observed for Ag-NPs was 7-16 nm,
Au-NPs was 6-10 nm and for bimetallic Au-Ag NPs it was 17-25 nm
(Govindaraju et al., 2008; Pathak et al., 2019).

Similarly, green alga Chlamydomonas reinhardtii has also been re-
ported to synthesize bimetallic Ag-Au NPs intracellularly. Aqueous
mixtures of AgNO3 and HAuCl4·H2O in different ratios (Ag:Au::1:0, 3:1,
1:1, 1:3, 0:1, 0:2) was introduced to the culture broth at room tem-
perature (22 °C) under controlled light and dark exposure of 8 h dark/
16 h day light. The creation of NPs starts within the cell soon after the
introduction of metal salts. It occurs in three stages, initially the noble
metals get internalized and reduced to NPs. Then the NPs get entrapped
in the extracellular matrix to achieve colloidal stability and later the
NPs are released into the culture medium from the extracellular matrix.
The NPs recovered had a round shape with a narrow size distribution.
SPR bands were reported ranging between 420 nm (Ag) and 555 nm
(Au) in a linear proportion to the stoichiometric ratio at which these
two metals were added to the culture (Dahoumane et al., 2014a).

Ramakritinan et al. (2013) employed Gracilaria spp. to form Ag-NPs,
Au-NPs and even bimetallic Ag-Au nanoalloys. The reduction of metal
solutions to corresponding NPs and bimetallic nanoalloys was validated
by a change in colour i.e for Ag-NPs (transparent to dark brown), Au-
NPs (ruby red) and Ag-Au bimetallic NPs (pale pink). The corre-
sponding λmax peaks at 419 nm for Ag, 536 nm for Au, 504 nm for Ag/
Au (1,1), 526 nm for Ag/Au (1,3) and 501 nm for Ag/Au (3,1) corro-
borated their synthesis. However, it was confirmed by SEM analysis
that all the NPs formed were colloidal in nature.

6. Applications of metallic nanoparticles

Metallic NPs fabricated from various algal sources used a multi-
disciplinary approach resulting from the investigational use of NPs in
biological systems (Iravani et al., 2014). They can compete with the
conventional medicines and have been reported to have antibacterial
(Sharma et al., 2015a), anticancerous (Govindaraju et al., 2015) and
antifungal activities (Azizi et al., 2013). Apart from medicinal appli-
cations, the metal NPs have extensive applicability in electronics, op-
tics, cosmetics, coatings (Singh et al., 2014a, 2014b), food packaging,
sensing devices, space industries, therapeutics, bioremediation (Iravani
et al., 2014), environmental health (Husain et al., 2019), mechanics,
light emitters, nonlinear optical devices, chemical industries (Khan
et al., 2017), and photo-electrochemical applications (Mukherji et al.,
2012; Makarov et al., 2014) (Tables 2-10).Ta
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6.1. Antimicrobial activity

NPs have drawn increasing interest from every branch of medicine
for their ability to deliver drugs in the optimum dosage range often
resulting in increased therapeutic efficiency of the drugs, weakened
side effects and improved patient compliance (Khan et al., 2017). Au-
NPs fabricated from diverse seaweeds have multifaceted roles in the
medical industry as antibacterial agents against both Gram +ve
(Rajathi et al., 2012; Venkatesan et al., 2014) and Gram -ve bacterial
pathogens (Rajeshkumar et al., 2013b; Venkatesan et al., 2014), as
antifungal against Fusarium dimerum and Humiclo insulans (Varun et al.,
2014) and antitumor activity against lung and liver cells in vitro via
activation of cell death (Singh et al., 2014a, 2014b). The small size of
NPs disrupts the membrane functions of cells (permeability or re-
spiration) by adhering to its surface and consequently penetrating the
cell and further, damaging the DNA (Vijayan et al., 2016).

Au-NPs synthesized from Spirulina platensis exhibited strong anti-
bacterial activity against Gram +ve bacteria (Bacillus subtilis and
Staphylococcus aureus) where vancomycin was taken as a positive con-
trol. Protein functionalized Au-NPs managed to penetrate through the
thick peptidoglycan layer and damaged the cell (Suganya et al., 2015).
The use of brown alga (Turbinaria conoides) has been reported for the
synthesis of Au-NPs exhibiting maximum antibacterial activity against
Streptococcus spp. The opportune bacteria B. subtilis has a minimum
range and pneumonia fever causing bacteria Klebsiella pneumoniae has a
medium range of inhibition (Rajeshkumar et al., 2013b). Au-NPs syn-
thesized using Stoechospermum marginatum were evaluated for their
antibacterial effects against Enterobacter faecalis and it was higher than
that of the positive control tetracycline, and the minimum zone of in-
hibition was recorded against K. pneumonia. However, no inhibition
was found against Escherichia coli (Rajathi et al., 2012). On the basis of
the nature of the extract derived from Galaxaura elongate (powder,
ethanol and ethanol free extract), different types of Au-NPs were syn-
thesized. The corresponding Au-NPs fabricated were evaluated for their
antibacterial activities. Maximum inhibition was observed for Au-NPs
from ethanolic extract against E. coli, K. pneumoniae and MRSA (Me-
thicillin-resistant Staphylococcus aureus) followed by Au-NPs from free
ethanolic extract which only exhibited high activity against MRSA.
However, Au-NPs from powder of G. elongata were found to be effective
against E. coli and K. pneumonia (Abdel-Raouf et al., 2017). Extra-
cellularly synthesized Ag-NPs from brown marine weed, Sargassum
wightii were tested for bacteria isolated from silkworm Bombyx mori L.
Excellent zone of inhibition was observed in all the test species of
bacteria (S. aureus, Bacillus rhizoids, E. coli and Pseudomonas aeruginosa)
(Govindaraju et al., 2009).

Ethanolic extract of Acanthophora specifera acted as both capping
and reducing agent in tailoring the cubic shaped Ag-NPs of 33-81 nm
effective against a wide range of microbes including Gram +ve (S.
aureus and B. subtillis), Gram -ve (Salmonella sp. and E. coli) and yeast
strain Candida albicans suggesting it may be a proficient antimicrobial
agent (Ibraheem et al., 2016). The synthesized Ag-NPs from cellular
metabolites of Microcoleus sp acted as a strong antibacterial agent
against E.coli, Proteus vulgaris, Salmonella typhi, Vibrio cholerae, B. sub-
tilis, S. aureus, Streptococcus and Corynebacterium (Sudha et al., 2013).
Fucoidan, water-soluble pigments in aqueous cell extracts were iden-
tified to be responsible for capping and reduction. The resulting ZnO-
NPs were highly stable up to 6 months and were effective antibacterial
agents against Gram +ve and Gram -ve bacteria (Nagarajan and
Arumugam, 2013). Biocompatible Ag-NPs, biosynthesized from Graci-
laria corticata have an effective antifungal activity against ubiquitous
fungi and are opportunistic pathogens of immunocompromised hosts
i.e. Candida albicans and Candida glabrata. Spherical, stable Ag-NPs of
18-46 nm range were obtained at 60 °C within 20min (Kumar et al.,
2013b). Synthesis of Ag-NPs using the aqueous extract of red seaweed
Gelidiella acerosa as the reducing agent exhibited antifungal property
against Humicola insolens (MTCC 4520), Fusarium dimerum (MTCC

6583), Mucor indicus (MTCC 3318), and Trichoderma reesei (MTCC
3929) (Vivek et al., 2011; LewisOscar et al., 2016). In another report,
the effect of the algal (Sargassum longifolium) mediated Ag-NPs against
the pathogenic fungi Aspergillus fumigatus, C. albicans, and Fusarium sp.
was determined (Rajeshkumar et al., 2014; LewisOscar et al., 2016).

6.2. Antifouling agents

Several studies have revealed that “nano-functionalized materials”
inhibit bacterial adhesion and biofilm formation on surfaces by coating
techniques (Beyth et al., 2008, Roe et al., 2008) and impregnation or
embedding NMs (Lellouche et al., 2009). Targeting novel receptors in-
volved in biofilm formation is the best strategy to control problems
caused by the biofilm in marine environments (Vijayan et al., 2016).
Vijayan et al. (2014) did a comparative study of biosynthesized Ag-NPs
and Au-NPs from Turbinaria conoides. Ag-NPs were found to be efficient
in controlling biofilm formation in E. coli followed by Salmonella sp.,
Serratia liquefaciens, and Aeromonas hydrophila, whereas Au-NPs were
almost ineffective. Also, spherical (2-17 nm) Ag-NPs were lethal to brine
shrimp Artemia salina with LC50 value of 88.914 μLmL−1, which affirms
it as a potent anti-microfouling agent (Vijayan et al., 2014). A similar
study was performed by Kumar et al. (2012a) in synthesizing Ag-NPs
from Sargassum ilicifolium with size range 33-40 nm and evaluated its
cytotoxicity in Artemia salina (Kumar et al., 2012a) (Table 9). Krishnan
et al. (2015) suggested that the ‘coat’ made of phytagel and apcomin zinc
chrome paint glazed with Ag-NPs synthesized from Turbinaria ornata can
prevent microflora and macroflora. The synthesized Ag-NPs restricted
the growth of 15 biofilm isolates with maximum inhibition in E. coli
(71.9%) and a minimum in Micrococcus sp. (40%) due to the secretion of
extracellular polymeric substances (EPS) from Gram +ve bacteria. These
silver based NPs can initiate a new quest of green antifouling compounds
as the cytotoxic study revealed 100% mortality for Balanu samphitrite
larvae and 56.6% for Artemia marina at 250 μg ml−1 and demonstrated
lower toxicity to non-target species (Krishnan et al., 2015).

6.3. Bioremediation

It has been found that nanomaterials provide a wonderful platform
for remediating pollution caused by various industrial effluents. In a
study done by Ramakrishna et al. (2016), aqueous extracts of brown
algae (Turbinaria conoides and Sargassum tenerrimum) were used as a
reducing agent for Au-NPs synthesis. Biosynthesized Au-NPs showed
efficient catalytic activity for the reduction of aromatic nitro com-
pounds (4-nitrophenol and p-nitroaniline) and organic dye molecules
(Rhodamine B and Sulforhodamine 101). T. conoides exhibited greater
catalytic potential than S. tenerrimum. The Ag-NPs fabricated from Ulva
lactuca actively degraded methyl orange photocatalytically under
visible light illumination using silver as a nanocatalyst (Kumar et al.,
2013a). Murugan et al. (2015) highlighted that Ulva lactuca mediated
synthesis of stable Ag-NPs can be employed at low dosages to actively
reduce populations of chloroquine-resistant Plasmodium falciparum. The
smoke repellents based on Ulva lactuca may be cheaper and safer than
the permethrin coils available in the market (Murugan et al., 2015). Ag-
NPs synthesized from Microchaete NCCU-342 exhibited appreciable dye
decolorization ability of azo dye methyl red as compared to cyano-
bacterial extract. Ag-NPs exhibited excellent photocatalytic activity
against dye molecules and can be used in remediating pollution due to
dyes and also in water purification systems (Husain et al., 2019). In-
tracellular synthesis of cadmium sulphide NPs was demonstrated in
lipid-producing green alga Scenedesmus-24 (Table 10). The adsorption
and adsorption kinetics of Cd (II) followed Langmuir isotherm pattern
and Lagergren’s pseudo-second-order model respectively, collectively
signifying a chemisorbed monolayer of cadmium ions irreversibly
bound on the algal biomass. The high retention of cadmium by the alga
substantiates Scenedesmus-24 as a model microalga for bioremediation
(Jena et al., 2015).
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6.4. Other applications

The aqueous cellular extract of diazotrophic cyanobacterial strain
Anabaena L31 was exercised for the synthesis of ZnO-NPs conjugated
with shinorine, water-soluble UV-B absorbent. A sharp decline in the
surface charge of the conjugate from +30.25mV to 3.75mV resulted
from the changes in the surface functionalities after conjugate forma-
tion. The resulting conjugate reduced the ROS generation by up to 75%,
which makes it a competent non-toxic sunscreen agent of biological
origin (Singh et al., 2014a, 2014b). Lemanea fluviatilis, an edible
freshwater epilithic red alga was used to biosynthesize Au-NPs, which
showed remarkable antioxidant activity of the Au-NPs in the DPPH
(2,2-diphenyl-1-picrylhydrazyl) assay (Sharma et al., 2014b). Catalytic
performance of the biosynthetic Pd-NPs from Sargassum bovinum was
investigated for electrochemical reduction of hydrogen peroxide (H2O2)
(Momeni and Nabipour, 2015). Pd-NPs modified carbon ionic liquid
electrode (Pd-NPs/CILE) was developed which gave a fast response
time, high sensitivity and selectivity, and a low detection limit of H2O2,
making it a promising electrochemical sensing platform.

7. Conclusion

Scientific breakthroughs have employed several algal systems for
the synthesis of metal and metal oxide NPs. Low cultivation cost, less
production time and eco-friendly synthesis minimize the use of ha-
zardous chemicals that makes algae an alternative platform for the
synthesis of NPs. Cyanobacterial strains such as Spirulina spp. and
Microcoleus spp. have been explored to synthesize Ag-NPs with broad
spectrum antibacterial activities against Gram +ve and Gram -ve
bacteria. Au-NPs and Ag-NPs from members of Chlorophyceae such as
Chlorella and Ulva show therapeutic potential against bacteria, fungi,
protozoa and many cancerous cell lines. These are also being utilized in
photocatalytic purification and remediation of polluted air and water,
respectively. In addition, microalga Scendesmus is known for Cd reten-
tion and can be considered for the synthesis of Cd-NPs playing an im-
portant role in bioremediation. Among all algae, Sargassum spp. could
be used to fabricate diverse kinds of NMs including Au-NPs, Ag-NPs,
ZnO-NPs and TiO2, opening a new scientific era for clinical diagnostics,
therapeutic agents, fertilizers, biosensors, food packaging, cosmetics,
paint, and biofilms. Different parameters (pH, temperature, con-
centration, and time), which decide shape and morphology of the NPs
need to be optimized for specific products. Nevertheless, finite knowl-
edge of synthesis mechanisms limits the use of a diverse range of algal
species. Development of clean, bio-compatible, non-toxic and eco-
friendly methods for the synthesis of the NPs is required
(Gnanasangeetha and SaralaThambavani, 2013). Besides valuable im-
plications, the issues related to environmental hazards generated due to
heavy metals need to be considered to limit the serious affect NPs may
have on the environment. Limitations ranging from variability of NP
features due to the biological variability and different methodologies
adopted to exploit these resources have impeded the path to quality
control and market entrance. Emerging advanced characterization
techniques would facilitate comparative and controlled performance of
NPs, which will encourage judicious selection of algae-based NPs. Based
on emerging reports presented in this review, in the future, a remark-
able boom may be witnessed in the biosynthesis of algae-based NMs
that will be likely to have enormous potential in pharmaceutics, agri-
culture, cosmetics and medicine.
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A B S T R A C T   

Phycosynthesis of ZnO nanoparticles (ZnO NPs) using a single-step process, from biomolecules present in the 
cyanobacterial extracts of Anabaena variabilis ARM 441 was carried out and analysed for photocatalytic degra
dation of textile dyes. Bioactive components of algal extracts identified by GC–MS and NMR (13C and 1H NMR) 
spectroscopy, reveals 21 different compounds, among which n-hexadecanoic acid and 13 tetradecenal had 
properties of reducing and capping agent required in the synthesis of ZnO NPs. Microscopic investigation of 
particle size and zeta potential confirmed the formation of hexagonal ZnO NPs with an average size of 33.31 nm. 
The EDX and XPS analyses established the chemical composition and high purity of ZnO NPs. The rietveld 
refinement studies of X-ray diffraction studies elucidated crystalline and wurtzite phase of ZnO NPs. Pore size 
(11.551 nm), surface area (38.718 m2/g) and pore volume (0.1633 cc/g) were studied by BET analysis. The 
photocatalytic degradation of brilliant green (BG) and indigo carmine (IC) dyes in aqueous solution by ZnO NPs 
was 98.07% and 80.8% for BG and IC, respectively, which followed first-order kinetics, suggesting that ZnO NPs 
are capable of degrading harmful and toxic chemical dyes that persists in the environment.   

1. Introduction 

Nanotechnology has allured tremendous attention due to parallel 
augmentation in the experimental techniques for the development of 
sustainable materials and resources. It is a diverse and contemporary 
field of research, stimulating the development of nanoscale systems and 
analyzing their assets via size, shape, and morphology. Nanoparticles 
bridge the gap between bulk materials and atomic or molecular struc
tures [1]. Generally, nanomaterials possess a high surface area to vol
ume ratio with improved surface functionalization, making 
nanoparticles exhibit pharmacological activity, thermal conductivity, 
optoelectronic property, chemical steadiness, and catalytic reactivity 
[2,3]. Such widespread applications of nanomaterials have opened 
novel frontiers in innovating protocols for the synthesis of nanoparticles. 
The existing physicochemical methods are inconvenient to use and are 
often complicated as they involve toxic reducing and stabilizing agents, 
non-biodegradable organic and inorganic chemicals, have high-energy 
consumption and relatively low yield [4,5]. Additionally, the resulting 
nanomaterials retain the capping of hazardous chemical reagents 
involved in the conventional synthetic process, resulting in diminished 

therapeutical application of nanoparticles [2]. Thus, a crucial need for 
the development of green strategies has emerged. A wide array of plants, 
bacteria, fungi, lichens, virus, algae etc. have been employed for the 
synthesis of nanoparticles as a bio-compatible alternative which is a 
harmless and environment-friendly approach [1,6]. The extracts of these 
bio-moieties have a cocktail of natural compounds such as phenolics, 
terpenoids, flavonones, amines, amides, proteins, pigments, alkaloids 
etc., which assists in both metal reduction and their stabilization at 
ambient temperature with controlled pH for desired size, shape and 
composition of nanoparticles [7]. Noteworthy, such green approaches 
have limited negatives such as high cost, the release of toxic by-products 
and are less cumbersome as compared to physicochemical processes [8]. 
Additional advantages include large-scale, cost-effective nanoparticles 
free from noxious chemicals (impurities) and easy accessibility of raw 
materials from natural surroundings. Although greener technologies 
would not be an alternative to physico-chemical methods, lesser damage 
to the ecosystem could be definitely assured. The existing literature on 
green approaches for the synthesis of nanoparticles using phyto- 
ingredients is voluminous. Different plant species such as Aloe vera 
[9], Mentha spicata [10], Garcinia mangostana [11], Hylocereus polyrhizus 
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[12] Nasturtium officinale [13], Hibiscus rosa-sinensis [14] fungal species 
such as Aspergillus niger [15] etc. have been used. Algae, the largest 
photoautotrophic group of microorganisms, are the storehouse of sec
ondary metabolites, pigments, and proteins. Algae belonging to different 
classes such as Cyanophyceae, Chlorophyceae, Phaeophyceae, and Rho
dophyceae have been widely exploited for intracellular and extracellular 
synthesis of metallic nanoparticles (Ag, Au, Pt, Ni, etc.) and metal oxide 
nanoparticles (CuO, ZnO, MnO2, TiO2, Fe3O4, etc.)[16]. However, in 
contrast to other microorganisms, very few algae have been screened for 
their ability to promote the biogenic synthesis of ZnO NPs. 

ZnO is essentially a multifaceted semiconductor with some exciting 
characteristic properties such as non-toxicity, wide band gap (~3.37 
eV), excitation energy (60 meV) [11], high electron mobility, broad 
absorption range, high thermal and chemical stability, large binding 
energy, excellent transparency in the visible range, photostability, 
oxidation resistivity, high piezoelectric features, biocompatibility and 
biodegradability [3]. ZnO NPs are exceptionally advantageous, as they 
have exhibited outstanding performances in various fields such as cos
metics, food packaging, anti-corrosives, sensors, electronics, communi
cation, environmental remediation, and medicinal therapeutics and 
photo-catalysis [17]. Brilliant green (BG) (4-{[4-(diethylamino) 
phenyl](phenyl)methylidene}-N,N-diethylcyclohexa -2,5-dien-1-imi
nium) is triphenylmethane based cationic dye [18] which has insightful 
applications as a biological stain [19], as a dermatological agent, as a 
veterinary medicine, an additive to poultry feed to inhibit propagation 
of mould, intestinal parasites and fungus [20]. It has extensive usage in 
the leather, textile and paper industry [21]. Time bound exposure of 
hazardous BG dye causes gastrointestinal and respiratory tract irritation 
in humans. Rarely, exposure of this perilous dye to skin may lead to 
dermatitis [22]. Indigo carmine (IC) (3,3′-dioxo-2,2′-bisindolyden-5,5′- 
disulfonic acid sodium salt) is an anionic dye belonging to the highly 
toxic indigoid class of dye [23]. It is widely used as a colorant in the 
textile industry and as an additive in pharmaceutical capsules and food 
items [24]. It has widespread application in the health industry [25]; 
however, prolonged consumption of IC tainted water can cause mild to 
severe hypertension, cardiovascular and respiratory disorders [26]. It 
may have deleterious carcinogenic impact on reproductive, develop
mental, and neuronal health [27]. Moreover, the presence of hazardous 
dye molecules like BG and IC in the industrial effluent streams which 
mixes with river and domestic water sources leads to a polluted water 
ecosystem [17,28]. Hence, effective treatment of these dye polluted 
aqueous streams by a simple, effective and low-cost methodology is 
needed [29,30]. 

Anabaena variabilis ARM 441 was chosen because it grows luxuri
antly in paddy fields and it can be easily cultivated in inorganic media 
[31]. The present investigation was focused to explore the role of 
aqueous cellular extract of diazotrophic cyanobacterium A. variabilis 
ARM 441 in the fabrication of ZnO NPs [32]. Bioactive components 
present in aqueous extracts of A. variabilis ARM 441 were assessed by 
Gas chromatography-mass spectrometry (GC–MS), proton nuclear 
magnetic resonance (1H NMR), 13C nuclear magnetic resonance (13C 
NMR), and FTIR spectroscopic analysis and were employed for the 
fabrication of ZnO NPs by using zinc acetate as a precursor by the co- 
precipitation method. Systematic characterizations of prepared ZnO 
NPs were performed through different analytical techniques. Micro
structural analysis of ZnO NPs was carried out and used for photo
catalytic degradation of brilliant green and indigo carmine dyes. 

2. Material and methods 

2.1. Chemicals and reagents 

Zinc acetate dihydrate (Zn (CH3COO)2⋅2H2O)) (99.9%) was pur
chased from Merck EMSURE®, Germany. Both the dyes brilliant green 
(C27H33N2.HO4S) and indigo carmine (C16H8N2Na2O8S2) were pur
chased from Sigma Aldrich, USA. All the experiments were performed 

using analytical grade water with a resistivity of 18.2 MΏ cm from a 
Millipore Milli-Q Gradient filtration system (Millipore, USA). Unless 
otherwise stated, all other reagents and chemicals were of analytical 
grade and obtained from HiMedia Pvt. Ltd., India. 

2.2. Preparation of cyanobacterial cell extracts 

Anabaena variabilis ARM 441 was procured from the Centre for 
Conservation and Utilisation of Blue-Green Algae (CCUBGA), Indian 
Agricultural Research Institute (IARI), New Delhi (India). A. variabilis 
ARM 441 was cultivated for 21 days in Erlenmeyer flasks (5 L), stirred 
daily with continuous white light illumination (3000 Lux) at 28 ◦C. After 
21 days, during the late logarithmic phase, biomass was filtered with 
Whatman’s filter no. 1, thoroughly washed with milli-Q water to remove 
adhering medium debris, and shade dried. Dried algal biomass was 
powdered using a sterile mortar and pestle and stored in airtight vials at 
room temperature. 3 g of dried biomass was taken in 100 ml of milli-Q 
water in the Soxhlet apparatus for continuous solvent extraction, using 
water solvent at 90–95 ◦C for approximately 3 h to prepare algal extract 
(Fig. 1) [33]. A gradual development of green colour was noticed. The 
extract was allowed to cool at room temperature and filtered with 
Whatman’s filter no. 1 to eliminate the biomass residues, leaving the 
dark green solution. The final extract was stored in glass vials at 4 ◦C for 
further analysis. 

2.3. GC–MS analysis, 1H NMR, and 13C NMR spectroscopy of extract 

The aqueous extract of A. variabilis ARM 441 was concentrated using 
a rotary evaporator for GC–MS analysis, 1H NMR, and 13C NMR spec
troscopy to detect the bioactive compounds of interest [34]. The com
pounds obtained from A. variabilis ARM 441 were analyzed as per 
standard protocol using a Thermo Scientific TSQ 800 GC–MS. The 
extract components were identified by comparing the retention time and 
fragmentation pattern with mass spectra of the NIST database. The 
relative percentage of compounds was expressed along with peak area 
normalization, 1H NMR and 13C NMR were carried out using FT NMR 
Spectrometer model advance II (Bruker) at 400 MHz with a 5 mm in
verse probe. 

2.4. Phycosynthesis of ZnO NPs 

Bioactive components from cell extracts of A. variabilis ARM 441 
were utilized as reducing and a capping agent for the fabrication of ZnO 
NPs (Fig. 1). Initially, the dark green extract prepared from A. variabilis 
ARM 441 was diluted by 1:5 (v/v) to obtain a stock solution by addition 
of milli-Q water. Thereafter, 10 ml of Zn(CH3COO)2 (0.2 M) solution was 
added drop by drop to 90 ml of cyanobacterial stock solution in a round 
bottom flask. The mixture was maintained at 80 ◦C using a silicone oil 
bath, continuously stirred at 500 rpm on a magnetic stirrer for 6 h until 
the colour changed from dark green to cloudy light green. After cooling 
at room temperature, the pellet was collected by centrifugation at 8000 
rpm for 10 min, and the supernatant was discarded. Further, the pellet 
was washed twice with milli-Q water followed by ethanol (99.9%) to 
remove the impurities and dried in a vacuum oven at 100 ◦C for 12 h. 
The dried powder was uniformly ground, sieved, and stored for subse
quent analyses. 

2.5. Analytical characterizations 

2.5.1. UV–Visible spectroscopy 
After visual identification, to affirm the complete reduction of zinc 

acetate to ZnO NPs was confirmed by UV Spectrophotometer containing 
UV Win Software. The absorption maxima were determined by scanning 
the sample in a quartz cuvette from 200 to 800 nm where the cuvette 
path length was set 1 cm [35]. 
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2.5.2. Particle size, polydispersity index (PDI), and zeta potential 
The stability of nanoparticles was evaluated by zeta potential 

whereas PDI estimates homogeneity of the sample. The average hy
drodynamic size, PDI and zeta potential of synthesized ZnO NPs was 
determined using a Malvern Zen 3600 particle sizer, with the principle 
of dynamic light scattering. 1 mg of ZnO NPs powder was added to 1 ml 
of milli-Q water and sonicated for 20 min [36]. 

2.5.3. Fourier transform spectroscopy (FT-IR) analysis 
Functional groups on the surface were identified using a Perki

nElmer’s FTIR. A. variabilis ARM 441 extract and ZnO NPs were tritu
rated with pure KBr (Sigma Aldrich) and pressed in a mechanical press 
to generate pellets [37]. These pellets were analyzed along with pure 
KBr pellets at the background, and FT-IR spectrum was recorded in 
4000–400 cm− 1 to ascertain the possible secondary metabolites 
responsible for capping and stabilizing nanoparticles [38]. 

2.5.4. Brunauer–Emmett–Teller (BET) 
Estimation of pore diameter, surface area, and porosity of ZnO NPs 

were characterized under liquid nitrogen temperature using Quanta 
Chrome Nova-1000 surface analyzer instrument. It involves multilayer 
adsorption–desorption of N2 as a function of relative pressure. After 
degassing the samples at 150 ◦C for 2 h in N2, final measurements were 
carried out. BET and de Boer t-plot methods were used to determine 
surface area and pore volume [39]. 

2.5.5. X-ray powder diffraction (XRD) analysis 
XRD analysis of as-synthesized ZnO NPs was carried out in reflection 

geometry with PANalytical X’Pert PRO diffractometer using Cu Kα ra
diation (1.5406 Å) for an angle (2θ) range of 20◦- 80◦ with step size 0.02 
and counting time 5 s per step operating at 10 kV and 30 mA for iden
tification of structure and crystalline phase. The crystallite size was 
calculated from XRD peaks by Debye Schererr equation D = kλ/ βcosθ 
where D is the crystallite size, λ is the wavelength for Cu Kα, β is full 
width half maxima (FWHM), θ is Bragg’s diffraction angle, and k is 
constant (0.9). XRD data was analyzed by reitveild refinement by using 
crystallographic computing software Jana 2006 [40]. The phase 
composition was confirmed using the JCPDS PDF database (release 
2011) [41]. 

2.5.6. X-ray photoelectron spectroscopy (XPS) 
The atomic concentration and binding energy of synthesized ZnO 

NPs has been analyzed using the X-ray Photoelectron Spectroscopy PHI 
5000 VersaProbe III (Physical Electronics). The binding energy was 

corrected for the charge shift using the C1s peak of graphitic carbon (BE 
¼ 284.6 eV) as a reference. XPS measurement was performed with a step 
size of 0.2 eV. Spectra were processed and fitted by Origin 9.0 software 
using Gaussian–Lorentzian curve profile and Shirley baseline [42]. 

2.5.7. Field emission scanning electron microscopy (FE-SEM) and energy- 
dispersive X-ray spectroscopy (EDX), High-resolution transmission electron 
microscopy (HR-TEM), and Selected area diffraction (SAED) analysis 

Size, morphology, and size distribution were analyzed using FE-SEM 
and elemental analysis was done using EDX. Powdered sample was used 
for FE-SEM at an accelerating voltage of 15 kV on MIRA3 TESCAN-XMU 
(Czech Republic). One drop of sonicated ZnO NPs in ethanol (99.9%) 
was dropped over the copper grid (200 mesh) and dried for surface 
analysis [43]. The micrographs and SAED pattern of as-synthesized ZnO 
NPs was recorded on high-resolution transmission electron microscope 
Jeol, JEM2100 at 200 kV. The microstructural analysis for obtained 
results from SEM and TEM was determined with ImageJ software. 

2.6. Photocatalytic degradation of brilliant green and indigo carmine 

The photocatalytic efficiency of as-synthesized ZnO NPs was esti
mated by the photodegradation of BG and IC dyes. The impact of major 
parameters (pH, dye concentration, catalyst dosage and time) affecting 
the dye degradation was evaluated individually. The ZnO NPs and dye 
mixture was stirred in the dark for 20 min to achieve the adsorp
tion–desorption equilibrium and eliminate the adsorption errors. How
ever, negligible chemisorption on the catalyst surface was observed. 
Each mixture was placed inside two 15 W low-pressure mercury lamps 
(LP Hg lamps, Cole-Parmer) with monochromatic emission at 253.7 nm. 
The fluency rate of the lamp was calculated to be 1.3 W/cm2 photo
reactor and exposed to UV light with continuous stirring. All the 
photochemical experiments were done in triplicates and at 40–45 ◦C. 
Milli-Q water was used in the preparation of sample solutions. Over 
desired time intervals (0–130 min) about 5 ml solution was collected 
and centrifuges to separate the catalyst. The absorption spectra for the 
supernatant were analysed using UV–Visible spectrophotometer in the 
200–800 nm range. The degradation efficiency (%) was calculated by 
the following reference (Eq. (1)). 

Degradation efficiency (%) =
(C0 − C)

C0
× 100 (1)  

where C0 and C are the initial concentration (t = 0) and concentration at 
a given time interval of each dye at λmax, respectively. LC-MS was con
ducted to study the photodegradation by products. 

Fig. 1. Schematic flow illustrating the preparation of A. variabilis ARM441 extract and formation-mechanism of the ZnO nanoparticles.  
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3. Results and discussion 

3.1. Biosynthesis of ZnO NPs 

A.variabilis ARM 441 mediated synthesis of ZnO NPs was achieved 
using a co-precipitation method. In the present study, the development 
of cloudy green colour in the reaction mixture confirmed the fabrication 
of ZnO NPs, which might be attributed to the interaction of functional 
groups of bioactive moieties of the cyanobacterial extract with zinc 
acetate to reduce it into Zn0 ions, thus stabilizing ZnO NPs. 

The gradual change in colour during the reaction between zinc ac
etate and aqueous extract of A.variabilis ARM 441 indicated the phy
coreduction of zinc acetate to ZnO NPs as reported by [44]. The 
absorbance band edge of synthesized ZnO NPs was approximately 356 
nm as shown in Fig. 2 (a), which coincides with the findings of Agarwal 
and Shanmugam (2019) [45]. The optical absorption seems to be 

enhanced in the 325–375 nm region. This indicates the blue shift in the 
absorption energies of ZnO NPs which are the manifestations of quan
tum size confinement in ZnO NPs. The broad band observed for ZnO NPs 
indicated the formation of varied sizes and shapes of the nanoparticles 
(Fig. 2(a)). However, the dynamic absorption peak within 200–250 nm 
suggests the presence of secondary metabolites such as fatty acids, 
polyphenols which might have been responsible for reduction of Zn 
(CH3COO)2 to ZnO NPs. The band gap energy of phycosynthesized ZnO 
NPs was calculated by Wood’s Tauc relation (Eq. (2)), 

[hυα = c(hυ − Eg)
n
] (2)  

where α is absorption coefficient, c is constant, hυ is the photon energy, 
and Eg is band gap. The parameter ‘n’ varies with type of electronic 
transitions i.e. n = 2, 1/2, 2/3 or 3 for the direct-allowed, indirect- 
allowed, direct-forbidden, and indirect-forbidden transitions, respec
tively. As ZnO is a direct bandgap material, value of n = 2. Fig. 2(a) 

Fig. 2. (a) Plot of (αhυ)2 vs hυ inset UV–vis spectra of the ZnO NPs synthesized using A.variabilis ARM 441 extract (b) Particle size distribution (DLS histogram) of the 
ZnO NPs synthesized using A.variabilis ARM 441 extract (c) FTIR spectra of A.variabilis ARM 441 extract and ZnO NPs; (d) TG thermogram (e) Nitrogen adsorption- 
desorption isotherm (f) Pore size distribution curve. 
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shows obtained data replotted between hυ v/s (αhυ)2 by using origin 9.0 
and the band gap was obtained by the extrapolation of a linear regres
sion on X-axis. It is 3.21 eV which is similar to the previous reports [43]. 
The enhanced radiative absorptions in 325–375 nm region and broad
ening of the corresponding adsorption region (3.21 eV) could be due to 
the discrete inter-band absorptions between the energy state of con
duction band and valence band. 

3.2. Characterization methods 

3.2.1. Particle size, polydispersity index (PDI), and zeta potential 
Particle size, polydispersity index (PDI), and Zeta potential of the 

ZnO NPs were done using a Malvern Zeta sizer. Before analysis, sample 
(5 mg) was diluted (1:1, w/v) using 5 ml of milli-Q water and sonicated 
for 15 min. The peak of the graph (Fig. 2(b)) depicted 138.23 nm hy
drodynamic size. Further, the PDI value was observed to be 0.753, which 
anticipated the presence of polydispersed ZnO NPs. The hydrodynamic 
size of as-synthesized ZnO NPs was relatively higher in contrast to solid- 
state. The phytochemicals and ions or molecules involved in the syn
thesis of ZnO NPs add extra hydrate layers, thus, higher hydrodynamic 
size in aqueous environment [46,47]. Also, as an additional aid to a 
certain degree was agglomeration, as reported [48,49]. 

The Zeta potential of phycosynthesized ZnO NPs can be affected by 
the bio-moieties present in A.variabilis ARM 441 extract [37]. On the 
contrary, nanoparticles’ stability and biological activity can be derived 
from the surface charge. In this study, phycosynthesized ZnO NPs had a 
negative charge of − 9.32 mV. The negative charge on ZnO NPs’ surface 
was attributed to the presence of negative charge on long-chain fatty 
acid and aldehydes. This result indicated the presence of n-hexadecanoic 
acid and 13-tetradecenal on the surface of ZnO NPs. Several other re
ports are demonstrating comparable negative zeta potential for biogenic 
metallic nanoparticles [50]. Additionally, the current work’s magnitude 
of zeta potential advocates the high stability of ZnO NPs suspension 
[37]. 

3.2.2. Fourier transform spectroscopy (FT-IR) analysis 
FTIR study was performed to recognize the active biomolecules 

present in the A. variabilis extract involved in ZnO synthesis (Fig. 2(c)). A 
broad peak at 3395 cm− 1 is an indication of O-H hydrogen bonds of 
alkaloids and steroids, which is in good correlation with the ZnO peak at 
3397.42 cm− 1. Absorption peaks at 2961.5 cm− 1 and 2954.7 cm− 1 

correspond to the alkyl (methyl) group’s- C-H vibration in ZnO NPs 
A. variabilis extract, respectively. Prominent peaks of proteins were 
observed in A. variabilis extract for C––O stretching (amide I) and C–N 
stretching and N–H deformation (amide II) at 1561.2 cm− 1. The weak 
stretching of peaks at 1413.7 cm− 1, 1047.8 cm− 1, and 1413.7 cm− 1, 
1052.6 cm− 1 revealed the presence of C––O and C–O–C stretching in 
ZnO NPs and A. variabilis ARM 441 extract, respectively [3]. The spec
trum of ZnO NPs showed a significant peak at 1649.9 cm− 1, which was 
characteristic stretching of fatty acid and carboxylic O-H bending vi
bration of fatty acid [51–53]. A distinct high intensity band was 
observed at 451.2 cm− 1, resulting from the presence of the oxygen and 
zinc bands while this peak was not observed in cyanobacterial extract. It 
is reported that secondary metabolites present in A. variabilis ARM 441 
could be responsible for the reduction of zinc acetate dihydrate into ZnO 
NPs. Thus, it can be inferred that the nanoparticle is synthesized and 
stabilized by replacing acidic protons with methyl and hydroxyl groups 
[47]. Moreover, the less intense peaks that appeared at 861.7 cm− 1 and 
657.2 cm− 1 were attributed to C–Cl and C–––C group of alkyl halides, 
and alkynes found in cyanobacterial extract, confirmed the incorpora
tion of synthesis ZnO NPs. The primary molecules responsible for the 
stabilization are fatty acids, which have been validated with the findings 
of GC–MS and NMR. 

3.2.3. Thermal behaviour 
The synthesis of ZnO NPs was maneuvered via moderate thermal 

treatment and stability of the product with temperature variations is an 
important aspect of analysis. Thermogravimetric analysis (TGA) was 
employed to as-synthesized ZnO NPs at the temperature range of 
25–800 ◦C (Fig. 2(d)). The ZnO NPs showed a minimal (1%) decrease in 
weight at 100 ◦C due to residual moisture ascribed to the dehydration 
phenomenon. A substantial continuous weight loss of about (~12%) was 
observed at above 200 ◦C due to the organic moieties of the cyano
bacterial extract. After 442 ◦C, the extract is completely decomposed as 
a capping agent on ZnO NPs [54]. However, ZnO itself is stable at much 
higher temperatures than the studied range [55]. The weight loss was 
attributed majorly due to the decomposition of bioactive compounds. 
Predominant reduction of Zn (CH3COO)2 to Zn2+ by biomoieties 
occurred in the initial phase of synthesis with low formation levels of A. 
variabilis/Zn2+ complex which is further reduced to ZnO NPs [30]. Thus, 
secondary metabolites and other bioactive components in the extract of 
A. variabilis ARM 441 were significantly present over synthesized ZnO 
NPs, and confirmed through this analysis as well [56]. 

3.2.4. Nitrogen adsorption–desorption isotherms analysis (BET analysis) 
Nitrogen adsorption and desorption experiments were performed to 

investigate the surface characteristics such as surface area and porous 
nature of synthesized ZnO NPs mediated via A. variabilis ARM 441. The 
results revealed a typical type IV isotherm attended by a type H3 hys
teresis loop which authenticates mesoporous dominance (Fig. 2(e)) 
[57]. The pore size distribution is shown in Fig. 2(f), with an average 
pore diameter 11.551 nm, surface area was 38.718 m2/g with pore 
volume 0.1633 cc/g. The average diameter was found to be smaller, 
with a greater surface area expectation. As the diameter decreases, 
surface area increases; hence the as-synthesized nanoparticles can be 
utilized as a catalyst involving adsorption and desorption of reactants 
[57]. A decrease in pore diameter of ZnO NPs can be another reason for 
its enlarged active sites [13,58]. 

3.2.5. Crystallinity study 
XRD is the primary tool for characterizing synthesized ZnO NPs. It 

was performed to analyse the structural properties of pulverized ZnO 
NPs. The diffraction patterns obtained via phycosynthesis were indexed 
as hexagonal wurtzite structure according to ICDS data (JCPDS 01-079- 
2205) as shown in Fig. 3 (a). The fabricated nanoparticles were pure and 
crystalline in nature as no evidence of peak related to any foreign moiety 
or bulk remnant was observed. Subsequently, narrow and sharp 
diffraction peaks at 2θ and indexed with planes at 31.79◦ (100), 34.45◦

(002), 36.28◦ (101), 47.56◦ (102), 56.62◦ (110), 62.89◦ (103), 67.97◦

(112), 69.09◦ (201) provide the evidence for the synthesis of single- 
phase wurtzite crystal structure [59]. Further, the XRD pattern was 
refined and analyzed employing Rietveld whole profile fitting method 
based on refinement technique with the help of the Jana (2006) in Fig. 3 
(b,c and d) and Table 1. 

3.2.6. Structural and chemical nature 
To validate the wurtzite structure and chemical purity of A.variabilis 

ARM 441 mediated ZnO NPs, XPS analysis was performed. Fig. 4 (a) 
shows the survey spectrum indicating the presence of Zn, O along with 
adventitious carbon [60]. The sample was chemically pure and devoid of 
any contaminants. High-resolution XPS spectra of the elements Zn and O 
are shown in Fig. 4 (b) and (c) respectively. The Zn 2p spectrum was 
deconvoluted (Fig. 4 (b)) and displayed a strong spin–orbit coupling 
doublet at 1022.39 eV and 1045.57 eV corresponding to core levels Zn 
2p3/2 and Zn 2p1/2 respectively with binding energy 23.18 eV. Sharp 
peaks of Zn 2p3/2 were observed; thus it confirmed that the Zn element 
exists in the form of Zn2+ [61]. 

In the case of O1s, an asymmetric peak was observed in Fig. 4 (c). 
XPS line was fitted by Gauss profile functions including linear back
ground [62]. O1s emission was composed of two contributions, with 
significant peaks centered at 531.77 and 533.17 eV. As per the litera
ture, these peaks can be ascribed to Zn-OH bonding and to the presence 
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of C––O bonding originating from surface defects and chemisorbed ox
ygen, respectively [42,63]. Also, Zn 2p and O1s regions are consistent 
with stoichiometric ZnO. To pre-conclude, it can be deduced that Zn 
atoms in ZnO NPs crystal are in oxidation state 2p. The results show that 
the ratio O/Zn is slightly lower than unity, confirming that the synthe
sized powders are pure ZnO as confirmed by XRD results. In view of the 
XPS and EDX results, no impurities were found in their detection limits. 

3.2.7. Microstructural features 
Fig. 5 represents the microscopic analysis of synthesized ZnO NPs. 

FE-SEM micrographs illustrate that nanoparticles are of various shapes 
and sizes, primarily polygonal and spherical (Fig. 5 (a,b)). Aggregation 
was also visible. The drop-off in size was noticeable, which can be due to 
the entrapment of extract over ZnO NPs. The entrapment of extract 
played a vital role in remodeling hexagonal shape to spherical nano
particles in SEM images and EDX analysis was also done as shown in 
Fig. 5 (c). Three peaks were observed between 1.1, 8.5 and 9.5 keV, 
characteristic of elemental zinc which certifies the formation of high 
purity ZnO NPs [64,65]. Apart from zinc (42.89%), a finite percentage of 
oxygen (57.11%) was also detected [66]. These results undoubtedly 
imply that even after several washings some residual portion of the 
extract was carried over the surface of ZnO NPs which establishes the 
strong bonding of bioactive molecules with ZnO NPs [64]. Reports have 
suggested that the use of different zinc salt precursors influences the 
morphological, textural and optical properties of ZnO NPs. As reported 
by Mayekar et al 2014 [67], ZnO NPs fabricated from zinc acetate 
possessed highest purity, whereas ZnO NPs fabricated from other zinc 
salts show similar crystallite size with different shapes. Additionally, it 

was predicted that acetate ions provide shielding effect during the 
synthesis preventing nanoparticle fusion during growth [68]. 

Further, HR-TEM images clearly illustrated the presence of faded but 
clear boundaries of extracts over the particles (Fig. 6 (a)) [58]. Hence, 
capping action of phytochemicals of cyanobacterial extract can be 
associated with reducing the size by preventing them from growing 
further and changing the shape during the crystallization process. The 
average particle size calculated from HR-TEM was 33.31 nm (Fig. 6 (b)). 
The interplanar adjacent planes were 0.256 nm, which corresponds to 
the inter-planar separation of 002 face-centered cubic ZnO NPs (Fig. 6 
(b)). SAED pattern of ZnO NPs was also studied. In Fig. 6(c), the presence 
of bright rings suggested the crystalline nature of fabricated ZnO NPs. 
The hexagonal wurtzite phase of ZnO NPs was evident from the 
concentric rings assigned to (100), (002), (101), (102), (110), (103), 
(112), (201) [69]. These findings agree well with the estimated cal
culations of XRD. 

3.3. Determination of A. variabilis ARM 441 bio-active compounds 
content 

3.3.1. GC–MS analysis of extract from A.variabilis ARM 441 
Chromatogram of A.variabilis ARM 441 extract shows a number of 

peaks of bioactive compounds with variable retention times (Fig. 7). The 
major components present in the cyanobacterial extract of A.variabilis 
ARM 441, along with the molecular formula, molecular weight, reten
tion time, and peak area, are presented in Table 2. The principle 
bioactive compounds (21) present in the extract include 13-tetradecenal 
(33.19 %), chloromethyl 5-chloroundecanoate (19.91%), n-hex
adecanoic acid (12.83%), 4-hydroxy-4-methyl-2-pentanone (9.39%), 
octadecanoic acid (5.69%), 2-chloroethyl linoleate (3.09%), tetradeca
noic acid, 10,13-dimethyl-, methyl ester (2.15%) hexadecanoic acid, 2- 
hydroxy-1-(hydroxymethyl) ethyl ester (1.86%), ricinoleic acid 
(0.81%), phytol (0.44%)[70,71] Thus, potential candidates for capping 
agents could be fatty acids, palmitic acid, and phytol along with protein 
moieties and some other ancillary phytochemicals. The abundant pres
ence of n-hexadecanoic acid and 13-tetradecenal in cyanobacterial cell 
extract act as a coating and provide stability to ZnO NPs [70–72]. 

Fig. 3. (a) Crystallographic (XRD) pattern (b) Reitveild refinement (c,d) Wurzite hexagonal structure of ZnO NPs.  

Table 1 
Refined Parameters and Phase Data.  

Cell parameters a = b = 3.2488 Å; c = 5.2054 Å  
α = β = 90; γ = 120 

Space group P63mc (186) 
R-factor Rwp = 5.60 %, Rexp = 6.83% GOF = 1.61 
Damping factor 0.1000 
Volume 47.58 Å3  
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3.3.2. 1H and 13C NMR spectroscopic analysis A. variabilis ARM 441 
extract 

NMR spectroscopy is suitable for metabolite profiling and analysis as 

it provides an overview of all the metabolites and detects diverse groups 
of secondary metabolites [73,74]. 1H and 13C NMR spectroscopic in
vestigations were done to determine the components present in the A. 

Fig. 4. (a) XPS survey scan; Deconvolution spectra of (b) Zn 2p (c) O1s.  

Fig. 5. Micrographs of as-prepared ZnO NPs (a, b) FESEM image (c) EDX Spectra (Unlabelled peak is of gold).  
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variabilis ARM 441 cyanobacterial extract (S1). The 1H NMR spectral 
data show chemical shift values ranging between δ = 0 to 9.0, as dis
played in Table 3. The chemical shift values δ 0.83, 0.85, 0.91, 0.93, 0.94 
signify 1◦ alkanes; δ 1.21, 1.22, 1.31 represent 2◦ alkanes and δ 1.48 
correspond to 3◦ alkanes whereas δ 1.78, 1.80, 1.91, 1.96, 2.02, 2.04, 
2.05, 2.16, 2.18, 2.19 indicate the presence of alkenes and δ 2.31 imply 

for alkynes. The chemical shifts δ 3.89, 3.90, 3.91, 3.93 represent alkyl 
chloride and δ 2.53, 3.60, 3.62, 3.64 correspond to acids and esters[34]. 
Finally, the peaks arising from δ 3.06, 3.13, 3.20 indicate alcohols, δ 
5.32, 5.33 signify the presence of 2-furanoyl group and δ 8.36 as alde
hyde/ketone components, according to the standard chart [74]. 

The chemical shifts for 13C NMR ranged between δ = 0 to 200.0, as 

Fig. 6. (a,b)HRTEM image; (c) SAED pattern.  

Fig. 7. GCMS of A.varaibilis ARM 441 extract.  
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shown in Fig. S2 & Table 2. The 13C spectrum showed resonance at δ 
14.0, 14.1, 16.9, 20.2, 20.9 representing 1◦ alkanes; δ 21.3, 22.3, 24.7, 
25.2 corresponding to 2◦ alkanes and δ 31.5, 34.0 signifying 3◦ alkanes 
whereas δ 125.7, 127.1, 127.7, 128.1, 128.2, 128.4, 129.7, 130.0, 131.6 
indicate the presence of alkenes and δ 72.6 represent alkynes. The 
chemical shifts δ 48.7, 49.9, 63.0, 63.2 represent alkyl chloride and δ 
172.5, 174.8 signify acids and esters. Finally, the peaks arising from δ 
66.8, 70.6, 172.6, and 174.9 indicate the presence of the 2-furanoyl 
group and δ 177.8 as aldehyde/ketone components affirming the 1H 
NMR spectral data[75]. Vinotha et al., 2019 [34] point out that the 
potential of NMR-based metabolomics is indiscriminating classes of 
compounds that may contribute to nanoparticles’ surface stabilization. 
The obtained 1H and 13C NMR spectral analysis further corroborates 
with the GC–MS spectroscopic data. 

3.4. Mechanism of synthesis of ZnO nanoparticles 

In the present study, A.variabilis ARM 441 aqueous extract as a new, 
safe and inexpensive source was selected to manufacture ZnO NPs. The 
unique consortia of secondary metabolites present in algal extracts are 
commonly utilized as a native stabilizing and capping agent[64]. Recent 
studies have revealed that n-hexadecanoic acid has a potential role in 
synthesizing various nanoparticles [2,3] whereas using this algal extract 

for the effective synthesis of ZnO NPs is still being undiscovered. A. 
variabilis ARM 441 extract contains an abundance of phytochemical 
compounds that play vital roles of reducing and stabilizing agents for 
obtaining a good yield of ZnO NPs. Amongst all, 13-tetradecenal and n- 
hexadecanoic acid make up about 46% of A.variabilis ARM 441 aqueous 
crude extract with a percentage of 33.19% and 12.83% respectively. 
Therefore, it is assumed that 13-tetradecenal and n-hexadecanoic acid 
primarily lead the process of reducing Zn2+ ions to stable Zn atoms. The 
probable chemical equations for synthesis of A.variabilis /ZnO NPs as 
shown in Eqs. (3) and (4). Fig. 8 illustrates a plausible mechanism of 
interaction of Zn2+ ions and the main components of A.variabilis ARM 
441 extract. 

A.variabilis+H2O(L) + Zn2+→
[
A.variabilis/Zn2+] (3)  

[
A.variabilis/Zn2+]+O2→[A.variabilis/ZnO NPs] +CO2(g) (4) 

This illustrates, excess of negatively charged atoms present in the 
extract donate their electrons and stabilize positively charged Zn2+

complex ions. As a result, the Zn2+ complex ions get converted to ZnO 
NPs [76,77]. 

3.5. Photocatalytic activity of ZnO NPs 

Semiconductors like ZnO under the illumination of UV light absorb 
photons of energy equal or higher than the band gap energy, electrons 
and holes are created on the surface of a photocatalyst and generate 
highly reactive species which lead to the degradation of dyes [16,78]. 
Photocatalytic efficiency of a catalyst is dependent on several factors, 
such as crystallinity, phase composition, particle size, morphology, band 
gap, surface area and surface hydroxyl density, etc[30]. The photo
catalytic behavior of A.variabilis ARM 441 synthesized ZnO NPs was 
estimated by the photodegradation of Brilliant green (BG) and Indigo 
caramine (IC) under UV illumination. A comparative study was per
formed to test the photocatalytic efficiency of ZnO NPs over cationic and 
anionic dyes. Various operational parameters such as dye concentration, 
pH, catalyst dosage, and time were studied for both BG and IC (S3). 
Fig. 9 (a) and (b) illustrate the absorption spectra of BG (λmax = 625 nm) 
and IC (λmax = 610 nm) during UV illumination for 130 min. The ab
sorption peak of BG and IC decreased noticeably with progression of 
reaction time, hence the decreased relative concentration (C/C0) of BG 
and IC (Fig. 10 (a)). After 130 min of exposure of BG to UV light, about 
98.07 % of BG dye was degraded with a rate constant min (Table 4). 
Photodegradation was also visible by the gradual disappearance of BG’s 

Table 2 
Bioactive compounds of A. variabilis ARM 441 extract identified through GC–MS analysis.  

Peak No. Retention time (RT) Area% Compound Name Molecular Formula Compound nature 

1  5.03  0.61 4-Methyl-3-penten-2-one C6H10O Mesityl oxide 
2  6.39  9.39 4-Hydroxy-4-methyl-2-pentanone C6H12O2 Diacetone alcohol 
3  15.41  0.15 Dodecamethyl-cyclohexasiloxane C12H36O6Si6  

4  20.47  0.26 Dodecane, 2,7,10-trimethyl- C15H32 Sesquiterpene 
5  21.18  0.33 Tetradecanoic acid C14H28O2 Myristic acid, Fatty acid 
6  21.86  0.44 Phytol, acetate C22H42O2 Diterpene 
7  22.83  2.15 Tetradecanoic acid, 10,13-dimethyl-, methyl ester C17H34O2  

8  23.08  1.32 cis,cis,cis-7,10,13-Hexadecatrienal C16H26O  
9  23.32  12.83 n-Hexadecanoic acid C16H32O2 Palmitic acid 
10  24.29  0.86 13-Hexyloxacyclotridec-10-en-2-one C18H32O2  

11  24.50  3.09 2-Chloroethyl linoleate C20H35ClO2 Fatty acid 
12  25.08  33.19 13-Tetradecenal C14H26O Volatile steroid 
13  25.25  5.69 Octadecanoic acid C18H36O2 Oleic acid 
14  25.42  3.79 cis-7,cis-11-Hexadecadien-1-yl acetate C18H32O2 Alkyl Chalcogenides 
15  25.66  0.29 17-Octadecynoic acid C18H32O2 Long-chain fatty alcohols 
16  25.84  1.36 (R)-(-)-14-Methyl-8-hexadecyn-1-ol C17H32O Long-chain fatty alcohols 
17  26.50  0.99 Methyl 12-hydroxy-9-octadecenoate C19H36O3 Fatty acid methyl ester 
18  27.14  19.91 Chloromethyl 5-chloroundecanoate C12H22Cl2O2  

19  27.47  0.81 Ricinoleic acid C18H34O3 Fatty acid 
20  29.39  0.68 cis, 6-Octadecenoic acid, trimethylsilyl ester C21H42O2Si Oleic acid 
21  29.72  1.86 Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester C19H38O4 Palmitic acid  

Table 3 
Characteristic peaks of A. variabilis ARM 441 extract identified through of 1H and 
13C NMR.  

Compound 1H NMR chemical shift values 13C NMR chemical shift values 

Alkane 
1◦

2◦

3◦

0.83, 0.85, 0.91, 0.93, 0.94 
1.21, 1.22, 1.31, 1.31 
1.48  

14.1, 14.0, 16.9, 20.2, 20.9 
21.3, 22.3, 24.7, 25.2 
31.5, 34.0 

Alkene 1.78, 1.80, 1.91, 1.96, 2.02, 
2.04, 2.05, 2.16, 2.18, 2.19 

125.7, 127.1, 127.7, 128.1, 
128.2, 128.4, 129.7, 130.0, 
131.6 

Alkyne 2.31 72.6 
Alkyl 

chloride 
3.89, 3.90, 3.91, 3.93 48.7, 49.9, 63.0, 63.2 

Acid/Ester 2.53, 3.60, 3.62, 3.64 172.5, 174.8 
Alcohol 3.06, 3.13, 3.20  
Aldehyde/ 

Ketone 
8.36 177.8 

2-Furanoyl 
group 

5.32, 5.33 66.8, 70.6, 172.6, 174.9  
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bluish green colour to a colourless solution, indicating the complete 
removal of chromophore in BG molecules, which was further analysed 
the by-products by LC-MS analysis. The photodegradation of BG dye 
followed first order kinetics with catalytic dosage (50 mg/100 ml), dye 
concentration (30 mM); pH (7). However, in the case of IC, after the 
exposure of 130 min, about 80.8% of the dye was degraded and it also 
followed first order kinetics with catalytic dosage (50 mg/100 ml), dye 
concentration (30 mM), and pH (5) (Fig. 10 (b)). 

Concerning the interference of absorbance with photodegradation 
the control set of experiments (Fig. S5 (a)) were conducted in the 
absence of UV light with ZnO NPs. No significant changes in the con
centration of dyes was observed after attaining the adsorp
tion–desorption equilibrium. Additionally, another control test for the 
photocatalytic degradation of the respective dyes in the absence of ZnO 
NPs was performed and the results were not significantly different (Fig 
S5 (b)), which confirms the high photostability of dyes under the pres
ence of UV light. Further, the decolouration reusability experiments for 
BG and IC were performed and the results are shown in Fig S6. The 
figure clearly illustrates the decline in degradation efficiency. It was 
observed that after 5 cycles, the degradation efficiency of ZnO NPs for 

BG and IC was 88% and 69% respectively. The stable crystal structure of 
ZnO NPs is mainly what makes catalytic reusability work well [78]. A 
comparetive literature search with current experimental data is repre
sented in Table 5, which reveals that the photocatalytic efficiency of our 
phycosynthesized ZnO NPs is significant. 

3.6. Mechanism of photodegradation 

Photodegradation of dyes under UV illumination is governed by 
simultaneous photooxidation followed by photosensitization. In photo
oxidation, photoelectron-hole pairs are generated in the conduction and 
valence band, which pair with free oxygen and water molecules of the 
solution to generate hydroxyl radicals and superoxide anions. OH•

generated is the potential oxidizing agent that assists the degradation of 
dyes (Eqs. (5)–(12)) [21,78,81]. 

ZnO+ hυ→ZnO
(
e−C.B. + h+

V.B

)
(5)  

e−C.B. + O2→⋅O−
2 (6)  

Fig. 8. Schematic diagram of interaction of Zn2+ ions with main compounds found in A.variabilis ARM 441 to produce ZnO-NPs.  
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h+
V.B +OH− →⋅OH− (7)  

h+
V.B +H2O→H+ +OH− (8)  

⋅O−
2 +H+→⋅HO2 (9)  

BG+ ⋅OH− →Degradation Product (10)  

BG+ h+
V.B→Oxidation Product (11)  

BG+ e−C.B.→Reduction Product (12) 

Simultaneously, the photosensitization mechanism, adsorbed dye 
molecules (BG), are excited by energy from UV irradiation. This leads to 
the formation of dye radicals (BG*) by jumping electrons to the con
duction band of ZnO NPs and further producing extra oxygen radicals 
(O2

–) (Eq. (13)–(16)) [19,21,81]. 

BG+ hυ→BG* (13)  

BG+ ZnO→⋅BG+ +ZnO
(
e−C.B.

)
(14)  

ZnO
(
e−C.B.

)
+O2→ ⋅O−

2 +ZnO (15) 

⋅BG+→Degradation Products………………..(16) 
As brilliant green is a cationic dye, its excited dye radicals interact 

with the hydroxyl radicals and oxide radicals to generate degraded 
products (Eq. (17)–(24)) [82]. 

⋅BG+ + OH − →BG+HO⋅ (17)  

BG+ 2HO⋅→H2O+Oxidation products (18)  

⋅O−
2 +H+→⋅HO2 (19)  

⋅HO2 +H+ + e−C.B.→H2O2 (20)  

H2O2 + e−C.B.→HO⋅ + HO− (21)  

⋅BG+ + ⋅O−
2 →Degradation Products (22)  

⋅BG+ + ⋅HO2→Degradation Products (23)  

⋅BG+ + HO⋅→Degradation Products (24) 

The abundant production of oxidizing radicals during the process 
was highly beneficial for decolourization of BG [11,82]. Further, the 

degradation products were studied via LC-MS analysis and identified by 
interpretation of their m/z value (where m is molecular weight of the 
intermediates in the mass spectra and z is charge number) [83]. Fig. 11 
(a) represents the mass spectrum of standard BG dye and its character
istic peak was identified at 386.50 m/z and Fig. 11 (b, c) depict their 
mass spectrum in presence of ZnO NPs under UV irradiation after 60 min 
and 130 min respectively. Various by-products (BP) of lower masses (m/ 
z) at different degradation stages were observed (Fig. 11 (b, c)) and their 
plausible fragmentation pattern is illustrated in Fig. 12. 

Initial de-ethylation of BG either by direct photolysis or •OH have 
contributed to the independent formation of BP1 with m/z 357.23. The 
removal of the HO2

• group from peroxy radical and then upon subse
quent reaction with H2O can lead to the generation of degradation 
product BP1, an enol (ethenol) [84]. This ethenol can undergo keto-enol 
tautomerism forming acetaldehyde. These de-ethylated byproducts 
were also reported by Rehman et al [84]. Another degradation product 
BP9 (m/z 399.36) was formed, and its hydroxylation can lead to the 
formation of BP10 with m/z 415.34 [84]. Direct photolysis of BP9 can 
form BP4 m/z 254.18; following the same mechanistic pathway BP10 
can lead to production of BP5 (m/z 270.13). Such types of hydroxylation 
byproducts have been reported in literature [85–87]. The addition of 
•OH net resulted in the formation of intermediate by product BP4 with 
m/z 254.13 [84]. Hydroxylation of BP4, possibly at the aromatic ring, 
could lead to the formation of BP5, m/z 270.13 whereas its de-ethylation 
can lead to the formation of degradation product BP6, m/z 226.12 
[84,86]. There is the elimination of the –NCH2CH3 group, followed by 
the insertion of H+, forming BP2 with m/z 347.21. The OH group added 
to BP2 and easily oxidized to –CO and forming benzophenone (BP3) as 
the oxidizing agent [88]. Due to presence of excess •OH, and subsequent 
addition to BP3 intermediate degradation products were obtained fol
lowed by an internal cycle process resulting in formation of BP7 (m/z 
149.12) identified as phthalic anhydride. Subsequently, decarboxylation 
process followed by addition of •OH led to formation of BP8. Further, the 
opening of the aromatic rings occurred and aliphatic compounds were 
converted into oxalic acid, which ultimately oxidized into CO2 and H2O. 
After that, further degradation and abstraction of H-atom from the 
resulting intermediates causes m/z to dip further into the lowest value of 
60. 

The final solution consisted of smaller hydrocarbons and other 
organic residues. It was evident that photodegradation was more effi
cient and selective for cationic dye brilliant green compared to anionic 
indigo caramine because of the electrostatic interaction between the dye 
molecules and photocatalyst. ZnO NPs were negatively charged (Zeta 
potential = − 9.32 mV) in a neutral solution which elucidated the 

Fig. 9. Time dependent photocatalytic degradation studies by ZnO NPs (a) Absorption spectra of BG dye samples (b) Absorption spectra of IC dye samples.  
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Fig. 10. Plots of BG and IC dyes (a) Time dependent degradation (b) First order kinetics (c) Pseudo first order kinetics (d) Second order kinetics (e) Pseudo sec
ond order. 

Table 4 
Kinetic parameters for degradation of BG and IC via ZnO NPs under UV- illumination.    

Brilliant Green Indigo Carmine 

Model Equation Rate constant, k R2 values Rate constant, k R2 values 

First order lnC = lnC0 − kt 26.4 × 10− 3 min− 1  0.98743 12.1 × 10− 3 min− 1  0.99499 
Pseudo-first order ln[C − C0 ] = lnC − kt 10.9 × 10− 3 min− 1  0.75623 12.4 × 10− 3 min− 1  0.85349 
Second order 1

C
=

1
C0

+ kt 1.2 × 10− 3 mg-1L-1min− 1  0.73602 2.2 × 10− 4 mg-1L-1min− 1  0.92604 

Pseudo-second order t
C

=
t

C0
−

1
kC2

0 

5.2 × 10− 3 mg-1L-1min− 1  0.66775 1.7 × 10− 3 mg-1L-1min− 1  0.88115  
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Table 5 
Comparison of photocatalytic performance of phycosynthesized ZnO NPs with other green synthesized ZnO nanomaterials on degradation of different chemical dyes.  

Nanomaterial Green source Dye Irradiation source Degradation time (min) Degradation efficiency (%) Reference 

ZnO Hylocereus polyrhizus Methylene Blue Sunlight 120  95.0 [12] 
ZnO Carissa edulis Congo Red Photo-reactor 130  97.0 [77] 
ZnO Calotropis procera Methyl Orange UV light 100  81.0 [78] 
ZnO Ulva lactuca Methylene Blue Sunlight 120  90.4 [79] 
ZnO Coriandrum sativum Reactive Yellow 186 Sunlight 130  93.4 [80] 
ZnO Anabaena variabilis ARM 441 Brilliant Green UV light 130  98.1 Current study  

Fig. 11. Mass spectra of BG Dye (a) Before irradiation (b) after UV irradiation in the presence of ZnO NPs for 60 and 130 min, respectively.  

Fig. 12. Detailed photocatalytic degradation mechanism of BG dye by ZnO NPs under UV irradiations.  
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selectivity for cationic dyes. 

4. Conclusion 

ZnO NPs were fabricated successfully by co-precipitation method 
using an aqueous extract of A. variabilis ARM 441 witho,ut utilizing any 
additional solvent, catalyst or template. The mechanism behind the 
green synthesis of this nanomaterial was deciphered in which the anti
oxidants of the cyanobacterial extract formed coordinated complexes 
with Zn2+ and nanoscale particles of ZnO. Characterization revealed the 
property of biosynthesized ZnO NPs, which includes crystalline of 
nanoscale dimension (33.31 nm) possessing hexagonal wurtzite phase, 
exhibiting promising optical properties. The heterogeneous morphology 
and sizes were due to the method employed and the calcination tem
perature, where it was difficult to control the size and shape of the 
particles. BET analysis confirms the formation of highly porous nano
particles. The photocatalytic degradation studies revealed amphoteric 
and rapid photocatalytic activity of ZnO NPs and exhibited excellent 
degradation of cationic dye BG as compared to anionic IC dye. The 
optimal dosage of 0.05 g/100 ml was identified to remove the maximum 
amount of BG dye molecules at 30 mM dye concentration. The photo
degradation followed first order kinetic model with rate constant 26.4 ×

10− 3 min− 1 with R2 = 0.98743. The results compiled that the ZnO NPs 
degraded both cationic as well as anionic dyes in acidic as well as neutral 
conditions. The ability of as-prepared ZnO NPs to produce an extensive 
amount of reactive radicals (such as superoxides, hydroxides and per
oxides) owing to their large surface area makes it an eligible photo
catalyst. Biosynthesized ZnO NPs showed evidence to act as an effective 
photocatalyst, which is appropriate for industrial wastewater treatment, 
especially to degrade harmful and toxic pollutants that persist in aquatic 
environment. 
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[62] F. Säuberlich, J. Fritsche, R. Hunger, A. Klein, Thin Solid Films 431–432 (2003) 

378–381. 
[63] K. Steffy, G. Shanthi, A.S. Maroky, S. Selvakumar, J. Infect. Public Health 11 (4) 

(2018) 463–471. 
[64] A. Król, V. Railean-Plugaru, P. Pomastowski, B. Buszewski, Phytochem. Lett. 31 

(2019) 170–180. 
[65] M. Fakhar-e-Alam, S. Rahim, M. Atif, M. Hammad Aziz, M. Imran Malick, S.S. 

Z. Zaidi, R. Suleman, A. Majid, Laser Phys. Lett. (2014), 039501, https://doi.org/ 
10.1088/1612-2011/11/3/039501. 

[66] M.G. Demissie, F.K. Sabir, G.D. Edossa, B.A. Gonfa, J. Chem. Chem. Eng. 2020 
(2020), https://doi.org/10.1155/2020/7459042. 

[67] Mayekar,, Dhar,, Radha, Int. J. Res. Adv. Eng. (n.d.). 
[68] Pourrahimi,, Liu,, Pallon,, Andersson, RSC Adv. (n.d.). 
[69] S. Gao, W. Yang, J. Xiao, B. Li, Q. Li, J. Mater. Sci. Technol. 35 (4) (2019) 610–614. 
[70] P.R. Gandhi, C. Jayaseelan, R.R. Mary, D. Mathivanan, S.R. Suseem, Exp. Parasitol. 

181 (2017) 47–56. 

[71] S. Gurusamy, M.R. Kulanthaisamy, D.G. Hari, A. Veleeswaran, B. Thulasinathan, J. 
B. Muthuramalingam, R. Balasubramani, S.W. Chang, M.V. Arasu, N.A. Al-Dhabi, 
A. Selvaraj, A. Alagarsamy, J. Photochem. Photobiol. B 193 (2019) 118–130. 

[72] P.E. Gnanakani,, P. Santhanam,, K. Premkumar,, K.E. Kumar,, M.D. Dhanaraju, 
Asian Pacific J. Cancer Prevention (2019) 2353–64. 10.31557/ 
apjcp.2019.20.8.2353. 

[73] K. Ayouni, M. Berboucha-Rahmani, H.K. Kim, D. Atmani, R. Verpoorte, Y.H. Choi, 
Ind. Crops Prod. 88 (2016) 65–77. 

[74] R.M. Silverstein,, F.X. Webster,, D.J. Kiemle,, D.L. Bryce, (2014). 
[75] R.M. Silverstein, G.C. Bassler, J. Chem. Educ. (1962). 
[76] S.N.A. Mohamad Sukri, K. Shameli, M. Mei-Theng Wong, S.-Y. Teow, J. Chew, N. 

A. Ismail, J. Mol. Struct. 1189 (2019) 57–65. 
[77] G. Indramahalakshmi, Asian J. Phys. Chem. Sci. (2017) 1–7, https://doi.org/ 

10.9734/ajopacs/2017/35917. 
[78] Udayabhanu, G. Nagaraju, H. Nagabhushana, D. Suresh, C. Anupama, G.K. Raghu, 

S.C. Sharma, Ceram. Int. 43(15) (2017) 11656–11667. 
[79] J. Fowsiya, G. Madhumitha, N.A. Al-Dhabi, M.V. Arasu, J. Photochem. Photobiol. B 

162 (2016) 395–401. 
[80] V.V. Gawade, N.L. Gavade, H.M. Shinde, S.B. Babar, A.N. Kadam, K.M. Garadkar, 

J. Mater. Sci.: Mater. Electron. 28 (18) (2017) 14033–14039. 
[81] F. Zhang, J. Zhao, T. Shen, H. Hidaka, E. Pelizzetti, N. Serpone, Appl. Catal. B 15 

(1) (1998) 147–156. 
[82] N. Shanmugam, T. Sathya, G. Viruthagiri, C. Kalyanasundaram, R. Gobi, 

S. Ragupathy, Appl. Surf. Sci. 360 (2016) 283–290. 
[83] C. Qi, H. Chen, C. Xu, Z. Xu, H. Chen, S. Yang, S. Li, H. He, C. Sun, Chemosphere 

260 (2020), 127681. 
[84] F. Rehman, M. Sayed, J.A. Khan, N.S. Shah, J. Hazard. Mater. (2018). 
[85] L.A. Shah, A. Haleem, M. Sayed, M. Siddiq, J. Environ. Chem. Eng. 4 (3) (2016) 

3492–3497. 
[86] L.A. Shah, T. Malik, M. Siddiq, A. Haleem, M. Sayed, A. Naeem, J. Environ. Chem. 

Eng. 7 (5) (2019), 103291. 
[87] W. He, Y. Ding, J. Tu, C. Que, Z. Yang, J. Xu, Org. Biomol. Chem. 16 (10) (2018) 

1659–1666. 
[88] F.L. Migliorini, J.R. Steter, R.S. Rocha, M.R.V. Lanza, M.R. Baldan, N.G. Ferreira, 

Diam. Relat. Mater. 65 (2016) 5–12. 

Prerna et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S1387-7003(22)00484-1/h0255
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0255
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0260
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0265
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0265
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0270
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0270
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0275
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0275
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0280
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0280
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0285
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0290
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0290
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0295
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0300
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0300
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0305
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0305
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0310
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0310
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0315
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0315
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0320
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0320
https://doi.org/10.1088/1612-2011/11/3/039501
https://doi.org/10.1088/1612-2011/11/3/039501
https://doi.org/10.1155/2020/7459042
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0345
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0350
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0350
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0355
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0355
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0355
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0365
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0365
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0375
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0380
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0380
https://doi.org/10.9734/ajopacs/2017/35917
https://doi.org/10.9734/ajopacs/2017/35917
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0395
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0395
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0400
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0400
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0415
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0415
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0420
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0420
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0425
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0425
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0430
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0435
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0435
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0440
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0440
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0445
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0445
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0450
http://refhub.elsevier.com/S1387-7003(22)00484-1/h0450

	Prerna_Title page.pdf (p.1)
	certi and dec_Scanned.pdf (p.2-3)
	Dedication (2).pdf (p.4)
	Thesis for CD.pdf (p.4-173)
	Single sided.pdf (p.3-4)
	Dedicated to my Supervisor.pdf (p.1)



	Dedication.pdf (p.5)
	1.pdf (p.6-216)
	Introduction_vf.pdf (p.27-30)
	ROL_part 1.pdf (p.31-44)
	ROL part 2.pdf (p.45-72)
	Material and Methods_vF.pdf (p.73-80)
	Objective 1 Results and discussion_vF.pdf (p.81-95)
	Objective 2 Results and discussion_vF.pdf (p.96-113)
	Objective 3 Results and discussion_vf.pdf (p.114-121)
	Objective 4 Results and discussion_vf.pdf (p.122-138)
	Salient Findings_vF.pdf (p.139-140)
	Bibliography.pdf (p.141-171)
	publication.pdf (p.172-173)
	Turnitin.pdf (p.174)
	Plag report.pdf (p.174)

	Khanna et al 2019.pdf (p.175-198)
	Prerna 2022.pdf (p.199-213)


