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Abstract 

Microalgae, a group of organisms, have emerged as promising candidates for various 

applications due to the abundance of valuable metabolites combined with increased growth rate 

and biomass production. Nanoparticles derived from microalgae have exhibited substantial 

potential within the realm of biomedical and environmental applications. However, it is important 

to emphasize the need for further research aimed at addressing concerns surrounding kinetics, 

cellular viability, and yield, factors that affect the characteristics of the obtained nanoparticles. 

The utilization of diverse extraction techniques or synthesis conditions holds the potential to yield 

a spectrum of nanoparticles with distinctive properties, thereby presenting opportunities for 

versatile application across a multitude of sectors. 

The investigation into the synthesis of silver nanoparticles, titanium dioxide nanoparticles, 

cobalt (II) hydroxide nanomaterials, and cobalt (II, III) oxide utilizing a methanolic extract of S. 

platensis has revealed their potential as innovative antifungal agents. The synthesis mechanism, 

characterized through Gas Chromatography-Mass Spectrometry (GCMS) and Fourier-Transform 

Infrared Spectroscopy (FTIR), proved the involvement of secondary metabolites, particularly 

amines. Diverse analytical techniques, including X-ray diffraction (XRD), Scanning Electron 

Microscopy (SEM), Thermogravimetric Analysis (TGA), and zeta potential measurements, have 

provided valuable insights into the properties of the synthesized nanomaterials. Among all the 

prepared structures, silver nanoparticles have demonstrated exceptional thermal stability and 

water dispersion properties. In tests conducted against various Candida species, it was observed 

that silver nanoparticles and cobalt (II) hydroxide nanomaterials exhibited potent antifungal 

activity at low minimum inhibitory concentration (MIC) values. Interestingly, exposure to light 

exhibited differential effects on MIC values, with a reduction observed for C. krusei and an 

increase for C. albicans and C. glabrata. These findings show the potential of nanomaterials 

synthesized using S. platensis extract in the development of effective antifungal agents in 

healthcare. 
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An additional application explored for nanomaterials synthesized using microalgae is 

related to their carbon monoxide oxidizing ability. The research has demonstrated the viability of 

extracts derived from microalgae species such as S. platensis, C. vulgaris, and H. pluvialis for the 

eco-friendly fabrication of nanoscale Co3O4 catalysts, each distinguished by unique 

characteristics. By changing the metabolic content of the extracts used for the synthesis and 

calcination temperatures, diverse Co3O4 catalysts were successfully obtained, exhibiting 

octahedral, nanosheet, and spherical morphologies, with structural defects and surface 

segregation of phosphorous and potassium. The introduction of phosphorous and potassium 

from the extracts increased the catalytic performance of Co3O4, especially when normalized 

against a specific surface area. In-depth investigations into the carbon monoxide oxidation 

mechanism revealed variances in oxygen mobility and carbonate formation. These novel findings 

hold considerable promise for the formulation of innovative synthesis methodologies aimed at 

producing highly efficient Co3O4 catalysts, contributing to more effective carbon monoxide 

oxidation and the sustainable synthesis of catalysts. 

The catalytic properties of microalgae-derived nanoparticles were further investigated for 

the photocatalytic degradation of Brilliant Blue R dye, a commonly used laboratory dye for protein 

staining. The methanolic extract of C. vulgaris was employed for the successful synthesis of silver 

nanoparticles, with subsequent analysis of the impact of calcination on their properties. XRD 

analysis indicated that the products possessed a crystalline nature, initially consisting of Ag2O and 

Ag phases with an average crystalline size of 16.07 nm prior to calcination. Post-calcination, these 

nanoparticles transformed into a pure Ag phase with a larger crystalline size of 24.61 nm. FTIR 

analysis highlighted the presence of capping functional groups on the silver nanoparticles, while 

SEM imagery revealed an irregular morphology and agglomeration post-calcination. EDX and TGA 

analyses further substantiated the involvement of metabolites in the organic coating. The UV-Vis 

analysis demonstrated changes in optical properties induced by calcination. Most importantly, 

the synthesized silver nanoparticles exhibited remarkable photocatalytic activity, achieving an 

90.6% degradation efficiency when subjected to increased catalyst dosage during 90 minutes of 

visible light irradiation.  
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Utilizing a methanolic extract of H. pluvialis, silver nanoparticles were successfully 

synthesized, and their photocatalytic performance was assessed against Brilliant Blue R dye. XRD 

analysis affirmed the crystalline nature of the nanoparticles, initially comprising Ag2O and Ag 

phases with a crystalline size of 14.27 nm prior to calcination. Following calcination, solely the Ag 

phase was observed, characterized by an increased crystalline size of 34.78 nm. Similar results to 

those observed in the case of silver nanoparticles derived from C. vulgaris were obtained through 

FTIR, SEM, EDX, and TGA analyses. Furthermore, UV-Vis analysis revealed changes in optical 

properties attributed to calcination. Obtained Ag nanoparticles demonstrated substantial 

photocatalytic activity, achieving a peak degradation efficiency of 65.9% with an elevated catalyst 

dosage during 90 minutes of visible light irradiation. 

Additionally, silver nanoparticles from methanolic extract from S. platensis were 

investigated for photocatalytic Brilliant Blue R dye removal. XRD analysis revealed the presence 

of AgCl and Ag phases with a crystalline size of 13.02 nm prior to calcination, which transformed 

into pure Ag nanoparticles with an increased crystalline size of 24.35 nm post-calcination. FTIR 

analysis confirmed the involvement of metabolites from the extract in capping the silver 

nanoparticles. SEM images exhibited spherical or quasi-spherical morphologies with some 

agglomeration attributed to the calcination process. EDX and TGA analyses further provided 

evidence of metabolite involvement in the synthesis process. UV-Vis analysis demonstrated 

optical changes in the obtained nanoparticles. Synthesized silver nanoparticles exhibited 

photocatalytic activity, achieving a peak degradation efficiency of approximately 81.9% when 

used in increased catalyst dosage and alkaline conditions during 90 minutes of light irradiation. 

These findings demonstrate the potential of silver nanoparticles synthesized from microalgal 

extract for environmentally friendly and efficient photocatalytic applications, particularly in 

addressing water pollution concerns and the removal of organic dyes from wastewater. 
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Chapter 1 

Introduction 

 

1.1 Microalgae 

Microalgae are microscopic algae characterized by their small size, usually ranging from a 

few micrometers to a few hundred micrometers in diameter. Due to their size, observing 

microalgae requires specialized equipment for proper study. They can be found mainly in aquatic 

ecosystems such as freshwater and saltwater; however, they can also survive in terrestrial 

habitats. Despite their small size, microalgae play an important role in the environment due to 

their high photosynthetic efficiency compared to terrestrial plants, resulting in increased growth 

rates and biomass productivity [1]. Moreover, microalgae can be farmed without competing for 

arable land resources, thus alleviating the pressure of resource competition [2]. 

The use of microalgae dates back thousands of years, mainly as a food source for Chinese, 

Maya, and Aztec civilizations [3]. The first cultivation systems utilized eutrophic lakes or small 

natural basins for microalgae cultivation with favorable chemical composition, including high 

salinity, high pH, and high nutrient concentration [3]. However, to maximize biomass production 

on the industrial scale, artificial ponds and photobioreactors are used to prevent the invasion of 

competing microorganisms and optimize growth conditions. 

In recent years, microalgae have gained more attention due to their unique metabolomic 

profile. The research on the cultivated microalgae revealed their high protein content, which 

could help feed the growing world population using more sustainable methods. Modifying 

medium composition, as well as growth conditions, can lead to variations in protein and lipid 

content [4]. Moreover, microalgae can be a source of vitamins and antioxidants, which can play 

an important role in maintaining homeostasis [5]. The microalgae species might also contain 
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essential fatty acids like gamma-linolenic acid (GLA) and alpha-linolenic acid (ALA), which have 

numerous health benefits [6].  

The abundance of various metabolites present in microalgae allows them to be used as 

active ingredients in cosmetics. The cosmeceutical products based on microalgae can provide 

protection of skin properties and prevent bacterial or fungal infections [7]. In addition, the 

molecules from microalgae can be used as stabilizers, dyes, or thickening agents in the 

formulation process [7]. Further research is carried out to evaluate the potential metabolites that 

can be isolated from microalgae and to prevent side effects. 

The increased lipid content of some microalgal species allows them to be utilized for the 

production of biofuels such as bio-oil, biodiesel, biogas, bioethanol, and bio-hydrogen [8]. 

Moreover, the adaptability of microalgae to grow in different habitats shows their potential for 

wastewater remediation with data estimating that 1 kg microalgae can fix about 9 g phosphorus 

and 63 g nitrogen from wastewater [9]. Both applications can be combined when microalgae are 

cultivated in wastewater and the biomass is further processed for high value products.  

Extensive research and development efforts in the field of microalgae have led to the 

discovery of new applications and further optimization of existing ones. The results have 

demonstrated considerable promise across a variety of sectors, including but not limited to food, 

pharmaceuticals, cosmetics, and wastewater treatment. The continued exploration of 

microalgae is crucial for advancing sustainable and efficient practices in these fields. In addition, 

metabolites present in microalgae can be used to synthesize nanomaterials which might have 

many applications. Thus, the metabolomic composition of microalgae and the role of their 

metabolites in the synthesis process requires further attention. Among various microalgal 

species, the most studied are Spirulina platensis, Chlorella vulgaris, and Haematococcus pluvialis 

(Fig. 1). 



Introduction 

3 
 

 

Figure 1 Optical microscopy of microalgae (A) S. platensis, (B) C. vulgaris, (C) H. pluvialis.  

1.2 Spirulina platensis 

S. platensis is one of the most common microalgae with characteristic spiral shape of its 

multicellular cylindrical filaments in an open helix ranging from 0.3 to 1.0 mm in length. The cells 

of S. platensis are surrounded by a cell wall, which contains peptidoglycan, lipopolysaccharides, 

and other structural components. The cellular wall plays a crucial role in safeguarding the 

filament and preserving its unique structure. The species belongs to the type Cyanobacteria and 

displays a distinctive blue-green color, thus it is commonly referred to as Cyanobacteria or blue-

green microalgae. Unlike other microorganisms in this group, S. platensis does not form nitrogen-

fixing heterocysts or resistant akinetes in its filaments [10,11].  

S. platensis is commonly found in warm, alkaline, and brackish waters in temperatures 

between 30-35°C in tropical or subtropical regions. The microalga is also cultivated commercially 

with a typical productivity in open ponds in the range of 4 to 7 g/m2/day, which in the open pond 

of 1750 m2 results in weekly biomass production from 46.5 kg to 77 kg [12]. The cells float freely 

in water, due to the lack of flagella or cilia for movement.  

Dried S. platensis contains a high protein content representing 70% of its weight. It is 

considered one of the richest protein sources of microbial origin and a potential substitute for 

conventional protein sources such as meat or soybean [13]. S. platensis also contains 

phycobiliproteins, with chromophores acting as a light receiver during photosynthesis linked to 

cysteine residues determining their spectroscopic characteristics [14]. One of the 

phycobiliproteins, phycocyanin, is used in food and cosmetics as a natural dye due to its blue 

color. It can also exhibit anti-inflammatory, antioxidant and anticancer properties [15]. 
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Moreover, phycocyanin has ecological significance in detecting cyanobacteria bloom to indicate 

the number of the present microorganisms [16]. Although proteins from S. platensis are highly 

valuable, their main applications are limited due to the production costs and impairments with 

respect to their sensory characteristics. 

Other than proteins, the commercial interest in S. platensis is related to its lipid content, 

constituting around 1-10% of dry weight. In total lipid content, S. platensis consists of 45% neutral 

lipids, 39% glycolipids, and 16% phospholipids [17]. Among various lipids, microalgae contains 

saturated and unsaturated fatty acids including gamma-linolenic acid (GLA) and alpha-linolenic 

acid (ALA), linoleic acid, oleic acid, and palmitic acid [18]. The molecules have been tested for 

their beneficial effect in the treatment of cancer and inflammatory pathologies [18]. It is worth 

noting that a combination of various metabolites may result in the synergistic effect providing a 

wider spectrum of action. 

Other valuable components identified in S. platensis include chlorophyll, B-complex 

vitamins (such as B1, B2, B3, B6, and B12), vitamin E, vitamin K, minerals, (iron, calcium, 

magnesium, potassium, zinc) and phenolic compounds known for their antioxidant properties 

[19]. The health benefits from S. platensis are promising, however, more research is needed to 

fully understand the effect of the compounds in the human body. 

1.3 Chlorella vulgaris 
Other commonly studied microalga is C. vulgaris, typically spherical to ellipsoidal in shape 

with a diameter ranging from about 2 to 10 µm. The cells are surrounded by a rigid, thick cell wall 

made primarily of cellulose varying in thickness among different strains. In a heavy metal-induced 

stress conditions, C. vulgaris produces colorless, mucilaginous matrix acting as adsorbent to 

preventing the entrance of heavy metals into the cell [20]. C. vulgaris is a green alga belonging to 

the family Chlorellaceae containing a and b chlorophylls.  

The typical habitat of C. vulgaris includes stagnant or slow-moving shallow freshwater in 

nutrient-rich environments preferably in slightly alkaline or neutral water conditions (pH 6.5 to 

9.5). The growth rate is optimal within the range of 20°C to 30°C. The biomass productivity on 
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commercial scale was calculated around 1.14 g/m2/day in outdoor cultures [21]. Similar to S. 

platensis, C. vulgaris is non-motile as it lacks flagella or cilia for movement. 

Total protein content in C. vulgaris varies about 50% to 60% of its dry weight depending on 

growth conditions. Approximately 20% of the proteins are affixed to the cellular membrane, 

where they serve the purpose of maintaining structural integrity and facilitating transportation 

[22]. About half of the proteins are situated within the cell, while the remaining 30% are released 

into the extracellular medium [22]. The proteins are a source of all essential amino acids, making 

C. vulgaris a valuable plant-based protein supplement. However, due to the presence of rigid 

cellulose cell wall the disruption of algal cell wall is necessary to improve digestibility which can 

be achieved through mechanical or physical procedures, such as homogenization, sonication or 

enzymatic pre-treatments [23]. Further research is required to achieve optimal availability of the 

metabolites for human consumption. 

Under optimal growth conditions, C. vulgaris has the potential to accumulate lipids ranging 

from 5% to 40% per unit of dry biomass. The produced lipids are mainly composed of glycolipids, 

phospholipids, neutral lipids, waxes, polar lipids, and fatty acids [22]. Under unfavorable growth 

conditions lipid content increases with accumulation of triacylglycerols (TAGs), making it a 

potential feedstock for biodiesel production [22]. In addition, C. vulgaris is used for extraction of 

fatty acids such as omega-3 and omega-6, which are important for human health [24]. Although 

resistant cell wall can possess a challenge in their accessibility, C. vulgaris contains antioxidants 

such as carotenoids and tocopherols preventing fatty acids from oxidation which is beneficial for 

their extraction [24]. 

The unique compound from C. vulgaris is Chlorella growth factor (CGF) which contains 

nucleic acids, amino acids, vitamins, and other nutrients [25]. When applied to C. vulgaris culture, 

it enhanced biomass and lipid production for a potential biodiesel production [26]. However, 

introduction of CGF into the diet of broiler chickens resulted in decreased growth in comparison 

with the dried C. vulgaris powder [27]. Thus, further studies are required to fully assess the 

impact of the metabolites on the diet. 
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1.4 Haematococcus pluvialis 
Another edible microalga is H. pluvialis, green microalga with a spherical shape and 

diameter ranging from about 10 to 35 µm. The microalga has a complex life cycle with two main 

stages: green, when it possesses chloroplasts as well as two flagella, and red, which is triggered 

under stress conditions, when astaxanthin, a carotenoid pigment, is accumulated within the cell. 

The red cysts also have thick, multilayered cell walls which provide protection and resistance to 

H. pluvialis to survive unfavorable conditions. Additionally, the cells in the red stage are non-

motile. 

H. pluvialis can be found in nature in freshwater ponds, lakes, slow-moving rivers, streams, 

and wetlands. Due to its ability to transform into cysts, it can also survive periods of drought in 

rain pools and temporary ponds or in damp terrestrial environments. Controlled cultivation 

typically involves providing optimal conditions for its green stage and, after several days to a few 

weeks, triggering the production of astaxanthin by reducing nutrient supply with increasing light 

intensity in the induction phase [28]. The optimal temperature for growth is similar to other 

microalgae in a range of 25–30 °C. 

The cells in the green stage have high protein content per dry weight of 29%–45% with 

carbohydrate content ranging from 15%–17%, and total lipids around 20% to 25% [29]. After 

transformation to red stage, the protein content decreases to 21-23%, carbohydrates increase to 

41% while the lipid content ranges around 30% [29]. The significant changes in the cell 

composition show the adaptability of H. pluvialis to various conditions.  

Commercially, H. pluvialis has gained immense attention in recent years for its ability to 

produce astaxanthin. In addition, H. pluvialis has the highest astaxanthin content of any natural 

source, making it a valuable resource to produce various health supplements and functional 

foods [30]. Astaxanthin is highly sought after in the pharmaceutical and nutraceutical industries 

due to its potential health benefits, including reducing inflammation, improving cardiovascular 

health, and boosting the immune system [31]. In the aquaculture industry, astaxanthin is added 

to the feed to enhance the coloration of fish and crustaceans, particularly salmon and shrimp 
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[31]. Besides astaxanthin, other carotenoids with antioxidant properties are extracted from H. 

pluvialis such as beta-carotene, canthaxanthin, and lutein [32]. 

The complex life cycle in response to stress conditions makes H. pluvialis a potential model 

organism to study cell responses including signals transduction and protection mechanisms 

which is believed to follow similar pathway as those observed in plants [33]. Moreover, the 

studies on astaxanthin synthesis site, encystement process, and correlation between astaxanthin 

esterification and deposition in the lipid globules might lead to further understanding of the 

molecular processes connected with carotenogenesis and production recombinant strains with 

increased carotenoid production [33,34]. 

1.5 Research objectives 

Based on the abundance of the highly valuable metabolites in microalgal species and their 

applications in various sectors, S. platensis, C. vulgaris, and H. pluvialis were investigated for their 

application in nanotechnology.  

The current research had following objectives: 

1. State of the art literature review on the role of microalgal metabolites such as proteins, 

carbohydrates, and lipids during the synthesis of nanoparticles. 

2. Literature review on the connection between the synthesis method and properties of the 

synthesized nanoparticles using microalgae. 

3. Synthesis of Ag, TiO2, Co(OH)2, and Co3O4 nanomaterials using S. platensis methanolic 

extract and their characterization before and after calcination. 

4. Description of the metabolites from S. platensis extract involved in the synthesis of Ag, 

TiO2, Co(OH)2, and Co3O4 nanomaterials using GC/MS technique. 

5. Comparison of the antifungal activity against three Candida spp. of Ag, TiO2, Co(OH)2, and 

Co3O4 nanomaterials synthesized using methanolic S. platensis extract, in various 

concentrations of nanomaterials and in the presence or absence of light. 

6. Synthesis of Co3O4 nanomaterials using methanolic extract of S. platensis, C. vulgaris, and 

H. pluvialis and their characterization in various calcination temperatures. 
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7. Comparison of the CO oxidation catalytic activity of Co3O4 nanomaterials synthesized 

using microalgal extract and commercially available Co3O4 nanomaterials. 

8. Influence of the extract components (potassium and phosphorus) on the properties and 

activity of Co3O4 nanomaterials. 

9. Synthesis of Ag nanoparticles using S. platensis, C. vulgaris, and H. pluvialis methanolic 

extract and their characterization before and after calcination. 

10. Comparison of the photocatalytic activity against Brilliant Blue R dye in different light 

intensity, dye concentrations, catalyst loadings, pH, and before and after calcination. 

11. Investigation of the photocatalytic mechanism of Ag NPs synthesized using microalgae 

against Brilliant Blue R dye. 

1.6 Outline 

Chapter 2 details the state-of-the-art literature review on the synthesis of nanoparticles 

using microalgae. The advantages and disadvantages of the usage of microalgae are discussed, 

as well as various approaches to the synthesis methods taking place inside or outside the cell. 

The main groups of the microalgal metabolites are characterized together with their main role 

during the synthesis. The biological applications of nanoparticles related to anticancer, sensing, 

drug delivery, immunomodulatory, antibacterial, and antifungal properties are connected with 

the properties of the synthesized nanoparticles used for the studies. 

Chapter 3 describes the synthesis of Ag, TiO2, Co(OH)2 and Co3O4 nanomaterials using S. 

platensis methanolic extract for their antifungal activity. The involvement of metabolites from 

the extract was studied using GCMS and FTIR techniques while the nanomaterials were 

characterized by XRD, XRD, SEM, TGA and zeta potential. The effect of calcination and partial 

removal of organic content was studied. The products were applied against three different 

Candida species (C. albicans, C. glabrata, and C. krusei) in various concentrations and in the 

presence or absence of light. The results show the antifungal potential of nanomaterials 

synthesized using S. platensis extract. 

Chapter 4 characterizes Co3O4 nanomaterials synthesized by three microalgae species S. 

platensis, C. vulgaris, and H. pluvialis and subjected to three different calcination temperatures. 
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The involvement of the extracts was studied using ATR-FTIR and UV-Vis techniques. The 

synthesized Co3O4 nanomaterials were characterized using XRD, BET, UV-Vis, SEM, TEM, EELS, 

XPS, and UATR-FTIR methods. The catalytic CO oxidation activity was measured in a continuous-

flow reactor at room temperature, and the mechanisms were studied using in-situ DRIFTS, DSC, 

H2-TPR, and O2-TPD methods. The results revealed the prospects on the Co3O4 nanomaterials 

structural modifications by microalgal extract components. 

Chapter 5 is dedicated to the synthesis of Ag nanoparticles using S. platensis, C. vulgaris, 

and H. pluvialis and the influence of calcination on their structure. The nanoparticles were 

characterized using XRD, FTIR, SEM, EDX, TGA, and UV-Vis techniques. The photocatalytic 

performance was studied against Brilliant Blue R dye in various conditions regarding light 

intensity, dye concentration, catalyst loading, pH or calcination process. The study focused on 

the mechanism of photocatalytic activity and optimization for the optimal dye removal.   

Finally, chapter 6 is dedicated to conclusions.  
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2.1 Introduction 

The increasing human population and life expectancy are causing a change in the leading cause 

of death, such as heart conditions, cancer, or pulmonary diseases [1]. The shift is pushing the 

healthcare system to find new solutions to these problems; however, hospitals can be a source 

of nosocomial infections which are especially dangerous for immunocompromised patients. 

Another major issue is microbial antibiotic resistance due to antibiotics abuse which can lead to 

the emergence of life-threatening diseases [2].  

New promising solutions are introduced by recent developments in nanotechnology which are 

focused on the manipulation of matter having characteristic size lower than 100 nm in at least 

one dimension. The prevailing quantum effect at such scale can give rise to multiple applications 

of the products. The prepared materials at the nanoscale might have different features than their 

bulk equivalents which show the potential for obtaining various properties even within the same 

element. Several methods are used to synthesize nanoparticles (NPs) such as physical, chemical, 

or biological routes. Among them, great attention is being paid to biological synthesis due to its 

low toxicity and biocompatibility, which are crucial for biomedical applications. 
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One group of organisms used for biological synthesis is microalgae due to their rapid increase in 

biomass, the independence on arable land, and the abundance of valuable metabolites [3]. 

Moreover, microalgae can be cultivated also in the wastewater independently from seasonal 

breaks which is an important economical aspect [4]. The bioactive substances derived from the 

secondary metabolism such as proteins, polysaccharides, lipids, vitamins, and pigments have 

displayed their great potential for many applications [5] The identified compounds are mainly 

used for their nutritional value; however, they can participate in the synthesis of various NPs 

used for biomedical applications.  

Although the use of metabolites in the synthesis of various NPs can result in obtaining highly 

valuable materials, the mechanism behind it is still unclear [6,7]. In this review, the state of the 

art related to the participation of microalgal compounds in NPs synthesis is analyzed considering 

the location of the process (intra- or extracellular). Moreover, recent biomedical applications are 

taken into account to show the potential of microalgae to be applied in medicine. The recent 

advancements in the synthesis of NPs using microalgae have been summarized connecting their 

synthesis method with resulted performance. Therefore, the work can provide future prospects 

for the optimization of the synthesis of highly valuable materials using microalgae. 

2.2 Biological synthesis 

2.2.1 Microalgal metabolites 

Microalgae are single-celled, photosynthetic organisms found in both marine and freshwater 

ecosystems. The classification of these organisms is based on the properties such as 

pigmentation, photosynthetic membrane organization, chemical nature of the photosynthetic 

storage products, or morphological features [6]. The groups are poly-phyletic and highly diverse, 

with both procaryotic and eucaryotic organisms. The most abundant microalgae are 

Cyanophyceae (blue-green algae), Bacillariophyceae (including the diatoms) and Chlorophyceae 

(green algae), with 50,000 estimated existing species, out of which 30,000 species were 

investigated [6]. Microalgae produce a variety of substances, including proteins, carbohydrates, 

lipids, nucleic acids, vitamins, and minerals [8–10]. The cellular content of each group varies 

depending on the specific strain and their physiological reactions to biotic and/or abiotic factors 
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such as light intensity, photoperiod, temperature, medium composition, and growth phase 

[11,12]. The typical compounds reported so far participating in the synthesis of nanoparticles are 

proteins, carbohydrates, and lipids. 

The main mechanism involved in the biosynthesis of NPs deals with different metabolites of 

microalgae that can reduce precursor metal ions into a zerovalent state (Fig. 2). 

Figure 2 Mechanism of NPs synthesis by microalgae. 

The process involves (i) the activation phase, when the metal ion is reduced, and nucleation 

occurs, followed by (ii) the growth phase, with an amalgamation of formed unit cells into 

crystallites which is concluded in (iii) the termination phase, where NPs having different shapes 

and sizes are thermodynamically stable [13]. Other factors such as temperature, pH, or metal ion 

concentration could affect the synthesis process; however, the participation of microalgae 

metabolites is crucial to understand the connection between the synthesis procedure and the 

properties of the obtained product [14,15]. Moreover, during microalgae cultivation sunlight and 

carbon dioxide can be acquired from the surroundings while the nutrients could be converted 
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from the wastewater to form biomass which provides the new routes for economic sustainability 

[16]. 

2.2.2 Proteins 

Proteins are an important component in the structure and metabolism of micro-algae. They are 

an integral part of the cellular membrane and light-harvesting complex as well as they participate 

as enzymes in numerous catalytic reactions [17,18]. Several species of microalgae are studied 

due to their high protein content ranging from 42-70% in some cyanobacteria and up to 58% for 

Chlorella vulgaris dry weight [19,20]. 

The involvement of proteins in the synthesis of nanoparticles is usually investigated using Fourier 

Transform Infrared Spectroscopy (FTIR) based techniques. The reduction role of the proteins is 

demonstrated during the oxidation of −CHO to −COOH group, while NH2 groups usually play 

capping functions through residual amino acids such as cysteine, tyrosine, and tryptophan [21]. 

In the study by Chokshi et al., the spectra between prepared extract of Acutodesmus dimorphus 

and prepared Ag NPs were compared, showing the role of amide linkage in the stabilization of Ag 

NPs by peptides and proteins [22]. The obtained NPs were spherical with 2-20 nm in size. 

Moreover, the overlapping peaks between the extract and the product suggest their coating 

properties to ensure their stabilization and prevent agglomeration. The surface of NPs might be 

further modified by sulfonated polysaccharides with proteins that provide a link between 

nanoparticles and coating molecules [21]. Proteins also possess a strong affinity to bind to metal 

ions that act as reducing agents [21]. Similar findings have been reported for AgCl NPs from 

Chlorella vulgaris and Ti NPs from marine microalgae Phaeodactylum tricornutum [23,24]. 

Although the exact mechanism of the synthesis is unknown, the statistical experimental design 

approach has been studied by using response surface methodology for future large-scale 

production. 

2.2.3 Carbohydrates 

Similar to proteins, carbohydrates display both structural and metabolic properties. Mono-, and 

oligosaccharides can be found attached to proteins or lipids, forming glycoproteins or glycolipids, 

while polysaccharides are the major structural component of the cell wall [25]. Moreover, 
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glucose and starch-like energy storage products are obtained during photosynthesis as the 

primary carbon-containing molecules in microalgae [26]. Cyanophytes were reported to 

accumulate glycogen, while other species form semi-amylopectin [27]. Two glucose polymers, 

amylopectin, and amylose are starch component of Chlorophyta, however, Rhodophyta 

synthesize a carbohydrate polymer known as floridean starch [10,28]. Diatoms produce 

chrysolaminarin composed of β(1,3) and β(1,6) linked glucose units which can accumulate around 

7% of their total carbon content in the optimal conditions and up to 80% under strong nutrient 

depletions [29,30]. 

Carbohydrates are rich in reducing groups, such as hydroxy and carboxy, which can bind and 

reduce metal atoms, thereby acting as reducing agents. Moreover, due to the supramolecular 

interactions by inter and intra-molecular hydrogen bonding, they can stabilize formed 

nanoparticles and prevent further agglomeration, acting as cap-ping agents [16,31]. The potential 

of secretory carbohydrates from C. vulgaris was tested by the removal of biomass from the 

culture and used for the synthesis of FeOOH NPs [32]. The synthesis process using carbohydrates 

was compared with chemical route with sodium hydroxide acting as a precipitating agent. The 

carbohydrates were reported to be involved in the nucleation process by chelation of iron ions 

to prevent monotonic nucleation and limit nuclei size, which is further controlled in the growth 

phase to inhibit large particle formation. The secretory carbohydrates were described mainly for 

their reducing properties rather than being capping agents. The obtained NPs were spherical with 

size range 8-17 nm. 

The exopolysaccharides from Botryococcus braunii and Chlorella pyrenoidosa were also tested 

for the synthesis of Ag NPs [33]. The polysaccharides performed both reducing and capping 

functions, and were bound to the Ag NPs surface through carboxy and hydroxy groups. Similar 

size range was reported of 5-15 nm. In a study by Jakhu et al., Au NPs synthesized from Chlorella 

polysaccharides were compared with Au NPs synthesized using citrate to compare their 

properties [34]. Both products exhibited a controlled size range; however, AuNPs from 

polysaccharides were stable in the pH range 2-12 while citrate-Au NPs were stable only at basic 

pH values. The NPs synthesized using polysaccharides were significantly bigger than citrate with 



Nanoparticles from microalgae and their biomedical applications 

20 
 

size ranges 30-40 nm and 10-15 nm respectively. Furthermore, citrate-Au NPs were forming 

agglomerates in a 30-fold lower concentration of NaCl, further proving the stabilization of the 

surface of Au NPs by microalgal polysaccharides. 

2.2.4 Lipids 

Secondary to polysaccharide, lipids function as energy reservoirs as well as structural 

components of the cell membranes. In microalgae, lipids are mainly composed of (i) neural lipids 

such as free fatty acids, acylglycerols, and carotenoids, and (ii) polar lipids, including 

phospholipids and galactolipids [35]. The polar lipids fraction can significantly increase during 

exponential growth; however, during stationary phase when the nutrient availability is limited 

under stress conditions, they can produce tri-acylglycerols [36]. The fatty acid content is 

composed of a mixture of C16 and C18 saturated and unsaturated fatty acids with longer carbon-

chains including omega fatty acids. Saturated fats are stored in neutral lipid bodies while 

unsaturated are connected with polar lipids in membranes maintaining membrane fluidity under 

fluctuating cultivation conditions [37,38]. The overall lipid fraction can represent up to 20-50% of 

the dry biomass, depending on the microalgal species and cultivation conditions such as nutrient 

availability, salinity, light intensity, and growth phase [39]. During the nutrient depletion, the 

neutral lipid and polysaccharide content can increase at the expense of proteins [40]. Lipids 

receive the greatest attention for extraction followed by pro-duction of biodiesel whereas 

polyunsaturated fatty acids are used for their nutraceutical value.  

In contrast to water, which is commonly used for the synthesis, the involvement of lipids requires 

the usage of different solvents. Kashyap et al. utilized ethanolic extract to synthesize Ag/AgCl NPs 

from Chlorella sp., Lyngbya putealis, Oocystis sp., and Scenedesmus vacuolatus [41]. During the 

optimization process, Oocystis sp did not manage to produce NPs while Chlorella sp extract 

resulted in the synthesis of Ag/AgCl NPs of the smallest size. The study highlighted the role of 

lipids and proteins along with the hydroxy group stretching movements in the Ag/AgCl NPs 

formation with the size range 10-20 nm. In a study by Gusain et al., lipids and carbohydrates were 

extracted separately from Acutodesmus obliquus and used for the synthesis of carbon dots by 

the microwave thermal method [42]. The products had size range of 1.2-11 nm. The carbon 
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source did not alter the fluorescence behavior; however, the exact interactions during synthesis 

were not studied. The optical properties changed with the addition of acetone which 

demonstrated the potential of using different solvent for the synthesis. The role of lipids is 

hypothesized mainly as capping agents. 

2.2.5 Intracellular synthesis 

Depending on the location where NPs are formed, the corresponding synthesis can be divided 

into intracellular or extracellular routes. During the former one, live cultures are exposed to the 

metal precursor, and charged metal ions are transported by negatively charged sites of cell wall 

[43]. The trapped ions undergo reduction and form NPs of various sizes and morphologies inside 

the cell, which require various steps of purification from biomass.  

In a study by Li et al., Chromochloris zofingiensis culture was used to prepare Au NPs [44]. The 

cells after synthesis were characterized showing a peak characteristic for Au NPs in the UV-vis 

spectrum, which was also confirmed by transmission and scanning electron microscopy findings. 

The proposed mechanism involves chelation by negatively charged functional groups in the cell 

wall such as −COOH, −OH, and −OSO3H followed by diffusion into the cytosol and reduction by 

electrons generated from photosynthetic electron transport using enzymes. Other species with 

different cell wall structures were also investigated for the synthesis mechanism. Instead, 

Euglena gracilis species cell wall possesses a glycoprotein-containing pellicle that allowed metal 

ions to easily penetrate the cell. On the contrary, the marine microalga Nitzschia laevis is 

composed of rigid cell wall containing amorphous hydrated porous silica frustule acting as a 

barrier to reduce ion diffusion into the cells. In addition, Raman spectroscopy was explored as a 

tool to identify and quantify biomass components in microalgae.  

The effect of Ag/AgCl NPs synthesis on chlorophyll and lipid accumulation was studied on 

freshwater microalgae Scenedesmus sp., showing decrease of 20-35% after 120 h [45]. However, 

the cells treated with 0.5 mM AgNO3 showed 75.86% increase in palmitic acid due to the stress 

induced by Ag/AgCl NPs. Thus, the cells were able to synthesize Ag/AgCl NPs and improve the 

quality of biodiesel production. Intracellular synthesis was also used to obtain CdSe quantum 

dots from C. pyrenoidosa and S. obliquus [46]. First, selenium ions were introduced to the culture 
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to generate selenium precursors within photosynthetic electron transport system and after 12 h 

were combined with cadmium ions to form CdSe quantum dots. The algal cells were damaged 

during the process probably because of precursors reducing enzymatic activity and cell vitality. 

The intracellular synthesis process requires proper optimization to ensure high yield while 

maintaining a low toxicity profile. 

2.2.6 Extracellular synthesis 

The extracellular synthesis utilizes either the secreted molecules such as polysaccharides or 

involves processing of the biomass to produce extract which is utilized for synthesis of NPs [47]. 

This route is considered more convenient as NPs are easily purified from the solution. In addition, 

it allows for further modification of metabolites participating in the synthesis by varying adopted 

solvents, concentration, time, or pH [48,49]. 

The cell-free filtrate from freshwater microalgae S. obliquus culture with different nitrogen 

sources were used to extracellularly synthesize Ag NPs [50]. The study concentrated on the 

activity of reductases, nitrogen and sulfate, on Ag NPs synthesis depending on the composition 

of the medium. The enzymes are conjugated with electron donor and act as reducing agents. 

Moreover, the activity influenced not only the yield but also the properties or the obtained Ag 

NPs especially their size. Consequently, their size inversely correlated antimicrobial activity which 

demonstrates the importance of metabolites during the synthesis.  

The cell-free C. vulgaris culture was investigated for different factors affecting Ag NPs synthesis 

including time, extract/precursor ratio, temperature, pH, precursor molarity, and incubation 

conditions [51]. The optimal conditions were maximum incubation time (24 h), silver 

nitrate/extract ratio (8:2), 37 °C, pH 12, 3 mM silver nitrate, and shaking. The study shows the 

potential of varying multiple factors during the synthesis of NPs, which might result in products 

with different properties. In a study by Shalaby et al., algal biomass was processed to obtain an 

extract which provided metabolites implicated in the synthesis of iron oxide NPs [52]. The 

synthesis was perfected by varying the ratio of precursor to extract, and the product with the 

highest absorbance was selected for further application. 
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2.3 Biomedical applications of microalgal NPs 

The synthesis route free from toxic waste as well as economical and environmentally-friendly 

aspects show great potential of NPs synthesized from marine and fresh-water microalgae for a 

variety of applications (Fig. 3). Presence of naturally occurring biomolecules improves their 

biocompatibility in comparison with other synthesis routes, and thus, can be used for biomedical 

applications. In addition, the growth parameters and metabolites content can be easily altered 

to obtain a variation in the morphology of NPs for diverse utilization. 

Figure 3 Applications of NPs from microalgae in biomedical fields. 

The major drawback connected with the synthesis of NPs using a biological approach is their 

possible wide size distribution or heterogenous morphology. Thus, the obtained product might 

be difficult to assess in the context of molecular interactions within tissues or organs. The reason 

behind the differences might be connected with the complexity of molecules participating in the 

synthesis which reduce the metal ions with varying efficiency. However, the effect can be 

minimized by utilizing selected classes of secondary metabolites which can also improve the 

knowledge of their role in the synthesis. Currently, the lack of understanding behind the synthesis 

mechanism and the long-term effects of NPs are also limiting factors in the biological approach. 
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2.3.1 Anticancer activity 

The anticancer activity of NPs synthesized from microalgae has been extensively investigated. 

The general mechanism associated with anticancer activities of NPs is related to ROS generation 

(Fig. 4).  In a recent study by Hamida et al., Ag NPs were synthesized using freshwater strain 

Coelastrella aeroterrestrica and their anticancerous activity against four malignant cell lines was 

compared with chemically synthesized Ag NPs and the anticancer drug 5-fluorouracil [53]. The 

results showed the highest antiproliferative activity of microalgal Ag NPs against MCF-7, MDA, 

HCT-116, and HepG2 cell lines with low toxicity against non-cancerous cell lines, compared to the 

other tested. The activity was attributed to its small size, high stability, less agglomeration, and 

the surface chemistry. However, the mechanistic pathway inside the cancer cell and the 

pharmacokinetic nature of Ag NPs have yet to be explored. 

Figure 4 Mechanism of NPs anticancer activity through ROS generation. 

The influence of various nanocomposites (NCs) synthesized from microalgae on cancer cell lines 

was also tested. In two separate studies, S. obliquus extract was used to conjugate Ag NPs with 

PtFe2O4 NPs (PtFe2O4@Ag) and GaFe2O4 NPs (GaFe2O4@Ag) [54,55]. The cytotoxic properties of 

PtFe2O4@Ag NCs were related to cross-linking be-tween Pt and DNA to disrupt transcription and 

replication as well as reactive oxygen species (ROS) generation, lipid peroxidation and enhanced 

glutathione (GSH) degradation by Ag NPs. Similarly, Ga in GaFe2O4@Ag NCs can alter iron 

metabolism, resulting in the appearance of chromatin fragmentation and apoptotic bodies that 
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induce cell apoptosis. The prepared PtFe2O4@Ag NCs displayed a more prominent anti-cancerous 

activity than the GaFe2O4@Ag NCs; however, it was lower than cisplatin, a gastric cancer 

medication used as a control. Furthermore, MgFe2O4@Ag NCs were synthesized using extract of 

C. vulgaris showing anticancer activity through a similar apoptotic pathway [56]. The role of MgO 

in the NCs was attributed to enhancement of the magnetic properties and disruption of the cell 

membrane. Further studies are needed to enhance NCs activity and describe their effects in 

various cancerous and non-cancerous cell lines. Other reported NPs synthesized using microalgae 

tested for anticancer activity are presented in Tab. 1. 

Table 1 Anticancer activity of NPs synthesized from microalgae. 

Types of NPs 
Microalgae 

Species Used 
General 

Environment 
Size and 

Morphology of NPs 

Tested 
cancerous cell 

lines 
Ref. 

Silver NPs (Ag 
NPs) 

Arthrospira 
platensis 

marine, 
freshwater 

2.23–14.68 nm, 
spherical 

A549, HCT, 
Hep2 and WISH 

[58] 

Copper NPs 
(CuO NPs) 

Arthrospira 
platensis 

marine, 
freshwater 

3.75–12.4 nm, 
spherical 

A549, HCT, 
Hep2 and WISH 

 
[58] 

Silver NPs (Ag 
NPs) 

Arthrospira 
platensis 

marine, 
freshwater 

30 nm, spherical A-549, MCF-7 [59] 

Au/cellulose 
nanocomposite 

Chlorella 
vulgaris 

freshwater 
113-203 nm, 

spherical 

 

A-549 [60] 

Gold NPs (Au 
NPs) 

Dunaliella 
salina 

marine 22.4 nm, spherical MCF-7 [61] 

Carbon 
quantum dots 

Pectinodesmu 
sp. 

freshwater 67 nm, spherical 
HCC 1954, HCT 

116 
[62] 
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Types of NPs 
Microalgae 

Species Used 
General 

Environment 
Size and 

Morphology of NPs 

Tested 
cancerous cell 

lines 
Ref. 

Silver NPs (Ag 
NPs) 

Trichodesmium 
erythraeum 

marine 

 
26.5 nm, cubical 

 
 

MCF-7, He La [63] 

 
Silver NPs 

(Ag2O/|AgO 

NPs) 

Oscillatoria sp Freshwater 

 

4.42–48.97 nm, 
quasi-spherical 

 
 

CaCo-2, HeLa [64] 

      
      

 

Microalgae can serve as a source of valuable compounds that not only take part in the synthesis 

of anticancer drugs but also exhibit anticancer properties themselves. However, their proper 

action requires maintaining their structure which could be damaged due to the chemical or 

physical factors. In a study by İnan et al., the marine microalga C. variabilis and C. pyrenoidosa oil 

extracts were encapsulated into NPs using electrospraying technique [57]. Encapsulated oil 

extracts showed higher biocompatibility, while only C. variabilis oil extract showed improved 

anticancer properties com-pared to the non-encapsulated form. The activity changed in the dose-

dependent manner with observed changes in the morphology of the cells. The research on 

optimizing encapsulation techniques could lead to the development of novel anticancer drugs of 

microalgal origin. 

2.3.2 Biomedical sensor 

Algal-synthesized NPs have shown the potential to be utilized for detection of dopamine, which 

plays an essential role in renal, central nervous, cardiovascular, and hormonal regulation. 

Moreover, it acts as neurotransmitter in reward and movement regulation in the brain and its 

abnormal concentrations can cause neurological disorders. The study by Huang et al. utilized 

ethanolic extract of the marine microalga Spirulina to synthesize Au NPs with 11-14 nm in size 
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for dopamine detection [65]. The proteins and polysaccharides from the extract participated in 

the synthesis as reducing and capping agents with abundance of -OH and -COOH groups on the 

Au NPs sur-face. The interactions between functional groups of dopamine cause changes in Au 

NPs surface allowing dopamine to be adsorbed thus forming additional hydrogen, ester, and 

amide bonds with other neighboring Au NPs. In that way, dopamine can act as a linkage between 

Au NPs with a new enhanced plasmon resonance absorption peak changing the color of the 

solution from wine red to blue-black. The set-up was tested to evaluate selectivity and anti-

interference showing specificity in the presence of various components such as amino acids, 

salts, and glucose. However, when the Ca2+ content was above 200 μM, it could form complexes 

with the oxygen of –COOH group causing Au NPs aggregation, which can be thus prevented by 

keeping Ca2+ concentration at lower levels. When tested in human urine, the method was proven 

to be accurate and precise with a simple detection protocol.  

Another compound that could be detected by NPs synthesized by microalgae is atropine, a 

tropane alkaloid used to treat low heart rate (bradycardia), overdose of cholinergic drugs and 

cholinergic poisoning, as well as to help reduce saliva, mucus, or other secretions during a surgery 

[66]. The marine microalga S. platensis biomass was used in a process to obtain Ag NPs on their 

surface as a coating material with an average size of 59 nm. The product was placed on the 

electrode with and without binder to test its properties. The results revealed high electrocatalytic 

activity in atropine de-termination with response fluctuation by change in pH value. The 

selectivity, stability, and reproducibility test proved the potential of the material as a stable 

sensor. In addition, the performance was confirmed by using atropine sulfate ampoule and water 

as real samples further elaborating the high accuracy and recovery rate of the prepared 

electrode. 

In addition to neurotransmitters or pharmaceuticals, the glucose level can also be monitored by 

NPs from microalgae [67]. The biomass of C. vulgaris was processed using the hydrothermal 

method, acid hydrolysis assisted by ultrasonics, and was followed by hydrothermal method to 

obtain carbon dots. After each hydrothermal treatment, the carbon dots were collected to 

compare their synthesis method with properties. Acidic hydrolysis was considered crucial to 
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degrade starch and cellulose to reduce sugars to increase yield and prevent interactions between 

Fe2+ and residual –NH groups on the surface. In addition, low pH helped to prevent quenching 

during fluorescence response of carbon dots. The sensing mechanism was tested for Fe3+ and 

H2O2 and then applied to determine the glucose level in blood samples based on the reaction of 

the glucose oxidase enzyme and the quenching of fluorescence under optimized conditions. The 

results revealed high sensitivity and selectivity of the sensor obtained with potential use in 

diagnostics. 

2.3.3 Drug delivery 

Targeted drug delivery is a strategy to selectively administer pharmaceuticals into specific area 

to maximize its efficacy while avoiding side effects. In a study by Wang et al., microrobots were 

prepared for drug loading, targeted delivery, and chemo-photothermal therapy [68]. First, S. 

platensis cells were used as a template for core–shell-structured Pd@Au NPs synthesis by 

electroless deposition to act as photo-thermal conversion agents to allow laser-triggered 

degradation to release the drug. Additionally, Fe3O4 NPs were deposited on the surface via a sol–

gel process for the magnetic actuation of the material. The anticancer drug doxorubicin was 

loaded on the prepared structure to allow their chemotherapeutic effect. The obtained micro-

robots exhibited significant propulsion under a magnetic field and can be structurally 

disassembled into individual components under laser irradiation to be used for pH- and laser-

triggered drug release. Moreover, Au and Fe3O4 NPs can be utilized as CT and MR imaging 

contrast agents, demonstrating the real-time monitoring of the treatment. Considering their 

small size, the authors suggest their oral administration for gastrointestinal cancer therapy. 

Doxorubicin-loaded microrobots were also synthesized using the marine microalga Thalassiosira 

weissflogii as a template to substitute mesoporous silica NPs [69]. The magnetic Fe3O4 NPs were 

adhered to the template surface for the magnetic actuation properties. Using an external 

magnetic field, the movement of microrobots can be controlled in trajectories by changing the 

frequency, allowing microrobots to move through channels of various diameters. The clustering 

behavior enables the micro-robots to carry high-load to the target position with subsequent 



Nanoparticles from microalgae and their biomedical applications 

29 
 

release in a pH-sensitive manner. The microrobots were tested on MCF-7 human breast cancer 

cells demonstrating their efficiency. Further studies in vivo are required to test their application.  

In addition, the marine microalga T. weissflogii was utilized in a separate study as a template for 

the delivery of curcumin-loaded drugs for anticancer and antibacterial properties [70]. The 

nanoporous architecture of T. weissflogii frustules provided a cage-like structure for curcumin 

adsorption which was stabilized by interactions of functional groups. The potential of T. 

weissflogii to be used for drug delivery systems shows its future application for the treatment of 

a wide range of diseases. 

Microalgae can act not only as a template for drug delivery but can also be a source of valuable 

molecules that display therapeutic activities. Freshwater microalgae Botryococcus braunii and 

Microcystis aeruginosa oil, rich in polyunsaturated fatty acids, were loaded into NP 

electrosprayed with alginate/polyvinylidene (PVA) and tested for antibacterial activity with 

stabilized release [71]. The encapsulation protected bio-active and antioxidant properties of the 

oil which shows the potential for their storage and use for commercial application. 

2.3.4 Immunomodulatory action 

The study by Chandrarathna et al. investigated the effect of pectin, a polysaccharide isolated 

from marine strain Spirulina maxima [72]. The nano form of the compound was obtained through 

sonication to avoid possible modifications from the addition of chemicals. The material was 

tested on the mice model in comparison with non-sonicated pectin, with an average particle size 

of 64.11 nm and 152.90 nm for sonicated and original pectin, respectively. The results revealed 

increased weight gain in the nano-pectin-treated mice due to the improved digestibility and 

availability of nutrients with the small particle size. In addition, small particle size provided a 

higher surface area for microbial growth in the intestines than the original longer pectin 

molecules. The mice treated with nano-pectin displayed an increased density of goblet cells in 

the gut barrier which blocks the access of pathogenic microbes to the gut epithelium as well as 

showed higher expression of intestinal alkaline phosphatases, which provide an anti-

inflammatory effect. It was assumed that in order to better understand the interactions between 

pectin and gut microbiome long-term studies are required. 



Nanoparticles from microalgae and their biomedical applications 

30 
 

The immunomodulatory effect of nano-pectin from S. maxima was also tested in zebrafish both 

in vitro and in vivo [73]. The low toxicity of nano-pectin was hypothesized to be due to the 

morphological properties as well as the surface functionalization. In addition, the transcriptional 

analysis of immune related genes was performed to further describe the immunomodulatory 

action. The results showed increased expression of cytokines and antioxidants that participate in 

the innate immune response. Al-together, nano-pectin was crucial for stress-tolerance and anti-

inflammatory actions on the molecular level for disease resistance. Although the wound healing 

activity was not remarkable, nano-pectin was hypothesized to engage immune system during the 

process. The studies on mice and zebrafish show the potential of nano-pectin to regulate the 

immune system response in different organisms; however, further investigations are required to 

understand the underlying mechanisms behind those actions. 

Polysaccharides from a different marine species, Arthrospira fusiformis, were also tested for the 

synthesis of Ag NPs and their immunomodulatory properties [74]. The prepared material was 

tested in vitro on Pseudomonas aeruginosa as well as in vivo on P. aeruginosa infected rat 

models. The Ag NPs were on average around 10 nm in size with homogenous distribution. The 

findings showed a strong antibacterial effect due to the breakage of the outer membrane of P. 

aeruginosa, affecting cell permeability with the disruptions created called “pits” that lead to cell 

lysis, as investigated by in vitro studies. The algal coating was suggested to interact with human 

serum protein by slightly reducing its concentration resulting in increased cellular uptake and 

intracellularly killing of bacteria. Moreover, Ag NPs used as wound dressing of P. aeruginosa 

infected areas enhanced the wound healing by cytokine modulation and reducing of the 

inflammation. The proposed mechanism involves liberation of Ag+ from Ag NPs and their 

sequestration by H2S–synthesizing enzymes in the macrophage resulting in formation of Ag2S and 

lowering the inflammation. After 7 days of treatment the tissue structure in rats was restored, 

which shows the potential of Ag NPs from algae for future treatments which should be assessed 

during clinical trials. 
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2.3.5 Antibacterial activity 

Antibiotic resistance can be counted among the worst threats to human health worldwide. 

Overuse of antibiotics leads to the emergence of multidrug bacterial strains, which are difficult 

to target using currently available medicaments. Therefore, as an alternative, the use of NPs has 

been proposed as novel antibacterial agents with superior bactericidal activity. The NPs obtained 

can alter the cell wall and membrane, penetrate the cytosol, and generate reactive oxygen 

species (ROS), leading to further damage to enzymes, lipids, and DNA [75]. The biomolecules on 

the NPs surface can enhance the antibacterial activity, while their exact role is not well 

understood. The activity targets both Gram-positive and Gram-negative bacteria including 

multidrug susceptible as well as multidrug resistant strains [76]. However, the antibacterial 

activity can vary between different tested bacterial strains of the same species probably due to 

the horizontal gene transfer [77]. As a result, bacteria may acquire genome is-lands encoding 

enzymes responsible for antimicrobial resistance to NPs. The role of NPs synthesis and 

morphology on their activity is presented in Tab. 2. The antibacterial activity was mainly tested 

using Ag NPs, however, other NPs such as Au NPs or ZnO NPs are also studied for their properties. 

Moreover, different microalgal species used for the synthesis result in various morphologies of 

the prepared NPs which further signifies the potential of microalgae to obtain antibacterial 

agents. 

Table 2 Antibacterial activity of NPs synthesized from microalgae. 

Types of 
NPs 

Microalgae 
Species Used 

General 
Environment 

Size and 
Morphology of 

NPs 

Bacteria Species 
Tested 

Ref. 

Gold NPs 
(AuNPs) 

Arthrospira 
platensis 

marine, 
freshwater 

5 nm, spherical 
S. aureus, B. 

subtilis 
[77] 

 

Gold NPs 
(AuNPs) 

Neodesmus 
pupukensis 

(MG257914) 
freshwater 5-34 nm, circular 

Pseudomonas sp, 
Serratia 

marcescens 

[78] 
 

Silver 

NPs 

(AgNPs) 

Chlorococcum 
humicola 

(IMMTCC-17) 
freshwater 

2-16 nm, 
spherical 

E. coli (ATCC-
1105) 

[79] 
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Types of 
NPs 

Microalgae 
Species Used 

General 
Environment 

Size and 
Morphology of 

NPs 

Bacteria Species 
Tested 

Ref. 

Silver 

NPs 

(AgNPs) 

Scenedesmus sp. 
(IMMTCC-25) 

marine, 
freshwater 

5-10 nm, 

spherical 
S. cutans, E. coli 

[80] 
 

Silver 

NPs 

(AgNPs) 

Chlorella vulgaris 
sp. 

freshwater, 
terrestrial 

7 nm, 

spherical 
S. aureus, E. coli 

[81] 
 

Silver 

NPs 

(AgNPs) 

Chroococcus 
minutus 

freshwater crystalline 
E. coli, S. aureus, 

P. aeruginosa, 
 

[82] 

Silver 

NPs 

(AgNPs) 

Oscillatoria 
limnetica 

freshwater 

3.30-17.97 nm, 

spherical/ 
anisotropic 

E. coli, B. cereus [83] 

Silver 

NPs 

(AgNPs) 

Oscillatoria 
princeps 

marine, 
brackish, 

freshwater, 

3.30-17.97 nm, 

spherical 

S. aureus, S. 
pyogenes, E. coli, 

[84] 

Silver 

NPs 

(AgNPs) 

Anabaena sp. 66-
2, 

Cylindrospermopsi
s sp. USC-CRB3, 

Synechocystis sp. 
48-3, B. braunii, 

marine, 
brackish, 

freshwater 

13-25 nm, 

spherical/ 
elongated 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 

Silver 

NPs 

(AgNPs) 

Chlorella 
pyrenoidosa NCIM 

2738 
freshwater 8 nm, irregular 

K. pneumoniae, 
A. hydrophila, 
Acenetobacter 
sp., S. aureus 

[86] 

Silver 

NPs 

(AgNPs) 

Chlorella vulgaris 
sp. (C. vulgaris) 

freshwater 
1,6-34,4 nm, 

spherical 

Staphilococcus 
Aureus, Klebsiella 

Pneumonia 
[23] 

Silver 

NPs 

(AgNPs) 

Neodesmus 
pupukensis 

(MG257914) 
freshwater 

52-179 nm, 
spherical 

Pseudomonas 
aeruginosa, E. 

coli, K. 
Pneumoniae, S. 

marcescens 

[78] 

Silver 

NPs 

(AgNPs) 

Spirogyra varians freshwater 
17.6 nm, 
spherical 

 

B. cereus, P. 
aeruginosa and 

Klebsiella, S. 
aureus, L. 

[87] 
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Types of 
NPs 

Microalgae 
Species Used 

General 
Environment 

Size and 
Morphology of 

NPs 

Bacteria Species 
Tested 

Ref. 

monocytogenes, 
E. coli 

Silver 

NPs 

(AgNPs) 

Coelastrella 
aeroterrestrica 

freshwater 
14.5 nm, 

hexagonal 

Staphylococcus 
aureus, 

Streptococcus 
pyogenes, 

Bacillus subtilis, 
Escherichia coli, 
Pseudomonas 

aeruginosa 

[53] 

Silver 

NPs 

(AgNPs) 

Limnothrix sp. 37-
2-1 

freshwater 
31.86 nm, 
elongated 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 

Silver 

NPs 

(AgNPs) 

Anabaena sp. 66-2 brackish 
24.13 nm, 
irregular 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 

Silver 

NPs 

(AgNPs) 

Synechocystis sp. 
48-3 

marine, 
brackish 

14.64 nm, 
irregular 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 

Silver 

NPs 

(AgNPs) 

Botryococcus 
braunii 

freshwater 
15.67 nm, 
spherical 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 
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Types of 
NPs 

Microalgae 
Species Used 

General 
Environment 

Size and 
Morphology of 

NPs 

Bacteria Species 
Tested 

Ref. 

Silver 

NPs 

(AgNPs) 

Coelastrum sp. 
143-1 

freshwater 

 
19.28 nm, 
spherical 

 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 

Silver 

NPs 

(AgNPs) 

Limnothrix sp. 37-
2-1 

freshwater 
25.65 nm, 

spherical and 
elongated 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 

Silver 

NPs 

(AgNPs) 

Arthrospira 
platensis 

marine, 
freshwater 

13.85 nm, 
spherical 

B. megaterium, 
E. coli, B. subtilis, 

M. luteus, P. 
aeruginosa, S. 

aureus 

[85] 

Zinc 

oxide 

NPs 

(ZnO) 

Chlorella vulgaris 
sp. (C. vulgaris) 

freshwater 

150 nm 
crystalline 

structure/21 nm 
rod-like 

appearance 

Staphylococcus 
aureus , 

Enterococcus 
faecalis, 

Escherichia coli, 
Pseudomonas 

aeruginosa 

[88] 

Zinc 

oxide 

NPs 

(ZnO) 

Arthrospira 
platensis 

marine, 
freshwater 

30.0-55.0 nm, 
spherical 

Bacillus 
subtilis, Staphylo

coccus 
aureus, Pseudom

onas 
aeruginosa, Esch

erichia coli 

[89] 

 

2.3.6 Antifungal activity 

Emerging resistance to antifungal drugs with their limited availability becomes a growing public 

health concern, leading to an increase in fungal infections. Moreover, fungal infections can 
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rapidly spread in hospitals, especially between immunocompromised patients [90]. Therefore, 

increasing attention is being paid to satisfy the need to develop new and effective antifungal 

agents. So far, NPs have demonstrated excellent fungicidal activity against several fungal species, 

as shown in Table 3. The antifungal activity was studied for a variety of NPs, including Au NPs, 

Fe3O4 NPs, Ag NPs or Co(OH)2 nanoflakes with various size ranges and morphologies. In addition, 

microalgae can contain molecules with fungicidal activity and if they also participate in the 

synthesis as reducing or capping agents, it would offer synergistic antifungal action [91]. 

Table 3 Antifungal activity of NPs synthesized from microalgae. 

Types of NPs 
Microalgae 

Species Used 
General 

Environment 
Size and 

Morphology of NPs 
Species of Fungi 

Tested 
Ref. 

Cobalt 
hydroxide 

NPs (Co(OH)2 
NMs) 

Arthrospira 
platensis 

marine, 
freshwater 

3.52 nm, nanoflake 
C. albicans, 
C. glabrata, 

C. krusei. 
[92] 

Cobalt oxide 
NPs (Co3O4 

NMs) 

Arthrospira 
platensis 

marine, 
freshwater 

13.28 nm, 
nanoflake 

 
C. albicans, 
C. glabrata, 

C. krusei. 

[92] 

Gold NPs 
(AuNPs) 

Neodesmus 
pupukensis 

(MG257914) 
freshwater 5-34 nm, 

circular shape 

A. niger, A. 
fumigatus, A. 

flavus, F. solani 
C. albicans 

[78] 

Gold NPs 
(AuNPs) 

Chlorella 
sorokiniana 

freshwater 
20 - 40 nm, 

spherical 

 

C. tropicalis, C. 
glabrata, and C. 

albicans 
[93] 

Gold NPs 
(AuNPs) 

Chlorella 
Vulgaris 

freshwater 2 - 10 nm, spherical C. albicans [94] 

Iron oxide 
NPs (Fe3O4- 

NPs) 

Chlorella K01 freshwater 
50 – 100 nm, 

spherical 

Fusarium 
oxysporum, 

Fusarium 
tricinctum, 
Fusarium 

maniliforme, 
Rhizoctonia 
solani, and 

Phythium sp. 

[95] 
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Types of NPs 
Microalgae 

Species Used 
General 

Environment 
Size and 

Morphology of NPs 
Species of Fungi 

Tested 
Ref. 

Silver NPs 
(AgNPs) 

Arthrospira 
platensis 

marine, 
freshwater 

 
9.72 nm (before 

calcination) / 26.01 
nm (after 

calcination), oval-
shaped 

 
 

C. albicans, 
C. glabrata, 

C. krusei. 
[92] 

 
Titanium 

dioxide NPs 
(TIO2 NPs) 

Arthrospira 
platensis 

marine, 
freshwater 

 
4.81 nm (before 

calcination) / 4.62 
nm (after 

calcination), 
spherical-shaped 

 
 
 

C. albicans, 
C. glabrata, 

C. krusei. 
[92] 

      
      

Zinc oxide 
NPs (ZnO) 

Arthrospira 
platensis 

marine, 
freshwater 

≈30.0 to 55.0 nm, 
spherical 

C. albicans [89] 

 

2.3.7 Functionalization to reduce toxicity 

Microalgae are also a source of valuable compounds which can be further stabilized on the NPs 

surface. The study by Torrez-Diaz et al. proposed a method to stabilize Chlorella freshwater 

microalgae peptide (VECYGPNRPQF) on the Au NPs surface [96]. The NPs of Au were obtained 

through the chemical method of citrate reduction, and then peptide solution was added to the 

flask. The average product size was 15 nm in diameter and spherical in size with high stability 

after removing stabilizing agents and centrifuge runs. Peptide-functionalized Au NPs showed 

almost three times higher antioxidant activity than non-functionalized Au NPs, as well as 

decreased marine ecosystem toxicity, which could be linked with increased stability of 

functionalized Au NPs. The effect of the peptide on the marine organisms was hypothesized as 

either adaptation or usage as a nutrient in the stressful environment. 



Nanoparticles from microalgae and their biomedical applications 

37 
 

In a study by Rudi et al. Ag NPs from the commercial source were functionalized by adding to the 

culture of marine microalgae S. platensis and extraction from the biomass [97]. The product was 

spherical with 8-20 nm in size and administered to rats in comparison to PEG-Ag NPs. The greater 

concentration of silver was observed in the liver, however, the presence of silver in the brain 

tissues confirms the ability of Ag NPs to penetrate the blood-brain barrier. The Spirulina-

functionalized Ag NPs were excreted from all organs except the brain while non-modified PEG-

Ag NPs were also present in the liver. However, in a study by El-Deeb et al., upon treatment, the 

level of liver enzymes ALT and AST increased, while the concentration of urea and albumin 

remained normal, suggesting the interactions between Ag NPs mainly in the liver. The complexity 

of interactions between NPs and various organs should be assessed in a long-term study to 

understand the underlying molecular mechanisms. 

The Se NPs synthesized using different amount of marine microalgae S. platensis polysaccharide 

extract were tested to assess their cytotoxicity against several cancer cell lines [98]. Increased 

concentration of polysaccharides decreased size of the prepared Se NPs to 20–50 nm with more 

homogeneous size distribution than without added polysaccharides. Moreover, Se NPs prepared 

from S. platensis polysaccharides were stable for at least 3 months with almost 9-fold increase in 

uptake by the cells. Subsequently, enhanced uptake improved the anti-cancer activity through 

apoptosis induction. In addition, the material showed selectivity between cancer and normal cell 

lines also displaying the potential for cancer chemoprevention.  

In a separate study, Se NPs were functionalized with different amount of phycocyanin, pigment 

purified from marine microalgae Spirulina sp., against insulinoma cells [99]. The phycocyanin 

showed a similar tendency for the size and size distribution of Se NPs as that of polysaccharides; 

however, increasing the phycocyanin content in-creased the shell diameter surrounding Se NPs. 

Thus, the phycocyanin dosage was optimized, as smaller NPs are up-taken easily due to their 

larger surface area. The functionalized Se NPs showed protective action against intracellular ROS 

overproduction, mitochondria fragmentation, and activation of enzymes leading to cell 

apoptosis, induced by palmitic acid. The cytoprotective activity of functionalized Se NPs show 

their potential against diseases related to pancreatic islet damage. 
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2.4 Conclusions and future prospectives 

Undoubtedly, microalgae serve as excellent candidates for the synthesis of a variety of NPs due 

to their rich content of secondary metabolites acting as capping and reducing agents. However, 

the process can suffer from several limitations such as low yield, the need for optimization of 

conditions, or the amount of time to complete the synthesis. The exact mechanism involving the 

action of metabolites is needed to describe NPs production. The wide range of NPs synthesized 

from microalgae applied in the biomedical sector shows the potential of the metabolites to 

influence the physicochemical properties of NPs. Further research is required to address the 

issues of kinetics, cell viability, and yield with their effect on the properties of NPs synthesized by 

conventional methods and by using microalgae. 

As far as the future implications are concerned, it can be assumed that the alteration of synthesis 

conditions might also lead to extending the knowledge of the role of metabolites on the obtained 

NPs. Various species of microalgae and precursors can be tested for their application in the 

biomedical field. Moreover, diverse techniques applied in the extract preparation, targeting 

certain classes of metabolites might explain their role in the synthesis. Therefore, future studies 

on the synthesis of NPs using microalgae can lead not only to the optimization of the process but 

also to the conceptual understanding of the connection between synthesis, properties, and 

activity of NPs. 
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Chapter 3 

3 Characterization of nanomaterials synthesized from 

Spirulina platensis extract and their potential 

antifungal activity 
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Characterization of nanomaterials synthesized from Spirulina platensis extract and their potential 

antifungal activity 
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Alessandro Concas, Paola Rappelli, Pier Luigi Fiori, and Giacomo Cao 

PLoS One, vol. 17, no. 9, p. e0274753, Sep. 2022, doi: 10.1371/JOURNAL.PONE.0274753. 

 

3.1 Introduction 

In the last two decades, the number of fungal infections significantly increased due to a higher 

prevalence of immunocompromised patients, broad-spectrum use of antibiotics, and growing 

need for hyperalimentation in hospitals [1]. One of the most common fungal infections is 

candidemia, caused by Candida spp, responsible for 15% of nosocomial infections, with an 

estimated mortality of 47% [2]. In addition, the risk of infection increases when surgical and 

mechanical devices are used, such as endotracheal tubes, drains, or urinary catheters [3]. Other 

potential risk factors include lack of, or inadequate, hygiene-environment of healthcare workers 

and duration of stay in the intensive care unit for more than 7 days [4,5].  
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Currently, treatment of fungal infections is based on polyenes, azoles, or echinocandins, which 

demonstrate strong fungicidal activity but can also cause adverse side effects or trigger several 

additional medications [6]. Moreover, such products could be poorly tolerated or could show a 

narrow spectrum of activity [7]. Recently, polyenes, azoles, and echinocandins have displayed an 

increase in Candida resistance due to their general and long-term use [8,9].  

As for new fungicidal agents, significant attention has been given to nanomaterials (NMs) owing 

to their wide range of applications. Synthesized nanostructures have a size range of 1 – 100 nm 

in at least one dimension and altered physicochemical properties compared with bulk material 

including increased surface to volume ratio, high reactivity, altered magnetic and optical 

properties. Commonly obtained antimicrobial nanoparticles (NPs) include Ag NPs [10], ZnO NPs 

[11], CuO NPs [12], TiO2 NPs [13], and Au NPs [14]. However, albeit showing strong antimicrobial 

activity, most of the synthesized NMs cannot be employed due to their low biocompatibility, 

especially when synthesized using chemical methods [15, 16, 17]. In this regard, green synthesis 

routes have been shown to be effective, simple, and affordable to produce biocompatible NMs 

[18]. Specifically, the techniques based on the use of extracts from blue-green algae seem quite 

promising [19].  

It should be noticed that several works have investigated the synthesis of silver nanoparticles (Ag 

NPs), including the so called “allotropic silver” form [20], and their applications. In particular, 

Ismail and colleagues studied antioxidant, antiviral and antimicrobial activity of Ag NPs 

synthesized using phycobiliprotein extract of S. platensis [21]. The results showed the great 

potential of S. platensis extract as a tool to synthesize biocompatible Ag NPs to be used in the 

biomedical field.  

Along with Ag NP, titanium dioxide NPs (TiO2 NPs) are materials of great significance, mainly used 

for the photodegradation of several environmental contaminants [22,23]. Moreover, low toxicity 

and good biocompatibility of TiO2 NPs find their applications in the biomedical field, such as bone 

tissue engineering, targeted drug delivery systems, or antibacterial devices for prevention and 

treatment of infections [24,25,26].  
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Recently, cobalt hydroxide (Co(OH)2 NMs) and cobalt oxide nanomaterials (Co3O4 NMs) have 

been tested for biological as well as magnetic and catalytic applications [27]. Currently, to the 

best of our knowledge no reports are available on the synthesis of cobalt nanomaterials using 

Spirulina extract. Although Anwar et al describe the use of Co(OH)2 NPs therapy against 

Acanthamoeba castellani infections, antimicrobial properties of green-synthesized Co(OH)2 NMs 

have not been studied so far [28].  It is also worth mentioning that the photoactivity of NMs for 

a degradation of organic pollutants has been also investigated [29]. 

In our study, S. platensis extract has been used to synthesize six types of NMs: Ag NPs (before 

and after calcination), TiO2 NPs (before and after calcination), Co(OH)2 NMs, and Co3O4 NMs, in 

different concentrations with the presence of absence of light for their antifungal activity against 

Candida albicans, C. glabrata, and C. krusei. The participation of secondary metabolites from the 

extract was assessed and the characterization of the NMs was carried out with the aim of fully 

understanding the nanomaterials properties along with their antifungal activity. 

3.2 Materials and methods 

Unialgal culture of cyanobacterium S. platensis was obtained from the operating plant of TOLO 

Green located in Arborea (Sardinia, Italy) and cultivated in modified Zarrouk’s Medium for 

enhanced biomass production [30]. The medium was prepared according to the composition in 

Table 1 while K2SO4 and MgSO4 were added aseptically after setting pH to 9 and autoclaving the 

resulting solution under high pressure at 121°C for 20 min. It should be noted that the trace metal 

solution Zarrouk medium had the following composition: H3BO3 2860 mg/L, ZnSO4·7 H2O 222 

mg/L, MnCl2·4 H2O 1810 mg/L, CuSO4·5 H2O 79 mg/L while the trace metal solution Modified 

Zarrouk Medium was characterized by the following composition: EDTA 250 mg/L, H3BO3 57 

mg/L, ZnSO4·7 H2O 110 mg/L, MnCl2·4 H2O 25.3 mg/L, CoCl2·6 H2O 8.05 mg/L, CuSO4·5 H2O 7.85 

mg/L, Mo7O24(NH4)6·4 H2O 5.5 mg/L.  

The culture was cultivated in aerated photobioreactor (Medinlab™, Italy) under continuous 

illumination of white and blue LED lamps (Nicrew®) that ensured a photosynthetic photon flux 

density (PPFD) of 30 μmol m-2 s-1. A picture of the entire process to obtain nanomaterials from S. 

platensis extract is reported in Fig 5. The temperature of the environment was set to 25°C. The 
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initial optical density at a wavelength of 750 nm (OD750) was equal to 0.05 and increased to 0.4 

after 14 days of cultivation. Then, the culture was centrifuged at 4°C under 1500 RPM (Heraeus® 

Megafuge® 1.0R) and the residue was dried at room temperature for 7 days. Next, the dried 

residue was weighted, and 5 g of biomass were added to 300 mL of methanol (Merck® 

LiChrosolv® hypergrade). The flask was sonicated for 30 min (Soltec® Sonica® 2400 ETH S3) and 

stirred at 250 RPM (IKA® RH Digital Magnetic Stirrer) for additional 30 min. To remove the 

biomass, the suspension was filtered using standard filtration paper (Whatman®) and then 

evaporated using rotary evaporator (BUCHI Rotavapor™ R-210 Rotary Evaporator System) to 

remove about 70% of methanol. The concentrated extract was then diluted to the final volume 

of 600 mL and divided in three equal aliquots to be used for the synthesis. 

 

Figure 5  Preparation of nanomaterials from S. platensis. 

3.2.1 Synthesis of nanostructures 

The prepared extract was heated to 85°C and stirred at 250 RPM (IKA® RH Digital Magnetic 

Stirrer) and then a 2 ml sample was taken and labelled as “before the synthesis”. Subsequently, 

metal salts in powder were added to the extract to obtain 0.1 M solution of silver nitrate (Carlo 

Erba®), cobalt (II) chloride hexahydrate (Carlo Erba®) and titanium (IV) oxysulfate - sulfuric acid 

hydrate (AlfaAesar®) (3.40 g, 4.76 g and 5.56 g respectably). Next, after 15 min, the pH was raised 

by 3-4 points (for silver and cobalt salts up to 8, for titanium up to 4) using 1.25 M NaOH. After 

the salt has been added, the reaction (with stirring and heating) takes place for 1.5 h since it is 

quenched by removing from heat source for about 30 min. Subsequently, the resulting solution 

was centrifuged at 8°C using 4000 RPM (Heraeus® Megafuge® 1.0R) and the obtained 

supernatant was withdrawn and labelled as “after the synthesis”, while the residue was 
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repeatedly washed with MiliQ H2O (Millipore®, Milan, Italy) in subsequent centrifugation cycles. 

Finally, the residue was dried at 80°C for 24 h and then ground using mortar and pestle to obtain 

two equal parts. One part was stored in Eppendorf tube in absence of light and the other one 

was calcined in muffle furnace (Gelman Instrument®) for 3 h at different temperatures (150°C for 

silver, 400°C for titanium and 450°C for cobalt). After calcination, the samples were stored under 

the same conditions as the samples before calcination. 

3.2.2 Materials characterization 

To investigate the influence of operating conditions such as pH and elevated temperature, an 

additional experiment was performed (mimicking reaction). The extract was heated to 85°C and 

stirred at 250 RPM (IKA® RH Digital Magnetic Stirrer). Then, a 1.25 M HCl solution was added to 

obtain the same pH as the flasks used during the synthesis process previously mentioned (5 for 

silver and cobalt, 0 for titanium). Subsequently, after 15 min pH was raised using a solution 1.25 

M NaOH to the same values reached during the synthesis process (8 for silver and cobalt, 4 for 

titanium). Since the moment of adding diluted acid, the reaction continued for 1.5 h and then 

was left to cool down (the exact protocol as synthesis of nanomaterials). At the end point, the 

samples from mimicking reactions were taken from both flasks and labelled for GCMS sample 

preparation.  

During sample preparation, 400 μl of the liquid samples taken before the synthesis, after 

mimicking reaction occurs and the synthesis of Ag NPs as well as TiO2 NPs were dried under 

nitrogen flow. Then, they were derivatized with 100 μL of methoxyamine hydrochloride/pyridine 

solution (Sigma Aldrich, Milano, Italy) (Sigma Aldrich, Milano, Italy). The samples were vortexed 

and incubated for 17 h. Subsequently, 100 μL of NO-bis (trimethylsilyl) trifluoroacetamide 

(BSTFA) (Sigma Aldrich, Milano, Italy) was added and samples were vortexed. Next, 800 μL of 20 

ppm 2-dodecanone/hexane (Sigma Aldrich, Milano, Italy) solution was mixed with the liquids. At 

the end of the preparation step, the samples were filtered with 0.45 μm syringe filter (Sigma 

Aldrich, Milano, Italy). The sample after cobalt synthesis (prepared separately to avoid 

precipitation), once transferred to glass vial (400 μl), was dried under nitrogen flow, then 200 μL 
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of BSTFA was added. The sample was finally vortexed, mixed with 800 μL of 20 ppm 2-

dodecanone/hexane and filtered to avoid precipitation. 

After derivatization, samples were injected in a Hewlett Packard 6850 Gas Chromatograph, 5973 

mass selective detector (Agilent Technologies, Palo Alto, CA), using helium as carrier gas at 1.0 

mL/min flow. 1 μL of each sample was injected in the split-less mode and resolved on a 30 

m × 0.25 mm × 0.25 μm DB-5MS column (Agilent Technologies, Palo Alto, CA). Inlet, interface, 

and ion source temperatures were 250, 250 and 230°C, respectively. The starting temperature of 

the oven was set to 50°C while the final one was led to 230 °C using a heating rate of 5°C/min for 

36 min and then the sample was kept at a constant temperature for 2 min. Electron impact mass 

spectra were recorded from 50 to 550 m/z at 70 eV. The identification of metabolites was 

performed by mass spectra comparison with analytical standards using the NIST14 library 

database of the National Institute of Standards and Technology (Gaithersburg, MD). 

The Fourier transform infrared spectroscopy (FTIR) was performed using Nicolet™ iS™ 10 FTIR 

Spectrometer (Thermo Fisher Scientific®, Madison, Wisconsin, USA) in the range 400-4000 cm-1. 

X-Ray Diffraction (XRD) analysis of the prepared nanostructures was carried out using X-Ray 

Diffractometer (Phillips®, PW1830/00, Nederlands and Rigaku SmartLab® with graphite 

monochromator in the diffracted beam). The scanning was performed at 40 kV and 30 mA using 

CuKα (λ =1.54 Å) radiation with a diffraction angle between 12° and 90° using 0.1° interval within 

10 s. Diffraction pattern from each sample was analysed with HighScore Plus (v 3.0) and Maud™ 

(v. 2.99) software as well as Crystallography Open Database (COD, October 2014). Crystallite size 

was estimated after baseline correction using the well-known Debye-Scherrer’s formula.  

Scanning Electron Microscopy (SEM) analysis was carried out using Hitachi S4000 FEG HRSEM 

(Hitachi Ltd., Tokyo, Japan) operated at 20 kV. Image acquisitions were obtained by Quartz PCI 

software (Quartz Imaging Corporation, Vancouver, Canada). The samples were coated with 2 nm 

of platinum to enhance the contrast. EDX analysis results were acquired using UltraDry EDX 

Detector (Thermo Fisher Scientific®, Madison, Wisconsin, USA), and NSS3 software (Thermo 

Fisher Scientific®, Madison, Wisconsin, USA). The image analysis was performed by ImageJ 1.52a 

software. 
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Thermogravimetric Analysis (TGA) was performed using Differential Thermal Analyzer TG/DSC 

(NETZSCH® STA 409 PC) in a temperature range 25 – 1000°C and a heating rate of 10°C/min with 

air flow 100 mL/min.  

Zeta potential measurement was performed using Zetasizer® Helix (Malvern Panalytical Ltd., UK). 

Before the measurement, the samples were sonicated using a suitable bath (Branson 

Ultrasonics™ 1210, USA) for 20 min. The results were analysed using Zetasizer® Software 

(Malvern Panalytical Ltd., UK). 

3.2.3 Antifungal study 

Three Candida species were used in this work: C. albicans, C. glabrata and C. krusei. All microbial 

strains were previously isolated from vaginal swabs of patients with fungal infection and 

collected from the laboratory of Microbiology of University of Sassari (Italy).  

Clinical isolates were characterized using mass spectrometry identification techniques (MALDI-

TOF). The strains were stored at -80°C until use; microbial strains were thawed in Luria Bertani 

(LB) Medium (Merck) and were grown overnight at 37°C under shaking (180 RPM). After 24 h, 

the growth of each isolate was assessed spectrophotometrically at 600 nm.   

Antifungal activity of nanomaterials was assessed by microdilution method, using 48 wells plates. 

Nanomaterials were suspended in 1 ml of Phosphate Buffer Saline (PBS) 1X (Merck) sterile, 

vortexed and sonicated 1 min three times to remove debris that could interfere with assay. Serial 

two-fold dilutions of each nanomaterial, ranging from 100 µg/ml to 6 µg/ml, were performed in 

PBS 1x in the rows of a 48 wells-plates. 

C. albicans, C. glabrata and C. krusei were seeded at 5 × 104 cell/well and incubated at 37°C and 

5% CO2 in the various concentrations of nanomaterials and extract before the synthesis for 48 h 

in the presence or absence of light. Candida spp. in LB broth added with amphotericin B (16 

μg/ml) [31] was used as positive control while strains in LB broth were used as negative control. 

LB broth was used as blank.  

After 48 hours of incubation, the plates were microscopically observed and the minimum 

inhibitory concentration (MIC), defined as the lowest drug concentration that inhibit the visible 
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growth of a microorganism at the end of the incubation period, was detected [32]. To 

determinate whether the nanomaterial concentration could inhibit the growth of fungi, the 

entire volumes of wells with the highest inoculum were seeded in LB agar plates (100 μL 

aliquots/plate) which were incubated at 37°C for 48 hours. The nanomaterial was evaluated to 

be fungicidal when it was able to kill ≥99.9% of the final inoculum. Moreover, the effect of light 

on viability of microorganisms was evaluated by studying the growth of Candida species under 

light exposition.  

The experiments were carried out in triplicate. The significance was calculated using Student’s t-

test and difference were considered significant at p< 0.05. 

3.3 Results and discussion 

S. platensis is a well-known source of various nutrients which are used as food supplements 

worldwide. Moreover, extracted secondary metabolites can play an important role not only in 

human nutrition but also for the synthesis of nanomaterials. By comparing the composition of 

extracts before synthesis, mimicking and after synthesis it can be inferred that in all cases amines 

such as methylamine, diethanolamine, and ethanamine are clearly involved in the synthesis of 

NPs. The observed results agree with the existing literature. Amines have been used in the past 

for nanoparticle synthesis using chemical synthesis route [33]. Recently, they are also used to 

synthesize and functionalize nanoclusters and could play a role in obtaining their ultrasmall size 

[34, 35]. Diethanolamine was used for the synthesis of silver and titanium-based nanoparticles 

working as a reaction controlling agent to form homogeneous precipitates and in case of silver 

decreased its size more efficiently than monoethanolamine used during the reaction [36, 37]. 

The study highlighted the important role of hydroxyl groups present in diethanolamine which can 

act as reducing agents. In additions, when studying the synthesis mechanism using amines of 

cobalt oxide nanomaterials, it was observed that initially three-dimensional (3D) nanoparticles 

are formed from the precursor solution and then they start transforming into 2D nanosheets at 

critical size of 3.0-4.4 nm [38]. Moreover, the authors proved the interactions of cobalt oxide 

with -NH2 group using methylamine model. Most probably amines during the synthesis acted as 

reducing agents (Fig. 6) that provide electrons to metal ions facilitating the formation of metal 
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NPs as well as the attachment of other secondary metabolites which act as stabilizing (capping) 

agents that hinder the surface reaction of newly formed NPs with compounds in the surrounding 

environment.  

Figure 6 Main functional groups in methylamine, diethanolamine, and ethanamine, respectively participating in the 

reduction of metal ions into nanomaterials. 

During the Ag NPs synthesis in addition to amines, ethyl mandelate, propylene glycol, butanedioic 

acid, L-glutamic acid derivative, and glyceryl-glycoside derivative were utilized. Although the role 

of ethyl mandelate was not studied before, it may act as a capping agent. The properties of 

propylene glycol were studied mainly as an emollient in Ag NPs loaded hydrogels to increase their 

stability [39]. Butanedioic acid on the surface of Ag NPs was tested for sensitive quantification of 

melamine [40] and, in the present study it was probably attached to the amine ligands. Although 

the involvement of L-glutamic acid derivatives in the Ag NPs synthesis was not empirically 

verified, due to its antioxidant properties, it can be reasonably assumed that it plays a key role in 

the further reduction of silver metal ions into silver NPs. Similar role can be attributed to glyceryl-

glycoside derivative, which was reported to undergo hydrolysis and oxidation during the 

formation of Ag NPs [41]. Interestingly, during the reaction, concentration of the glyceryl-

glycoside derivative isomer is increasing as well as of 2-methylpentan-2-ol while the exact 

mechanism of their action is unknown. 

The important role of proteins present in the S. platensis extract for the synthesis of Ag NPs was 

investigated by Ameen et al [42]. In addition to polysaccharides from S. platensis extract, Attia et 

al utilized gamma radiation to synthesize Ag NPs [43]. The product was successfully used against 

Erwinia amylovora, Gram-negative bacteria, which caused fire blight infection on trees. Results 



Characterization of nanomaterials synthesized from Spirulina platensis extract and their 
potential antifungal activity 

62 
 

showed that both proteins and polysaccharides from S. platensis on the surface of Ag NPs have 

prominent antimicrobial effects. 

Compared with mimicking reaction, in the TiO2 NPs synthesis, lactic acid and lactose were utilized 

apart from amines. Beyond acting act as an acid catalyst and electron donor, lactic acid was 

reported to mediate surface interactions of nuclei favouring the coalescence of nanoparticles 

formed at the beginning of the synthesis, during hydrolysis and condensation [44]. The study 

described binding of the Ti(IV) ions by a donor-acceptor bond, which transfers the electrons and 

reduces its partial positive charge. Therefore, Ti(IV) ions’ reactivity and equilibrium constant 

(during heating) of hydrolysis and condensation are reduced with lactic acid acting as a capping 

ligand further mediating formation of nanoparticles. While the involvement of lactose during 

TiO2 NPs was not described so far, owning to its reducing properties, it may participate as a 

reducing agent. Similarly, to the Ag NPs synthesis, there is also a contribution of glyceryl-glycoside 

derivatives and 2-methylpentan-2-ol in addition to increasing concentration of glycerol. 

So far, S. platensis was used to synthesize TiO2 NPs while TiO2 was added directly to the culture, 

and the product was retrieved after one week [45]. The authors observed nanoparticles’ 

penetration into the Spirulina cells, thus resulting in a notch-like structure with consequent cell 

damage. The antimicrobial application of TiO2 NPs was foreseen, however not tested, and the 

effects of S. platensis metabolites on TiO2 NPs formation remained unknown. 

Additional secondary metabolites were observed to be utilized during Co(OH)2 NMs synthesis 

such as amines, ethyl mandelate, 1,4-bis(trimethylsilyl) benzene, nonane, ethylene glycol, 

propylene glycol, lactic acid, glycerol, butanedioic acid, L-glutamic acid derivative, glyceryl-

glycoside derivatives, and lactose. The role of ethyl mandelate, propylene glycol, lactic acid, 

butanedioic acid, L-glutamic acid derivative, glyceryl-glycoside derivative and lactose is probably 

similar to their action during synthesis of Ag NPs and TiO2 NPs. Ethylene glycol and glycerol may 

act as stabilizing agents comparably with propylene glycol. The exact role of 1,4-

bis(trimethylsilyl)benzene and nonane is unknown. Interestingly, the sample after synthesis also 

consisted of propylamine and retinal, however, description of their involvement requires further 

studies.   
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The synthesis of cobalt-based nanocatalysts has been investigated so far using levulinic acid, 

gallic acid, starch, and metal-organic substrates to evaluate their catalytic activity towards dyes 

[46]. In addition, Co3O4 NMs prepared by using Geranium wallichianum and Populus ciliate plants 

leaves extract showed antimicrobial properties [47,48]. In such investigation, the involvement of 

stigmasterol, ursolic acid, β-sitosterol, β-sitosterol galactoside, and herniarin in the Co3O4 NMs 

synthesis was assumed albeit no experiments have been conducted to elucidate the 

corresponding mechanism. 

 

Figure 7 FTIR spectra of the prepared nanomaterials (A) Ag NPs before and after calcination, (B) TiO2 NPs before and 

after calcination, (C) Co(OH)2 NMs and Co3O4 NMs. 

The involvement of capping agents on the surface of nanomaterials was further confirmed using 

FTIR technique (Fig. 7). The results revealed the presence of hydroxyl groups in high 

concentration on the surface of Ag NPs at 3418 cm-1 (Fig. 7A). Moreover, alkyl -CH2- groups were 

found at 2922 cm-1 and 2853 cm-1 with P-C organophosphorus compounds at 1463 cm-1. 

Attachment of amines was confirmed at 1625 cm-1 (NH group, probably belonging to 
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diethanolamine) and at 1041 cm-1 (C-N group of aliphatic amines) which also supports GCMS 

findings. Reducing action of amines was corroborated by the presence of NO group at 1374 cm-

1. Abundance of halides and carbon-metal bonds was confirmed at 550-400 cm-1. Analogous FTIR 

pattern was obtained for other Ag NPs synthesized from S. platensis [49].  

Similarly, for TiO2 NPs hydroxy groups were detected at 3400 cm-1 with alkyl -CH2- groups at 2930 

cm-1 and 2850 cm-1 (Fig. 7B). Organophosphorus P-C group, belonging possibly to phospholipids 

or proteins, was confirmed at 1460 cm-1 and C-O groups were identified at 1120 cm-1. Functional 

groups of amines were detected at 1630 cm-1 and 1040 cm-1 belonging to NH and CN groups 

respectably. Nitro compounds with NO groups were noted at 1380 cm-1. Low transmittance signal 

for 550-400 cm-1 suggests the presence of halides and carbon-metal bonds in high concentration. 

The functional groups present on the surface of Co(OH)2 NMs and Co3O4 NMs were comparable 

with the ones found in the nanomaterials discussed so far (Fig. 7C). In particular, hydroxyl groups 

in abundance were detected at 3401 cm-1 with carbonyl groups at 2924 cm-1 and 2854 cm-1. 

Organophosphorus P-C groups were found at 1462 cm-1. Attachment of amines was confirmed 

at 1611 cm-1 and 1045 cm-1 belonging to NH and CN groups, respectively. Nitro compounds were 

identified at 1377 cm-1. Only in the case of Co(OH)2 NMs, the peak at 3632 cm-1  was caused by 

stretching vibration of OH group in its structure. Like the other synthesized nanomaterials, there 

is a visible abundance of halides and metal-carbon bonds at 550-400 cm-1. 

FTIR results show similar pattern of functional groups acting as capping agents during the 

reaction. The findings further confirm involvement of secondary metabolites, especially amines, 

as active compounds for the synthesis of various nanomaterials. 

The XRD patterns are presented in Fig 4. Both Ag NPs before and after calcination show AgCl and 

Ag phases in their structure with possibly attached organic metabolites (Fig. 8A). The product 

after calcination shows increased intensity of peaks corresponding to Ag phase. The findings were 

matched with three phases in Crystallography Open Database (COD) with database ID codes: 

9011666, 9011673, and 1100136 corresponding to cubic AgCl, monoclinic AgCl, and cubic Ag, 

respectively. The average crystallite size estimated using the Debye-Scherrer’s equation was 
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15.22 nm for AgCl phase and 9.72 nm for Ag before calcination with increase after calcination to 

26.01 nm for AgCl and 24.86 nm for Ag.  

 

Figure 8 Crystallographic and microscopic studies of prepared nanomaterials (A) XRD spectrum of Ag NPs, (B) SEM 

image of Ag NPs before calcination, (C) SEM image of Ag NPs after calcination, (D) EDX of Ag NPs before calcination, 

(E) EDX of Ag NPs after calcination, (F) XRD spectrum of TiO2 NPs, (G) SEM image of TiO2 NPs before calcination, (H) 

SEM image of TiO2 NPs after calcination, (I) EDX of TiO2 NPs before calcination, (J) EDX of TiO2 NPs after calcination, 

(K) XRD spectrum of Co(OH)2 NM and Co3O4 NM, (L) SEM image of Co(OH)2 NM (before calcination), (M) SEM image 

of Co3O4 NM (after calcination), (N) EDX of Co(OH)2 NM (before calcination), (O) EDX of Co3O4 NM (after calcination). 

It should be noted that presence of both Ag and AgCl phases was confirmed by using 

Scenedesmus sp green microalgae culture for intracellular production of NPs while their 
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crystallite size was not evaluated [50]. Current research on Ag NPs utilizing S. platensis confirmed 

the presence of Ag phase [20,21]. The additional occurrence of AgCl in the present study indicates 

the key role of secondary metabolites from extract in the reaction mechanism leading to the 

synthesis of NPs. 

In case of TiO2 NPs (Fig. 8F), the observed XRD pattern matches tetragonal TiO2 anatase (COD ID 

code 9008215) with probably secondary metabolites attached. After calcination the anatase 

phase remains stable and peaks intensity decrease. The crystallite size was estimated to be 4.81 

nm for TiO2 before calcination and a slight decrease to 4.62 nm was obtained after calcination. 

Similar crystallite size (4.19 nm) of anatase TiO2 NPs was previously obtained by other authors 

[51] using chemical synthesis involving acetylacetone, n-butanol, and 4-dodecylbenzene sulfonic 

acid in a complex and time-consuming procedure. More eco-friendly method involving the use S. 

platensis living culture managed to obtain crystallite size of 17.3 nm [23]. The present study 

managed to produce small crystallite size of anatase TiO2 NPs while using facile and 

environmentally friendly method.  

The obtained XRD spectrum of Co(OH)2 NMs (Fig. 8K) is in well-agreement with hexagonal 

Co(OH)2 with COD ID code 1010267, even with secondary metabolites as in the other synthesized 

materials. The calcination resulted in phase transition to Co3O4 NMs which matches with cubic 

Co3O4 with COD ID code 9005897. The average crystallite sizes of NMs were estimated to be 3.52 

and 13.28 nm for Co(OH)2 and Co3O4, respectively. 

Previous studies reported the formation of Co(OH)2 NMs by means of a chemical method utilizing 

mainly hydrazine or hydrazine hydrate which resulted in crystallite sizes of 2.1 nm and 12.4 nm, 

respectively [52,53]. Green synthesized Co(OH)2 NMs were obtained by using Litchi cinensis fruit 

extract with crystallite size of 24.25 nm and 30.28 nm when following the boiling or the 

microwave route, respectively [54]. While red algae extract was used to obtain Co3O4 NMs with 

crystallite size 26.5 nm, only hydrothermal method managed to produce crystallite size of 13.8 

nm like the current study [55,56]. It should be noted that, to best of our knowledge, this work 

represents the first contribution in the literature where Co NPs were synthesized using a 

cyanobacterial extract to promote reduction, nucleation and capping. 
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Morphology of the obtained NMs was studied using SEM and EDX techniques (Fig. 8). The findings 

revealed oval shape of Ag NPs before calcination with size range 58-72 nm (Fig. 8B) with 

confirmed presence of silver as well as carbon, oxygen, phosphorus, sulphur and chloride from 

the S. platensis extract (Fig. 8D). After calcination the agglomerates of Ag NPs having size in the 

range 72-413 nm can be observed in Fig 4C. The EDX analysis showed the presence of similar 

elements as before calcination except sulphur (Fig. 8E). 

Similar spherical shape was observed for TiO2 NPs having size 60-88 nm (Fig. 8G). In addition, the 

sample show high tendency of NPs to form agglomerates of various sizes. The EDX analysis 

confirmed the presence of titanium, carbon, oxygen, nitrogen, phosphorus, and sulphur in their 

structure (Fig 4I). Calcination slightly increased the size of TiO2 NPs to 63-93 nm (Fig. 8H). 

Moreover, the same agglomeration tendency earlier discussed was observed for calcined 

samples. The same elements were detected with EDX technique as before calcination (Fig. 8J). 

Interestingly, nanoflake shape was observed for Co(OH)2 NMs with 12-21 nm width and around 

500 nm length (Fig. 8L). The EDX analysis showed the presence of cobalt, carbon, oxygen, 

phosphorus, sulphur, and chloride in their structure (Fig 8N). After phase transition to Co3O4 NMs 

during calcination, the nanoflake shape is maintained with around 20 nm width (Fig. 8M). The 

EDX analysis confirmed cobalt, carbon, oxygen, and phosphorus in their structure (Fig. 8O). To 

the best of our knowledge, it is the first time nanoflake shape of Co(OH)2 NMs and Co3O4 NMs 

was obtained using green chemistry method.  

The results further corroborate the involvement of S. platensis extract in the synthesis of various 

nanomaterials. Moreover, the products have various shapes and size ranges which show a great 

potential of secondary metabolites to fabricate different morphologies of nanomaterials. 
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Figure 9 Thermogravimetric analysis of the prepared nanomaterials (A) Ag NPs before calcination, (B) Ag NPs after 

calcination, (C) TiO2 NPs before calcination, (D) TiO2 NPs after calcination, (E) Co(OH)2 NMs (before calcination), (F) 

Co3O4 NMs (after calcination). 

Thermal properties of the materials were measured in air by both thermal gravimetric analysis 

(TGA) and differential thermal analysis (DTA) curves (Fig. 9). In addition, decomposition 

temperatures at which the materials lose 5% of their mass were defined as Td. In case of Ag NPs 

before (Fig. 9A) and after calcination (Fig. 9B) three main stages can be observed, i.e. 25-100°C, 
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100-600°C and 600-1000°C. The slight weight decreases at 952°C when lowering the heat flow 

corresponds to the melting point of silver. At the first stage, DTA curve indicates exothermal 

reactions possibly due to the activity of temperature-sensitive compounds at the surface, 

however with only slight mass difference (weight around 99.9%) in both materials. The 

progressive temperature increased results in decomposition of secondary metabolites present 

on Ag NPs surface with heat release and weight observed at 87.58% and 95.76% for Ag NPs before 

and after calcination, respectively. Above 600°C, loss of molecular oxygen is shown and at the 

end of the analysis the weight of the samples was 81.41% and for Ag NPs before and after 

calcination, respectively. In addition, Td values were measured at 197°C for Ag NPs before 

calcination and increased up to 842°C after calcination. Such difference in Td and the percentage 

of weight loss can be ascribed to the partial loss or structure changes of secondary metabolites 

present on the surface due to calcination procedure. 

Thermal stability of Ag NPs has been researched and showed final weight at around 70% at 800°C 

with around 60% weight at 600°C in two separate studies [42,57]. The research on green 

synthesized Ag/AgCl nanoparticles from Oedera genistifolia plant showed similar 70% weight at 

900°C [58]. The improved thermal stability of Ag NPs before and after calcination synthesized 

from S. platensis in the current study further confirms the importance of secondary metabolites 

on the surface in the achievement of thermally stable nanomaterials. 

Similar stages of thermal sensitivity can be observed in TiO2 NPs before (Fig. 9C) and after 

calcination (Fig. 9D). Interestingly, until 100°C endothermic loss of water occurs which changed 

the weight of TiO2 NPs to 96.18% and to 98.33% before and after calcination, respectively. Next, 

in the 100-750°C interval, the exothermic decomposition of secondary metabolites is observed 

for TiO2 NPs with weight at 75.31% and 87.54% before and after calcination, respectively. Further 

temperature increase resulted in loss of molecular oxygen and the final weight at 1000°C was 

recorded at 74.65% and 86.81% for TiO2 NPs before calcination and after calcination, 

respectively. Moreover, Td values for TiO2 NPs were observed at 112°C and 359°C before and 

after calcination, respectively.  
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The TGA studies on TiO2 NPs synthesized via green routes involving plants, report final weights 

of about 85% at 950°C and 76.74% at 800°C after calcination at 500°C [59,60]. The current 

findings show good thermal stability as well as difference in weight loss between samples before 

and after calcination similar to Ag NPs 10 %. Moreover, a broader DTA peak at 150-750°C in TiO2 

NPs reveals a difference in the exothermal reactions taking place likely due to possible distinct 

bonding of secondary metabolites with metals. 

Thermal behaviour was also measured for Co(OH)2 NMs (Fig. 9E) and Co3O4 NMs (Fig. 9F). Both 

materials show mass loss at 25-100°C corresponding to exothermal reactions of temperature-

sensitive metabolites, resulting in weights at 97.73% for Co(OH)2 NMs and 85.06% for Co3O4 NMs. 

Then, at around 300°C, Co(OH)2 NMs exhibit partial oxidation to Co3O4 NMs which may be also 

accompanied by the loss or structural changes of secondary metabolites on the surface after 

which the weight was recorded at 68.23%. Subsequently, at around 600°C loss of molecular 

oxygen is shown and the final weight for Co(OH)2 NMs at 1000°C was recorded at 56.98%. 

Prepared Co3O4 NMs display exothermal degradation of secondary metabolites at 100-300°C 

with a weight at 20.20% which remained relatively stable when further increasing the 

temperature even though possible structural changes resulted in heat release. The Co3O4 NMs 

weight at the end of the analysis was equal to 6.08%. Both Co(OH)2 NMs and Co3O4 NMs DTA 

curves show endothermal peak at around 950°C followed by a mass loss which is probably due 

to reaction with Al2O3, component of crucible used during the analysis, resulting in appearance 

of blue colour as it was reported in the literature [61]. In case of Co(OH)2 NMs and Co3O4 NMs Td 

values were recorded at 161°C and 39°C, respectively. The decrease in Td values is probably due 

to change in thermal behaviour of the materials possibly related to the phase transition as it was 

observed in the XRD analysis.  

So far, green synthesized from plants, quasi-spherical Co3O4 NMs were reported to have around 

83% weight at 980°C [62]. The significant weight loss observed during current TGA analysis of 

Co(OH)2 NMs and Co3O4 NMs in comparison with other NMs can be attributed to their distinct 

high content of organic metabolites and unique shape.  
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Zeta potential measurement was performed to analyse the stability of prepared nanomaterials 

in water suspension and compare their electrostatic repulsion or attraction behaviour (Fig. 10 

and Tab. 4). The findings revealed average zeta potential values reported in Tab. 4 along with the 

corresponding standard deviation.  

 

Figure 10 Zeta potential measurements of the prepared nanomaterials. A) Ag NPs before and after calcination, (B) 

TiO2 NPs before and after calcination, (C) Co(OH)2 NMs and Co3O4 NMs. 

Table 4 Average zeta potential measurements and their standard deviation. 

 Ag NPs 

before 

calcination 

Ag NPs 

after 

calcination 

TiO2 NPs 

before 

calcination 

TiO2 NPs 

after 

calcination 

Co(OH)2NMs 

before 

calcination 

Co3O4NMs 

after 

calcination 

Zeta 

potential 

(mV) 

-40.2 ± 0.89 -29.1 ± 2.62 6.25 ± 0.32 8.05 ± 0.05 -0.82 ± 1.53 -22.3 ± 0.51 

 

Good stability in water suspension was noted for Ag NPs before calcination which decreased to 

moderate after calcination procedure. In the literature, zeta potential was measured for Ag NPs 

before calcination synthesized using water and methanolic S. platensis extract revealing the 

values of -15.90 mV and -43.60 mV, respectively [63,64]. Most probably the composition of 

extracted secondary metabolites from S. platensis can also play a role in stabilizing NMs in water 

suspension.  
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The opposite charge on the surface with poor stability was noted for TiO2 NPs before and after 

calcination. The rapid ability to coagulate, possibly due to the metabolites on the surface, might 

be a limitation in efficient action of the nanoparticles. The quick agglomeration was also 

measured for Co(OH)2 NMs (before calcination) which improved after calcination to Co3O4 NMs 

to a relatively poor stability. 

Six types of NMs: Ag NPs (before and after calcination), TiO2 NPs (before and after calcination), 

Co(OH)2 NMs, and Co3O4 NMs and relative extracts before synthesis were tested against three 

Candida species to evaluate their inhibitory effect, through broth microdilution technique. The 

inhibitory concentrations of nanomaterials having effects on fungal growth ranged from 12 µg/ml 

to 100 µg/ml. In Table 5, the MIC values of nanomaterials were listed for C. albicans, C. glabrata 

and C. krusei detected with and without light exposition. Co3O4 NMs after calcination, TiO2 NPs 

both before and after calcination and all extracts before synthesis, have no inhibitory activity 

against Candida species under all experimental conditions tested. The MIC wells presenting 

lowest growth after 48 hours of incubation were chosen to determine the minimum fungicidal 

concentration (MFC) against the Candida species that was assessed between 25 µg/ml to 100 

µg/ml.  

Table 5 MIC and MFC determination. 

 C. albicans C. glabrata C. krusei 

MIC  

(mg/mL) 

MFC 

(mg /mL) 

MIC 

(mg /mL) 

MFC 

(mg /mL) 

MIC 

(mg /mL) 

MFC 

(mg /mL) 

Ag NPs 1 dark 50 50 25 50 50 50 

Ag NPs 1 light 50 50 50 50 12 25 

Ag NPs 2 dark NE NE NE NE 50 50 

Ag NPs 2 light NE NE 100 100 25 25 
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Co(OH)2 NMs dark 50 100 25 50 25 5 

Co(OH)2 NMs light 100 100 25 50 12 25 

Ag NPs 1 = before calcination; Ag NPs 2 = after calcination; Co(OH)2 NMs = before calcination; NE 

= No inhibitory effects on fungal growth. 

Both Ag NPs before calcination and Co(OH)2 NMs (before calcination) showed antifungal activity 

in all tested conditions and Candida spp. Calcination process seems to reduce the antifungal 

properties of Ag NPs, as the material only managed to inhibit the growth of C. glabrata in the 

presence of light and C. krusei in the dark and light. Calcination of Co(OH)2 NMs and subsequent 

phase transition to Co3O4 NMs significantly changed the properties of the nanomaterial which 

did not exhibit antifungal properties in the tested concentrations. In addition, TiO2 NPs did not 

inhibit Candida growth before and after calcination in the tested concentrations as well as extract 

used for the synthesis of NMs. Candida species exposed to light, used as a control, showed no 

alterations in growth.  

Considering tested fungal isolates, C. albicans was found to be the most resistant to the NMs 

activity with increased MIC value in the presence of light. Similar increase in the MIC value was 

detected in case of Ag NPs before calcination treated C. glabrata, however, Ag NPs after 

calcination were found to be antifungal only in the presence of light. The most susceptible fungal 

pathogen to NMs activity was C. krusei which showed decrease in both MIC and MFC values in 

the presence of light even up to 4 times (MIC of Ag NPs before calcination, p<0.05). 

The influence of light on antimicrobial activity has been studied before mainly on the bacterial 

cells [65,66]. It has been proven that light generates more reactive oxygen species (ROS) which 

damages the bacterial cells [67]. The recent research on light-activated chemically synthesized 

NMs found that light can reduce C. albicans biofilms (Ag NPs) and inhibit Fusarium oxysporum 

growth (N and F co-doped TiO2 NPs) [68,69]. However, the light influences not only the 

performance of NMs, but also the growth of fungi triggering expression of different metabolic 

pathways [70]. In the current study, C. albicans exposed to Co(OH)2 NMs (before calcination) and 

C. glabrata exposed to Ag NPs before calcination required increased concentrations of NMs to 
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inhibit fungal growth. The results suggest potential activation of fungal defence mechanisms in 

the presence of light which requires further studies. 

 

Figure 11 Hypothesized mechanism of NMs antifungal activity. 

The proposed antifungal mechanism in depicted in Fig 11. The first interactions occur possibly 

between NMs and fungal cell wall which can cause disintegration and damages also to the cell 

membrane [48]. The process activates ROS production which is usually enhanced in the presence 

of light [71]. As a result, the fungal cell exhibits oxidative stress causing formation of pores, 

leakage of cell content and apoptosis [72]. At the same time, ATP synthesis is blocked, DNA is 

damaged, fatty acid composition is changed and overall ultrastructure of the cell is disturbed 

[73]. The exact molecular mechanism leading to above mentioned effects is a result of 

interactions between cell components and specific structure (size, shape) as well as composition 

(identified phases) of the synthesized NMs and may differ accordingly [74]. Additionally, Ag NPs 

can release Ag+ ions which have high affinity and may bind to the thiol group (-SH) of the proteins 

affecting their original structure and activity (denaturation) [68]. The antifungal properties of 

Co(OH)2 NMs were not studied before, however, it is probable that due to the presence of 

hydroxy group (-OH) in their structure they may affect hydrogen bonds formation in the proteins 
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causing structural changes and inhibiting proper protein functions in the cell. The exact 

mechanism of the antifungal activities of various NMs requires further research. 

3.4 Conclusions 

The study showed the potential of secondary metabolites from S. platensis to participate in the 

synthesis of various NMs. The involvement of amines among other compounds was revealed by 

GCMS and FTIR analyses. The phases identification in XRD analysis confirmed the presence of Ag 

and AgCl phases in Ag NPs, TiO2 anatase in TiO2 NPs, Co(OH)2 in Co(OH)2 NMs and Co3O4 in Co3O4 

NMs. The SEM findings showed oval and spherical shapes for Ag NPs and TiO2 NPs, respectively 

with nanoflake shape of both Co(OH)2 NMs and Co3O4 NMs. EDX further confirmed the presence 

of organic content on the surface of the prepared NMs. In addition, Ag NPs showed the best 

thermal stability of all the synthesized NMs which increased after calcination. It has been found 

that Ag NPs exhibited the best stability in water suspension, even though it decreased after 

calcination.  

We have also evaluated, for the first time, the capability of six NMs to act against several Candida 

species and our data have supported our hypothesis: Ag NPs (before and after calcination) and 

Co(OH)2 NMs have shown antifungal activity for all Candida tested. Interestingly, these 

nanostructures exhibited high antimicrobial activity on C. glabrata that was amphotericin 

resistant. It is apparent that the action mechanism of the NPs also depends on light conditions 

while the underlying molecular processes involved require further investigation.  

Our results led us to speculate that both the composition of nanomaterials and the different 

experimental conditions (presence/absence of light) may have different mechanisms of cytolysis, 

inducing candidacidal effect through mechanisms already described, such as insertion of 

functional pores into target membranes, induction of apoptosis, alteration of macromolecules 

structure, or inhibition of ATP synthesis. 

These findings, together with the increase of microbial resistance to antifungal drugs, encourage 

to carry out further studies to also determine the antibacterial activity against multi-drug 

resistance pathogens as well as the biocompatibility, cytotoxicity and safety of these 

nanostructures, with a view to their possible use in the medical field.  
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Chapter 4 

4 Co3O4 nanomaterials synthesized from microalgae: 

structural properties and catalytic activity for CO 

oxidation 

 

4.1 Introduction 

Carbon monoxide is a by-product of incomplete fossil fuel combustion that can give rise to serious 

health issues such as hypoxia, apart from environmental problems such as photochemical smog 

[1]. Rapid urban development and industrialization resulted in a sharp increase in CO emissions 

generated by metallurgy, thermal power plants, petrochemical industries, coal mines, and other 

fields [2,3]. Moreover, during the cold start of an engine, when the automotive three-way-

catalyst does not yet function, mainly CO is discharged into the atmosphere [4]. Hence, many 

past studies focused on CO elimination, out of which the most economical and effective method 

is catalytic CO oxidation to less toxic CO2. Furthermore, carbon monoxide oxidation in 

recirculated flue gas of an internal combustion engine is also a means to increase combustion 

efficiency, thus leading to the reduction of fossil fuel consumption [5,6]. Apart from the well-

established nobel metal catalysts, cobalt (II, III) oxide nanomaterials (Co3O4 NMs) have received 

considerable attention due to their abundance, low production costs, and excellent low-

temperature catalytic performance [7–9].  

Despite the progress and improvements in Co3O4 catalyst design, the synthesis methods are 

usually chemical or physical, while a biological approach has not yet been extensively studied. 

Recently, pollen has been used as a bio-template in catalyst preparation, providing a porous 

structure to deposit Co3O4 [10]; however, the effect of the extract on Co3O4 synthesis was not 

studied. Organisms possess a variety of metabolites that can be used as reducing agents while 

maintaining economic and environmentally-friendly aspects [11,12]. Among various organisms, 
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microalgae are gaining more attention due to the quick production of nutrient-rich biomass, as a 

result of a higher CO2 fixation rate during photosynthesis than terrestrial plants [13]. Jahdaly et 

al. demonstrated the potential of marine red algae extract (Grateloupia sparsa) for Co3O4 NMs 

preparation, which were then used as an accessible electrode for energy storage applications 

[14]. The obtained remarkable performance and stability showed the potential of algal extract to 

fabricate high-value Co3O4 NMs by a sustainable strategy. However, the Co3O4 NMs synthesized 

using biological extract have not been tested for CO oxidation activity so far. 

Current research typically focuses on Co3O4 NMs synthesized via chemical or physical 

approaches, i.e. their characterization and description of catalytic activity. Several spectroscopic 

and theoretical studies aimed at understanding the catalytic mechanism of Co3O4 NMs were 

reported [15–21]. Although Pollard et al. suggested CO adsorption on Co2+, other theoretical 

studies have claimed CO adsorption on Co3+ ions and considered them as active sites [15]. The 

abundance of Co3+ ions on the surface was also suggested to be responsible for cryogenic (-77°C) 

CO oxidation activity by Co3O4 nanorods with exposed (110) planes [16]. The morphology-

dependent activity of Co3O4 NMs surfaces was determined as (110) > (100) > (111) by a 

theoretical study [17]. However, Teng et al. proved that plate-like Co3O4 with exposed (111) 

planes were more active than cubic- and rod-shaped Co3O4 which exhibited (100) and (110) 

planes, respectively [18]. Thus, other properties were investigated to establish the relation 

between structure and exhibited activity. Recently, the involvement of other crystal planes has 

been studied by synthesizing various morphologies such as straw-like nanorods, flower-like 

nanosheets, or honeycomb- and raspberry-shaped nanoparticles [19,20]. The results revealed 

complex surface chemistry with reactivity depending on the exposed crystal facets, 

morphologies, and crystal sizes. 

Another method to study the relationship between structure and activity is the introduction of 

heteroatoms to induce structural defects. Lou et al. reported that doping heteroatoms with 

larger ionic radii changed the lattice parameter and promoted reducibility as well as oxygen 

mobility [22]. The doping effect was investigated for potassium, phosphorous, chlorine, and alkali 



Co3O4 nanomaterials synthesized from microalgae: structural properties and catalytic 
activity for CO oxidation 

88 
 

metals (Na, K, and Li) [23–26], revealing structural defects with either enhancing or inhibiting 

effects. However, the combined effect of multiple elements has not been studied so far. 

In the study presented herein, methanolic extracts of three different microalgae were used to 

synthesize Co3O4 NMs: Spirulina platensis (blue-green algae), Chlorella vulgaris (green algae), and 

Haematococcus pluvialis (green algae). To the best of our knowledge, this is the first work dealing 

with Co3O4 NMs synthesized from extracts of C. vulgaris and H. pluvialis. The involvement of 

metabolites was examined by Ultraviolet-visible (UV-Vis) and attenuated total reflection Fourier 

transform infrared spectroscopy (ATR-FTIR) techniques of the extract used for the synthesis, as 

well as the extract after the synthesis. The obtained Co3O4 NMs were characterized using X-ray 

diffraction (XRD), Brunauer-Emmett-Teller (BET), UV-Vis, scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), X-ray 

photoelectron spectroscopy (XPS), and ATR-FTIR. In addition, the catalysts were tested for CO 

oxidation to establish a connection between structure (for calcination 450-800°C) and the 

catalytic activity. The catalytic performance was measured in a continuous-flow reactor at room 

temperature, and the mechanism was studied directly using in situ DRIFTS and DSC, and indirectly 

by H2-TPR and O2-TPD. Altogether, the results revealed the prospects of Co3O4 NMs structural 

modifications via extract components, which may stimulate further studies of CO oxidation and 

related reactions. 

4.2 Materials and methods 

4.2.1 Catalyst preparation 

S. platensis (courtesy of TOLO Green, Arborea, Italy) and C. vulgaris (CCALA 902) cultures were 

cultivated in Modified Zarrouk Medium and BBM medium, respectively, at 25°C with stirring (250 

RPM) and 30 μmol m-2 s-1 photosynthetic photon flux density (PPFD). H. pluvialis (CCALA 840) 

culture was grown in Modified OHM medium at 31°C with shaking (Zetalab®, Italy) and 50 μmol 

m-2 s-1 PPFD. The culture was supplemented with 10 mM CH3COONa twice a week to improve 

the growth and then daily for two weeks to increase the astaxanthin content. Modified Zarrouk 

medium was prepared with pH adjustment to 9.0, thereafter autoclaved, and, after the solution 

cooled down, K2SO4 and MgSO4 were added to the medium as axenic. Similarly, BBM and 
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Modified OHM media were prepared, pH was set to 6.2 and 8.0 for BBM and Modified OHM 

media, respectively, and the media were autoclaved.  

The cultures were cultivated until reaching OD750 around 0.6, 0.4, and 0.3 for S. platensis, C. 

vulgaris, and H. pluvialis, respectively. Then, the biomass was separated from the media by 

centrifugation at 4°C (1500 RPM for S. platensis, 2000 RPM for C. vulgaris, and 1200 RPM for H. 

pluvialis) and dried at room temperature for 7 days. The obtained biomass was weighted, yielding 

9 g of S. platensis, 2.75 g of C. vulgaris, and 2.5 g of H. pluvialis used for extract preparation. 

 

Figure 12 Methodology of Co3O4 NMs synthesis from microalgae. 

The Co3O4 NMs synthesis procedure from microalgae is depicted in Fig. 12. First, the obtained 

algal biomass was suspended in methanol (Merck® LiChrosolv® hypergrade) according to the 

weight (540 ml for S. platensis, 165 ml for C. vulgaris, 150 ml for H. pluvialis). The flasks were 

sonicated for 30 min (Soltec® Sonica® 2400 ETH S3) and then stirred at 250 RPM (IKA® RH Digital 

Magnetic Stirrer) for 30 min. Next, the biomass was removed using standard filtration paper 

(Whatman®), and the solutions were evaporated using a rotary evaporator (Buchi Rotavapor™ R-

210 Rotary Evaporator System) to remove about 70% of methanol. Finally, the concentrated 
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extracts were diluted using MiliQ H2O (Millipore®, Milan, Italy) to 1080 ml, 330 ml, and 300 ml 

for S. platensis, C. vulgaris, and H. pluvialis, respectively. 

The prepared extracts were heated to 85°C by stirring at 250 RPM (IKA® RH Digital Magnetic 

Stirrer) while the extract sample was taken and labeled as extract before the synthesis (Fig. 12IX). 

In the next step, 13.52 g, 4.29 g, or 3.90 g of cobalt (II) chloride hexahydrate (Carlo Erba®, Italy) 

was added to S. platensis, C. vulgaris, and H. pluvialis extract, respectively. After 15 min, the pH 

was raised up to 8 (S. platensis and C. vulgaris) and 10 (H. pluvialis) using 1.25 M NaOH. After salt 

addition, the flasks were continuously heated and stirred for 1.5 h. Then, the solutions were 

removed from the heat source and left to cool down to room temperature. The obtained 

nanomaterials were separated from the supernatant by centrifugation at 4°C with 4000 RPM 

(Heraeus® Megafuge® 1.0R) and dried at 80°C for 24 h. The supernatant was labeled as an extract 

after the synthesis (Fig. 12XII). Next, the products were calcined in a muffle furnace (Gelman 

Instrument®) for 3 h at 450, 650 or 800°C. Finally, the nanomaterials were stored at room 

temperature in the dark. The samples were labeled according to the species used for the 

synthesis (S. platensis – SP, C. vulgaris – CH, H. pluvialis - HA) and their calcination temperature. 

A commercially available Co3O4 NM (Sigma-Aldrich®, Italy) was labeled as SA400 and used after 

400°C calcination following the procedure described previously 8. 

4.2.2 Characterization 

UV-Vis measurements were performed on a UV-1600PC spectrophotometer at room 

temperature. The extract samples before and after synthesis were used as obtained and 

measured in the 200-1000 nm wavelength range. The nanomaterials were suspended in 

deionized water (10 mg/ml) and sonicated for 15 min, followed by measurement in the 

wavelength range from 300 to 1000 nm. The direct bandgap energy was calculated from the Tauc 

relation (Equation 1): 

(𝛼ℎ𝜈)2 = (ℎ𝜈 − 𝐸𝑔)  (1) 
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where α is the molar extinction coefficient, h is Plank’s constant, ν is the light frequency, and Eg 

is the band gap energy. The bandgap energy was calculated by linear fit extrapolation of the plot 

of (αhν)2 against energy (hv). 

For attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), an FT-IR 

spectrophotometer (Vertex-70, Bruker Optics®) was used, equipped with an ATR unit (ZnSe 

crystal) and a liquid N2-cooled mercury cadmium telluride (MCT) detector. The extract samples 

(before and after synthesis) were diluted in ethanol in a 1:4 ratio, and the flow rate was adjusted 

to 5 ml/min. The spectra were recorded using OPUS 6.5 software by performing 128 scans from 

4000 to 900 cm-1 range in absorbance mode with 4 cm-1 resolution. 

Crystallographic parameters were examined by X-ray diffraction (XRD) at angles of diffraction 

(2θ) between 15° and 90° using a Cu-Kα radiation source (wavelength λ = 1.5406 Å). The 

measurement was carried out at 40 kV operating voltage and 30 mA current. The results were 

analyzed by Rietveld refinement using HighScore Plus® (v5.1) connected with ICDD® database. 

The d-spacing (d) was calculated based on the following equation (Equation 2): 

𝑑 =
𝜆

2 sin 𝜃
  (2) 

where λ is the wavelength of the incident X-ray beam (1.5406 Å), and θ is the angle of detector 

position from the incident X-ray beam. Based on the d-spacing values, the average lattice 

parameter (a) was calculated based on the following equation (Equation 3): 

𝑎 = 𝑑 × √ℎ2 + 𝑘2 + 𝑙2  (3) 

with h, k, and l corresponding to the Miller indices.  

N2 adsorption-desorption isotherms were recorded at 77K using an ASAP 2020 instrument 

(Micromeritics Inc., USA). Before each run, a known mass sample (ca. 0.18 g) was heated to 120°C 

under vacuum for 2 h. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) models 

were used to calculate specific surface area and pore size/volume, respectively. 
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Prior to scanning electron microscopy (SEM), specimens were sputter-coated with an 8 nm layer 

of platinum and gold. The surface morphology was observed using a FEG-250, Quanta instrument 

with an accelerating voltage of 5 kV. Transmission electron microscopy (TEM) was performed on 

a FEI TECNAI F20 field emission microscope equipped with a GATAN GIF Tridiem energy filter and 

a GATAN Rio16 CMOS camera. The microscopy images were analyzed using ImageJ software 

(1.52a). Selected area electron diffraction (SAED) and electron energy loss spectroscopy (EELS) 

were employed to determine the structure and elemental composition in Co3O4 NMs, 

respectively. 

X-ray photoelectron spectroscopy (XPS) spectra were acquired at room temperature in a UHV 

chamber (base pressure < 3 × 10−10 mbar) equipped with a Specs XR50© high-intensity non-

monochromatic Al/Mg dual anode and a Phoibos 100© hemispherical electron energy analyzer 

with multichannel plate detector. All measurements were performed using the Al anode at 

1486.6 eV, at normal emission geometry, and in fixed analyzer transmission with a pass energy 

of 20 eV. The spectra were calibrated to the C1s peak at 284.8 eV and analyzed using CasaXPS. 

For universal attenuated total reflection Fourier transform infrared spectroscopy (UATR-FTIR), 

measurements were done by another Fourier-transform infrared spectrometer (FTIR) 

(PerkinElmer Universal ATR, PerkinElmer, Waltham, MA, USA) coupled to Frontier Universal 

Diamond/ZnSe ATR crystal with a pressure arm. Each specimen was suitably pressed against the 

ATR crystal with the aid of the pressure arm to maintain proper contact between the sample and 

the ATR crystal. The FTIR spectrometer was operated in the 4000–400 cm−1 wavenumber range 

with 4 cm−1 resolution. Absorption intensity versus wavenumber plots were digitally recorded by 

averaging 64 scans using Spectrum software (PerkinElmer Spectrum 10; PerkinElmer). 

H2-Temperature Programmed Reduction (H2-TPR) experiments were performed in a continuous-

flow fixed-bed quartz reactor under atmospheric pressure. For H2-TPR, 20 mg of the sample were 

placed between quartz plugs. After pre-treatment (20 vol% O2 in Ar, total flow: 50ml/min) at 

400°C for 30 min (heating rate 10°C/min) and cooling to 30°C in 100 vol% Ar (total flow 

50ml/min), each sample was heated from RT to 800°C (heating rate of 5°C min-1) in a mixture of 

5 vol.% H2 in Ar (total flow: 50 ml/min). Hydrogen consumption was measured by a mass 
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spectrometer (Pfeiffer Hicube RGA, Pfeiffer Vacuum) with a MS signal of H2 (m/z = 2) detected 

online using Quadera software (v.4.40.019).  

For O2-Temperature Programmed Desorption (O2-TPD), 50 mg of a sample was placed between 

quartz plugs in a continuous-flow reaction system and pre-treated (20 vol% O2 in N2, total flow: 

50ml/min) at 400°C for 30 min (heating rate 10°C/min), followed by cooling down to RT. Then, 

each sample was heated from RT to 500°C under vacuum with a heating ramp rate of 10°C/min. 

The gas stream was analyzed by a mass spectrometer (Balzers Quadstar 422), monitoring the MS 

signal of O (m/z=16). 

4.2.3 Catalytic CO oxidation 

Differential scanning calorimetry (DSC) analysis during CO oxidation was performed on Netzsch 

STA 409 PC Luxx® in an alumina crucible. Before each cycle, samples (10 mg) were pre-treated in 

20 vol% O2 in He (total flow: 50ml/min) at 400°C for 30 min (heating rate 10°C/min). After cooling 

down to 25°C under He, different vol.% of CO and O2 were introduced under He flow (total flow 

20 mL/min) in 10 min intervals: at 10 min CO, 20 min CO + O2, 30 min O2, 40 min CO + O2, and 50 

min CO.  

CO oxidation was conducted in a continuous-flow fixed-bed quartz reactor under atmospheric 

pressure. Typically, 20 mg of catalyst placed between quartz plugs was loaded into the reactor 

and pre-treated (20 vol% O2 in Ar, total flow: 50 ml/min) at 400°C for 30 min (heating rate 

10°C/min). The catalyst bed temperature was controlled by a thermocouple. Subsequently, the 

sample was cooled to 30°C, and a mixture of 5 vol% CO, 10 vol% O2, and 85 vol% Ar (total flow 

50 mL/min) was introduced. A mass spectrometer (Pfeiffer Hicube RGA, Pfeiffer Vacuum) was 

used to monitor the effluent gas, and the MS signals of CO (m/z = 28), O2 (m/z = 32), CO2 (m/z = 

44) and H2O (m/z = 18) were recorded online using Quadera software (v.4.40.019).  

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) studies were carried out on 

a Bruker Vertex 70 spectrometer with a liquid N2-cooled MCT detector. A stainless-steel flow cell 

(Pike) features a CaF2 window and an oven. The inlet of the cell was connected to a gas manifold 

system with calibrated mass flow controllers to adjust the gas mixtures (pre-treatment: 20 vol% 

O2 in Ar, total flow: 50 ml/min, reaction: 5 vol% CO, 10 vol% O2 in Ar, total flow: 50 ml/min) and 
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a mass spectrometer (Pfeiffer Hicube RGA, Pfeiffer Vacuum). Each sample was pre-treated at 

400°C with a temperature ramp of 10°C/min and kept at the maximum temperature for 30 min 

(20 vol% O2 in Ar). Next, the sample was cooled to room temperature (100 vol% Ar), and the 

gases were switched to reaction conditions. The reaction temperature was increased by 5°C/min 

and kept at the maximum temperature of 300°C. DRIFTS spectra were recorded with 4 cm−1 

resolution using OPUS 6.5 software by averaging 128 scans to achieve a good signal-to-noise 

ratio.  

4.3 Results and discussion 

4.3.1 Analysis of extracts 

S. platensis, C. vulgaris, and H. pluvialis were investigated to determine differences in their 

morphology and metabolomic profile [27,28]. S. platensis is a well-known source of proteins with 

less abundant lipid and carbohydrate content. On the contrary, C. vulgaris has a decreased 

protein content and has been used mainly for its high lipid accumulation, while H. pluvialis is a 

source of astaxanthin belonging to carotenoids. Therefore, the effect of the metabolite 

composition on the synthesis process was evaluated by comparing the extract before and after 

synthesis by UV-Vis and ATR-FTIR (Fig. 13). 
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Figure 13 Analysis of the extract before and after synthesis: (A) UV-Vis, (B) ATR-FTIR. 

UV-Vis spectra of the extract before and after synthesis are presented in Fig. 13A. Before 

synthesis, three major peaks were identified in the S. platensis extract: at 222 nm, 411 nm, and 

660 nm. The first peak can be assigned to proteins owing to the presence of the carbonyl group 

in the peptide bond. The same peak was used to determine the presence and isolate various 

peptides from S. platensis by Lu et al. [29]. The peaks at 411 nm and 660 nm can be attributed to 

abundant compounds in the extract, such as carotenoids, chlorophylls, and phycocyanin with 

overlapping absorbance maxima [30]. Similar values were observed for C. vulgaris extract before 

synthesis, with peaks at 226 nm, 411 nm, and 677 nm, the redshift probably due to structural 

differences between molecules belonging to the same group of metabolites [31]. The H. pluvialis 

extract before synthesis exhibited one major peak at 408 nm characteristic of astaxanthin, usually 

observed at 450-500 nm; however, the absorbance peak shifted towards 400 nm after water 

dilution [32]. After synthesis, all extracts show decreased absorbance, suggesting that the 

molecules from microalgae were indeed involved in the synthesis of Co3O4 NMs.  

The presence of functional groups in the extract before and after synthesis was further 

investigated by ATR-FTIR. The S. platensis extract exhibits a variety of identified functional groups 

belonging to proteins, lipids, and carbohydrates (Fig. 13B). Comparably, C. vulgaris and H. 
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pluvialis extracts show a lower peak intensity for functional groups of proteins and increased 

intensity of carbonyl groups belonging to carbohydrates (Fig 2B). After synthesis, S. platensis 

extract showed an intensity decrease in all previously identified peaks with visible redshift. In 

cases of C. vulgaris and H. pluvialis, the decrease was less significant, and redshift was observed 

around 3000 cm-1, attributed to the NH group of proteins. Altogether, the results confirm a 

significant involvement of metabolites from the extract, mainly proteins and carbohydrates, in 

the Co3O4 NMs synthesis.  

Recent studies showed the potential of extracts to synthesize highly active Co3O4 NMs. 

Poonguzhali et al. utilized a fresh lemon juice-assisted auto-combustion method to synthesize 

Co3O4 NMs as gas sensors [33]. The response was measured as a change in resistance due to 

chemical reactivity between the produced oxygen ions and tested gases such as H2, CO2, LPG, 

and (CH₃)₂CO. The material exhibited a short recovery-response time showing promising gas 

sensor applications. In a separate study, Khalid et al., tested Co3O4 NMs prepared by employing 

green chili or sunflower seed extracts and compared them with synthesis without extract [34]. 

The utilization of sunflower seed extract resulted in the synthesis of Co3O4 NMs with the best 

photocatalytic and capacitive behaviour among prepared materials. Although both studies 

proved the high catalytic activity of Co3O4 NMs, the extracts used for the synthesis were not 

analyzed, and therefore the role of the metabolites remained unclear. In the present study, the 

utilization of microalgal metabolites has been evaluated to provide insights into the synthesis 

mechanism. In the next steps, the obtained catalysts were characterized to establish a 

connection between synthesis, properties, and catalytic activity. 

4.3.2 Characterization of Co3O4 NMs 

The crystal structure of synthesized algae-derived catalysts and the commercial reference cobalt 

oxide were characterized by XRD. All samples show a diffraction pattern of Fd-3m cubic spinel 

Co3O4 (JCPDS 01-078-5622) with (111), (220), (311), (400), (511), and (440) reflections (Fig. 14A). 

Moreover, Co3O4 NMs synthesized from C. vulgaris and H. pluvialis extracts exhibited additional 

peaks next to (220) and (400), belonging to NaCl (JCPDS 01-079-9877) formed probably due to 

the use of NaOH and CoCl2 · 6 H2O during synthesis. Another factor that causes changes in the 
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pattern is the calcination temperature which, consistently with literature, shifted all peak 

positions to higher values probably due to the lattice contraction [35].  

Figure 14 XRD analysis of Co3O4 NMs: (A) wide angle, (B) selected magnified regions. 

Moreover, structural changes were observed for HA650, for which (111) was absent, as well as 

CH800 and HA800, for which (111), (220), and (400) were not present in the pattern (Fig. 14B). 

In addition, crystallite sizes increased with calcination temperature, with slight changes for Co3O4 

NMs from S. platensis, but more pronounced growth for Co3O4 NMs from C. vulgaris and H. 

pluvialis (Tab. 1). The crystallite size increase indicates sintering of Co3O4 NMs. Increased 

calcination temperature also caused a reduction of interplanar distances, indicating a more 

strained crystal lattice formation. The lattice parameter and volume decreased with temperature 

for Co3O4 NMs. In particular, a small decrease was observed for S. platensis and C. vulgaris 
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between 450 to 650°C, while a more prominent decrease occurred for other Co3O4 NMs (Tab. 1, 

Fig. S4B). A similar tendency was observed for Co3O4 NMs synthesized via a chemical method and 

calcined at 400, 600, and 800°C [36]. The applied thermal energy is contributing to a more orderly 

ion arrangement, decreasing the unit cell size (lattice contraction).   

N2 physisorption isotherms were acquired to determine the textural properties of Co3O4 NMs. 

The adsorption-desorption isotherms belong to type IV isotherms according to the IUPAC 

classification with an H1 hysteresis loop suggesting the presence of meso- and macro-pores in 

the catalysts [37]. The pore distribution graphs, reveal a narrow spread at 2.5-4 nm width for all 

samples. In addition, SA400 Co3O4 NMs show a bell-shaped pore distribution at around 5-80 nm. 

The high porosity correlates with a large surface area of SA400 Co3O4 NMs (43.7 m2/g) and huge 

pores volume (Tab. 6). However, even though SA400 Co3O4 NMs, CH450 Co3O4 NMs, and HA450 

Co3O4 NMs show similar average pore width, their pore volume varies, suggesting pore blocking 

in the catalysts synthesized using microalgae. The porosity change with increasing temperature 

has been studied before [38]. The calcination temperature was found to increase Co atom 

migration that leads to bigger Co3O4 crystallites which, in turn, cause structural strain in the 

material. This results in a shrinkage of the formed porous structures which finally collapse into 

quasi-spherical particles. Moreover, the gases formed during organic residue decomposition can 

further destroy structural integrity, or it may lead to carbon deposition decreasing the catalytic 

activity. These findings have been confirmed in the current study. Increasing the calcination 

temperature decreased porosity, pore volume, and surface area, with the most significant 

surface area decrease for Co3O4 NMs obtained when using H. pluvialis extract (from 29.2 to 5 

m2/g). A similar effect has been observed for Co3O4 NMs synthesized using a metal-organic 

framework, with the surface area decreasing from 120.9 m2/g to 22.6 m2/g upon calcination 

temperature increase from 300°C to 400°C, likely due to increasing crystallite size [38].  
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Table 6 Structural properties of the different Co3O4 NMs. 

Sample 
Crystallite 

size (nm) 

Lattice 

parameter 

a=b=c (Å) 

Volume (Å3) 

BJH adsorption 

cumulative 

pores volume 

(cm³/g) 

BJH 

average 

pore width 

(nm) 

BET 

surface 

area (m²/g) 

SA400 21.9 8.067 524.878 0.2657 26.8 43.7 

SP450 26.1 8.068 525.155 0.0285 16.1 6.9 

SP650 24.1 8.057 522.661 0.0240 18.5 6.1 

SP800 28.6 7.980 508.216 0.0120 38.1 3.4 

CH450 16.4 8.058 523.141 0.0680 25.6 13.3 

CH650 24.0 8.054 522.401 0.0743 37.3 11.3 

CH800 40.3 7.951 502.690 0.0188 28.6 4.6 

HA450 18.4 8.078 527.215 0.1706 24.4 29.2 

HA650 23.1 8.014 514.735 0.1408 39.2 19.5 

HA800 42.2 7.958 504.059 0.0152 14.7 5.0 

 

The morphologies of the commercial and synthesized Co3O4 NMs were examined by SEM. As 

presented in Fig. 15, SA400 Co3O4 NMs are spherical or quasi-spherical agglomerates with high 

porosity confirming the BET findings. Octahedral shape was observed for SP450 Co3O4 NMs with 

more abundant hollow spherical agglomerates upon increasing calcination temperature. 

Nanosheet morphologies were observed for CH450 and HA450 Co3O4 NMs with similar tendency 

regarding spherical form with rising calcination temperature, as described previously [38]. High 

resolution TEM images show lattice fringes corresponding to the (111) crystalline plane. The 
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obtained SAED patterns of the powder materials show characteristic diffraction rings, which can 

be attributed to (111), (220), (311), (400), (511), and (440), in line with the XRD findings. 

 

Figure 15 SEM analysis of Co3O4 NMs: (A) SP450, (B) SP650, (C) SP800, (D) SA400, (E) CH450, (F) CH650, (G) CH800, 

(H) HA450, (I) HA650, (J) HA800. 

The local valence state of Co3O4 NMs was studied in the TEM using the EELS technique. The O K-

edge displays peaks a, b, and c in the 533-553 eV range. Peak a, referred to as the pre-edge peak, 

is ascribed to O 2p unoccupied states hybridization with the Co 3d orbital, while peaks b and c 

originate from O 2p state hybridization with Co 4sp band [39]. The increased pre-edge peak 

intensity compared with peak b is considered as a fingerprint for Co3O4 due to the high number 

of unoccupied Co 3d states [40]. Moreover, the decreased electron counts of peaks a and b are 

correlated with oxygen vacancies in Co3O4 NMs [41,42], with rich oxygen vacancy indicated for 

SA400 Co3O4 NMs, followed by CH450, HA450, and SP450 Co3O4 NMs. The EELS spectra also 

display Co L3 and L2 edges at 780-800 eV, stemming from 2p3/2 and 2p1/2 core-shell electrons 

transition into 3d orbitals in a pattern typical for Co3O4 [39]. 
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Figure 16 Composition of Co3O4 NMs: (A) XPS Co 2p spectra, (B) elemental composition based on XPS analysis, (C) 

UATR-FTIR spectra. 

Catalyst composition was examined by XPS. The results confirmed the Co3O4 phase in the 

samples (Fig. 16A), as previously indicated by XRD and EELS analyses. The Co 2p3/2 peak was 

deconvoluted into three primary and two satellite signals, as shown for HA450 (the same 

deconvolution holds true for the analogous peak of SP450, CH450 and SA400). The main signals 

at 780, 782, and 783 eV were attributed to Co3+ in Co3O4 lattice, with Co2+ in the Co3O4 lattice, 

and Co2+ in octahedral positions in a CoO lattice, respectively [43]. The presence of CoO on the 

surface might be a result of vacuum reduction during XPS measurements [43,44]. The relative 

composition, derived from the XPS spectra, is displayed in Fig. 16B. The samples have similar 

oxygen content with a slight increase upon rising calcination temperature. The Co3O4 NMs 

synthesized using microalgae extract also showed the presence of sodium (from sodium 

hydroxide) and chlorine (from cobalt salt) added during the synthesis process, as also observed 

by XRD. In addition, Co3O4 NMs synthesized using microalgal extract contained potassium, whose 

percentage increases with calcination temperature, and phosphorus that was observed only in 

SP650, SP800, and CH800 Co3O4 NMs. Both potassium and phosphorus originated from the 
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microalgae extract, which once more indicates the involvement of metabolites during synthesis. 

The variable potassium, phosphorus, carbon, and oxygen contents suggest surface segregation, 

which may also cause the differences in the Co3O4 NMs crystallographic parameters (Tab. 6). The 

XPS results were confirmed by UATR-IR analysis of Co3O4 NMs, which also revealed the presence 

of phosphorous via a phosphorous-oxygen stretching vibration at 1100 cm-1 [45] in SP650, SP800, 

and CH800 Co3O4 NMs (Fig. 16C). All UATR-IR spectra showed peaks at 550 cm-1 belonging to Co-

O stretching and 656 cm-1 corresponding to O-Co-O bridging vibration due to Co-O linkage [46]. 

Moreover, no organic ligands were detected on the surface. 

4.3.3 Reducibility and oxygen availability of Co3O4 NMs 

The redox behavior of active cobalt species was further investigated by H2-TPR, as presented in 

Fig. 17A. Typically, Co3O4 NMs exhibit two peaks corresponding to reduction of Co3+ to Co2+ and 

Co2+ to Co0, which may partly overlap. A lower temperature of H2 consumption indicates weaker 

Co-O bond strength, which should lead to higher oxidation activity [47]. The lowest TPR 

temperatures of both peaks was observed for SA400 Co3O4 NMs, followed by HA450, CH450, and 

SP450 Co3O4 NMs. The lower temperature for HA450 than CH450 Co3O4 NMs shows their 

potential for oxidation performance, which could be hindered by other factors, such as the 

presence of sodium and chlorine. Increasing the calcination temperature shifted the peak 

positions to higher TPR temperature, which should be a descriptor of lower CO2 production. For 

HA650 and HA800 Co3O4 NMs, only one TPR peak was observed, likely due to calcination-induced 

changes in the structure. 
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Figure 17 (A) H2-TPR, (B) O2-TPD of Co3O4 NMs. 

The desorption of oxygen from the catalysts’ surface, revealing the availability of oxygen species, 

was then investigated by O2-TPD (Fig. 17B). Three types of oxygen species were detected in the 

spectra, depending on the temperature range: oxygen species adsorbed on the oxygen vacancies 

at 50-150°C, surface active lattice oxygen ions at 150-450°C, and lattice oxygen at 450-500°C [48]. 

The largest oxygen desorption area was observed for SA400 Co3O4 NMs, mostly as surface active 

lattice oxygen ions, which results in efficient oxidation performance according to the Mars-van-

Krevelen (MvK) mechanism. High surface-active oxygen content was also observed for HA450 

and SP450 Co3O4 NMs. On the contrary, CH450 Co3O4 NMs showed an increased amount of 

molecular oxygen adsorbed on the oxygen vacancies, which may predict their improved catalytic 

action compared with other Co3O4 NMs synthesized from the microalgal extract. Moreover, 

increasing the calcination temperature decreased the amount of desorbed oxygen, thus 

decreasing the Co3O4 NMs oxidation ability. 

4.3.4 CO oxidation on Co3O4 NMs 

To better understand CO oxidation on the Co3O4 NMs, a DSC technique was applied (Fig. 18). The 

energy released was calculated based on the measured peak areas. The strongest exothermicity 

with -14.4 J/g was observed for SA400 Co3O4 NMs, with significantly reduced energy of -0.4, -2.4, 

and -6.5 J/g for SP450, CH450, and HA450 Co3O4 NMs, respectively. When exposed to CO several 

processes can take place including CO2 or carbonate formation 8. During initial adsorption, CO 
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interacts with Co active sites and neighboring oxygen, resulting in CO2 formation. Filling of the 

generated oxygen vacancy with the oxygen atom of CO may lead to dissociation and carbon 

deposition (which may be re-oxidized upon oxygen exposure) [21]. Both CO and carbon oxidation 

are exothermic and can occur in parallel [49]. The strongest exothermicity for SA400 Co3O4 NMs 

is connected with its high activity. However, the differences to other samples might originate 

from the formation of different carbonate species on the surface. Subsequent molecular oxygen 

dosing led to smaller heat release. This difference may be due to active oxygen species only 

present after pretreatment or to adsorbed CO attached to the surface [8]. After a 10 min 

treatment with (pure) oxygen, the heat release remained reduced. A decrease in exothermicity 

was also observed for SA400 Co3O4 NMs in a second cycle with different percentages of gases. 

The results suggest a complex network of different interactions due to CO and O2 competing for 

active sites, as discussed previously [8,21]. 

Figure 18 DSC analysis of Co3O4 NMs: SA400, SP450, CH450, and HA450. 

The various catalysts were then tested for CO oxidation in a flow reactor, with the results shown 

in Fig. 19. The CO oxidation activity of Co3O4 NMs synthesized from the extract is described for 

the first time along with a comparison to commercial Co3O4 NMs. The most intense CO2 signal 

corresponding to the highest catalytic activity was observed for SA400 Co3O4 NMs, followed by 
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CH450, HA450, and SP450 Co3O4 NMs. Such sequence correlates well with the one related to 

oxygen vacancies content revealed by EELS. Among the tested microalgae, for Co3O4 NMs 

calcined at the same temperature, the highest activity was observed for the Co3O4 NMs 

synthesized using C. vulgaris extract, while after calcination at 800°C Co3O4 NMs synthesized 

using S. platensis extract were the most active. Increasing calcination temperature decreased the 

catalytic activity of Co3O4 NMs synthesized from microalgae, which might be related to a 

decrease in surface area (Tab. 6) However, it increased signal stability with only an activity 

decrease by ca. 11-19% for Co3O4 NMs calcined at 800°C and 35-41% decline for Co3O4 NMs 

calcined at 450°C. 

Figure 19 CO oxidation over Co3O4 NMs: MS spectra of CO2 for (A) SA400, (B) SP, (C) CH, (D) HA, (E) CO2 signal 

normalized per surface area of SA400. 
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The variable catalytic activity was also normalized relative to the per surface area of SA400 (Fig. 

19E), revealing high catalytic surface activity of SP800, CH800, and SP650 Co3O4 NMs containing 

phosphorous, as indicated by XPS. The effect of phosphorus has been studied before, mainly as 

a dopant in Co3O4 NMs. During peroxymonosulfate (PMS) activation, due to the presence of 

phosphorus, more active cobalt sites were exposed, thereby exhibiting higher affinity and easier 

electron transfer for PMS, while weakening O–O bond for the rapid generation of radicals [50]. 

Accelerated charge transfer was also observed for Co3O4 anchored on nitrogen-doped carbon 

nanotubes, with observed oxygen vacancies mobility to the Co3O4 lattice, inducing active species 

Co–O–P. Moreover, the resulting lattice dislocations were examined for their enhanced 

adsorption and catalytic sites interaction with polysulfides [18].  

On the materials of the current study, CO oxidation is believed to follow a Mars-Van-Krevelen 

(MvK) mechanism which involves reactant adsorption, lattice oxygen activation, reaction with 

active lattice oxygen, and product desorption, followed by replenishment of oxygen vacancies by 

gas-phase oxygen [8,51]. In addition, the possibility of reaction between CO and chemisorbed 

oxygen cannot be excluded (Langmuir–Hinshelwood mechanism) [46]. Thus, increased oxygen 

mobility induced by phosphorous should improve the catalytic process. The enhancing effect of 

phosphorous is persistent despite the presence of sodium and chlorine, which were previously 

reported for their reducing effect on oxygen mobility, poisoning catalytic oxidation [19,20]. 

However, a decrease in sodium and chlorine content in HA650 Co3O4 NMs compared to HA450 

Co3O4 NMs did not increase their activity. Nevertheless, HA800 Co3O4 NMs show much better 

performance, probably due to higher potassium content. Potassium in the Co3O4 NMs lattice was 

previously described for promoting oxygen activation by stimulating CO2 desorption, resulting in 

a more facile CO oxidation process [17]. So far, the influence of phosphorous, potassium, 

chlorine, and sodium has been described, when the elements were introduced separately to 

Co3O4 NMs, whereas their simultaneous effect on CO oxidation had not been tested. The catalytic 

activity was also studied by calculating bandgap energy, representing the minimum energy 

required to excite an electron up to the conduction band from the valence band. The lowest 

values were noted for SP800, CH800, and SP650 Co3O4 NMs following the order of surface activity 
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as depicted in Fig. 8E. The values belong to the charge transfer range between heterovalent 

cobalt ions, which may explain their electron mobility and lattice oxygen activity [52]. 

The catalytic reaction was further studied by in situ DRIFTS, monitoring species absorbed on the 

catalysts (Fig. 9). During CO oxidation, the IR results revealed (gas phase) bands of the product 

CO2 at 2360 cm-1, as well as peaks of (gas phase) CO at 2170 and 2120 cm-1 [53]. The bands in the 

1000-1700 cm-1 region correspond to various vibrations of adsorbed carbonates, which likely just 

act as spectators [46]. The SA400 Co3O4 NMs showed formation of bridged carbonates at 1629 

cm-1, bidentate at 1513 cm-1, and monodentate at 1425, 1317, and 1043 cm-1, while Co3O4 NMs 

synthesized using microalgae extract showed mostly monodentate (1541, 1540, 1450, 1340, 

1294, 1290, 1051, 1054, 1050, 1047, 1045, 1043) and bridged carbonates (1153, 1143, 1138, 

1136, 11341130, 1111, 1107) [46]. The higher intensity of carbonate formation in SA400 Co3O4 

NMs is correlated with its high CO2 production activity, while other Co3O4 NMs show less 

prominent performance with a tendency towards monodentate formation upon higher 

calcination temperature. When the temperature was increased up to 110°C on SA400 Co3O4 NMs 

(Fig. 9B), carbonate species decreased, whereas more gaseous CO2 was visible at 2360 cm-1. In 

the case of Co3O4 NMs synthesized from microalgae, the carbonate species rather remained on 

the surface, suggesting higher thermal stability.  
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Figure 20 In-situ DRIFTS spectra of CO oxidation on Co3O4 NMs: (A) at room temperature (RT) after 25 minutes of 

the reaction, (B) at 90°C. 

Although the surface area of Co3O4 NMs obtained via a biological method was smaller than that 

of commercial Co3O4 NMs, their normalized catalytic activity showed the potential to improve 

CO oxidation due to microalgal components such as phosphorous or potassium. 

4.4 Conclusions 

The present study exploited microalgae extracts from three different species and different 

calcination temperatures for the synthesis of various Co3O4 NMs, using commercial spinel Co3O4 

as reference. The focus was on the relationship between the structure, morphology, composition 

and CO oxidation activity of Co3O4 NMs. The catalyst structure/composition were characterized 

by XRD, SEM/TEM/EELS, XPS, their reducibility by H2-TPR, and oxygen species O2-TPD. Higher 

calcination temperature caused surface segregation of phosphorous and potassium (originating 

from the extract), which further modified the properties of Co3O4 NMs. The catalysts were tested 

for CO oxidation, revealing highest activity of commercial Co3O4 NMs. However, when 

normalized to surface area, the activity of Co3O4 NMs from microalgae calcined at high 

temperature was superior. The presence of phosphorous and potassium increased the catalytic 

activity despite the previously reported poisoning effect of sodium and chlorine (which were also 

present). During CO oxidation, in situ DSC and DRIFTS revealed the complexity of interactions 

between reactants and Co3O4 NMs. The low surface area of Co3O4 NMs synthesized using 

microalgae is currently a limiting factor, but future studies of a modified synthesis technique 

increasing the surface area would yield highly active Co3O4 NMs from biological extracts. Overall, 

the present study demonstrates the potential of microalgae to synthesize nanomaterials with 

environmentally-friendly properties which can be used for a broad range of applications.  
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Chapter 5 

5 Photocatalytic activity of silver nanoparticles 

synthesized from microalgae against Brilliant Blue R 

dye  

 

5.1 Optimization of Brilliant Blue R photocatalytic degradation by silver nanoparticles 

synthesized using C. vulgaris 

5.1.1 Introduction 

The discharge of dyes from various industries into waterbodies is a major source of 

environmental pollution, which can affect aquatic biota as well as humans. It is estimated that 

more than 700000 tons of synthetic dyes are produced annually, with about 15% released to the 

environment after processing [1]. Once released into a water body, dyes can block solar light 

penetration, which reduces photosynthetic activity and inhibits the growth of aquatic biota [2]. 

In addition, due to their recalcitrant nature, they are resistant to degradation, resulting in 

prolonged exposure and accumulation in living organisms [3]. As a result, they can cause allergies, 

skin irritation, respiratory disorders, mutagenicity, and carcinogenicity [4]. Therefore, it is crucial 

to apply the proper wastewater treatment method before their discharge. 

One of the dyes commonly used in the laboratory is Brilliant Blue R (BBR), known for its intense 

blue colour, often utilized for protein gel staining to visualize and analyze protein bands. It 

belongs to the class of triphenylmethane dyes, which contain three phenyl rings linked to a 

central carbon atom [5]. In its structure, conjugated double bonds in the aromatic rings enable 

electron delocalization with resonance stabilization, which allows electronic charge distribution 

and prevents the formation of reactive sites [6]. Combined with a lack of highly labile functional 

groups, the removal of BBR requires specialized techniques for its degradation [7]. 
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In an attempt to discover economical and environmentally friendly treatment, several biological 

methods have been researched [8]. The mechanism behind it involves the use of enzymes found 

in the cell structures of microorganisms [9]. However, the treatment requires a longer time in a 

controlled, optimally favorable environment. Another common method is adsorption, which 

involves the adhesion of dye molecules into adsorbent through physical or chemical interactions 

[9]. While short reaction time is the advantage of using materials such as activated carbon or 

zeolites, the pollutants are collected and transferred, but not eliminated from the environment 

[9]. A different method, combining both high efficiency and short time, is the use of advanced 

oxidation processes (AOPs) based on the production of hydroxyl free radicals with high oxidizing 

ability. 

Photocatalysis has emerged as a promising method utilizing light energy to generate reactive 

oxygen species (ROS) that can degrade the dye into less toxic substances [10]. Among various 

photocatalysts, silver nanoparticles (Ag NPs) have attracted attention due to their strong light 

absorption in the visible region and prominent activity [11]. Moreover, their synthesis process 

can be sustainable and environmentally friendly when the metabolites from organisms are used 

as reducing and stabilizing agents [12]. One of the organisms investigated for the synthesis of 

nanoparticles is microalgae, owing to their rapid biomass increase and abundance of valuable 

metabolites. The study by Rajkumar et al. showed the potential of Ag NPs from Chlorella vulgaris 

to photocatalyse methylene blue dye under sunlight irradiation [13], however, to the best of our 

knowledge, the activity of Ag NPs from C. vulgaris extract against BBR dye has not been assessed 

so far.  

From the perspective of the significance of biological synthesis, the C. vulgaris methanolic extract 

was utilized to synthesize Ag NPs. The material was also calcined to determine the influence of 

its organic content on the structure and activity. The product was tested for the first time for 

photocatalytic degradation of BBR dye in visible light considering the influence of various 

parameters such as light intensity, dye concentration, catalyst concentration, pH, or presence of 

organic content on the photocatalytic action. Herein, the material characteristics-to-
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photocatalytic performances are evaluated, and the degradation mechanisms are explored for 

the optimization of the removal of hazardous BBR dye from the environment. 

5.1.2 Material and methods 

5.1.2.1 Synthesis of nanoparticles 

The Chlorella vulgaris (CCALA 902) culture was grown in BBM medium supplemented with 60 

mM NaHCO3 with stirring and irradiation of 58W fluorescent lamps (Osram®) with 60 μmol*m-

2*s-1 photon flux. The culture was kept for 30 days to acquire an adequate quantity of biomass. 

Then, it was centrifuged at 1500 RPM at 4 °C (Heraeus® Megafuge® 1.0R) to remove the medium, 

and the algal biomass was dried at room temperature. 

In the next step, 0.9 g of dried residue was mixed with 54 mL of methanol (Merck® LiChrosolv® 

hypergrade). The flask was sonicated for 30 min (Soltec® Sonica® 2400 ETH S3) followed by 

stirring at 250 RPM (IKA® RH Digital Magnetic Stirrer) for the next 30 min to break down the cell 

walls and release the metabolites into the solvent. The leftover biomass was removed by 

filtration using standard filtration paper (Whatman®) and then the liquid was evaporated using a 

rotary evaporator (BUCHI Rotavapor™ R-210 Rotary Evaporator System) to discard about 70% of 

methanol. The concentrated extract was diluted with MiliQ H2O (Millipore®, Milan, Italy) to the 

final volume of 180 mL and it was used for the Ag NPs synthesis process.  

For Ag NPs synthesis procedure, the prepared extract was heated to 85°C and stirred at 250 RPM 

(IKA® RH Digital Magnetic Stirrer). When the temperature of the extract reached 85°C, 0.1 M of 

silver nitrate (Carlo Erba®) was added, and after 15 min pH of the solution was increased up to 8 

using 1.25 M NaOH. Starting from the moment of silver nitrate addition, the reaction continued 

for 1.5 h and then it was removed from the hot plate stirrer for maturation at room temperature. 

Then, the liquid was centrifuged at 4000 RPM at 8°C (Heraeus® Megafuge® 1.0R) followed by the 

repeated washing of the residue in the two washing cycles with MiliQ H2O (Millipore®, Milan, 

Italy). Next, Ag NPs were dried at 80°C for 24 h, ground using mortar and pestle, and divided into 

two parts. One part was stored in an Eppendorf tube in the absence of light (before calcination – 

Ag NPs BC) and the other was calcined in a muffle furnace (Gelman Instrument®) for 2 h at 600°C 
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(after calcination – Ag NPs AC). After the calcination procedure, all the samples were stored in 

the same conditions. 

5.1.2.2 Characterization 

The structure of Ag NPs was studied by X-Ray Diffraction (XRD) using X-Ray Diffractometer (D8 

Advance, Bruker AXS®). The scanning was performed with a diffraction angle between 12° and 

90° at 0.1° per 10 s, at 40 kV and 30 mA using CuKα (λ =1.54 Å) radiation. The existing phases in 

obtained Ag NPs were identified by using Diffrac.Eva software v.6.1.0.4 according to the COD 

database. The crystallite size was calculated from Debye-Scherrer’s formula after baseline 

correction. 

Functional groups and important bonds existing in the Ag NPs were determined by Fourier-

Transform Infrared Spectroscopy (FTIR) using FT/IR-6700 (Jasco, Tokyo, Japan) in the range of 

500-4000 cm-1. 

The surface morphology of prepared Ag NPs was studied by Scanning Electron Microscopy (SEM) 

using Hitachi S4000 FEG HRSEM (Hitachi Ltd., Tokyo, Japan) operated at 20 kV.  The image 

acquisition was performed with Quartz PCI software (Quartz Imaging Corporation, Vancouver, 

Canada). Prior SEM analysis, the samples were coated with 2 nm of platinum to enhance the 

contrast. The composition assessment of Ag NPs was examined through EDX analysis using 

UltraDry EDX Detector (Thermo Fisher Scientific®, Madison, Wisconsin, USA), and NSS3 software 

(Thermo Fisher Scientific®, Madison, Wisconsin, USA). 

Thermal properties of Ag NPs were studied with Thermogravimetric Analysis (TGA) using 

Differential Thermal Analyzer TG/DSC (NETZSCH® STA 409 PC) with airflow 100 mL/min and in a 

heating range 25– 1000°C at 10°C/min. 

The optical properties were examined by UV-Vis absorption measurements using CARY 50 

spectrophotometer (Varian Inc., Australia) with a cell path length of 10 mm in the wavelength 

range of 200–750 nm. The direct bandgap energy was calculated from the Tauc relation (Equation 

1): 

(𝛼ℎ𝜈)2 = (ℎ𝜈 − 𝐸𝑔) (1) 
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Where α is the molar extinction coefficient, h is the Plank’s constant, ν is the light frequency, and 

Eg is the band gap energy. The bandgap energy was calculated by linear fit extrapolation of the 

plot of (αhν)2 against energy. 

5.1.2.3 In-situ photocatalysis 

The scheme of the in-situ photocatalytic setup is shown in Fig. 21. First, calibration line was 

obtained by assessing the correlation between absorbance and concentration of the dye. Before 

testing Ag NPs photocatalytic abilities, they were combined with 50 mL of ddH2O and sonicated 

for 15 min in a sonication bath (Soltec® Sonica® 2400 ETH S3) to ensure even dispersion. First, 

the baseline of the dispersed Ag NPs solution was created. Next, the solution was mixed with 

different concentrations of BBR dye (Sigma-Aldrich®) in ethanol (500 mg/L). The flask was stirred 

constantly for 30 minutes without any exposure to light to achieve reaction equilibrium. Then, 

the light was switched on and the irradiation by a warm white 10.5 W LED bulb (Phillips) was 

measured with a luxmeter (HD2302.0 Delta-Ohm, Padua, Italy). The emission spectrum of the 

radiation source as supplied by the manufacturer is shown in Fig. 22. The liquid was flowing 

continuously between the flask and a 10 mm flow-through cuvette attached to the UV-Vis 

Spectrophotometer (Cary 50, Varian®). The measurements were conducted in the range of 400-

750 nm every 10 minutes. The experiments with the highest degradation efficiency were 

performed in triplicate to accurately evaluate the photocatalytic potential of the material. 

Figure 21 Photocatalytic setup 
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Figure 22 Emission spectrum of the light source provided by manufacturer. 

The efficiency of the BBR dye degradation by Ag NPs was calculated as (Equation 2): 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 100 − (𝐶
𝐶0

⁄ ∙ 100) (2) 

where C0 is the initial BBR dye concentration, and C is the final concentration of the dye at the 

end of the degradation period. 

The obtained data were fit using OriginPro 2021© 9.8 according to the pseudo-first order 

reaction model according to the Equation 3: 

𝐶 = 𝐶0 ∗ 𝑒
−𝑘

𝑡⁄    (3) 

Where t is time and k (min-1) is the reaction constant. 

5.1.3 Results and discussion 

5.1.3.1 Characterization 

The XRD analysis was performed to determine the purity and crystallinity of the synthesized Ag 

NPs (Fig. 23A). The results of the analysis confirmed the presence of a highly pure and crystalline 

material, indicating a successful synthesis process. The identified phases in Ag NPs BC belong 

mostly to Ag2O (COD 1010486) and Ag (COD 1100136) with low intensity peaks in 19-20° 

corresponding to Ag2CO3 (COD 4318190 and COD 4318187). After calcination, Ag NPs AC show 

the presence of only Ag phase (COD 9012961), which suggests the important role of organic 

content in stabilizing Ag NPs structure. Based on the XRD results, full width at half maximum 
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(FWHM) values were calculated and used for Debye-Scherrer’s formula. The crystalline size for 

Ag NPs BC was determined as 16.44 nm for Ag2O and 15.70 nm for Ag with the average size of 

16.07 nm. Calcination increased the crystalline size of Ag NPs AC to 24.61 nm. 

Figure 23 Crystallographic and spectroscopic analyses (A) XRD, (B) FTIR, BC – before calcination, AC – after 

calcination. 

The reported Ag NPs synthesized using C. vulgaris utilized water as a solvent to extract 

metabolites and resulted in the formation of only Ag phase in their structure [13–15]. The 

methanolic extract of C. vulgaris was studied previously for its high antioxidant activity owing to 

the presence of phenolic and flavonoids constituents as compared to the standard ascorbic acid 

[16]. The current results show the potential of C. vulgaris to obtain a variety of materials 

depending on composition of the solution to which the metal precursor is added. The organic 

content was further examined by FTIR analysis. 

The FTIR technique was applied to study the behavior of the capping agents on Ag NPs before 

and after synthesis as well as before and after calcination (Fig. 23B). The results revealed an 

abundance of functional groups originating from the C. vulgaris extract such as OH, NH, C=C, C≡C, 

C=O, C-N, P-O, CH2, CH3, and C-O with the highest intensity before calcination [17–19]. After 

catalysis, the wavenumber values of the peaks shifted, which might be correlated with changes 
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in the structure or organic molecules due to the interactions with radicals generated upon light 

irradiation. Moreover, the intensity of the peaks increased which further proves the active 

participation of the capping compounds in the photocatalytic process. The calcination process 

significantly increased the intensity of the peaks to around 95% which proves the efficient 

removal of organic content from the Ag NPs surface. 

The morphology of the obtained Ag NPs was observed using SEM-EDX analyses (Fig. 24). The Ag 

NPs BC exhibit irregular shapes with oval and ellipsoidal shapes. The elemental analysis revealed 

the presence of silver, oxygen, carbon, phosphorous, and sulfur in the structure with homogenic 

distribution. The Ag NPs AC show the tendency to agglomeration or coalescence with more oval 

shape. The calcination resulted in the removal of sulfur from the Ag NPs while phosphorus 

remained as a part of their structure. Similarly, all detected elements show homogeneous 

distribution. Partial removal of organic content from Ag NPs changed the morphology of the 

material which further proves the important role of organic content in stabilizing the structure 

and preventing agglomeration. 
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Figure 24 Microscopy analysis, (A) SEM of Ag NPs BC, (B) EDX spectrum of Ag NPs BC, (C) EDX mappings of Ag NPs 

BC, (D) SEM of Ag NPs AC, (E) EDX spectrum of Ag NPs AC, (F) EDX mappings of Ag NPs AC. 

Thermal properties of the Ag NPs were assessed by TGA analysis (Fig. 25A-C). For Ag NPs BC two 

major weight losses can be observed: in the 25 - 300°C and 300 - 600°C. The first weight loss with 

DTG peak at 161°C resulting in the loss of 28.5% weight can be attributed to the water loss and 

decomposition of the temperature-sensitive organic compounds. The second weight loss with 

DTG peak at 403°C led to decrease of 7.3% of the weight which is probably due to the 

decomposition of the phenolic compounds present on Ag NPs BC surface [20]. Further increase 

in temperature did not change the weight significantly with final weight at around 65%. In 

addition, DTA analysis proved the exothermic nature of the decomposition of the organic 

compounds described previously with an endothermic peak at 960°C indicating the melting point 

of silver [21]. 
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Figure 25 Thermal and optical properties of Ag NPs, (A) TG and DTG of Ag NPs BC, (B) TG and DTG of Ag NPs AC, (C) 

DTA of Ag NPs BC and Ag NPs AC, (D) UV-Vis spectrum of Ag NPs BC, (E) UV-Vis spectrum of Ag NPs AC, (F) Tauc plot 

of Ag NPs BC. 

The Ag NPs AC subjected to the same analysis show much smaller weight loss. In the 25 - 200°C 

the weight decreased by 0.5% with DTG peak at 67°C which can be attributed to the physically 

adsorbed water molecules or oxidation of the remaining organic content on the Ag NPs AC 

surface [20]. The next weight loss occurred at around 700 - 900°C with the decrease of 0.5% and 

DTG peak at 790°C which is probably due to the decarbonization [22]. At the end of the 

measurements, the final weight was recorded at around 99%. Similarly to Ag NPs BC, the 

reactions were exothermic with endothermic melting silver point at 960°C. Overall, the results 

show the high organic content of Ag NPs BC in comparison with Ag NPs AC which supports the 

FTIR and EDX findings. 

The optical properties of Ag NPs were studied by applying UV-Vis spectroscopy (Fig. 25D-E). Upon 

light excitation at specific wavelength, electrons in the conduction band undergo a collective 

oscillation known as a surface plasmon resonance. The effect results in the strong scattering and 

absorption of light and can be an indicator of the potential photocatalytic activity. The UV-Vis 

spectrum of Ag NPs BC shows a broad absorbance band which after deconvolution reveals the 

presence of three separate peaks. The peaks at 278 nm and 385 nm probably belong to the 



Photocatalytic activity of silver nanoparticles synthesized from microalgae against Brilliant 
Blue R dye 

127 
 

metabolites present on the surface. The presence of additional peaks in the UV-Vis spectrum due 

to the activity of organic molecules has been observed before [23]. The characteristic surface 

plasmon resonance of Ag NPs was detected at 415 nm and it is consistent with the literature with 

values recorded in the 400 – 500 nm range [24]. Furthermore, the Ag NPs BC can be 

photoactivated in the visible light spectrum. 

After calcination, the absorbance values significantly decreased which might be the effect of the 

structural defects and change in the electronic structure induced by high temperature. The peak 

at 254 nm of Ag NPs AC is attributed to the electronic transition to metallic Ag [25] which is 

consistent with the phase transition observed in XRD analysis. Thus, high temperature treatment 

impaired the photocatalytic activity of Ag NPs.  

Based on the UV-Vis spectrum, the band gap energy of Ag NPs BC was calculated (Fig. 25F). The 

parameter is defined as an energy difference between the highest occupied energy state of 

electrons in the valence band and the lowest unoccupied state of the conduction band. It 

determines the ability of the material to absorb light, generate electron-hole pairs, and initiate a 

photocatalytic reaction. The band gap energy of Ag NPs BC was calculated at 2.17 eV and similar 

band gap values were reported previously [26]. 

5.1.3.2 Photocatalytic activity 

5.1.3.2.1 Influence of light 

The dye degradation activity of Ag NPs BC was first assessed in the dark conditions (Fig. 26). The 

results show a slight decrease in the dye concentration, however, after an initial 30 minutes the 

concentration stabilizes and starts to reach equilibrium. The interactions between dye and Ag 

NPs BC are due to physisorption mainly due to the weak van der Waals forces [27]. At the end of 

the experiment, around 10% of the dye was degraded and k value was measured at k = 0.00118 

min-1. Based on the obtained results, the next experiments were performed after 30 min in dark 

conditions to allow the reaction to reach equilibrium and more precisely access the effect of 

various factors on the photocatalytic performance of Ag NPs. 
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Figure 26 Degradation of BBR dye in the dark (A) UV–Vis spectral changes for the degradation of dye, (B) changes in 

dye concentration, (C) pseudo-first-order kinetic plot, (D) percentage degradation efficiency. 

The first factor tested for photocatalytic activity was light intensity. In photocatalyst, the 

generation of electron and hole pairs is dependent upon the intensity or strength of the light that 

is directed onto it. When the intensity of light increases, there is a corresponding increase in the 

transfer of electrons from the valence band to the conduction band [28]. This leads to an 

amplified generation of hydroxyl or oxygen radicals playing a crucial role in the degradation of 

organic molecules [28]. The concentration of BBR dye was measured in three different light 

intensities 75, 150, and 300 µmol/m2/s (Fig. 27). 
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Figure 27  Influence of light on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying light 

irradiation, (D) changes in dye concentration, (E) percentage degradation efficiency. 

The lowest tested light intensity (75 µmol/m2/s) resulted in the lowest decrease in the 

concentration of the dye with final degradation efficiency of around 40% and k value 0.00402 

min-1. A significant increase was recorded with increasing twice the light intensity which resulted 

in the remarkable degradation efficiency of around 76.7% with k equal to 0.01642 min-1. Further 

increase in light intensity showed a rapid change during the first 10 min of illumination which 

could relate to the production of intermediates of BBR degradation products. At the end of the 

experiment, the degradation efficiency was recorded at around 66.5% with k value of 0.01041 

min-1. The decrease in the degradation intensity in the highest light intensity might be due to the 

influence of heat provided to the system. The results proved the important role of light intensity 

for BBR dye degradation using Ag NPs BC with higher number of absorbed light photons leading 

to the high likelihood of the BBR dye degradation taking place. 

5.1.3.2.2 Influence of dye concentration 

The light availability can also be influenced by changing the concentration of the BBR dye in the 

solution. The dye molecules can absorb light which results in fewer photons reaching the catalyst 

surface leading to the decreased production of radicals. The effect of changing BBR dye 

concentration within the range 4-34 mg/L is shown in Fig. 28. As expected, the highest decrease 
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in the BBR concentration was observed for the lowest tested BBR dye concentration of 4 mg/L 

with degradation efficiency around 80% and k value of 0.01983 min-1. Increase of the BBR dye 

concentration decreases the degradation efficiency to around 76.7% and k value 0.01642 min-1. 

The highest tested BBR dye concentration showed a degradation efficiency around 31.6% with k 

value 0.00314 min-1. Other than the easier light availability, the low degradation of the dye allows 

easier access of the molecules to the active sites on the catalyst surface and prevents 

agglomeration [28]. Considering that the BBR dye is present in the wastewater due to many 

washing cycles [29], it shows the potential of Ag NPs BC for its efficient removal. 

 

Figure 28 Influence of dye concentration on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying 

dye concentration, (D) changes in dye concentration, (E) percentage degradation efficiency. 

5.1.3.2.3 Influence of catalyst dosage 

The influence of the availability of the active sites on the catalyst surface has been tested by 

varying the catalyst dosage in the range 62.5-250 mg/L (Fig. 29). The lowest tested concentration 

of Ag NPs BC resulted in only a slight decrease in BBR dye concentration with degradation 

efficiency of 18.8% and k value of 0.00144 min-1. Increasing twice the catalyst dosage significantly 

improved the photocatalytic performance with recorded degradation efficiency of around 76.7% 

and k value of 0.01642 min-1. The highest tested catalyst dosage of 250 mg/L revealed a rapid 
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decrease in the BBR concentration after switching on the light with peak shift which can be 

attributed to the formation of intermediates. The degradation efficiency of the reaction was 

observed at around 90.6% with k value of 0.04402 min-1. Based on the obtained results, the 

availability of the active sites on the Ag NPs BC surface plays a crucial role in the photocatalytic 

degradation of the BBR dye. However, it has been reported that the increase can be observed up 

to a certain limit as the excess of the catalyst might turn the solution more turbid thus hindering 

the light penetration [30]. 

 

Figure 29 Influence of catalyst concentration on the photocatalytic activity (A-C) UV–Vis spectral changes in the 

varying catalyst concentration, (D) changes in dye concentration, (E) percentage degradation efficiency. 

5.1.3.2.4 Influence of pH 

Another tested factor for the photocatalytic performance of Ag NPs BC was pH of the solution in 

the range 3-11 (Fig. 30). In pH 3, the photocatalytic degradation efficiency was recorded at 21.3% 

with k value of 0.00142 min-1 while pH 7 and 11 showed a degradation efficiency of around 76.7% 

and 71.4% with k values of 0.01642 min-1 and 0.01311 min-1, respectively. The interpretation of 

pH effect is challenging due to its multiple roles such as changing electrostatic interactions 

between the catalyst surface, solvent molecules, substrate, and formed radicals [31]. The alkaline 

medium might have facilitated the formation of hydroxyl radicals which improved the BBR dye 



Photocatalytic activity of silver nanoparticles synthesized from microalgae against Brilliant 
Blue R dye 

132 
 

removal process [32]. The effect can continue up to a specific pH value when the negatively 

charged catalyst demonstrates Coulomb repulsion between the catalyst surface and present 

hydroxyl anions, diminishing formation of radicals [33]. 

 

Figure 30 Influence of pH on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying pH, (D) changes 

in dye concentration, (E) percentage degradation efficiency. 

5.1.3.2.5 Influence of calcination 

In the final set of experiments, the influence of the removal of the organic content by calcination 

was tested on photocatalytic activity (Fig. 31). The Ag NPs AC exhibited only a slight change in 

the BBR dye concentration with degradation efficiency around 10.7% and k value of 0.00245 min-

1. In comparison, Ag NPs BC in the same conditions showed the degradation efficiency of 76.7% 

and k value of 0.01642 min-1. Without any catalyst around 6.5% of the dye was degraded and k 

value was calculated at 0.00049 min-1. The effect of calcination was usually tested before on TiO2-

Ag catalysts when the temperature affected the morphology of the TiO2 to improve its 

photocatalytic activity [34,35]. However, Nasab et al. reported the activity of Ag/Ag2O NPs in the 

UVA spectrum which might suggest that after the calcination the material requires higher energy 

wavelengths for photoactivation increasing the cost of the degradation process [36]. 
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Figure 31 Influence of calcination on the photocatalytic activity (A) UV–Vis spectral changes before calcination, (B) 

UV–Vis spectral changes after calcination, (C) UV–Vis spectral changes without catalyst, (D) changes in dye 

concentration, (E) percentage degradation efficiency. 

5.1.3.2.6 Mechanism of dye degradation 

Based on the obtained results, the mechanism of BBR dye degradation is proposed as shown in 

the equations below (4-10) [32,37,38]. The mechanism of the dye degradation process is 

associated with the excitation of electrons (e-) from the valence band to conduction band upon 

light irradiation (Eq. 4). After their transfer, positively charged holes (h+) react with water 

molecules producing H+ and •OH radical (5). The free electrons convert molecular oxygen into 

•O2
− (6) which reacts with water molecules generating •OOH (7) rearranged into H2O2 (8). After 

the reaction with •O2
− , •OH is produced (9) which can also be generated as a result of 

interactions between hydroxyl ions and holes (10). The process generates •OH which plays an 

important role in the degradation of BBR dye. 

Photocatalyst surface + hv → electron (e-) + hole (h+) (4) 

h+ + H2O → H+ + •OH (5) 

e- + O2 → •O2
− (6) 

•O2
− + H2O → •OOH + OH- (7) 
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2•OOH → H2O2 + O2 (8) 

H2O2 + •O2
− → •OH + O2 + OH- (9) 

OH- + h+ → •OH (10) 

The degradation of BBR dye was previously studied based on sonochemical process which also 

involves generation of hydroxyl radicals [39]. There are two major pathways that were identified, 

using LC-Q-TOF-MS analysis, as a result of either OH addition or hydrogen abstraction and 

disproportionation/hydroxylation reaction. Then, the intermediates undergo many reactions 

including oxidative cleavage, de-ethylation, or demethylation. There were 13 identified 

intermediates which can be subjected to further ring opening and other oxidative cleavages 

resulting in the mineralization reaction [39]. Moreover, the degradation pathway was also 

studied in the river water and yielded similar intermediate profile which shows that the process 

is independent from presence of other ions or substances in river water [40]. 

5.1.4 Conclusions 

The development of efficient and stable photocatalysts is of paramount importance in the pursuit 

of high-efficiency reaction systems for addressing polluted water environments. Indeed, the 

search for effective photoactive materials capable of promoting photocatalytic reactions has 

been the focus of extensive research efforts. In the present study, C. vulgaris methanolic extract 

has been used to successfully synthesize Ag NPs BC which were also subjected to calcination (Ag 

NPs AC). The XRD findings showed the presence of Ag and Ag2O phase in Ag NPs BC while Ag NPs 

AC contained only Ag phase. The calculated crystalline size was 16.07 nm and 24.61 nm for Ag 

NPs BC and Ag NPs AC respectively. The involvement of extract in the synthesis was confirmed 

by FTIR analysis revealing the abundance of chemical groups on the Ag NPs BC surface. The SEM 

analysis showed the irregular morphology and the presence of elements from the extract was 

examined by EDX. The TGA findings showed the difference in the organic content of the prepared 

Ag NPs and their optical properties were studied by UV-Vis analysis revealing visible light 

activation of Ag NPs BC with band gap energy of 2.17 eV. 
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The photocatalytic activity of Ag NPs BC against BBR dye was analyzed in the visible light testing 

various factors such as light intensity, dye concentration, catalyst dosage, pH, or calcination of 

the catalyst. The highest degradation efficiency of 90.6% with k value of 0.04402 min-1 was 

archived by increasing the catalyst dosage. Finally, the BBR dye degradation mechanism was 

proposed. Thus, the Ag NPs showed great potential as a photocatalyst against BBR dye which 

could also be explored for the degradation of various compounds. 
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5.2 Biogenic silver nanoparticles from H. pluvialis extract for efficient photocatalytic removal 

of Brilliant Blue R 

5.2.1 Introduction 

In recent years, the growth of industries and the increase in urbanization have caused the 

widespread pollution of water sources. Among the pollutants discharged in wastewaters, one the 

most dangerous categories are the one represented by dyes, which are released into the 

environment as a result of various industrial activities, such as tanning, paper making, or textile 

colouring [1]. Those dyes in water inevitably increase the biochemical and chemical oxygen 

demand levels while also reducing sunlight penetration through water, causing an imbalance in 

the marine ecosystem [2]. In addition, the discharge of coloured wastewater into the 

environment is one of the main concerns because most dyes are harmful, carcinogenic, and 

teratogenic [2]. The conventional wastewater treatment processes might not be efficient in 

removing dyes to suitable concentration due to the complex molecular structure of the synthetic 

products; thus, new technologies to understand the degradation mechanism are vastly 

researched. 

Brilliant Blue R (BBR) is one of the most common dyes used in the laboratory due to its ability to 

bind with proteins in a non-covalent interaction, forming a colored complex visible during protein 

gel electrophoresis. According to the molecular structure, BBR belongs to triphenylmethane dyes 

consisting of a central carbon atom connected to three phenyl rings [3]. The presence of aromatic 

rings and the absence of easily cleavable bonds reduces the susceptibility of the dye to chemical 

breakdown [4,5]. Therefore, the research aims for the development of efficient and sustainable 

solutions to minimize the impact of BBR on the environment. 

One of the most promising emerging techniques is the advanced oxidation process (AOP) which 

uses strong oxidizing agents to break down organic compounds into less harmful substances [6]. 

One of the ways to produce highly reactive hydroxyl radicals participating in the degradation and 

mineralization of organic pollutants is photocatalysis. The mechanism behind it involves the 

absorption of light energy higher than the band gap energy of the catalyst resulting in the 
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excitation of the electron from the valence band to the conduction band [7]. The created holes 

and free electrons generate reactive oxygen species (ROS) after reacting with dissolved molecular 

oxygen and water [7]. ROS can in turn transform toxic organic molecules into less harmful low 

molecular weight products.     

Among various photocatalysts, silver nanoparticles (Ag NPs) receive significant attention due to 

excellent photocatalytic activity under visible light irradiation. To date, different physical and 

chemical methods have been adopted for their synthesis, however, they are considered toxic and 

expensive due to the involvement of hazardous chemicals [8]. As an alternative, the metabolites 

derived from organisms can be used as reducing and stabilizing agents during the synthesis of 

nanoparticles [8]. In the literature, Ag NPs synthesized from plants were studied for 

photocatalytic degradation of BBR dye [9–11], however, the Ag NPs derived from microalgae 

Haematococcus pluvialis have not been yet tested for dye degradation activity.   

The main objective of this study is to describe the Ag NPs obtained from methanolic H. pluvialis 

extract for the first time. The product was also calcined to determine the influence of organic 

content from H. pluvialis on the structure and activity. The obtained Ag NPs were characterized 

and applied for photocatalytic degradation of BBR dye under visible light in various conditions 

such as varying light intensity, dye concentration, catalyst concentration, pH, or presence of 

organic content. Altogether, the results provide an understanding between the properties and 

activity of Ag NPs which can be used for the efficient removal of hazardous BBR dye from the 

environment. 

5.2.2 Materials and methods 

5.2.2.1 Synthesis procedure 

The Haematococcus pluvialis (CCALA 840) culture was grown in Modified OHM medium 

supplemented with 30 mM CH3COONa with stirring and irradiation of 58W fluorescent lamps 

(Osram®) with 40 μmol/m-2/s-1 photon flux. The culture was maintained for 30 days to obtain a 

suitable amount of biomass. Subsequently, it was centrifuged at 1500 RPM at 4°C (Heraeus® 

Megafuge® 1.0R) and the algal biomass was dried at room temperature. 
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In the next step, 0.9 g of dried residue was mixed with 54 mL of methanol (Merck® LiChrosolv® 

hypergrade). The flask was sonicated for 30 min (Soltec® Sonica® 2400 ETH S3) followed by 

stirring at 250 RPM (IKA® RH Digital Magnetic Stirrer) for the next 30 min to break down the cell 

walls and release the metabolites into the solvent. The leftover biomass was removed by 

filtration using standard filtration paper (Whatman®) and then the liquid was evaporated using a 

rotary evaporator (BUCHI Rotavapor™ R-210 Rotary Evaporator System) to discard about 70% of 

methanol. The concentrated extract was diluted with MiliQ H2O (Millipore®, Milan, Italy) to the 

final volume of 180 mL and it was used for the Ag NPs synthesis process.  

At the beginning of the synthesis procedure, the prepared extract was heated to 85°C and stirred 

at 250 RPM (IKA® RH Digital Magnetic Stirrer). Next, 0.1 M of silver nitrate (Carlo Erba®) was 

added to the extract, and after 15 min 1.25 M NaOH was used to increase the pH to 8. Starting 

from the moment of adding the precursor salt, the reaction continued for 1.5 h and then it was 

left for maturation in room temperature. Then, the liquid was centrifuged at 4000 RPM at 8°C 

(Heraeus® Megafuge® 1.0R) and collected Ag NPs were repeatedly washed in the two washing 

cycles with MiliQ H2O (Millipore®, Milan, Italy). Subsequently, the residue was dried at 80°C for 

24 h, ground using mortar and pestle and divided into two parts. One part was stored in an 

Eppendorf tube in absence of light (before calcination – Ag NPs BC) and the other was calcined 

in muffle furnace (Gelman Instrument®) for 2 h at 600°C (after calcination – Ag NPs AC). After 

calcination, all the samples were stored in the same conditions. 

5.2.2.2 Characterization 

Obtained Ag NPs were studied by using X-Ray Diffractometer (D8 Advance, Bruker AXS®). The 

scanning was conducted with a diffraction angle between 12° and 90° at 0.1° per 10 s, at 40 kV 

and 30 mA using CuKα (λ =1.54 Å) radiation. The present phases were identified by using 

Diffrac.Eva software v.6.1.0.4 connected with the COD database. The crystallite size was 

calculated by applying Debye-Scherrer’s formula after baseline correction. 

The Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed using FT/IR-6700 

(Jasco, Tokyo, Japan) in the range of 500-4000 cm-1. 
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The morphology of Ag NPs was analyzed by Scanning Electron Microscopy (SEM) using Hitachi 

S4000 FEG HRSEM (Hitachi Ltd., Tokyo, Japan) operated at 20 kV.  The image acquisition was 

obtained using software Quartz PCI (Quartz Imaging Corporation, Vancouver, Canada). Before 

SEM analysis, the samples were coated with 2 nm of platinum to enhance the contrast. EDX 

analysis was performed using UltraDry EDX Detector (Thermo Fisher Scientific®, Madison, 

Wisconsin, USA), and NSS3 software (Thermo Fisher Scientific®, Madison, Wisconsin, USA). 

Thermogravimetric Analysis (TGA) used to study thermal properties of Ag NPs using Differential 

Thermal Analyzer TG/DSC (NETZSCH® STA 409 PC) with airflow 100 mL/min and in a heating range 

25 – 1000°C at 10°C/min. 

UV-Vis absorption measurements were performed using CARY 50 spectrophotometer (Varian 

Inc., Australia) with a cell path length of 10 mm in the wavelength range of 200–750 nm. The 

direct bandgap energy was calculated from the Tauc relation (Equation 1): 

(𝛼ℎ𝜈)2 = (ℎ𝜈 − 𝐸𝑔)  (1) 

Where α is the molar extinction coefficient, h is the Plank’s constant, ν is the light frequency, and 

Eg is the band gap energy. The bandgap energy was calculated by linear fit extrapolation of the 

plot of (αhν)2 against energy. 

5.2.2.3 In-situ photocatalysis 

First, calibration line was obtained by assessing the correlation between absorbance and 

previously determined concentrations of the dye. Before each photocatalytic experiment, to 

ensure even dispersion 50 mL of ddH2O was combined with Ag NPs and sonicated for 15 min in 

a sonication bath (Soltec® Sonica® 2400 ETH S3). At the beginning, the baseline of the dispersed 

Ag NPs solution was generated. Then, the reaction sample was mixed with different 

concentrations of BBR dye (Sigma-Aldrich®) in ethanol (500 mg/L). The flask was continuously 

stirred for 30 min in the absence of light to reach the reaction equilibrium. Next, the irradiation 

by a warm white 10.5 W LED bulb (Phillips) was provided. The irradiation power was measured 

through a luxmeter (HD2302.0 Delta-Ohm, Padua, Italy). The emission spectrum of the used light 

source is shown in Fig. 32. The liquid was circulated between the flask and a 10 mm flow-through 
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cuvette attached to the UV-Vis Spectrophotometer (Cary 50, Varian®). The measurements were 

conducted in the range of 400-750 nm every 10 minutes. The experiments with the highest 

degradation efficiency were performed in triplicate. 

 

Figure 32 Emission spectrum of the light source provided by manufacturer. 

The efficiency of the dye degradation by the synthesized Ag NPs was calculated as (Equation 2): 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 100 − (𝐶
𝐶0

⁄ ∙ 100)  (2) 

where C0 is the initial BBR dye concentration, and C is the final concentration of the dye at the 

end of the degradation period. 

The obtained data were fit using OriginPro 2021© 9.8 according to the pseudo-first order 

reaction model according to the Equation 3: 

𝐶 = 𝐶0 ∗ 𝑒
−𝑘

𝑡⁄  (3) 

Where t is time and k is the reaction constant. 

5.2.3 Results and discussion 

5.2.3.1 Characterization 

The crystal structure of the synthesized Ag NPs has been determined by XRD analysis (Fig. 33). 

The method provides valuable insights into the properties and behavior of the photocatalysts, 

which could be leveraged to enhance their performance in diverse applications. The Ag NPs BC 

exhibited the peaks belonging to the Ag2O phase (COD 1010486), metallic Ag (COD 9008459) and 
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Ag2CO3 (COD 4318190). The calcination changed the XRD spectrum with only metallic Ag (COD 

1509146) present in Ag NPs AC structure. The values from XRD spectra were used to calculate 

full width at half maximum (FWHM) which was applied to Debye-Scherrer’s formula. The 

evaluated crystalline size for Ag NPs BC was 14.87 nm and 13.67 nm for Ag2O and Ag phases 

respectively with an average size of 14.27 nm. After calcination the crystalline size increased to 

34.78 nm for Ag NPs AC which shows the important role of metabolites in the stability of obtained 

Ag NPs. 

 

Figure 33 Crystallographic and spectroscopic analyses (A) XRD, (B) FTIR, BC – before calcination, AC – after 

calcination. 

The metabolites from H. pluvialis have never been used for the synthesis of Ag NPs before. 

Industrially, H. pluvialis is mainly cultivated due to its high astaxanthin content in two stage 

approach, to first ensure high growth rates the green stage before inducing astaxanthin 

production in the red stage [12]. During favorable growth conditions in its green growth stage H. 

pluvialis is rich in proteins, which might act as reducing and stabilizing agents during the synthesis 

of Ag NPs [13]. Accordingly, the presence of metabolites from H. pluvialis on Ag NPs was further 

investigated by FTIR analysis.  
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The FTIR technique was used to determine the effect of photocatalytic action and calcination 

procedure on the organic content of Ag NPs. The FTIR spectrum of Ag NPs BC before calcination 

showed an affluence of functional groups such as OH, NH, C=C, C≡C, C=O, C-N, P-O, CH2, CH3, and 

C-O belonging to the various metabolites from H. pluvialis extract [14,15]. The Ag NPs BC 

collected after the photocatalysis process showed the shift in the wavenumber values and 

transmittance intensity which prove the involvement of organic capping content in the 

generation of radicals during photocatalysis. In addition, although the calcination managed to 

increase the intensity of the peaks, the spectrum of Ag NPs AC before catalysis is similar to Ag 

NPs BC after catalysis which shows the importance of functional groups in stabilizing the 

structure of Ag NPs. 

The morphology of Ag NPs BC and Ag NPs AC was studied using SEM and EDX analyses (Fig. 34). 

The Ag NPs BC exhibit ellipsoidal or elongated shapes. The elemental analysis revealed the 

presence of silver, oxygen, carbon, phosphorus, and sulfur with homogeneous distribution. The 

material subjected to calcination was found to be agglomerated or coalescent with many Ag NPs 

fused together, however the tendency towards oval shapes can be observed. The composition of 

Ag NPs changed with the removal of sulfur due to calcination while the elemental distribution 

remained homogeneous. The results further prove the role of metabolites in Ag NPs with the 

change in material morphology and stability after partial removal of organic content. 
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Figure 34 Microscopy analysis, (A) SEM of Ag NPs BC, (B) EDX spectrum of Ag NPs BC, (C) EDX mappings of Ag NPs 

BC, (D) SEM of Ag NPs AC, (E) EDX spectrum of Ag NPs AC, (F) EDX mappings of Ag NPs AC. 

Thermal properties of the obtained materials were studied using TGA analysis (Fig. 35 A-C). The 

Ag NPs BC show the first major loss at the range of 25 – 200°C with DTG value at 26°C resulting 

in 14.5% weight loss. The decrease in that range is mostly attributed to water loss or 

decomposition of temperature-sensitive compounds acting as capping agents on Ag NPs BC 

surface [16]. The next decrease at 200 - 300°C range caused a 0.5% weight loss with DTG peak at 

217°C probably due to decomposition of the phenolic compounds [17]. The further temperature 

increase did not result in significant changes in the weight with the final value at around 84%. 

The DTA peaks at 44°C and 140°C showed the exothermic nature of the decomposition with 

endothermic melting point of silver recorded at 960°C [18]. 
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Figure 35 Thermal and optical properties of Ag NPs, (A) TG and DTG of Ag NPs BC, (B) TG and DTG of Ag NPs AC, (C) 

DTA of Ag NPs BC and Ag NPs AC, (D) UV-Vis spectrum of Ag NPs BC, (E) UV-Vis spectrum of Ag NPs AC, (F) Tauc plot 

of Ag NPs BC. 

The obtained Ag NPs AC showed high thermal stability with the only weight decrease of 0.5% at 

700 - 900°C range with low intensity DTG peak at 856°C. The decrease is probably connected with 

decarbonization from Ag NPs AC structure [19]. The DTA analysis displays the peak at 960°C 

attributed to the endothermic melting point of silver [18]. The results show that most organic 

compounds on Ag NPs BC surface are temperature-sensitive which might play an important role 

while designing the synthesis methodology of Ag NPs using H. pluvialis extract. While 

temperature is considered beneficial for the reduction process of metal ions [20], it might also 

negatively impact stability of the metabolites during the biological synthesis. 

The optical properties of the obtained Ag NPs were assessed by UV-Vis spectroscopy (Fig. 35D-

E). The electrons in the conduction band of Ag NPs undergo a collective oscillation when excited 

by the specific light wavelength, which is known as a surface plasmon resonance. As a result, the 

light can be strongly scattered and absorbed which might be a predictor of the photocatalytic 

activity of the tested material. The Ag NPs BC exhibit a broad absorbance band which after 

deconvolution can be attributed to two peaks. The peak at 312 nm probably originates from the 

metabolites present on the surface of Ag NPs BC. Similar pattern has been reported before as a 
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result of the synthesis using plant extract [21]. The second peak at 477 nm can be attributed to 

the specific surface plasmon resonance of Ag NPs typically occurring in the 400 – 500 nm range 

[22]. The results also show the potential of Ag NPs BC to be photoactivated in the visible light 

spectrum. 

Due to calcination, the optical characteristic of Ag NPs AC changed with only one peak present at 

254 nm. The high temperature might have caused structural defects and a change in the 

electronic state which affected plasmonic properties. The observed peak can be attributed to the 

electronic transition to metallic Ag [23] which is in line with the XRD findings. Furthermore, the 

introduced defects decreased the photocatalytic potential of Ag NPs AC. 

Another important parameter describing optical properties is a band gap energy. It is defined as 

an energy difference between electrons in the highest occupied energy state in the valence band 

and lowest unoccupied state in the conduction band. Moreover, it can determine the ability of 

the material to absorb light, generate electron-hole pairs, and initiate photocatalytic processes. 

Based on the UV-Vis spectrum, the band gap energy of Ag NPs BC was calculated at 2.26 eV (Fig. 

35F). The same band gap value was previously reported for Ag NPs synthesized using plant Cynara 

cardunculus extract [24]. 

5.2.3.2 Photocatalytic activity 

5.2.3.2.1 Influence of light 

The BBR dye degradation activity of Ag NPs BC was first assessed in the dark conditions (Fig. 36). 

During the initial 30 min the concentration slightly decreases then it stabilizes and reaches 

equilibrium. The interactions between dye and Ag NPs BC are the result of the weak van der 

Waals forces associated with physisorption, and no strong bonds were formed [25]. After 120 

min, around 18.5% of the dye was degraded and k value was recorded at 0.00208 min-1. After the 

results from the initial experiment, the subsequent experiments were carried out under dark 

conditions for the first 30 min to ensure that the reaction had reached equilibrium. By conducting 

the experiments in this manner, the effect of the various factors on the catalytic performance of 

Ag NPs can be accurately analyzed. 
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Figure 36 Degradation of BBR dye in the dark (A) UV–Vis spectral changes for the degradation of dye, (B) changes in 

dye concentration, (C) pseudo-first-order kinetic plot, (D) percentage degradation efficiency. 

The photocatalytic activity of Ag NPs BC was first tested by varying light intensities (Fig. 37). The 

efficacy of photocatalytic degradation reactions depends critically on the intensity of light, which 

directly impacts the rate of electron-hole pair formation and subsequent recombination [26]. 

This, in turn, influences the production of active hydroxyl radicals playing an important role in 

the degradation of organic molecules. The concentration of BBR dye was tested in the varying 

light intensities of 75, 150, and 300 µmol/m2/s. 
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Figure 37 Influence of light on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying light 

irradiation, (D) changes in dye concentration, (E) percentage degradation efficiency. 

The light intensity of 75 µmol/m2/s resulted in the lowest decrease in the dye concentration with 

degradation efficiency around 23.5% and k value of 0.00238 min-1. Doubling the light intensity 

resulted in a further dye concentration decrease with degradation efficiency recorded at around 

34% and k value at 0.00280 min-1. However, the light intensity of 300 µmol/m2/s decreased the 

photocatalytic efficiency to around 25.6% with k value of 0.00176 min-1. The difference in light 

intensity in heterogenous catalysis was previously described in the context of quantum efficiency 

detailing the number of photons transformed relative to the number absorbed [27]. Thus, the 

higher quantum efficiency the higher the likelihood of photocatalytic degradation which can 

describe the behavior of Ag NPs BC in 75 and 150 µmol/m2/s. Higher light intensity could have 

increased the temperature of the solution, which enhances kinetic energy of the BBR dye 

molecules allowing them to escape from the active sites on the surface of Ag NPs BC without 

being subjected to photodegradation [28]. Nevertheless, the light intensity is an important 

parameter to evaluate for photocatalytic degradation and its role should be evaluated more 

carefully. 
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5.2.3.2.2 Influence of dye concentration 

The light availability can also be indirectly affected by the concentration of the BBR dye in the 

solution. Part of the light illumination can be absorbed by the dye molecules, limiting the number 

of photons reaching catalyst surface resulting in decreased radical production. The influence of 

the varying BBR dye in the 8-30 mg/L range on the photocatalytic action of Ag NPs BC is shown 

in Fig. 38. The lowest tested BBR dye concentration of 8 mg/L resulted in the highest decrease in 

the concentration with degradation efficiency around 65.8% and k value of 0.00544 min-1. 

However, the further increase of dye concentration decreased the degradation efficiency to the 

similar values around 34% and 27% with k values of 0.00280 min-1 and 0.00208 min-1 for 18 mg/l 

and 30 mg/L, respectively. In addition to the easier light scattering, the low concentration of the 

dye molecules allows easier access to the active sites on the catalyst surface and prevents the 

competing action of the molecules and their agglomeration. Considering the usual low 

concentration of the dye present in the wastewater due to the multiple washings [29], obtained 

Ag NPs BC show potential to be used for effective BBR dye removal. 

 

Figure 38 Influence of dye concentration on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying 

dye concentration, (D) changes in dye concentration, (E) percentage degradation efficiency. 



Photocatalytic activity of silver nanoparticles synthesized from microalgae against Brilliant 
Blue R dye 

155 
 

5.2.3.2.3 Influence of catalyst dosage 

The availability of the active sites on Ag NPs BC was tested by varying the catalyst dosage in the 

range 125-500 mg/L (Fig. 39). The lowest tested catalyst dosage exhibited the lowest decrease in 

the dye concentration with degradation efficiency around 16.9% and k value of 0.00175 min-1. 

The increase in the Ag NPs BC concentration increased the degradation efficiency to around 34% 

with k value of 0.00280 min-1. Further catalyst dosage increase showed a significant increase in 

the degradation efficiency of around 65.9% with k value of 0.00947 min-1. The results confirm the 

important role of the availability of active sites on Ag NPs BC surface to enhance the 

photocatalytic degradation of BBR dye. However, it has been reported that excess amount of the 

catalyst might cause high turbidity which can impair the light penetration [30]. 

 

Figure 39 Influence of catalyst concentration on the photocatalytic activity (A-C) UV–Vis spectral changes in the 

varying catalyst concentration, (D) changes in dye concentration, (E) percentage degradation efficiency. 

5.2.3.2.4 Influence of pH 

Another tested factor for the photocatalytic activity of Ag NPs BC was pH of the solution in the 

range 3-11 (Fig. 40). In the acidic environment, the lowest decrease in BBR dye concentration 

was recorded with degradation efficiency of 23.6% and k value of 0.00144 min-1. The neutral pH 

revealed slightly improved degradation efficiency of around 34% with k value 0.00280 min-1 while 
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alkaline medium further increased the degradation efficiency to around 44.4% with k value 

0.00377 min-1. The precise description of the role of pH is challenging owning to pH-dependency 

of many processes in the solution such as electrostatic interactions of the catalyst surface with 

other substances, such as solvent molecules, substrate molecules, and charged radicals produced 

during photodegradation [31]. In the present study, the alkaline medium might have provided 

more accessible hydroxyl anions which after interactions with positive holes in the catalyst, could 

form hydroxyl radicals degrading BBR dye [32]. However, the effect might continue up to a 

specific pH which can trigger Coulomb repulsion between the negatively charged surface of the 

catalyst and hydroxyl anions decreasing the radicals rate formation [33]. 

 

Figure 40 Influence of pH on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying pH, (D) changes 

in dye concentration, (E) percentage degradation efficiency. 

5.2.3.2.5 Influence of calcination 

Finally, the influence of the calcination and the removal of the organic content was tested for the 

photocatalytic activity (Fig. 41). The Ag NPs AC showed only a slight decrease in the BBR dye 

concentration with degradation efficiency of 10.7% and k value of 0.00079 min-1. In the same 

conditions, Ag NPs BC revealed a degradation efficiency around 34% with k value of 0.00280 min-

1. The BBR dye without any catalyst exhibits the degradation around 6.5% and k value of 0.00049 
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min-1. Although calcination might cause morphology changes [34], it might also cause structural 

defects which might change the optical properties as shown in the UV-Vis findings. The 

photocatalytic activity of Ag/Ag2O NPs after calcination was reported in the UVA spectrum, 

however, it might significantly increase the removal cost [35]. 

 

Figure 41 Influence of calcination on the photocatalytic activity (A) UV–Vis spectral changes before calcination, (B) 

UV–Vis spectral changes after calcination, (C) UV–Vis spectral changes without catalyst, (D) changes in dye 

concentration, (E) percentage degradation efficiency. 

5.2.3.2.6 Mechanism of dye degradation 

The mechanism of the BBR dye degradation is based on the photocatalytic action of Ag NPs BC 

[26,32,36]. First, light irradiation excites electrons (e-) in the valence band to conduction band 

leaving behind positively charged holes (h+) (4). Then, water molecules react with holes 

generating H+ and •OH radical (5). The electrons transform molecular oxygen into •O2
−(6), 

reacting with water molecules to produce •OOH (7). After rearrangement into H2O2 (8), it reacts 

with •O2
−, producing •OH (9) which can be also produced after hydroxyl ions interact with holes 

(10). The above reactions are depicted below (4-10). 

Photocatalyst surface + hv → electron (e-) + hole (h+) (4) 
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h+ + H2O → H+ + •OH (5) 

e- + O2 → •O2
− (6) 

•O2
− + H2O → •OOH + OH- (7) 

2•OOH → H2O2 + O2 (8) 

H2O2 + •O2− → •OH + O2 + OH- (9) 

OH- + h+ → •OH (10) 

The BBR dye degradation pathway was studied previously by LC-Q-TOF-MS analysis using another 

AOP method, ultrasound-based, which also involves generation of hydroxyl radicals [37]. Two 

degradation pathways were proposed, when first intermediates are a result of either OH addition 

or hydrogen abstraction followed by disproportionation/hydroxylation reaction [37]. The next 

products are a result of many occurring reactions such as bond breakage, oxidative cleavage, or 

demethylation. In total, 13 transformed products were identified which could undergo further 

ring opening and other oxidative cleavages resulting in the mineralization reaction [37]. The 

majority of aliphatic and aromatic substances undergo a process of conversion whereby they are 

ultimately transformed into inorganic ions, carbon dioxide, and water. Moreover, the 

degradation pathway was also tested in river water and revealed that it does not depend on the 

presence of inorganic ions [38]. 

5.2.4 Conclusions 

Efficient and economical photocatalysts are crucial for high-performance reaction systems that 

combat water pollution. Ongoing research focuses on finding effective photoactive materials for 

photocatalytic dye removal reactions. This work presents sustainable production of Ag NPs BC 

and Ag NPs AC using methanolic extract of H. pluvialis. The XRD analysis displayed the Ag2O and 

Ag phases in Ag NPs BC with crystalline size of 14.27 nm while only Ag phase was present in Ag 

NPs AC with crystalline size of 34.78 nm. The FTIR analysis showed an abundance of functional 

groups on Ag NPs BC surface. Irregular morphologies were observed in SEM analysis while 

elemental analysis confirmed the involvement of metabolites from the extract. Organic content 
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was further examined by TGA analysis showing decrease after calcination. The optical properties 

analyzed by UV-Vis revealed visible light activation of Ag NPs BC with band gap energy of 2.26 

eV. 

The Ag NPs BC were tested for the photocatalytic removal of BBR dye in the visible light tested 

the influence of light intensity, dye concentration, catalyst dosage, pH, and calcination. The 

highest degradation efficiency of 65.9% with k value of 0.00947 min-1 was achieved in the 

increased catalyst dosage. The mechanism of BBR dye degradation was proposed based on the 

obtained results. The work shows the potential of H. pluvialis as a source of metabolites which 

can be used to obtain highly valuable products. 
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5.3 Investigating eco-friendly photocatalysis of Brilliant Blue R using silver nanoparticles 

derived from S. platensis 

5.3.1 Introduction 

While industrialization has improved standards of living, it has also had a negative impact on the 

environment by producing hazardous chemical species. The produced contaminants are mostly 

organic dyes, which are waste products of the tanneries, paint, and textile industries [1]. 

Subsequently, their discharge into water bodies without proper treatment can be a major source 

of water pollution. Due to their complex aromatic structure, they can maintain toxicity and 

stability over a prolonged time, ultimately damaging aquatic life and human health [2]. Their 

engineered ability to resist degradation hinders biodegradability [3]; therefore, the research 

focuses on the development of various techniques to combat this issue. 

One of the most efficient methods used for wastewater treatment is the advanced oxidation 

process (AOP), such as photocatalysis. The mechanism behind it relies on the absorption of light 

energy higher than the band gap energy of the catalyst, which results in the excitation of the 

electron in the valence band to the conduction band, leaving behind the holes [4]. The electron-

hole pairs participate in redox reactions generating reactive oxygen species (ROS), such as 

hydroxyl radicals, which oxidize the dye into lower molecular weight products [5]. The efficiency 

of the process relies on the properties of the used catalyst, such as band gap energy or electron 

transfer [6]; thus, various synthesis techniques were studied to obtain highly valuable products. 

Considering many synthesis routes, the biological approach has emerged as an alternative way 

to decrease high operating costs and the generation of toxic by-products [7]. Various organisms 

have been utilized due to the abundance of metabolites in their structure that can act as reducing 

and stabilizing agents during the synthesis of nanoparticles [7]. Recently, microalgae typically 

studied for their nutritional value, are gaining more attention also as a source of metabolites that 

can participate in the synthesis of nanoparticles [8]. Other advantages of microalgae include rapid 

growth and ease of cultivation, which shows their potential to prepare a variety of materials for 

a wide range of applications.   
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Among many microalgae, Spirulina platensis has a significantly increased protein content besides 

a high concentration of vitamins, essential fatty acids, and minerals [9]. The S. platensis biomass 

has been utilized in the past for the synthesis of silver nanoparticles (Ag NPs) tested against 

malachite green biosorption from wastewater [10]. Moreover, the Ag NPs photocatalytic activity 

was studied against methylene blue and eosin y, showing excellent dye degradation properties 

[11,12]. However, to the best of our knowledge, Ag NPs synthesized using S. platensis have not 

been studied for the degradation of Brilliant Blue R (BBR), a common laboratory dye used mainly 

for protein staining. 

In the current work, the methanolic extract from S. platensis was utilized for the synthesis of Ag 

NPs. The product was also calcined to determine the influence of organic capping agents on the 

structure and activity. The material was characterized and applied for the photocatalytic 

degradation of BBR in the varying parameters of light intensity, dye concentration, catalyst 

concentration, pH, or presence or absence of organic content. The photocatalytic mechanism 

was studied to develop a better understanding of the degradation pathway, which might aid in 

optimization of the conditions for the removal of hazardous BBR dye from the environment. 

5.3.2 Materials and methods 

5.3.2.1 Preparation of photocatalyst 

The Spirulina platensis (courtesy of TOLO Green, Arborea, Italy) was cultivated in modified 

Zarrouk Medium. The medium was prepared while K2SO4 and MgSO4 were added aseptic after 

setting pH to 9 and autoclaving. The culture was cultivated under continuous illumination of 58W 

fluorescent lamps (Osram®) with a photon flux of 30 μmol/m-2/s-1 and stirring for 30 days to 

obtain a suitable amount of biomass. Then, it was centrifuged at 1500 RPM at 4°C (Heraeus® 

Megafuge® 1.0R) and the algal biomass was dried at room temperature. 

In the next step, 4.3 g of dried residue was combined with 260 mL of methanol (Merck® 

LiChrosolv® hypergrade). The flask was sonicated for 30 min (Soltec® Sonica® 2400 ETH S3) and 

stirred at 250 RPM (IKA® RH Digital Magnetic Stirrer) for the next 30 min to release the cell 

content into the solvent. In order to remove the cell debris, the suspension was filtered using 

standard filtration paper (Whatman®) and then evaporated using rotary evaporator (BUCHI 
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Rotavapor™ R-210 Rotary Evaporator System) to remove about 70% of methanol. The 

concentrated extract was then diluted with MiliQ H2O (Millipore®, Milan, Italy) to the final 

volume of 520 mL and used for the synthesis of nanoparticles. 

The flask containing S. platensis extract was heated to 85°C and stirred at 250 RPM (IKA® RH 

Digital Magnetic Stirrer). Then, 0.1 M of silver nitrate (Carlo Erba®) was added, and after 15 min 

the pH was raised to 8 by using 1.25 M NaOH. From the moment of adding the salt, the reaction 

continued for 1.5 h and then it was left for maturation in room temperature. Subsequently, the 

liquid was centrifuged at 4000 RPM at 8°C (Heraeus® Megafuge® 1.0R) and the residue was 

repeatedly washed with MiliQ H2O (Millipore®, Milan, Italy) in the two washing cycles. Then, the 

residue was dried at 80°C for 24 h, ground using mortar and pestle and divided into two parts. 

One part was stored in Eppendorf tube in absence of light and the other was calcined in muffle 

furnace (Gelman Instrument®) for 2 h at 600°C. After calcination, the samples were stored in the 

same conditions as the samples before calcination. 

5.3.2.2 Characterization 

The X-Ray Diffraction (XRD) analysis of Ag NPs was performed using X-Ray Diffractometer 

(Phillips®, PW1830/00, Nederlands and D8 Advance, Bruker AXS®). The scanning was conducted 

with a diffraction angle between 12° and 90° at 0.1° per 10 s, at 40 kV and 30 mA using CuKα (λ 

=1.54 Å) radiation. Phase identification was obtained by using Diffrac.Eva software v.6.1.0.4 

according to the COD database. The crystallite size was calculated after baseline correction using 

Debye-Scherrer’s formula. 

Functional groups present on Ag NPs were analyzed using Fourier Transform Infrared 

Spectroscopy (FT/IR-6700, Jasco, Tokyo, Japan) in the range 500-4000 cm-1. 

Scanning Electron Microscopy (SEM) analysis was conducted using Hitachi S4000 FEG HRSEM 

(Hitachi Ltd., Tokyo, Japan) operated at 20 kV with image acquisition software Quartz PCI (Quartz 

Imaging Corporation, Vancouver, Canada). Before the analysis, the samples were coated with 2 

nm of platinum to enhance the contrast. EDX analysis was obtained using UltraDry EDX Detector 

(Thermo Fisher Scientific®, Madison, Wisconsin, USA), and NSS3 software (Thermo Fisher 

Scientific®, Madison, Wisconsin, USA). 
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Thermal properties were examined by Thermogravimetric Analysis (TGA using Differential 

Thermal Analyzer TG/DSC (NETZSCH® STA 409 PC) in a heating range 25 – 1000°C at 10°C/min 

with airflow 100 mL/min. 

UV-Vis absorption measurements were carried out using CARY 50 spectrophotometer (Varian 

Inc., Australia) with a cell path length of 10 mm. UV-Vis spectra of Ag NPs were recorded in the 

wavelength range of 200–750 nm. The direct bandgap energy was calculated from the Tauc 

relation (Equation 1): 

(𝛼ℎ𝜈)2 = (ℎ𝜈 − 𝐸𝑔) (1) 

Where α is the molar extinction coefficient, h is the Plank’s constant, ν is the light frequency, and 

Eg is the band gap energy. The bandgap energy was calculated by linear fit extrapolation of the 

plot of (αhν)2 against energy. 

5.3.2.3 In-situ photocatalysis 

First, calibration line was obtained by assessing the correlation between absorbance and 

concentration of the dye. Before each photocatalytic experiment, 50 mL of ddH2O was mixed 

with Ag NPs and sonicated for 15 min in a sonication bath (Soltec® Sonica® 2400 ETH S3) to ensure 

even dispersion. Firstly, the baseline of the solution of dispersed Ag NPs was generated. Then, 

the reaction sample was mixed with various concentrations of BBR (Sigma-Aldrich®) dye in 

ethanol (500 mg/L). The flask was constantly stirred for 30 min in the dark to ensure that 

equilibrium was reached. Next, the solution was irradiated by a warm white 10.5 W LED bulb 

(Phillips), and the irradiation intensity was monitored by a luxmeter (HD2302.0 Delta-Ohm, 

Padua, Italy). The emission spectrum as provided by the manufacturer is shown in Fig. 42. The 

peristaltic pump (Keenso DC) was used to circulate the liquid between the flask and a 10 mm 

flow-through cuvette attached to the UV-Vis Spectrophotometer (Cary 50, Varian®) operating in 

the range of 400-750 nm. The UV-Vis measurements were conducted every 10 min. The 

experiments with the highest degradation efficiency were performed in triplicate. 
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Figure 42 Emission spectrum of the light source provided by manufacturer. 

The efficiency of the photocatalysis by the synthesized Ag NPs was calculated using Equation 2 

as: 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 100 − (𝐶
𝐶0

⁄ ∙ 100)  (2) 

where C0 is the initial concentration of the BBR dye and C is the final concentration of the 

pollutant at the end of the degradation period. 

The obtained data were fit using OriginPro 2021© 9.8 according to the pseudo-first order 

reaction model according to the Equation 3: 

𝐶 = 𝐶0 ∗ 𝑒
−𝑘

𝑡⁄    (3) 

Where t is time and k (min-1) is the reaction constant. 

5.3.3 Results and discussion 

5.3.3.1 Characterization 

The XRD analysis has proven to be an effective method for revealing the crystal structure of Ag 

NPs to determine their atomic arrangement, providing valuable insights into their physical and 

chemical properties (Fig. 43). The XRD spectrum of Ag NPs BC revealed the presence of mainly 

AgCl (COD 9011666 and COD 9011673) and Ag (COD 1100136) phases with organic capping 

agents at 20°. After calcination, only Ag (COD 1509146) phase was identified in Ag NPs AC. The 

average crystalline size was determined after measuring full width at half maximum (FWHM) 
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values and using Debye-Scherrer’s formula with 15.22 nm for AgCl and 9.72 nm for Ag with 

average of 13.02 nm for Ag NPs BC. The calcination increased the crystalline size to 24.35 nm for 

Ag NPs AC. 

 

Figure 43 Crystallographic and spectroscopic analyses (A) XRD, (B) FTIR, BC – before calcination, AC – after 

calcination. 

The synthesis mechanism of Ag NPs was studied previously and revealed the involvement of 

methylamine, diethanolamine, and ethanamine as reducing and stabilizing agents [13]. The 

phase transition and increase in the crystalline size signify the important role of metabolites in 

stabilizing the structure. Both AgCl and Ag phases in Ag NPs have been reported as a result of 

intracellular synthesis using Dunaliella salina and Scenedesmus sp. [14,15]. In the current study, 

the metabolites from the cell were successfully released during extract preparation and the 

synthesis occurred extracellularly which decreased the time needed to obtain the product.  The 

organic coating on the surface of Ag NPs was further examined by FTIR analysis. 
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The FTIR technique showed an abundance of functional groups on the surface of Ag NPs such as 

OH, NH, C=C, C≡C, C=O, C-N, P-O, CH2, CH3, and C-O originating from the S. pluvialis extract used 

for the synthesis [13,16]. The spectra of Ag NPs BC before and after catalysis display the 

difference in intensity mainly in the wavenumber areas attributed to C=C, C≡C and CH2, CH3 

groups which confirms their involvement in the photocatalytic generation of radicals. The Ag NPs 

AC exhibit a higher transmittance intensity compared with Ag NPs BC, which proves partial 

removal of the organic content due to the calcination.  

The morphological properties of the obtained Ag NPs were studied using SEM and EDX analyses 

(Fig. 44). The obtained Ag NPs BC are spherical or quasi-spherical in shape with silver, chlorine, 

oxygen, carbon, phosphorus, and sulfur in their structure with homogeneous distributions. The 

Ag NPs AC are more agglomerated or coalescent while maintaining the tendency towards 

spherical or quasi-spherical shape. In the elemental analysis of Ag NPs AC only silver, oxygen, 

carbon, and phosphorous were detected with homogenous distributions. Due to calcination, the 

organic content was partially removed which decreased the Ag NPs stability and caused the 

agglomeration of the material. 
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Figure 44 Microscopy analysis, (A) SEM of Ag NPs BC, (B) EDX spectrum of Ag NPs BC, (C) EDX mappings of Ag NPs 

BC, (D) SEM of Ag NPs AC, (E) EDX spectrum of Ag NPs AC, (F) EDX mappings of Ag NPs AC. 

Thermal behavior of the obtained products was examined by TGA technique (Fig. 45A-C). The Ag 

NPs BC show three stages of mass loss at the ranges 25 - 250°C, 250 - 550°C, and 550 - 1000°C. 

The first decrease with 7.5% weight loss and DTG peak at 182°C can be attributed to the loss of 

physically adsorbed water molecules or decomposition of temperature-sensitive organic 

compounds [17]. The removal of organic compounds progresses in the next stage, with 4.9% 

weight loss and DTG peak at 380°C when phenolic compounds decompose on the surface [18]. 

Then, the weight decreased by 5.7% with the DTG peak close to 1000°C signifying the 

decomposition of higher molecular weight compounds or molecular oxygen removal [13,17]. The 

final weight of Ag NPs BC was recorded at around 80%. In addition, DTA analysis provided 

information about the exothermic nature of the organic content decomposition with various 

peaks at 25 - 600°C signifying the presence of the abundance of compounds on the surface of Ag 

NPs BC. The endothermic peak at 960°C is attributed to the melting point of silver present in the 

structure [19]. 
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Figure 45 Thermal and optical properties of Ag NPs, (A) TG and DTG of Ag NPs BC, (B) TG and DTG of Ag NPs AC, (C) 

DTA of Ag NPs BC and Ag NPs AC, (D) UV-Vis spectrum of Ag NPs BC, (E) UV-Vis spectrum of Ag NPs AC, (F) Tauc plot 

of Ag NPs BC. 

Thermal properties of Ag NPs AC were also assessed. The slight weight loss of 0.5% with the DTG 

peak at 135°C can relate to the water loss or oxidation of the remaining organic content. The 

most significant weight loss of 4.5% with DTG peak at around 1000°C is similar to Ag NPs BC. The 

weight at the end of the measurement was recorded at around 95%. The DTA analysis revealed 

a low intensity exothermic peak at around 45°C and endothermic peak at 960°C which represent 

melting point of silver. The TGA analysis confirmed the difference in the amount of organic 

content in Ag NPs BC and Ag NPs AC. Moreover, the metabolites showed different thermal 

behavior manifesting itself in the presence of many peaks especially in DTA analysis which proves 

the abundance of molecules as observed in the FTIR analysis. 

The optical properties of Ag NPs BC and Ag NPs AC were analyzed using UV-Vis spectroscopy (Fig. 

45D-E). Plasmonic nanoparticles such as Ag NPs can exhibit surface plasmon resonance when 

electrons in the conductive band excited at specific wavelength undergo a collective oscillation. 

The effect enables strong light scattering and absorption which are important for the 

photocatalytic activity. The Ag NPs BC display broad absorption band which after deconvolution 
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can be divided into three separate peaks. The peaks at 278 nm and 365 nm can be attributed to 

the organic molecules present on the surface. In the literature, the metabolites present in the 

extract were previously detected in similar range [20]. Moreover, the peak at 448 nm can be 

assigned to characteristic Ag NPs surface plasmon resonance typically in the 400 – 500 nm range 

[21]. The results show the potential of Ag NPs BC to be photoactivated in the visible light 

spectrum. 

Obtained Ag NPs AC display one peak at 258 nm which might be a result of structural defects and 

change in the electronic state due to the calcination procedure [22]. A similar behavior has been 

reported before as a result of electronic transition to metallic Ag [22] which is correlated with 

the XRD findings. Consequently, the calcination procedure might have impaired the 

photocatalytic activity of Ag NPs AC. 

The optical properties were also characterized by the calculation of band gap energy. The 

parameter is defined as an energy difference between the highest occupied energy state in the 

valence band and the lowest unoccupied energy state in conduction band. Low band gap value 

facilities the ability of the material to absorb light, generate electron-hole pairs, and initiate 

photocatalytic reactions. Based on the UV-Vis absorption, the band gap energy for Ag NPs BC was 

calculated at 2.33 eV (Fig. 45F). A similar band gap value has been reported for Ag NPs 

synthesized using plant Hagenia abyssinica (Brace) JF. Gmel. extract [23]. 

5.3.3.2 Photocatalytic activity 

5.3.3.2.1 Influence of light 

The BBR dye degradation activity of Ag NPs BC was first analyzed in dark conditions (Fig. 46). The 

highest decrease in dye concentration was recorded at around 30 min with following further 

slight concentration reduction. The interplay between dye and Ag NPs BC can be described as 

physisorption mainly connected with weak van der Waals forces [24]. At the end of the 

measurement around 33% of the dye molecules were degraded and the k value was recorded as 

0.00380 min-1. In the next experiments, the reaction was subjected to 30 min in the dark at the 

beginning to allow more precise evaluation of the tested factors on the photocatalytic activity of 

Ag NPs BC. 
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Figure 46 Degradation of BBR dye in the dark (A) UV–Vis spectral changes for the degradation of dye, (B) changes in 

dye concentration, (C) pseudo-first-order kinetic plot, (D) percentage degradation efficiency. 

The initial evaluation of photocatalytic activity of Ag NPs BC involved the assessment of various 

levels of light intensities of 75, 150, and 300 µmol/m2/s (Fig. 47). In photocatalysis, electron-hole 

pairs production relies on light exposure intensity and is a crucial step for creating active radicals 

to degrade pollutants [25]. As light intensity increases, more electrons transition from valence to 

conduction bands, resulting in the generation of hydroxyl or oxygen radicals [26]. In the series of 

experiments, the concentration of BBR dye was measured with time to evaluate the performance 

of Ag NPs BC. 
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Figure 47 Influence of light on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying light 

irradiation, (D) changes in dye concentration, (E) percentage degradation efficiency. 

The lowest tested light intensity resulted in the lowest decrease in the BBR dye concentration 

with degradation efficiency of around 39% and k value of 0.00326 min-1. The increase in light 

intensity to 150 µmol/m2/s revealed significant increase in degradation efficiency to around 

52.2% and k value of 0.00595 min-1. Further increase in light intensity to 300 µmol/m2/s showed 

only a slight increase in degradation efficiency to around 55% with k value of 0.00632 min-1. The 

results can be explained in the context of the quantum yield of photodegradation which is 

described as the ratio of absorbed photons that result in a molecular reaction to the total number 

of absorbed photons [26]. High quantum yield increases the likelihood of the molecular reaction 

while the energy in low quantum yield can be converted to heat or fluorescence [26]. Overall, 

the results show the important role of light intensity for the photocatalytic activity of Ag NPs BC.   

5.3.3.2.2 Influence of dye concentration 

The light intensity can also be influenced by the concentration of the BBR dye in the solution. The 

light illuminating the system can also be absorbed by the BBR dye molecules which decreases the 

number of photons reaching catalyst surface and leading to generation of fewer radicals. The 

effect of various BBR dye concentrations in the range 4-26 mg/L on the photocatalytic activity of 
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Ag NPs BC is presented in Fig. 48. As expected, the lowest concentration of the BBR dye resulted 

in the highest decrease in the concentration with time with degradation efficiency around 73.8% 

and k value of 0.00986 min-1. The increase in the concentration to 18 mg/L showed a decrease in 

the degradation efficiency at around 52.2% with k value of 0.00595 min-1. The highest tested BBR 

dye concentration revealed the degradation efficiency around 31% with k value 0.00276 min-1. 

The high concentration of the BBR dye in the solution might not only impart light scattering, but 

also it can result in the competing action of the molecules for access to the active sites on catalyst 

surface resulting in agglomeration [27]. However, usually the BBR dye concentration in the 

wastewater is low due to the multiple washings [28] which shows the potential of Ag NPs BC for 

the removal of BBR dye. 

 

Figure 48 Influence of dye concentration on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying 

dye concentration, (D) changes in dye concentration, (E) percentage degradation efficiency. 

5.3.3.2.3 Influence of catalyst dosage 

The access to the active sites on the surface of Ag NPs BC was tested by measuring the BBR dye 

concentration in the presence of various catalyst concentrations in the range 500-2000 mg/L (Fig. 

49). As expected, the tested lowest catalyst dosage of 500 mg/L resulted in the lowest decrease 

in the BBR dye concentration with degradation efficiency of 36.7% and k value of 0.00272 min-1. 

Further increase in the catalyst dosage raised the degradation efficiency to around 52.2% and 
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71.9% with k values of 0.00595 min-1 and 0.00933 min-1 for 1000 mg/L and 2000 mg/L 

respectively. The results showed the important role of active sites on Ag NPs BC surface to 

improve the photocatalytic degradation of BBR dye [27]. However, it has been reported that the 

trend is only up to certain limits as the excess amount of added catalyst might increase turbidity 

which renders the light scattering [29]. 

 

Figure 49 Influence of catalyst concentration on the photocatalytic activity (A-C) UV–Vis spectral changes in the 

varying catalyst concentration, (D) changes in dye concentration, (E) percentage degradation efficiency. 

5.3.3.2.4 Influence of pH 

The next tested factor for the photocatalytic activity of Ag NPs BC was pH of the solution in the 

range 3-11 (Fig. 50). In acidic conditions, the decrease in the BBR dye was the least prominent 

and degradation efficiency was recorded at around 47.3% with k value of 0.00443 min-1. The 

neutral pH showed a degradation efficiency of around 52.2% with k value of 0.00595 min-1. The 

alkaline conditions resulted in the degradation efficiency of 81.9% and k constant of 0.01496 min-

1. The description of the pH role can be challenging, primarily due to the pH-dependence of many 

processes such as electrostatic interactions of the catalyst surface with other molecules, such as 

solvent, substrate, and generated charged radicals [30]. In the present study, increased BBR 

removal with increasing pH could relate to higher accessibility of hydroxyl anions which after 

interactions with positive holes on the catalyst can result in the elevated concentration of 
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hydroxyl radicals [31]. The effect might persist until a certain pH when the radical rate formation 

is decreased due to Coulomb repulsion between the negatively charged surface of the catalyst 

and hydroxyl anions [32]. 

 

Figure 50 Influence of pH on the photocatalytic activity (A-C) UV–Vis spectral changes in the varying pH, (D) changes 

in dye concentration, (E) pseudo-first-order kinetic plot, (F) percentage degradation efficiency. 

5.3.3.2.5 Influence of calcination 

In the final set of experiments, the influence of calcination and the resulting removal of organic 

content was tested for photocatalytic activity (Fig. 51). The Ag NPs AC showed a minimal decrease 

in BBR dye concentration with degradation efficiency around 10.7% and k value of 0.00009 min-

1. Moreover, before the treatment the degradation efficiency was recorded around 52.2% with k 

value of 0.00595 min-1. The BBR dye without any catalyst was degraded by around 6.5% with k 

value of 0.00049 min-1. In the previous study, the calcination at 150°C managed to reduce the 

antifungal activity of Ag NPs synthesized using S. platensis extract [13]. The increased calcination 

temperature might cause more structural defects which can result in different properties of the 

material as shown in the UV-Vis findings. In addition, Ag/Ag2O calcined at 600°C exhibited the 

photocatalytic activity in the UVA spectrum which might increase the cost of the photocatalytic 

removal [33]. 
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Figure 51 Influence of calcination on the photocatalytic activity (A) UV–Vis spectral changes before calcination, (B) 

UV–Vis spectral changes after calcination, (C) UV–Vis spectral changes without catalyst, (D) changes in dye 

concentration, (E) percentage degradation efficiency. 

5.3.3.2.6 Mechanism of dye degradation 

It is widely acknowledged that photocatalysis entails a sequence of reactions between the 

catalyst and pollutant [26,31,34]. The scheme of the BBR dye degradation process is shown in 

Fig. 52. First, the electrons from the valence band are excited into conduction band upon light 

irradiation (Eq. 4) which generates positively charged holes (h+). Then, holes react with water 

molecules producing H+ and •OH radical (5). The electrons after excitation convert molecular 

oxygen in the solution into •O2
− (6) reacting with water molecules to produce •OOH (7). After 

rearrangement to H2O2 (8), it reacts with •O2
− to produce •OH (9) which can also be generated 

after reaction of hydroxyl ions with holes (10). The above reactions are described below (Eq. 4-

10). 

Photocatalyst surface + hv → electron (e-) + hole (h+) (4) 

h+ + H2O → H+ + •OH (5) 

e- + O2 → •O2
− (6) 

•O2
− + H2O → •OOH + OH- (7) 
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2•OOH → H2O2 + O2 (8) 

H2O2 + •O2
− → •OH + O2 + OH- (9) 

OH- + h+ → •OH (10) 

 

Figure 52 Mechanism of BBR dye degradation, adapted from [39]. 

BBR is a synthetic dye designed for its color stability and longevity which possesses a challenge 

to degradation. It belongs to the class of triphenylmethane dyes containing three phenyl rings 

linked to a central carbon atom [35]. The presence of conjugated double bonds in the aromatic 
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rings leads to electron delocalization with resonance stabilization which allows electronic charge 

distribution and prevents the formation of reactive sites [36,37]. Moreover, BBR dye does not 

contain highly labile functional groups which could be easily cleaved which reduces its 

susceptibility to chemical breakdown [38]. Thus, AOP is considered a promising method to 

degrade the BBR dye. 

The BBR degradation pathway was studied based on the ultrasound treatment which also 

includes generation of hydroxyl radicals [39]. Based on the LC-Q-TOF-MS analysis, two 

degradation pathways were proposed, one involving OH addition or other with hydrogen 

abstraction followed by disproportionation/hydroxylation reaction [39]. Then, the molecules 

undergo a series of reactions such as bond breakage, oxidative cleavage, or demethylation. In 

total, 13 transformed products were identified, however, the molecules could be further 

transformed by ring opening and other oxidative cleavages resulting in formation of inorganic 

ions, carbon dioxide, and water as part of the mineralization process [39]. The degradation 

pathway was also studied in river water revealing its independence from presence of inorganic 

ions [40]. 

5.3.4 Conclusions 

The production of efficient and stable photocatalysts is of utmost importance for the successful 

remediation of water pollution. Achieving this goal requires a comprehensive understanding of 

the underlying chemical processes, as well as an analysis of the various factors that can influence 

the performance of photocatalytic systems. In the present study, methanolic extract of S. 

platensis was used to obtain Ag NPs BC and Ag NPs AC. The XRD analysis displayed the AgCl and 

Ag phases in Ag NPs BC with crystalline size of 13.02 nm while only Ag phase was observed for 

Ag NPs AC with crystalline size of 24.35 nm. The FTIR analysis showed an abundance of functional 

groups from the extract present on the surface of Ag NPs BC. The SEM analysis showed spherical 

or quasi-spherical morphologies while EDX confirmed the involvement of extract confirming FTIR 

findings. The organic content was further examined by TGA analysis with different thermal 

stability of Ag NPs BC and Ag NPs AC. The UV-Vis study revealed the visible light activation of Ag 

NPs BC with band gap energy of 2.33 eV. 



Photocatalytic activity of silver nanoparticles synthesized from microalgae against Brilliant 
Blue R dye 

184 
 

The photocatalytic properties of Ag NPs were tested in the visible light against BBR dye. The 

influence of various factors was observed such as light intensity, dye concentration, catalyst 

dosage, pH, and calcination. The highest average dye degradation efficiency of 81.9% was 

achieved in alkaline conditions. The mechanism of the BBR dye was proposed involving the 

generation of hydroxyl radicals. The work shows the potential of S. platensis as a source of 

metabolites to synthesize products with efficient photocatalytic activity. 
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Chapter 6 

6 Conclusions 

 

Microalgae have emerged as a valuable resource to produce useful compounds with applications 

ranging from food and dietary supplements to environmentally friendly nanoparticle synthesis. 

The recent focus on global health threats has shed light on the potential medicinal and 

environmental applications of microalgae-derived secondary metabolites in nanoparticle-based 

therapeutics. Microalgae are promising candidates for synthesizing various nanoparticles 

because of their rich secondary metabolites, which serve as capping and reducing agents. 

Microalgae-derived nanoparticles have shown significant potential in the biomedical sector, but 

further research is needed to address issues related to kinetics, cell viability, and yield, impacting 

NP properties in both conventional and microalgae-based synthesis methods. Employing various 

extraction techniques or conditions during the synthesis process of nanoparticles might result in 

a variety of nanoparticles with different properties which can be applied in many sectors. 

The study on the synthesis of silver nanoparticles, titanium dioxide nanoparticles, cobalt (II) 

hydroxide nanomaterials, and cobalt (II,III) oxide from S. platensis methanolic extract 

demonstrated their potential as novel antifungal agents. The synthesis mechanism, characterized 

using GCMS and FTIR, confirmed the involvement of secondary metabolites, particularly amines. 

Various analytical techniques, such as XRD, SEM, TGA, and zeta potential, provided valuable 

insights into the properties of these nanomaterials. Notably, silver nanoparticles exhibited 

exceptional thermal stability and water dispersion properties among all the prepared structures. 

When tested against different Candida species, silver nanoparticles and cobalt (II) hydroxide 

nanomaterials displayed robust antifungal activity at a concentration of 50 μg/mL, with low 

minimum inhibitory concentration (MIC) values. Interestingly, exposure to light had a differential 

impact on MIC values, with a decrease observed for C. krusei and an increase for C. albicans and 

C. glabrata. These findings underscore the potential of these nanomaterials for the development 
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of effective antifungal agents, offering a promising avenue for addressing the increasing 

challenge of fungal infections in contemporary healthcare. Further research is warranted to 

explore their clinical applicability and safety in treating fungal infections. 

Another tested application of nanomaterials synthesized using microalgae was related to their 

catalytic oxidation of carbon monoxide. The research has demonstrated the potential of utilizing 

extracts from microalgae such as S. platensis, C. vulgaris, and H. pluvialis for the sustainable 

synthesis of nanosized Co3O4 catalysts with distinct properties. By varying the calcination 

temperatures and leveraging the metabolites present in the extracts, Co3O4 catalysts with 

octahedral, nanosheet, and spherical morphologies, accompanied by structural defects and 

surface segregation of phosphorous and potassium, were successfully synthesized. Notably, the 

presence of phosphorous and potassium originating from the extracts significantly enhanced the 

catalytic activity of Co3O4, particularly when normalized by the specific surface area. In situ 

studies of carbon monoxide oxidation unveiled differences in oxygen mobility and carbonate 

formation, shedding new light on the catalytic mechanisms. These novel insights hold promise 

for the development of innovative synthesis strategies to manufacture highly active Co3O4 

catalysts, contributing to more efficient carbon monoxide oxidation, reduced environmental and 

health impacts, enhanced internal combustion engine efficiency, and sustainable catalyst 

synthesis for a greener future. Further exploration and optimization of these catalysts are 

warranted to unlock their full potential in various applications. 

The catalytic activity was further explored by studying the photocatalytic activity of microalgae-

derived silver nanoparticles against Brilliant Blue R dye commonly used in the laboratory for 

protein staining. The methanolic extract of C. vulgaris resulted in the successful synthesis of silver 

nanoparticles. Moreover, the results revealed valuable insights into the influence of calcination 

on their characteristics. XRD analysis indicated a crystalline nature of the products, with the 

presence of Ag2O and Ag phases and an average crystalline size of 16.07 nm before calcination, 

which transformed into a pure Ag phase with a larger crystalline size of 24.61 nm after 

calcination. FTIR highlighted capping functional groups on Ag NPs, while SEM showed irregular 

morphology and agglomeration following calcination. EDX and TGA analyses further confirmed 
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the involvement of metabolites in the organic coating. UV-Vis analysis demonstrated alterations 

in optical properties due to calcination. Importantly, the synthesized silver nanoparticles 

exhibited remarkable photocatalytic activity, with the highest degradation efficiency of 90.6% 

and a calculated k value of 0.04402 min-1 achieved under increased catalyst dosage after 90 

minutes of visible light irradiation.  

Similarly, methanolic extract of H. pluvialis was used for synthesis of silver nanoparticles and their 

photocatalytic activity against Brilliant Blue R dye. XRD analysis demonstrated the crystalline 

nature of the product before calcination, with the presence of Ag2O and Ag phases and a 

crystalline size of 14.27 nm. Post-calcination, only the Ag phase was observed, with an increased 

crystalline size of 34.78 nm. Similar profile to silver nanoparticles from C. vulgaris of FTIR, SEM, 

EDX, and TGA was obtained. In addition, UV-Vis analysis also demonstrated changes in optical 

properties due to calcination. Importantly, the Ag NPs exhibited significant photocatalytic 

activity, with the highest degradation efficiency of 65.9% achieved under increased catalyst 

dosage after 90 minutes of visible light irradiation, with a calculated k value of 0.00947 min-1.  

Another methanolic extract used to synthesize silver nanoparticles for photocatalytic activity was 

obtained from S. platensis.  XRD analysis showed the presence of AgCl and Ag phases with a 

crystalline size of 13.02 nm before calcination, which transformed into pure Ag with an increased 

crystalline size of 24.35 nm after calcination. FTIR confirmed the role of metabolites from the 

extract in capping the Ag NPs. SEM provided visual evidence of spherical or quasi-spherical 

morphologies with some agglomeration attributed to calcination. EDX and TGA analyses further 

substantiated the involvement of metabolites in the synthesis process. UV-Vis analysis 

demonstrated optical changes in the products. Notably, the obtained silver nanoparticles 

exhibited commendable photocatalytic activity, with the highest degradation efficiency of 

approximately 81.9% achieved under alkaline conditions after 90 minutes of light irradiation. 

These findings prove the potential of silver nanoparticles synthesized from microalgal extract for 

eco-friendly and efficient photocatalytic applications, particularly in addressing water pollution 

concerns and the removal of organic dyes from wastewater. Further research and optimization 
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efforts are warranted to harness their full potential in practical environmental remediation 

applications. 
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