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Abstract 

Wastewater contaminated with heavy metal ions (HMIs), stemming from human activities and 

natural disasters, poses substantial threats to both the environment and human health. The 

unchecked release of untreated wastewater into natural water bodies leads to severe pollution, 

upsetting ecological balance. To address this pressing challenge, microalgae-based biosorption 

technology has emerged as a promising solution for the efficient removal of HMIs from 

wastewater. Microalgae, with their extensive surface area and intricate cell wall structures, 

exhibit remarkable efficacy in HMIs biosorption. This thesis aims at elucidating the fundamental 

principles governing the interactions between HMI and microalgal cells to help enhance the 

biosorption capacity of HMI by microalgae from two perspectives: 1) conditioning of biomass by 

either optimizing the cultivation conditions or downstream processing; and 2) conditioning of the 

biosorption process for optimal performance of given algal biomass. It was demonstrated that 

among the tested cultivation conditions, i.e., culture pH, phosphate concentration, nitrate 

concentration, and dissolved inorganic carbon (DIC) conditions, which all have significant 

impacts on cell surface structure and therefore biosorption of HMI, DIC is the most significant 

factor. Furthermore, it was demonstrated that downstream processing of biomass such as lipid 

extraction with sonication for cell disruption could help enhance specific surface area and 

removal of lipids from cell wall surfaces, resulting in remarkably elevated HMI biosorption 

capacities. As for research on biosorption mechanisms, a correlation between HMI properties, i.e., 

ionic radius and electronegativity, and their biosorption capacities onto certain microalgal 

biomass, was established, which was validated with both experimental data and literature data. 

Furthermore, systematic studies on biosorption kinetics, isotherm, and thermodynamics, as well 
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as cell surface characterization, and determination of HMI intracellular and extracellular contents 

of cells after biosorption were carried out, which converged on the conclusion that biosorption 

was predominantly monolayer surface adsorption. A mathematical model was proposed and 

validated, which is a rigid model accounting for the effects of cell size and HMI radius only. 

Analysis of model differentiation from experimental data led to the hypothesis that the 

nanostructures on cells, mostly like pili, were the major locations where binding sites for HMI 

were housed. This research represents a significant step towards ensuring the responsible and 

sustainable use of microalgae for environmental engineering, promising a cleaner and healthier 

future. 
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Résumé 

Les eaux usées contaminées par des ions métalliques lourds (IML), issus des activités humaines 

et des catastrophes naturelles, posent des menaces substantielles tant pour l'environnement que 

pour la santé humaine. Le rejet incontrôlé d'eaux usées non traitées dans les cours d'eau naturels 

entraîne une pollution sévère, perturbant l'équilibre écologique. Pour relever ce défi pressant, la 

technologie de biosorption basée sur les microalgues a émergé comme une solution prometteuse 

pour l'élimination efficace des IML des eaux usées. Les microalgues, avec leur grande surface et 

leurs structures de paroi cellulaire complexes, montrent une efficacité remarquable dans la 

biosorption des IML. Cette thèse vise à élucider les principes fondamentaux régissant les 

interactions entre les IML et les cellules de microalgues afin d'améliorer la capacité de 

biosorption des IML par les microalgues sous deux perspectives : 1) le conditionnement de la 

biomasse par l'optimisation des conditions de culture ou le traitement en aval ; et 2) le 

conditionnement du processus de biosorption pour une performance optimale de la biomasse 

algale donnée. Il a été démontré que parmi les conditions de culture testées, c'est-à-dire le pH de 

la culture, la concentration en phosphate, la concentration en nitrate et les conditions du carbone 

inorganique dissous (CID), qui ont toutes des impacts significatifs sur la structure de la surface 

cellulaire et donc la biosorption des IML, le CID est le facteur le plus significatif. De plus, il a été 

démontré que le traitement en aval de la biomasse, tel que l'extraction des lipides avec une 

sonication pour la disruption cellulaire, pouvait aider à améliorer la surface spécifique et 

l'élimination des lipides des surfaces des parois cellulaires, entraînant des capacités de 

biosorption des IML remarquablement élevées. En ce qui concerne la recherche sur les 

mécanismes de biosorption, une corrélation entre les propriétés des IML, c'est-à-dire le rayon 

ionique et l'électronegativité, et leurs capacités de biosorption sur certaines biomasses de 
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microalgues a été établie, ce qui a été validé à la fois avec des données expérimentales et des 

données de la littérature. De plus, des études systématiques sur la cinétique, l'isotherme et la 

thermodynamique de la biosorption, ainsi que la caractérisation de la surface cellulaire et la 

détermination des contenus intracellulaires et extracellulaires des IML après la biosorption, ont 

été réalisées, convergent vers la conclusion que la biosorption était principalement une adsorption 

de surface monocouche. Un modèle mathématique a été proposé et validé, qui est un modèle 

rigide prenant en compte les effets de la taille cellulaire et du rayon IML uniquement. L'analyse 

de la différenciation du modèle par rapport aux données expérimentales a conduit à l'hypothèse 

que les nanostructures sur les cellules, principalement comme des pili, étaient les principaux 

endroits où les sites de liaison pour les IML étaient logés. Cette recherche représente une avancée 

significative vers l'assurance de l'utilisation responsable et durable des microalgues pour le génie 

environnemental, promettant un avenir plus propre et plus sain. 
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Chapter 1 Introduction 

1.1 Problem statement 

According to the 2023 UN World Water Development Report, a staggering 26% of the global 

population, equivalent to 2 billion individuals, lacked access to safely managed drinking water 

services [1]. This group includes 1.2 billion people with access only to basic services, 282 

million with limited services, 367 million relying on treated sources, and 122 million compelled 

to unsafe surface water. This alarming crisis is further compounded by the contamination of 

freshwater sources with heavy metal ions (HMIs), which stands as a significant contributor to 

this pressing issue. 

HMIs have been widely used in many applications, including building, electrical, consumer 

durables, machinery, packaging and others [2]. They could be discharged into the ecosystem via 

pathways including sediments of exhaust gases and the discharge of HMI-containing industrial 

wastewaters that are not treated or not treated properly. Indeed, high HMI contents have been 

reported in the sediments of many rivers from all over the world, including 3-126 mg Cr/kg in 

Gorges River, Australia, 3.5-23.2 mg Pb/kg in Nile River, Egypt (Africa), 78.1-139 Cr mg/kg in 

Louro River, Spain (Europe); and 40.8-1347.5 mg Cu/kg in Mamut River, Malaysia (Asia) [3]. 

HMIs can infiltrate rivers, further exacerbating the water quality issue. For instance, levels of 

12.6 µg Cu/L, 419.9 µg Zn/L, 4.1 µg Cd/L, 43.0 µg Pb/L, and 756.6 µg Cr/L have been detected 

in rivers in different regions around the globe, highlighting the extent of HMIs contamination in 

these vital water bodies [4]. The concentration in drinking water standards, as established by the 

World Health Organization (WHO) and the United States Environmental Protection Agency 

(USEPA), is set well under the parts per billion (ppb) level for most HMIs [5,6]. HMIs in the 

aquatic ecosystem could reach humans through bioaccumulation and biomagnification through 
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the food web and therefore cause serious damage to human health since they are toxic, stable and 

non-biodegradable [7]. Ingestion of HMIs such as lead (Pb), copper (Cu), cobalt (Co), arsenic 

(As), cadmium (Cd), etc., above certain threshold by humans has been known to cause serious 

illnesses, including respiratory, hematological, cardiac, dermal, and neurological effects [8]. 

Additionally, HMIs in waters have a negative impact on the aquatic ecosystem as they are toxic 

to microorganisms, plants and animals as well [9]. It is therefore important to develop cost-

effective technologies for HMIs removal and recovery. 

Up to now, there are many technologies that can be used in HMIs treatment, including chemical 

precipitation [10], ion exchange [11], electrokinetic [12], and membrane separation [13]. 

Nevertheless, the high costs of these chemical-physical methods pose a significant obstacle, 

especially for remediation of HMIs from contaminated waters with very low critical 

concentrations but nonetheless are still above the threshold to be safe for animals and humans 

[14].   

 

Figure 1-1 Schematic view of the product value chain of microalgae, adapted from [15]. 

 

As shown Figure 1-1, microalgae thrive on sunlight and basic nutrients like nitrogen, sulfur, 

phosphorous, and carbon dioxide. Remarkably, they can complete an entire growth cycle within 
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a matter of hours [16]. After decades of extensive research and development efforts, biosorption 

using unicellular or simple multicellular microalgae with or without modification has garnered  

significant and rapidly increasing interest both in pollution control and polluted ecosystem 

remediation [17–19]. These cost-effective growth demands, coupled with their versatility in 

serving multiple purposes, such as carbon mitigation, biofuel production, and bioremediation, 

have propelled microalgae into the spotlight for a wide range of biotechnological applications. 

Biosorption process utilizing microalgae is an ecologically safer, cheaper and more efficient 

method of HMIs removal in comparison with the aforementioned conventional technologies, 

especially when large volumes of contaminated waters such as rivers, lakes, and even regions of 

oceans are to be remediated [20,21]. The fundamental advantage of microalgae for such 

applications lays in the fact that they are self propagative. Therefore, adding a small amount of 

seed culture of selected non-toxic microalgae that can grow well in a target contaminated water 

body can effectively remove the HMIs (e.g., Pb(II)) [22], provided that cost-effective methods of 

microalga harvest/removal are available, e.g., in the cases with filamentous microalgae or/and 

attached biofilm microalgal reactor [23].  

1.2 Research objectives 

Extensive research efforts have been devoted to harnessing the potential of microalgae for 

biosorption of HMIs. Nevertheless, critical challenges persist in understanding the intricate 

mechanism underlying HMIs biosorption by microalgae and translating this knowledge into 

mechanism [24]. The complexity of the interaction between HMIs and various microalgal 

species, each characterized by its unique cell structures, warrants in-depth exploration to 

compare HMIs biosorption capacity [20]. Even within a single microalgal species, it is crucial to 
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explore how different cultivation conditions can impact the biosorption capacity of microalgal 

cells for the same HMIs [25].  

To this end, I dedicated  my Ph.D. thesis research to elucidating the mechanism of biosorption of 

HMIs, as well as the conditioning of biosorbents and biosorption process. The following are the 

four research studies that have been carried out: 

1. Biosorption of heavy metal ions (HMI) by green alga Neochloris oleoabundans: effects of 

metal ion properties and cell wall structure 

2. Effects of culture pH, nitrate concentration, phosphate concentration, and dissolved inorganic 

carbon concentration,  on cell surface properties and biosorption of HMIs by green alga 

Neochloris oleoabundans 

3. Lipid-extraction residual algal biomass for biosorption of bivalent lead and cadmium ions: 

kinetics and isotherm 

4. Mechanism of heavy metal ion biosorption by microalgal cells, a mathematic approach 

These four research endeavors collectively seek to advance our understanding of HMIs 

biosorption by microalgae and pave the way for more effective and practical applications in 

addressing HMIs contamination in water sources. 

1.3 Thesis structure 

The Ph.D. thesis is structured into seven chapters, each dedicated to a specific facet of the 

research. In Chapter 1, the problem statement and research objectives are presented. Chapter 2 

furnishes a comprehensive examination of the research background, introducing essential models 

for HMIs biosorption, such as kinetics, isotherms, and thermodynamics. Chapter 3 details the 

project aimed at establishing a connection between HMI properties and biosorption capacity. 

Chapter 4 investigates effects of culture pH, nitrate concentration, phosphate concentration, and 
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dissolved inorganic carbon concentration, on cell surface properties and biosorption of HMIs. 

Chapter 5 compares the effectiveness of wet, dried, and lipid-free residual biomass as 

biosorbents for the HMIs removal. Chapter 6 proposes a mathematical model to predict the 

biosorption capacity of HMIs based on biomass properties and the ionic radius. In Chapter 7, the 

thesis concludes and suggests avenues for future research. In appendix A, B, C, the other 

cultivation conditions, i.e., dissolved inorganic carbon, phosphate and nitrate concentration are 

also investigated. Collectively, these sections provide a comprehensive exploration of the 

utilization of microalgal biomass as a biosorbent for HMIs removal.  
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Chapter 2 Research background 

2.1 Introduction 

Using different microorganisms such as bacteria, microalgae, yeasts, and fungi for HMIs 

biosorption has been established as a promising alternative to conventional methods for HMI 

removal/recovery from contaminated wastewaters or natural waterbodies because they are 

environmentally friendly and potentially cost-effective [26]. Of particular relevance, microalgae 

have some unique advantages in comparison to other biosorbents. They are the predominant 

primary producers that is ubiquitous in the aquatic ecosystem and can grow in almost all natural 

aquatic environments including niches of extreme salinity, pH and temperatures [27]. They have 

very high photosynthetic efficiency and therefore shows large growth rates in comparison to 

other aquatic primary producers such as macroalgae and aquatic plants [28]. There have been 

confirmed  that many species of microalgae poses high biosorption capacities for a diversity of 

different toxic HMIs including lead (145 mg Pb/g biomass) [29], arsenic (57 mg As/g biomass) 

[30], mercury (42 mg Hg/g biomass) [31], cadmium (65 mg Cd/g biomass) [32], cobalt (52 mg 

Co/g biomass) etc.  

While extensive studies have been carried out regarding both the fundamental principles and 

application of microalgal biosorption for HMI removal, there are still many knowledge gaps to 

be filled in this intriguing field.  
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2.2 Mechanisms of HMI adsorption by microalgal cells 

2.2.1 Effect of biosorbents: microalgal cells 

 

Figure 2-1 Biosorption of HMIs by microalgal cells, adapted from [33]. 

 

 

Figure 2-2 Mechanisms of HMI biosorption by microalgae.
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Microalgae have complex cell wall composition and structure that are characteristic of algal 

species [34]. Biosorption of HMIs by microalgae can be carried out in two different ways, as 

shown in Figure 2-1 and Figure 2-2, i.e., bio-adsorption (adsorption) and bio-absorption 

(intracellular accumulation). As a surface phenomenon, biosorption by microalgae involves the 

surface of the sorbents only. It is independent of cellular metabolism but is greatly dependent on 

the cell wall structure, especially the macromolecules on cell surfaces [35]. HMIs biosorption 

could be carried out by growing microalgal cells, fresh but non-growing cells, dried biomass, and 

residue biomass after extraction of value-added products such as microalgal oils. In general, 

microalgal cell walls are made of a multi-layered framework consisting mainly of cellulose, 

which is interspersed with an amorphous matrix of glycoproteins. In addition, microalgal cell 

walls may contain other polymeric substances, e.g., exopolysaccharides, alginate, lipids and 

liposaccharides [36]. The macromolecules provide numerous functional groups, e.g., amino, 

carboxyl, hydroxyl, imidazole, phosphate, phosphoryl, sulfonate, thiol, amide, ether etc., which 

are capable of binding HMIs [37,38]. The knowledge of cell wall structure provides important 

insights into their affinities for HMIs. Fourier transform infrared (FTIR) and nuclear magnetic 

resonance spectroscopy (NMR) have been employed to determine the functional groups on 

microalgal cell walls that are responsible for formation of binding with HMIs. The biosorption of 

HMIs onto the surface of microalgae can take place through various mechanisms. These 

mechanisms include ion exchange, where multivalent HMIs are swapped with monovalent co-

cations like Na(I) and K(I). These co-cations are linked to negatively charged functional groups 

found on the cell wall's macromolecules. Chelation, where HMIs form complexes with functional 

groups from macromolecules on the cell surface, is related with extracellular polysaccharide 
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substances (EPS). Physical adsorption by electrostatic attraction and van der walls’ force also 

play a important role in HMI removal [33]. 

On the other hand, bio-absorption (intracellular accumulation) of HMIs by microalgal cell is a 

much more complex process which involves: 1) bio-adsorption of HMI onto the surface of living 

cells; 2) active transportation of HMIs through specialized ion channels across the cytoplasmic 

membrane into the cytoplasm of cells; and 3) detoxification of HMIs by mechanisms such 

isolating them in vacuoles inside the cells. The second and third steps are dependent and ATP-

consumed on cell metabolism and has sometimes been referred to as one, i.e., intracellular ion 

uptake with detoxification. Therefore, bio-absorption of HMI by cells, including microalgal cells, 

is an energy dependent and slow process compared with bio-adsorption [39].  

Zeta potential (ZP) is the electrical potential at the slipping plane adjacent to the stagnant liquid 

layer attached to the surface of the dispersed particles in a colloid. It depends on the net electrical 

charge at the particle surface and the thickness of the stagnant liquid layer. Although zeta 

potential does not equate to the particle surface potential, it is the only means for researchers to 

characterize surface charges of particles dispersed in a colloid and has recently been employed by 

many researchers for the characterization of the surface charges of microalgal cells [40,41]. For 

instance, the zeta potential of Chlorella sp. QB-102 was found to be dependant on adsorption pH. 

Within the tested pH range of 3.0 to 6.0, all the biosorbents were observed to be negatively 

charged and with the increase in pH, the zeta potentials became increasingly negative, which 

enhanced the removal of positively charged metals from aqueous solutions [42]. Similar results 

were found in the microalga Neochloris oleoabundans, where zeta potentials ranged from 50.3, 

52.1, 52.9, and 59.5 mV, at pH 4.0, 5.0, 6.0, and 7.0, respectively [43]. Table 2-1 presents the 

https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Electric_charge
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isothermal and kinetics constants for HMIs removal by microalgae, including biomass, 

temperature, optimal pH, state of biomass, equilibrium time and biosorption capacity.



 

 

11 

 

Table 2-1 HMIs biosorption by microalgae. 
Heavy 

metal 
Species 

Bioma

ss 
HMIs T 

Optimal 

pH 
State Kinetics 

Equilibriu

m time 
Isotherm 

Biosorption 

capacity 
Ref 

  [g/L] [mg/L] [℃]    [min]  [mg/g]  

As Maugeotia genuflex 0.4-16 10-400 20 6 Dried 

Pseudo-

second-

order 

60 Langmuir 67.48 [30] 

Co Synechocystis pevalekii - 100-2000 20 7.1 Living - - Langmuir 117.86 
[44] 

Co Scenedesmus bernardii - 100-2000 20 7.1 Living - - Langmuir 11.79 

Cd Parachlorella sp. 1.0 18-180 30 7 Living 
Pseudo-

first-order 
240 Langmuir 90.72 

[45] Cd Spirulina sp. 1.0 18-180 30 7 Living - - - 55.00 

Cd Scenedesmus sp. 1.0 18-180 30 7 Living - - - 30.00 

Cd Nannochloropsis sp. 1.0 18-180 30 7 Living - - - 60.00 

Cd Coelastrum sp. PTE-15 1.0 25-200 30 7.5 
Freeze-

dried 

Pseudo-

second-

order 

2 Langmuir 36.10 

[46] Cd Chlorella sp. CHA-01 1.0 25-200 30 7.5 
Freeze-

dried 

Pseudo-

second-

order 

2 Langmuir 25.51 

Cd 
Chlamydomonas sp. 

TAI- 03 
1.0 25-200 30 7.5 

Freeze-

dried 

Pseudo-

second-

order 

2 Langmuir 23.26 

Cd Oedogonium sp.  0.2-1.6 20-200 25 5 Dried - 55 Langmuir 88.2 [47] 

Pb Sargassum sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 240.35 [35] 

Cu Sargassum sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 62.91 [35] 

Cd Sargassum sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 85.43 [35] 

Zn Sargassum sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 32.69 [35] 

Ni Sargassum sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 35.80 [35] 

Pb Padina sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 259.00 [35] 

Cu Padina sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 72.44 [35] 

Cd Padina sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 84.31 [35] 

Zn Padina sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 52.96 [35] 

Ni Padina sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 36.98 [35] 

Pb Gracillaria sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 93.24 [35] 
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Cu Gracillaria sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 37.49 [35] 

Cd Gracillaria sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 33.72 [35] 

Zn Gracillaria sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 26.15 [35] 

Ni Gracillaria sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 16.43 [35] 

Pb Ulva sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 302.51 [35] 

Cu Ulva sp. 1.0 0-2 mmol/L 22 5 Dried - 360 Langmuir 47.66 [35] 

Cd Ulva sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 65.19 [35] 

Zn Ulva sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 34.22 [35] 

Ni Ulva sp. 1.0 0-2 mmol/L 22 5.5 Dried - 360 Langmuir 17.02 [35] 

Cd Fucus vesiculosus 0.5 10-150 23 6.06 Dried 
Pseudo-

first-order 
120 Langmuir 108.21 [48] 

Pb Fucus vesiculosus 0.5 10-150 23 4.61 Dried 
Pseudo-

first-order 
120 Langmuir 211.34 [48] 

Cu Fucus vesiculosus 0.5 10-150 23 5.4 Dried 
Pseudo-

first-order 
120 Langmuir 105.49 [48] 

Co Phormidium tenue 1.0 25-200 - 6 
Washed 

by DI 
- 30 Langmuir 24.54 [49] 

Co Chlorella vulgaris 1.0 25-200 - 5.5 
Washed 

by DI 
- 60 Langmuir 15.73 [49] 

Co Scenedesmus dimorphus 0.4 4-20 mmol/L 25 5 Dried 

Pseudo-

second-

order 

60 Freundlich 39.60 [50] 

Co 
Scenedesmus 

quadricauda 
1.0 5-40 25 6.6 Living 

Pseudo-

first-order 
100 - 52.48 [51] 

Cr 
Scenedesmus 

quadricauda 
1.0 5-40 25 6.6 Living 

Pseudo-

first-order 
100 - 81.98 [51] 

Pb 
Scenedesmus 

quadricauda 
1.0 5-40 25 6.6 Living 

Pseudo-

first-order 
100 - 14.26 [51] 

Cd 
Scenedesmus 

quadricauda 
1.0 5-40 25 6.6 Living 

Pseudo-

first-order 
100 - 24.96 [51] 

Ni 
Scenedesmus 

quadricauda 
1.0 5-40 25 6.6 Living 

Pseudo-

first-order 
100 - 55.71 [51] 

Mn 
Scenedesmus 

quadricauda 
1.0 5-40 25 6.6 Living 

Pseudo-

first-order 
100 - 75.20 [51] 

Cu Chlorella vulgaris 0.1 5-300 25 5 Dried - 15 Langmuir 58.82 [52] 

Hg 
Chlamydomonas 

reinhardtii 
0.8 0-400 25 6 Living 

Pseudo-

second-

order 

60 Freundlich 72.2 [53] 
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Cd 
Chlamydomonas 

reinhardtii 
0.8 0-400 25 6 Living 

Pseudo-

second-

order 

60 Freundlich 42.6 [53] 

Pb 
Chlamydomonas 

reinhardtii 
0.8 0-400 25 5 Living 

Pseudo-

second-

order 

60 Langmuir 96.3 [53] 

Pb Aphanothece sp. 0.0186 3.9-18.6 25 6 Dried 

Pseudo-

second-

order 

30 Langmuir 185.64 [54] 

Cd 
Scenedesmus 

quadricauda 
0.2 0-10 

Room 

temperat

ure 

5 Dried 

Pseudo-

second 

order 

60 Langmuir 135.13 [55] 

Pb 
Scenedesmus 

quadricauda 
0.2 0-50 

Room 

temperat

ure 

5 Dried 

Pseudo-

second 

order 

60 Langmuir 333.33 [55] 

Cd Anabaena sphaerica 0.4 50-300 25 5.5 Dried - 60 Freundlich 111.10 [56] 

Pb Anabaena sphaerica 0.4 50-300 25 3 Dried - 90 Langmuir 121.95 [56] 

Zn Scenedesmus obliquus 0.02 10-75 25 6 Dried - 30 Langmuir 330.00 [57] 
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2.2.2 Effect of adsorbate: properties of HMIs 

The characteristics of the absorbate, specifically HMIs within the scope of this thesis project, 

exert significant influence on their interactions with microalgal cells. Numerous research groups 

have investigated this subject [20,33,58,59], and there is a general consensus among researchers 

that certain ionic properties play a crucial role in their adsorption onto algal cell surfaces. These 

properties include the nature of the charges (negative or positive), the valency of charges 

(monovalent or multivalent), electronegativity, and ionic radius. 

For instance, it has been reported that positively charged Cu(II) exhibits a much higher 

biosorption capacity (58.8 mg/g) than the negatively charged anionic As(II) (13.07 mg/g) when 

interacting with the same biosorbent, Chlorella vulgaris [60]. This difference arises because the 

negatively charged microalgal cell surface can only bind to HMIs through the formation of HMI-

macromolecule complexes, e.g., through chelation, while cationic HMI with positive charges 

exploits an additional and more efficient mechanism, i.e., ion exchange. 

Among cationic HMIs of the same charge valence, researchers are generally in the agreement that 

the electronegativity and the ionic radius of HMIs are two important parameters affecting their 

biosorption capacity by same biomass [61–63]. However, the results reported so far have been 

inconclusive or in some cases contradictory to each other. In an early study, Tobin et al. [64] 

reported that the uptake of HMIs by dried Rhizopus arrhizus biomass increased roughly with the 

ionic radius when compared among HMIs of the same charge. On the other hand, Sheng et al. [65] 

studied the adsorption of three HMIs, Pb(II), Cu(II), and Cd(II) from aqueous solutions by 

marine alga Sargassum sp. in single-metal and binary systems and concluded that higher 

electronegativity corresponded to higher adsorption capacity. In another study, Rahman and 
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Sathasivam [66] found the adsorption capacities of four HMIs onto Kappaphycus sp. biomasses 

followed the order of Pb(22.17 mg/g)> Cu(19.49 mg/g)> Fe(16.92 mg/g)> Zn(16.23 mg/g) and 

hence claimed also that the biosorption capacity of biomass to the HMIs increased with 

electronegativity. They, however, mistakenly used the mass capacity (mg/g) instead of mole 

(mmol/g) capacity. Indeed, when the unit is corrected, the order of adsorption capacity of 

different HMIs becomes Cu(0.307mmol/g)> Fe(0.303mmol/g)> Zn(0.248mmol/g)> 

Pb(0.248mmol/g). In an attempt to obtain unambiguous results about the effects of these two 

parameters on biosorption capacity, we strategically selected five HMIs, i.e., Pb(II), Hg(II), 

Zn(II), Cd(II), and Cu(II) and compared their adsorption onto Neochloris oleoabundans. It was 

shown that optimizing dissolved inorganic carbon (DIC) concentration in medium could increase 

the Pb(II) biosorption capacity of N. oleoabundans cells by up to 2.4 times, demonstrating a great 

potential of this unicellular green microalga for HMIs removal [67]. Among these five HMIs, the 

Hg(II)/Cu(II) pair and the Zn(II)/Cd(II) pair have similar electronegativity but very different radii 

while the Zn(II)/Cu(II) pair and the Hg(II)/Cd(II) pair have similar ionic radius but very different 

electronegativities. Comparison within these pairs allowed the analysis on the effects of one 

property, either electronegativity or ionic radius, with minimal interference of the other.  

2.2.3 Engineering fundamentals 

2.2.3.1 Biosorption kinetics 

Kinetic information frequently finds application in the upscaling of biosorption systems [68]. 

Typically, the biosorption kinetics are described using either pseudo-first order or pseudo-second 

order kinetic model, as shown in Eqs 2.1 & 2.2. The choice of a kinetic model is made by 

examining curve fitting and comparing the experimental and calculated equilibrium biosorption. 

Additionally, the correlation coefficients (R2 values) derived from these comparisons help in 
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selecting the most suitable model. A higher R2 value suggests that the chosen kinetics model 

effectively captures the biosorption kinetics. Below are the mathematical equations: 

𝑞(𝑡) = 𝑞𝑒[1 − exp(−𝑘1𝑡)] 2.1 

𝑞(𝑡) = 𝑞𝑒

𝑘2

1 + 𝑘2𝑡
2.2 

2.2.3.2 Biosorption isotherms 

Biosorption isotherms are typically described as the relationship between the residual HMI in the 

solution and the biosorption on biomass at equilibrium at a constant temperature. Langmuir (Eq 

2.3), Freundlich (Eq 2.4), Sips (Eq.2.5) and BET (Eq 2.6) models are the often-employed 

isothermal models. These models help differentiate the metal biosorption behavior for various 

HMIs. The isotherm equations for these four models are as follows: 

𝑞𝑒 = 𝐾𝑓𝐶
1
𝑘 2.3 

𝑞𝑒 =
𝐾𝑙𝐶𝑒

1 + 𝐾𝑙𝐶𝑒
2.4 

𝑞𝑒 =
𝑞𝑚𝑆𝐾𝑆𝐶𝑒

𝑛𝑆

1 + 𝐾𝑆𝐶𝑒
𝑛𝑆

2.5 

𝑞𝑒 =
𝑞𝐵𝐾𝐵1𝐶𝑒

(1 − 𝐾𝐵2𝐶𝑒)(1 − 𝐾𝐵2𝐶𝑒 + 𝐾𝐵1𝐶𝑒)
2.6 
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2.2.3.3 Biosorption thermodynamics  

Thermodynamics model can help us to better understand the mechanism of biosorption, which 

contains a lot of thermodynamics parameters, such as standard Gibb’s energy change (∆𝐺°), 

standard enthalpy change (∆𝐻°), and standard entropy change (∆𝑆°) of HMIs biosorption. These 

equations are shown below (Eqs 2.7-2.10): 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆° 2.7 

𝛥𝐺° = −𝑅𝑇𝐿𝑛(𝐾𝑒𝑞) 2.8 

𝑙𝑛𝐾𝐸𝑞
° = − (

∆𝐻°

𝑅
)

1

𝑇
+

∆𝑆°

𝑅
2.9 

 

𝐾𝐸𝑞
° = 𝐾𝑀𝑜𝑑𝑒𝑙

[𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒]°

𝛾𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒
2.10 
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2.3 Influence parameters for HMIs biosorption capacity by microalgae 

 

Figure 2-3 A generalized presentation of distinct stages of biosorption process using algal 

biomass towards the removal HMIs, adapted from [69]. 

 

Figure 2-3 illustrates a schematic diagram of the biosorption process employed for the 

sequestration of HMIs using algal biomass. This process involves several crucial steps and 

interactions that play a pivotal role in the removal of HMIs from aqueous solutions by microalgae, 

i.e., biosorbent preparation and effect of biosorption parameters. 
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2.3.1 Selection of appropriate microalgal species for HMIs biosorption 

Many different species of microalgae have been demonstrated to be excellent biosorbents for 

HMIs removal [70]. For instance, Mohammed et al. [24] investigated the effects of HMIs, i.e., 

Cd(II), Ni(II), and Pb(II), on the photosynthesis of microalgae Chlorella vulgaris, Scenedesmus 

quadricuda, and Spirulina platensis, finding that they could remove Ni(II) with 95% efficiency. 

Additionally, microalgae were found to be able to uptake lead and Cd(II) with up to 89% and 88% 

removal efficacy, respectively. Zheng et al. [46] compared the biosorption of Cd(II) by three 

microalgal species and reported that Coelastrum sp. (36.10 mg/g) had the largest biosorption 

capacity, which was followed by Chlorella sp. (25.51 mg/g), and Chlamydomonas sp. (23.26 

mg/g). This is quite understandable since microalgal cell wall is complex and different microalgal 

species may have very different cell wall structures [34]. 

Moreover, research has shown that the ability of microalgae to adsorb various HMIs is strongly 

dependent on the specific microalgal strain [51]. The variations in biosorption capacity of HMIs 

observed among different microalgal biomass can often be attributed to differences in microalgal 

properties such as cell size and the microstructures on cell surface. For instance, unicellular 

microalgal biomass, such as Chlorella vulgaris, Chlorella minutissima and Parachlorella sp., 

exhibit higher biosorption capacities than multicellular microalgal biomass, like Scenedesmus-24 

and Spirulina platensis [70,71]. Consequently, there appears to be a discernible preference for 

certain strains of microalgal cells to interact selectively with HMIs, which may differ even among 

closely related species. The increased selectivity of unicellular microalgal biomass is ascribed to 

differences in the cell wall compositions and distributions among various microalgal strains. 

These variations result in diverse capacities for the biosorption of HMIs. 
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2.3.2 Conditioning of biomass by optimizing growth medium 

Currently, multiple approaches exist to enhance the biosorption capacity of microalgae through 

cultivation. One such approach involves manipulating various cultivation parameters to optimize 

biosorption capacity as it has been demonstrated that it is possible to modify structure of cell wall 

of microalgal cells by manipulating the composition of culture medium, thereby enhancing 

biosorption of HMIs using these cells. For example, 1) the stage in the life-cycle of microalgae, 

e.g., exponential phase, linear phase, deceleration phase, or stationary phase, could impact 

biosorption capacity [23], 2) phosphate levels in the medium can affect biosorption capacity, with 

optimal conditions varying across different strains [24,25], 3) dissolved inorganic carbon sources 

can improve Pb(II) biosorption capacity  [26], and 4) medium pH can enhance HMIs biosorption 

[27]. Cultivation parameters can modify cellular growth and wall composition, particularly the 

negative functional groups on the cell wall, thereby affecting HMIs biosorption. Nitrate, like 

phosphate, is a crucial factor in microalgal cultivation, playing a significant role in regulating the 

growth and physiology of microalgae. Nitrate has been observed to influence the biochemical 

composition of microalgal cells, including protein production that potentially increasing the 

biosorption capacity of HMIs [28]. Numerous studies have been conducted to improve the 

biosorption capacity of microalgae. Li et al. developed a novel strategy for the sequential removal 

of phosphorus and Pb(II) by Chlorella species. Pb(II) biosorption capacity of 635.8 mg/g was 

achieved using cells grown in modified medium containing 280 mg/L phosphate, comparing very 

favorably to the 110.41 mg/g biosorption capacity of cells growing in 20 mg/L phosphate 

medium [42].  
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2.3.3 Processing of algal biomass for enhanced HMI biosorption 

2.3.3.1. Pyrolysis 

Some researchers have investigated the utilization of dehydrated microalgae for the removal of 

HMIs from aqueous solutions, aiming to leverage the advantages of convenient storage and 

transportation of dried biomass [54,72,73]. For instance, Chlorella vulgaris demonstrated 

significant potential in adsorbing Ag(I) and Nd(III) from aqueous solutions, exhibiting 

biosorption capacities of 174.6 mg/g and 239.7 mg/g, respectively [74]. Additionally, Cheng 

reported that dried C. vulgaris biomass exhibited a biosorption capacity of 16.65 mg/g for Cd(II) 

[75].  

2.3.3.2. Immobilization 

A number of benefits may result from using immobilized microalgal cells for HMIs biosorption. 

These benefits include the easy recovery or retention of immobilized cells for the reuse of the 

biomass and easy separation of the solid biomass from bulk liquid. Bayramoğlu et al. [17,53] 

investigated biosorption of Hg(II), Cd(II) and Pb(II) from aqueous system by microalgae 

Chlamydomonas reinhardtii immobilized in alginate beads, getting higher biosorption capacity of 

Hg(II) (116.8 mg/g), Cd(II) (88.6 mg/g) and Pb(II) (384.4 mg/g) by immobilized- algae than 

dried microalgae (Hg(II) (72.2 mg/g), Cd(II) (42.6 mg/g) and Pb(II) (96.3 mg/g). 

2.3.3.3. Chemical modification of cell wall surface 

Enhancing biosorption capacity of HMIs by microalgal biomass through chemical modification is 

a frequently used strategy [18,76]. Depending on the chemical modification, the biosorption 

capacity may be enhanced either by enhancing the specific surface area, or by functionalizing the 

surface [77]. Li et al. [76] compared pristine and carboxylation modified alga Sargassum 

carpophyllume and Caulerpa lentillifera dried biomass for removing heavy metal Pb(II) and 
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Mn(II) in aqueous solution. After carboxylation with butanedioic anhydride, the adsorption 

capacities to Pb(II) and Mn(II) were enhanced 3 to 6 times than pristine residue biomass. 

2.4 Conditioning of biosorption process for optimum HMI removal  

Many conditional factors may affect the biosorption of HMI by microalgae. These factors include 

the concentration of HMIs and microalgae biomass, pH and temperature, as well as the presence 

of competing ions. 

2.4.1 Effects of operation pH  

The pH of the adsorption mixture is an important factor in determining the biosorption capacity 

of HMIs by microalgal biomass. This can be explained by the interaction between HMIs and 

functional groups in solution, the behavior of different functional groups on algal surfaces, and 

the acid dissociation constant value of the functional group. However, a high pH will result in the 

precipitation of HMI as illustrated in the following general chemical reaction equation (Eq. 2.11): 

𝐻𝑀𝐼2+ + 2𝑂𝐻− = 𝐻𝑀𝐼(𝑂𝐻)2 2.11 

In order to prevent precipitation of metal ions due to high pH, research will use neutral or acidic 

solutions for biosorption tests. As aforementioned, there are a lot of functional groups which 

contribute to biosorption, such as phosphate group, carbonic group, nitric group and sulfate 

groups [14]. These functional groups all contain negatively charged functional groups,  which 

may bind to positive HMI. According to Gu et al. [43], the cell wall of N. oleoabundans 

composed of 31.56% proteins, 24.3% polysaccharides, 22% lipids, 7.8% inorganics (e.g., 

phosphate), and 14.4% other molecules with the major constituent monomers. The pKa1 of the 

constituent monomers of polysaccharides, proteins, and lipids have a large variety ranging from 

−1.9 of glucosamine to 15.28 of 5-methyl-3-hexanol. The fact that the effects of pH to adsorption 
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was significant between pH 2 and 4 but was very mild between pH 4 and 7 suggests that the 

residues of constituent monomers with pKa1 in the range of pH 2–4 are likely the primary sites 

of biosorption. These monomers include amino acids, which are commonly found in proteins 

(31.5% of cell wall dry weight) and hybrid macromolecules such as peptidoglycan and 

peptidolipids. Glucosamine (pKa1=−1.9), galacturonic acid (pKa1=3.24) and glucuronic acid 

(pKa1=3.21), which are monomers of non-cellulosic polysaccharides, peptidoglycans, and 

lipoglycans, also have pKa1 in the acidic range. When pH is increased, functional groups are 

deprotonated, thereby leaving more space for heavy metal ions to bind to, therefore increasing 

biosorption capacity, as illustrated below (-OH is presented as one functional group on cell wall): 

𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑂𝐻 + 𝑂𝐻− = 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑂− + 𝐻2𝑂 2.12 

2𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑂− + 𝐻𝑀𝐼2+ = 2𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 − 𝑂−𝐻𝑀𝐼2+ 2.13 

Abdel-Raouf [49], in a study on two microalgal species, i.e., Phormidium tenue and Chlorella 

vulgaris, determined that their optimal pH for Co(II) biosorption to be pH 6.0 and pH5.5, 

obtaining 85% and 90% Co(II) removal, respectively. Mirghaffari et al. [55] investigated 

microalgae Scenedesmus quadricauda on heavy metal Cd(II) and Pb(II), finding optical pH for 

two heavy metals both are 5 and getting 66% and 82% heavy metal removal%. For green 

microalga Anabaena sphaerica, the optimal pH for Cd(II) and Pb(II) are 5.5 and 3, reaching 84.5% 

and 88.3% heavy metal removal%, respectively [56]. Al-rub investigated Chlorella vulgaris as 

biosorption for Cu(II), getting the highest biosorption capacity was obtained at pH 5.0 about 98.5% 

removal% of Cu(II) in a solution of 300 ppm Cu(II). Monteiro et al. [14] reported pH effect on 

Zn(II) using microalgal Scenedesmus obliquus, illustrated the optimal pH was 6.0 and got 112.8 

mg/g equilibrium biosorption [57]. As a result, much research has confirmed that increasing pH 
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from 2-7 could promote HMIs removal% and equilibrium biosorption, but the optimal pH is 

different may be due to metal properties, such as electronegativity and ionic radius. 

2.4.2 The influence of microalgal biomass concentration 

The biomass concentration is another important factor influencing HMIs removal%, equilibrium 

biosorption, and residual HMIs concentration. It should be adjusted to an optimum level to 

maximize the efficiency of the process. Understandably, the HMIs removal% increases with an 

increase in biomass concentration while both the equilibrium biosorption and residual HMIs 

concentration decrease. Gupta et al. [47] reported that, when biomass concentration increased 

from 0.2 to 1.6 g/L, the Cd(II) removal% increased from 10% to 70%. However, equilibrium 

biosorption dropped from 88.2 to 12 mg/g while the residual Cd(II) decreased from 1.6 to 0.2 g/L. 

Abdel-raouf et al. [49] demonstrated that the removal% of Co(II) were 95% and 78% for P. tenue 

and C. vulgaris with 2.0 g/L biomass, respectively. 

2.4.3 The influence of contact time 

An important aspect of biosorption kinetics is the selection and design of reactor systems, as well 

as their operation. This demonstrates that biosorption of HMIs is a passive process that occurs 

relatively rapidly, even when algal cells are non-living. For dried microalgae, HMI biosorption is 

not metabolically dependent and typically rapidly, particularly when cationic metal ions are taken 

up [78]. For living algae, contact time has a greater effect on the biosorption capacity comparing 

to dried algae since bioaccumulation is metabolically dependent and slow. The majority of 

cationic metal uptake occurs within the first 20–60 minutes, followed by a relatively slow process 

[26]. Keryanti et al. [54] investigated effect of contact time with dried microalgae Aphanothece 

sp., finding that the optimal contact time range was 30-180 minutes. Similarly, one research 
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reported that marine green alga Dunaliella salina had the maximum Pb(II) removal at a contact 

time of  120 minutes with biosorption capacity of 3.9 mg/g [72]. 

In contrast to positive HMIs, the rate of the uptake of anionic HMIs (e.g., hexavalent chromium) 

is considerably lower than that for cationic contaminants. In most cases, equilibrium biosorption 

would not be reached in a few hours to a few days. In one report, the complete uptake of 

hexavalent chromium was achieved within 2.5 hours when Scenedesmus sp. was used [38]. 

2.4.4 The influence of initial metal ion concentration 

The equilibrium biosorption of HMIs by microalgal biomass is contingent upon the concentration 

of initial HMIs in the solution phase. Initially, as the initial concentration of HMIs increases, 

there is a corresponding increase in equilibrium biosorption. However, this relationship is limited 

by binding site saturation, and thus, increasing the HMIs concentration beyond a certain point 

does not lead to a further increase in equilibrium biosorption [79]. For instance, Sarı et al. 

reported that the maximum monolayer biosorption capacity for As(III) by green algae Maugeotia 

genuflexa biomass was 57.48 mg/g  [30]. In another study, Gupta et al. investigated the 

biosorption of Cd(II) by nonliving algal biomass Oedogonium sp. and achieved a biosorption 

capacity of 88.9 mg/g [47]. However, it's noteworthy that when the initial concentration of Cd(II) 

is 20 mg/L, the biosorption capacity is limited to 20 mg/g. This indicates that as the concentration 

of HMIs in the solution increases, the biosorption capacity also increases. 

2.4.5 The influence of temperature  

In the context of the biosorption process, temperature emerges as a critical factor that 

significantly impacts the biosorption of HMIs. Temperature is intricately linked to the kinetic 

energy of HMIs, thereby governing the diffusion process and influencing the extent of HMIs 
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removal or biosorption by the biomass. As biomass cell walls inherently possess porous 

properties, both diffusion and biosorption can be considered plausible mechanisms for the 

removal of metals. Remarkably, the biosorption capacity and the percentage of HMIs removal 

exhibit substantial variations depending on temperature conditions [80]. While temperature 

notably affects the ligand complexes present on the cell walls, some research suggests that 

elevated temperatures in algal cultures may enhance HMI biosorption capacity [29,45,80–82]. 

However, contrasting findings have indicated a reduction in biosorption capacity with increased 

temperature [47]. Various factors can contribute to these changes in HMIs biosorption, 

encompassing: 1) Alterations in the number of active sites participating in the uptake of HMIs. 2) 

Modifications in the propensity of active sites to adsorb metal ions. 3) Adjustments in mass 

transfer resistance within the diffusion layer due to a decrease in the thickness of the diffusion 

boundary layer surrounding the adsorbent groups. 4) Variations in the complex formation 

constant as temperature rises [39]. 

2.5 Knowledge gaps 

Utilizing microalgae-based biosorption technology for HMIs removal from wastewater has 

demonstrated substantial potential. However, several notable knowledge gaps remain within the 

realm of its commercial applications. These knowledge gaps can be categorized as follows: 1) 

Understanding metal-microalgae interactions: One significant gap in our knowledge concerns 

unraveling the relationship between different HMI species and their interactions with the same 

microalgal biomass. 2) Enhancing biosorption capacity of HMIs: Another key challenge is the 

enhancement of biosorption capacity for HMIs using the same microalgal biomass under diverse 

cultivation conditions. 3) Cost reduction in wastewater treatment: A critical concern in the 

practical application of microalgae-based biosorption technology is the reduction of expenses, 
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especially those associated with biosorbents, in wastewater treatment plants. This entails the 

exploration of cost-effective alternatives and the efficient utilization of microalgae for 

biosorption to make the process economically viable. 4) Development of predictive tools for 

biosorption capacity: An essential aspect of advancing this technology is the investigation of 

whether predictive tools or models can be developed to estimate the biosorption capacity of 

HMIs. The goal is to create reliable predictions without the need for extensive and resource-

intensive experimentation. 

My thesis aims to address some of these knowledge gaps and contribute to the advancement of 

microalgae-based biosorption technology. I have established a correlation between HMI 

properties, such as ionic radius and electronegativity, and their biosorption capacity. This 

correlation is supported by both experimental data and existing literature. Another crucial area of 

focus is the intricate interactions between HMIs and microalgal cells grown under diverse 

cultivation conditions. Understanding these interactions is pivotal for optimizing biosorption 

capacity. My research findings have highlighted the significance of various factors, including 

nitrate and phosphate levels, culture pH, and dissolved inorganic carbon (DIC) concentration, in 

shaping the surface structure of microalgal cells and, consequently, their ability to absorb HMIs. 

Additionally, exploring downstream processing, such as the utilization of microalgal biomass 

post lipid extraction, has revealed the potential for further enhancing biosorption capacity. 

Additionally, I have proposed and validated a mathematical model that integrates cell properties 

and HMI radius. This model provides a valuable predictive tool for estimating HMI biosorption 

capacity. This research endeavors to bridge the gap between theoretical knowledge and practical 

application, bringing us closer to the widespread implementation of this technology in 

wastewater treatment.  
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Highlights 

• Adsorption of Cu2+, Zn2+, Pb2+, Hg2+, and Cd2+ on N. oleoadundans investigated. 

• All adsorptions were quick, spontaneous, energy-independent, and Langmuir. 

• Adsorption capacities showing linear relationship with impact factor of ions. 

• Functional groups with pKa between pH 2-4 identified as likely sites of adsorption. 
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3.1 Abstract 

Effects of metal ion proprieties and the cell wall structure of green alga Neochloris oleoabundans 

were investigated on five strategically selected heavy metal ions, Pb(II), Hg(II), Zn(II), Cd(II) 

and Cu(II). The biosorption of these ions were energy-independent and spontaneous Langmuir 

adsorption. The adsorption capacities of Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) were determined 

to be 1.03, 0.91, 1.20, 0.65 and 1.23 mmol/g, respectively. Data suggest that peptide-containing 

molecules and non-cellulosic polysaccharides on cell wall were the primary sites of adsorption. 

Ion Pb(II) showed the strongest inhibitive effects on the adsorption of other metal ions on cells in 

binaries, corresponding to its large affinity to the biosorbents, which was next only to that of 

Cu(II). A linear relation was established for the first time between the adsorption capacity and the 

impact factor, which is defined in this paper as the electronegativity of a metal ion normalized by 

its atomic radius. In other words, adsorption capacity of N. oleoabundans biomass to the tested 

two-valence metal ions is proportional to the electronegativity and inversely proportional to the 

radius of the metal ions. Cell aggregation was caused by the addition of Cu(II), which exhibited 

distinctive adsorption behaviors than other metal ions. 

 

Key words: biosorption, heavy metal removal, green algae, Neochloris oleoabundans
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3.2 Introduction 

Heavy metals are metals or metalloids with a density of 5 g/cm3 or above [83]. They could be 

discharged with domestic and industrial wastewaters as well as industrial dusts precipitations to 

cause pollution in rivers, lakes and oceans. Heavy metals in the aquatic ecosystem could be 

transmitted to humans through biomagnification moving up along the aquatic food chain, 

potentially causing major health problems [84]. It should be cautioned, however, that the term 

“heavy metals” is very imprecise and sometimes misleading as it refers to both the element and 

its compounds and different authors may defined the term based on different criteria [85]. 

Biosorption using different biomasses including plants, algae, bacteria and fungi to remove heavy 

metals from wastewaters has attracted extensive attention as a promising technology because they 

are self-propagating and environment-friendly [86]. Volume reduction of heavy metal loaded 

biomasses could be achieved by combustion for energy and the resulting ashes could be subjected 

to extraction of heavy metals for a zero-discharge cycle. 

Microalgae and cyanobacteria (algae hereafter) have attracted renewed interests as effective 

biosorbents recently as they offer some unique advantages [87]. Bilal et al. [88] systematically 

surveyed Cu(II) biosorption using different biomasses and concluded that the maximum 

Cu(II) adsorption capacities of various biosorbents to be in the order of algae>agricultural and 

forest>fungal>bacterial>activated carbon>yeast. 

 Algae are fast growing and ubiquitous in the aquatic ecosystem and of high metal adsorption 

capacity. They are unicellular or simple multicellular organisms that have small cellular or 

colonial size and hence large adsorption surfaces and fast adsorption kinetics. Their microscale 

size, in combination with their close-to-water density, makes them easy to disperse in water [89]. 
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Furthermore, algae can tolerate relatively high concentration of heavy metals and can therefore 

be utilized for removing metals from wastewaters as suspended cells [90] or biofilms [91].  

Indeed, suspended algae or immobilized algal biofilms may prove to be the most effective agents 

for restoring large volumes of waters (e.g., rivers and lakes) contaminated by heavy metals at 

just-above-drink-water-standard level. And drinking water demands extremely low heavy metal 

concentration to be safe since heavy metals are toxic at very low concentration and may 

accumulate in human body. For instance, the drinking water standard for Lead and arsenic as 

recommended by WHO are both 10 g/L [92]. At such low concentration, abiotic approaches that 

could treat large volumes of waters in an economically sustainable manner, e.g., chemical 

precipitation, are ineffective. 

Understanding the effects of the properties of heavy metal ions on adsorption capacity would 

greatly facilitate the selection of biosorbents and optimization of adsorption processes for heavy 

metal removal. A few research groups have explored this topic and are in the agreement that the 

electronegativity and the radius of metals are two important parameters affecting their adsorption 

by biomasses [61–63]. However, the results reported so far have been inconclusive or in some 

cases contradictory to each other. In an early study, Tobin et al. [64] reported that the uptake of 

metal ions by dry Rhizopus arrhizus biomass increased roughly with the radius of metal ions 

when compared among ions of the same charge. On the other hand, Sheng et al. [65] studied the 

adsorption of three heavy metal ions, Pb(II), Cu(II), and Cd(II) from aqueous solutions by marine 

alga Sargassum sp. in single-metal and binary systems and concluded that higher 

electronegativity corresponded to higher adsorption capacity. In another study, Rahman and 

Sathasivam [66] found the adsorption capacities of four metal ions onto Kappaphycus sp. 
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biomasses followed the order of Pb(22.17 mg/g)> Cu(19.49 mg/g)>Fe(16.92 mg/g)>Zn(16.23 

mg/g) and hence claimed also that the adsorption capacity of biomass to the metal ion increased 

with electronegativity. They, however, mistakenly used the mass capacity (mg/g) instead of mole 

(mmol/g) capacity. Indeed, when the unit is corrected, the order of adsorption capacity of 

different metal ions becomes Cu(0.307mmol/g) > Fe(0.303mmol/g) > Zn(0.248mmol/g) > 

Pb(0.248mmol/g). In an attempt to obtain unambiguous results about the effects of these two 

parameters on biosorption capacity, we strategically selected five heavy metal ions, i.e., Pb(II), 

Hg(II), Zn(II), Cd(II), and Cu(II) and compared their adsorption onto Neochloris oleoabundans. 

It was shown that optimizing dissolved inorganic carbon (DIC) concentration in medium could 

increase the lead biosorption capacity of N. oleoabundans cells by up to 2.4 times, demonstrating 

a great potential of this unicellular green alga for heavy metal removal [67]. Among these five 

metal ions, the Hg(II)/Cu(II) pair and the Zn(II)/Cd(II) pair have similar electronegativity but 

very different radii while the Zn(II)/Cu(II) pair and the Hg(II)/Cd(II) pair have similar radii but 

very different electronegativities. Comparison within these pairs allowed the analysis on the 

effects of one property, either electronegativity or ionic radius, with minimal interference of the 

other. 

On another front, understanding the functional groups at cell surface that serve as the sites of 

adsorption would provide valuable information to improve our understanding on the interactions 

between metal ions and biosorbents. Such understanding would be particularly beneficial in the 

light of the recently renewed interests on the modification of algal cells to increase the efficiency 

of biosorption for heavy metal removal [93–95]. In this study, we identified amino acids, which 

are commonly found in proteins and peptide-containing hybrid macromolecules such as 

peptidoglycan and peptidolipid, and glucosamine, galacturonic acid and glucuronic acid, which 
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are monomers of non-cellulosic polysaccharides, peptidoglycans, and lipoglycans, as the most 

likely binding sites of metal ion adsorption according to analysis on experimental data. 

3.3 Material and Method  

3.3.1 Microalgal culture and media 

N. oleoabundans, (UTEX# 1185) was purchased from UTEX Culture collection of Algae, the 

University of Texas at Austin. Algae were grown in a Modified Bristol Medium (MBM) 

containing (per liter): 0.35 g NaNO3, 0.138 g K2HPO4, 0.0823 g MgSO4, 0.025 g CaCl2, 0.322 g 

KH2PO4, 0.025 g NaCl, and 0.0068 g FeCl3 [96]. Additionally, 1 mL of A5 solution containing 

(per liter): 1.6423 g EDTA-Fe, 2.86 g H3BO3, 1.81 g MnCl2·4H2O, 0.22 g ZnSO4·7H2O, 0.079 g 

CuSO4·5H2O, and 0.039 g (NH4)6Mo7O2·4H2O was added. All chemicals are under analytical 

grade and medium was sterilized at 121℃ for 20 minutes before using. 

3.3.2 Microalga cultivation 

The microalga cultivation method was adapted from our previous work [67]. Briefly, N. 

oleoabundans was grown in a 3-L photobioreactor, which was converted from a stirred tank 

BioFlow 110 bioreactor (New Brunswick Scientific GMI Inc., Canada) by equipping it with 12 

full spectrum lamps with a light intensity of 1700 μmol/(m2·s) (Philips Plant & Aquarium T18/15, 

Philips Electronics Ltd. ON, Canada), which were arranged evenly around the bioreactor, and 

programmed to be 12 hours on and 12 hours off. Before the inoculation, the bioreactor containing 

2 L of fresh medium was sterilized at 121℃ for 20 minutes. After cooling to room temperature, 

the sterilized medium was inoculated with 30mL of inoculant. The cultivation was then carried 

out at 25℃, 180 RPM, and pH 9.5 with a constant air flow of 1 LPM (i.e., 0.5 vvm). The culture 

pH was maintained constant by adding pure CO2 to the air stream through a gas mixer. The air 

stream passed through a bottle containing distilled water to be moisturized before being filtered 
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through a 0.20 m microfilter and then sparged at the bottom of the bioreactor into the culture. 

Algal samples were harvested when algal density reached 6*107 cells /cm3 by centrifuging at 

5000 RPM (6500 ×g) for 10 minutes and washed three times by deionized water to remove 

medium and cell debris. Then the algae samples were kept at -80℃ until needed. 

3.3.3 Adsorption studies 

3.3.3.1 Stock solution preparation 

Stock solutions of 1000 ppm Pb(II), Zn(II), Cu(II), Cd(II), and Hg(II) were prepared by 

dissolving appropriate amount of Pb(NO3)2, Zn(NO3)2·6H2O (Strem Chemicals Inc., USA),  

Cu(NO3)2·2.5H2O (Alfa Aesar, USA), Cd(NO3)2, NaNO3 and Hg(NO3)2 (Fisher Scientific, USA), 

respectively. HNO3 were added to stabilize the stock solution. 

3.3.3.2 Adsorption kinetic study 

Appropriate volumes of the stock solutions were added to the algal biomass to make the initial 

metal concentration 50 mg/L, and then the pH was adjusted to 6.5 by adding 0.1 N NaOH and 0.1 

N HNO3 solutions. The mixture was then incubated on a shaker oscillating at 180 RPM in dark at 

25℃. Samples were taken at 1, 5, 10, 15, 20, 25 and 30 min to centrifuge at 13500 RPM (18000 

×g) for 10 minutes. The pH of the supernatant was adjusted to 2 by adding 0.1 N HNO3 before 

determining the metal concentration in samples using atomic absorption spectroscopy (AAS). A 

control was prepared for each pH condition, in which 50 mL deionized water replaced the algal 

culture. The metal concentration in the solid phase, qeq (mmol/g), was determined by mass 

balance (Eq 3.1). 

𝑞𝑒𝑞 =
(𝐶𝑖 − 𝐶𝑒𝑞)

𝑚
3.1 
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where Ci and Ceq are the metal ion concentration in the initial solution (control) and solution after 

adsorption, respectively (mmol); and m is the biomass concentration (g/L) in the adsorption 

mixture.  

3.3.3.3 Adsorption isotherms  

Adsorption isotherms of heavy metal Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) were carried out at 

pH 7 or at the pH as specified in the text. Biomass samples at concentrations as specified in the 

text were incubated at an initial metal ion concentration in the range of 5.0-200.0 ppm to 

determine the adsorption isotherm. After 30 min, the supernatant of the sample following 

incubation was analyzed for residual heavy metal concentration using AAS. 

3.3.3.4 Thermodynamics  

Thermodynamic studies were conducted using an algal biomass dosage of 0.3 g/L and pH 7 at 

three different temperatures, 25°C, 35°C and 45°C with 30 mins incubation. The residual lead 

concentration in the liquid phase following adsorption was determined using AAS. Equations 3.2 

to 3.5 were used to determine thermodynamic parameters standard Gibbs energy change (ΔG°), 

standard enthalpy change (ΔH°), and standard entropy change (ΔS°) of adsorption [94]. 

𝐾𝑒𝑞 =
𝑞𝑒𝑞

𝐶𝑒𝑞
3.2 

𝛥𝐺° = −𝑅𝑇𝐿𝑛(𝐾𝑒𝑞) 3.3 

ln(𝐾𝑒𝑞) =
∆𝑆°

𝑅
−

∆𝐻°

𝑅𝑇
3.4 

𝛥𝐺° = 𝛥𝐻° − 𝑇𝛥𝑆° 3.5 
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where, Keq is the adsorption equilibrium constant, Ceq (mmol/L) is the equilibrium concentration, 

qeq (mmol/g) is the observed biosorption capacity at equilibrium, T is the temperature (K), and R 

is the universal gas constant (8.314 J/ (mol K)). 

3.3.3.5 Competition test 

The competition between different heavy metal ions in binary systems was investigated with 

equimolar mixtures with both 0.5 mmol heavy metal under 0.3g/L biomass. The samples were 

incubated for 30 minutes at pH 7.0 and, at the end of incubation, the samples were centrifuged 

and the supernatant was analyzed for residual metal concentration using AAS. In order to better 

illustrate the impact of competition, introducing the % relative equilibrium adsorption, defined as 

Equation 3.6: 

% 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝑅𝐸𝐴) =
𝑞𝑒𝑞

𝑞𝑒𝑞
𝑜 ∗ 100% 3.6 

where 𝑞𝑒𝑞
0 (mmol/g) represents the equilibrium adsorption of a metal ion without competing metal 

ion, i.e., in a single metal ion system, and qeq (mmol/g) represents the equilibrium adsorption of a 

metal ion in a binary system, i.e., with a competing metal ion. 

3.3.4 Analytical Methods 

All analyses were performed in triplicates and mean ± standard deviation values are presented. 

3.3.4.1 Biomass concentration 

During the growth of the microalgae, samples were taken on a daily basis to determine biomass 

concentration by measuring the optical density of culture using a GENESYSTM 10S UV-Vis 

spectrophotometer (Thermo Fisher Scientific Inc., USA) at wavelength 680 nm. The biomass was 

then suspended in deionized water for 2 times and centrifuged at 5000 RPM. The washed 
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biomass was dried overnight in an oven at 80 ℃. Then, the dried biological mass is weighed to 

get the dry biomass concentration. A standard curve was constructed to relate optical density to 

biomass concentration. 

3.3.4.2 Heavy metal concentration in liquid samples 

An iCETM 3300 atomic absorption spectrometer (ThermoFisher Scientific, USA) was used to 

analyze the heavy metal at a specific wavelength. All samples were determined after mixing with 

HNO3 (68%-70%) in order to prevent precipitation and oxidization. 

3.3.4.3 Zeta Potential 

To measure the zeta potential of cells, Zetasizer nanometers (Malvern Panalytical, UK) were used. 

Samples were diluted 6 times using deionized water before testing [97]. 

3.3.4.4 FTIR Spectroscopy 

The infrared spectra of cells without or with adsorption of heavy metals were analyzed. The 

microalgae were filtered with a 0.45 um membrane filter, dried at room temperature overnight, 

and then subjected to analysis using a Cary 630 FTIR spectrophotometer (Angellent technology, 

USA). 

3.3.4.5 SEM-EDS 

Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray Spectroscopy (EDX) were 

used to study the morphology of microalgae before and after biosorption and presence of metals 

on the surface of microalgae, respectively. Algal sample (2ml) with or without being subjected to 

adsorption tests was mixed with 2.5% glutaraldehyde fixative solution and the coated sample was 

then soaked in 0.1 M phosphate buffered saline (PBS) for 48h. The coated sample was rinsed 

three times by soaking with 0.1 M PBS for 20 min each time, followed by rinsing twice with 

deionized water with 10 min soaking each time. Afterward, the sample was dehydrated in ethanol 
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aqueous solutions with incremental concentrations (i.e., 50, 70, 90, 95% and 100%). Finally, the 

samples were dried by critical point technology, coating with gold, and analysis was carried out 

with JSM-7500F FESEM (JEOL, USA). 

3.3.4.6 Adsorption Isotherms model 

In order to determine the maximum adsorption capacity of the sample, the experimental data 

were fitted to the Langmuir equation, i.e., Eq 3.7 [98]. 

𝑞𝑒𝑞 =
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒𝑞

1 + 𝐾𝐿𝐶𝑒𝑞
3.7 

Where qmax is adsorption capacity (mmol/g), qeq the amount of metal ions adsorbed to the cell 

surface at equilibrium (mg/g), KL (mg/g) the affinity coefficient of the metal ions.  

For Langmuir adsorption, RL [99] is a dimensionless separation factor defined by Equation 3.8, 

which is a constant measuring the favourability of adsorption. 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑖
3.8 

The Freundlich isotherm model (Equation 3.9) was also used to fit the experimental data, where 

KF(𝑚𝑚𝑜𝑙1−
1

𝑛𝑔−1𝐿
1

𝑛) and n are empirical constants [100]. 

𝑞𝑒𝑞 = 𝐾𝐹𝐶𝑒𝑞

1
𝑛 3.9 

In order to determine the efficiency of adsorption, Equation 3.10 was used to calculate the % 

removal: 

Removal % =
𝐶𝑖 − 𝐶𝑒𝑞

𝐶𝑖
 𝑥 100% 3.10 

Where Ci represents the initial concentration of heavy metal (mmol/L) and Ceq the concentration 

of heavy metal at equilibrium (mmol/L) in liquid phase.   
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3.4 Results and discussion  

3.4.1 Characterization of biosorbents 

FTIR spectra of algal biomass and algae loaded with Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) are 

shown in Figure 3-1. The functional groups responsible for the biosorption of heavy metal ions 

on N. oleoabundans unicellular cells were confirmed by FTIR spectroscopy, which are listed in 

Table 3-1. 

Peaks at 1617, 1653 and 1740 cm-1 are caused by the stretching vibration of C=O bond in 

carboxyl group, which could be found in amino acids, lipids, proteins, and carbohydrates [101]. 

The bands at approximately 1008, 1076, 1240 cm-1 correspond to the P=O bond in phosphate 

group, which is a functional group of nucleic acids, phospholipids, phosphoprotein, and 

phosphosaccharides etc. Peaks at 2924 and 1149 cm-1 respectively represent the stretching 

vibration of C-H and C-O-C, which can be found in dextran functional groups on the cell wall of 

algae [99]. The peak at 1339 cm-1 is caused by the S=O group，which could be found in sulfonyl 

and sulfonamide groups [102]. 

There were significant shift of peaks at around 1008, 1339 and 1617 cm-1, which correspond to 

P=O and C=O bonds, respectively, before and after the adsorption of all the five different heavy 

metal ions [103]. The common element in these three bonds is oxygen, which is partially 

negatively charged due to its relatively large electronegativity in comparison to that of P, S, and 

C. Carboxyl and phosphate are the most common functional groups containing P=O and C=O 

bonds that are abundant in cell walls [87]. These groups have a double-tooth complex structure 

and are especially suitable for ionic binding. 
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Figure 3-1 FTIR spectra of N. oleoabundans and loaded with Pb(II), Hg(II), Zn(II), Cd(II) and 

Cu(II). 

 

Table 3-1 FTIR peaks of N. oeloabundans cells before and after adsorption of heavy metal ions. 

 

Wavelength(cm-1) Functional groups 

Pristine Biomass Pb-loaded Cd-loaded Hg-loaded Zn-loaded Cu-Loaded  

1008.705 1013.833 1014.572 1016.977 1016.08 1013.855 P=O(Phospholipids, carbohydrates of nucleic acids) 

1076.24 1074.914 1075.303 \ 1074.455 \ P=O(Phospholipids, carbohydrates of nucleic acids) 

1149.311 1149.156 1149.954 1150.609 1150.941 1149.831 C–O–C(Carbohydrates as polysaccharides) 

1240.256 1236.859 1237.092 1236.699 1236.825 1244.492 P=O(phosphate ester) 

1339.912 1331.834 1340.164 \ \ 1303.941 S=O (sulfonyl) 

1542.223 1540.578 1540.473 1539.814 \ \ C–N (amide) 

1617.137 1624.669 1628.06 \ \ 1628.019 C=O( proteins) 

1653.39 \ \ 1653.306 \ \ C=O (typical amide) 

1740.043 \ 1740.821 \ \ 1737.008 C=O (Lipids and carbonyl groups) 

2923.227 2922.324 2923.026 2926.28 2857.411 2925.234 C–H (Unsaturated lipid structures) 
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3.4.2 Biosorption kinetics 
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Figure 3-2 Biosorption kinetics of Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) over time using N. 

oleoabundans biomass at initial metal concentration of 50 ppm, pH 6.5 and biomass 

concentration 0.3 g/L. 
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Figure 3-3 % removal of different metal ions in single-metal-ion aqueous solution of 50 ppm 

metal ions with 0.3 g DCW/L N. oleoabundans biomass at pH 7.0, 25 ℃ and 30 min. Mean 

values of triplets reported with standard deviations (n=3). 
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Figure 3-2 shows the results of the kinetics of metal ion adsorption at 50 ppm initial 

concentration of Pb(II), Hg(II), Zn(II), Cd(II), or Cu(II) by 0.3 g/L algal biomass. The adsorption 

reached plateau within 5 min for all the tested heavy metal ions. The fast kinetics suggests that 

metal ions were adsorbed onto the surface of the algal cells rather than absorption into cells. For 

the positively charged heavy metal ions to pass through the cytoplasmic membrane, energy-

dependant positive transportation mechanisms through ion channels must be utilized [104], which 

would be a process much slower than what was observed in this study. 

As shown in Figure 3-3, the % removal of Pb(II), Hg(II), Zn(II), Cu(II) and Cd(II) were 90.29%, 

68.25%, 38.32%, 32.78% and 33.51%, respectively, when 50 ppm metal ions were added. The 

qeq (mmol/g) were 0.714, 0.371, 0.968, 0.544 and 1.107 mmol/g for Pb(II), Hg(II), Zn(II), Cd(II) 

and Cu(II), respectively.  
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3.4.3 Biosorption isotherm 

 

Figure 3-4 Isotherms of Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) adsorption using N. 

oleoabundans biomass by Langmuir model (A) and Freundlich model (B). 
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Table 3-2 Langmuir and Freundlich constants related to the biosorption isotherms of heavy metal 

ions by N. oleoabundans biomass. 
 Langmuir Freundlich 

Metal qmax(mmol/g) KL(L/mmol) R2 RL 
KF 

(𝑚𝑚𝑜𝑙1−
1

𝑛𝑔−1𝐿
1

𝑛) 
N R2 

Pb(II) 1.03 107.53 0.9673 0.019-0.278 1.605 3.706 0.8476 

Hg(II) 0.91 35.13 0.8954 0.054-0.533 1.100 3.751 0.8496 

Zn(II) 1.20 44.76 0.9703 0.015-0.226 1.255 5.136 0.9255 

Cd(II) 0.65 53.00 0.9833 0.021-0.297 0.838 3.751 0.9698 

Cu(II) 1.23 118.34 0.9872 0.044-0.477 1.174 7.148 0.8745 

 

The isotherms of Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) adsorption by N. oleoabundans biomass 

were established at 25 ℃ and pH7.0. The Langmuir (Figure 3-4A) and Freundlich (Figure 3-4B) 

models were fitted with experimental data using the nonlinear fitting tool in Origin. The 

isothermal parameters and R2 obtained from the isotherm model are listed in Table 3-2. The 

results elucidated that the Langmuir model was better fitted than the Freundlich model with all 

the tested metal ions. Furthermore, the parameters of Langmuir model have well defined physical 

meanings. We will therefore use these parameters in the following discussions.  

The favourability of a Langmuir adsorption can be characterized by RL, which is defined by 

Equation 3.5. As shown in Table 3-2, all RL was in the range from 0 to 1, implying the adsorption 

to be favorable. It’s worthy to find that the adsorption capacity (mmol/g) of the tested metal ions 

follows the order of Cu (1.23) > Zn (1.20) > Pb (1.03) > Hg (0.91) > Cd (0.65). The equilibrium 

constant, KL (L/mmol), which characterizes the adsorption affinity of the metal ion to the cell 

surface, shows the order of Cu (118.34) > Pb (107.53) > Cd (53.00) > Zn (44.76) > Hg (35.13).  
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3.4.4 Effects of the electronegativity and radius of metal ion on adsorption capacity 

Table 3-3 Electronegativity (E), ion radius (r),, and impact factor (I) of different metal ions and 

their adsorption capacity (qmax(mmol/g)) on to different microalgae [105]. 

Metal E r (pm) I (pm-1) 

 

N. 

oleoabundans 

Sargassum sp. 
C. vermilara 

S. 

insignis 

A. 

armata 

Kappaphycus 

sp. 
pH5 pH4 

Pb2+ 2.33 119 0.01958 1.03 1.16 1 0.3 0.25 0.31 0.107 

Hg2+ 2 102 0.01961 0.91 \ \ \ \ \ \ 

Zn2+ 1.65 74 0.02230 1.2 \ \ 0.36 0.32 0.33 0.248 

Cd2+ 1.69 95 0.01779 0.65 0.76 0.8 0.19 0.2 0.29 \ 

Cu2+ 1.95 73 0.02671 1.23 0.99 0.92 0.27 0.30 0.33 0.307 

Ref    This study [65] [65] [62] [62] [62] [66] 

 

Table 3-3 summarizes the adsorption capacities of N. oleoabundans on the five heavy metal ions 

tested in this study, i.e., Pb(II), Hg(II), Zn(II), Cd(II), and Cu(II), and that of five algae, i.e., 

Codium vermilara, Spirogyra insignis and Asparagpsis armata [62], Sargassum sp. [65], and 

Kappaphycus sp. [66], on different metal ions. As shown in Table 3-3, the adsorption capacity of 

a given alga to the metal ion of larger radius was smaller when the comparison was made within 

metal pairs of similar electronegativities, i.e., Cd(II) (1.69) vs Zn(II) (1.65) or Hg(II) (2.00) vs 

Cu(II) (1.95). On the other hand, the adsorption capacity was larger for the metal ion of larger 

electronegativity when the comparison was made within metal pairs of similar ion sizes but of 

different electronegativities. For instance, the ion size of Hg(II) (102 pm) is similar to that of 

Cd(II) (95 pm) and the electronegativity of Hg(II) (2.00) is much larger (18.3%) than that of 

Cd(II) (1.69). As expected, the adsorption capacity of N. oleoabundans biomass on Hg(II) (0.91 

mmol/g) was larger than that on Cd(II) (0.63 mmol/g). Similarly, the ion radius of Cu(II) (73 pm) 

is very similar to that of Zn(II) (74 pm) but the electronegativity of Cu(II) (1.95) is much larger 

than that of Zn(II) (1.65) and the adsorption capacity of Kappaphycus sp. on Cu(II), which is 
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0.307 mmol/g, was much larger than on Zn(II), which was 0.248 mmol/g. Significantly larger 

adsorption capacities on Cu(II) than on Zn(II) were reported by other researchers as well [35,63]. 

However, it should be noted that the adsorption capacity of N. oleoabundans on Cu(II) (1.23 

mmol/g) was not significantly larger than that on Zn(II) (p>0.05) in this study. We observed that 

Cu(II) in the tested concentration range caused severe aggregation of N. oleoabundans cells while 

other metal ions did not (Figure 3-5).  

 

Figure 3-5 Micrographs of algal cells in culture samples containing 50 ppm of different metal 

ions (×200 magnification). 

Formation of cell aggregates of microalgae in response to chemical (e.g., high DIC) and 

biological stresses (e.g., protozoa) during cell growth has been reported with other algae 

[106,107]. However, the aggregation of cells observed with the addition of Cu(II) in this study 

was unlikely a cellular response to metabolic stress since the cells were washed three times with 

deionized water and the cell aggregates were formed instantaneously after the addition of Cu(II). 
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The formation of aggregates would reduce the efficiency of mixing and mass transfer, as well as 

cell surface areas for the adsorption of metal ions, which could tentatively explain the “abnormal” 

observation that the adsorption capacity of alga on the more electronegative Cu(II) was not 

significantly higher than that of the less electronegative ion Zn(II). As also shown in Table 3-3, 

similar or even slightly smaller adsorption capacities on Cu(II) than on Zn(II) were reported by 

some researchers as well, although no cell aggregation was reported.  

3.4.5 Definition and effects of impact factor on adsorption capacity 

To further elucidate the effects of electronegativity and ion radius on adsorption capacity, a new 

parameter, i.e., impact factor I, is defined in this paper as the electronegativity of a metal ion 

normalized by its radius (Eq 3.11). 

I = E/r 3.11 

Figure 3-6 depicts the dependence of the adsorption capacity on the impact factor of heavy metal 

ions using the data presented in Table 3-3. Linear relationship was established between the 

adsorption capacity and the impact factor of metal ions,  when the data of Cu(II) was excluded 

except for  Kappaphycus sp., for which the adsorption capacities on all the three metal ions tested 

in the study, i.e., Pb(II), Zn(II), and Cu(II), were included in the linear regression.  The linear 

equations and the R2 values of the regressions are listed in Table 3-4. It is of interest to note that 

6 out of 7 Cu(II) adsorption capacity values presented in Table 3-3, which were excluded from 

the regression of the corresponding sets of data, followed the same pattern, i.e., they are all 

substantially smaller than the value predicted by the corresponding linear equation. It should also 

be noted that there are other literature data that do not fit the proposed linear relationship between 

the adsorption capacity and the impact factor of metal ions. Hypothetically, other factors could 
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have affected the adsorption capacity, just like the cell aggregation caused by the addition of 

Cu(II) as observed in this study, which were not noticed or were noticed but not reported. 

 

Figure 3-6 Linear relation between the impactor factor (I = E/r) of heavy metal ions, i.e., Pb(II), 

Hg(II), Zn(II) and Cd(II) and their adsorption capacity on four algal biomasses. (Data points in 

the dotted frame were derived from adsorption capacities of Cu(II). 

 

Table 3-4 Linear relationship of adsorption capacity and impact factor of different heavy metal 

ions. 

Bisorbent Linear equation R2 Reference 

N. oleoabundans qmax=117.51I - 1.381 0.894 This study 

Sargassum sp. 
pH5 qmax = 223.42I - 3.214 1 

[15] 
pH4 qmax = 111.71I - 1.183 1 

C. vermilara qmax = 36.44I - 0.441 0.9202 

[12] S. insignis qmax = 26.55I - 0.271 0.9995 

Asparagpsis armata qmax = 8.75I + 0.136 0.9861 

Kappaphycus sp. qmax = 26.63I - 0.388 0.9202 [16] 
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3.4.6 SEM and EDS 

Figures 3-7 presents the surface morphology of cells before and after adsorption of Pb(II), Hg(II), 

Zn(II), Cd(II) and Cu(II). The pristine cells (Figure 3-7A) were near-spherical with smooth 

surface while the adsorption of different heavy metals caused the cells to deform in different 

manners and cell surfaces became rough with visible particles evenly distributed on them (Figure 

3-7 B-F). EDX spectra of pristine algal cells and that after adsorbing different metal ions are 

shown in Figure 8. The peaks of elements C, O, Cl, Na, and K appeared in these spectra because 

they are common and abundant on cell surfaces. Au was used for fixation of cells. The peaks of 

heavy metal ions, which are at 10.55, 9.98, 8.63, 3.13 and 8.04 keV for Pb, Hg, Zn, Cd and Cu, 

respectively, were identified on cell surface subjected to adsorption of corresponding metal ions. 

As shown in Figure 3-7.F, the cells exposed to 200 mg/L Cu(II) had the most severe deformation 

with several cells stuck together. The highly irregular surface of the Cu(II)-treated cells might 

have contributed to the formation of cell aggregates shown in Figure 3-5.  
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Figure 3-7 SEM micrographs of N. oleoabundans after incubating with: deionized water (A); and 200 mg/L Pb(II) (B); 200 mg/L 

Hg(II) (C); 200 mg/L Zn(II) (D); 200 mg/L Cd(II) (E); and 200 mg/L Cu(II) (F). 
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Figure 3-8 EDX analysis of the microalgal biomass: (A) before biosorption; (B) after Pb(II) biosorption; (C) after Hg(II) 

biosorption; (D) after Zn(II) biosorption; (E) after Cd(II) biosorption; (F) after Cu(II) biosorption.
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Figure 3-9 The zeta potential (A) and equilibrium adsorption (B) of Pb(II), Hg(II), Zn(II), Cd(II) 

and Cu(II) on N. oleoabundans in pH range 2.0-7.0 with initial metal concentration of 50 ppm 

and biomass dosage 0.30 g/L. 
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There is no doubt that solution pH, as an important parameter, plays a crucial role in the 

adsorption process of different heavy metals since it has important effects on the surface charge, 

functional group dissociation, adsorption chemical reaction of adsorbents. As shown in Figure 3-

9A, the absolute value of the negative zeta potential of cells increased with the pH of cell 

suspension, which was -3.2 mv at pH 2 and -49.5 mv at pH 7. This is reasonable since the proton 

concentration would affect the ionization degree of ionizable groups on cell surface. 

The effects of pH on biosorption of the five heavy metal ions were tested in the range of pH 2-7 

at with 50 mg/L aqueous solutions and the results are shown in Figure 3-9B. The equilibrium 

adsorption (qeq) of Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) increased 4.22, 4.33, 669.00, 6.14, 

3.31 times, respectively, when pH increased from 2.0 to 7.0. This is reasonable because at low 

pH, proton concentration is high and the extent of ionization of functional groups was low, which 

is reflected by the small zeta potential at low pH (Figure 3-9A). As pH increases, ionization of 

functional groups would increase as well, providing more binding sites for metal ions. In other 

words, at low pH, high concentration protons would compete with metal ions for binding site on 

ligands [108]. Nevertheless, the increase of adsorption capacity occurred mostly when pH 

increased from 2 to 4. Indeed, the equilibrium adsorption increased only slightly despite the 

significant increase of the negative zeta potential in the pH range of 4 to 7.  

It has been estabolished that functional groups such as amino group (-NH2), carboxyl group(-

COOH), carboxyl group(-NH2), hydroxyl group(-OH) are the primary groups attributing to the 

charges of cell surfaces [109]. Of particular relevance, Rashidi and Trindade [110] studied the 

morphology and biochemical compostion of the cell wall of N. oleoabundans, observing hair like 

structures on the cell wall surface, which might house the adsorption sites. They further reported 
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that the cell wall composed of 31.56% proteins, 24.3% polysacchradies, 22% lipids, 7.8% 

inorganics (e.g., phosphate), and 14.4% other molecules with the major constituent monomers 

listed in Table 3-5. As can be seen from Table 3-5, the pKa1 of the constituent monomers of 

polysaccharides, proteins, and lipids have a large variety ranging from -1.9 of glucosamine to 

15.28 of 5-methyl-3-hexanol. The fact that the effects of pH to adsorption was significant 

between pH 2 and 4 but was very mild between pH 4 and 7 suggests that the residues of 

constituent monomers with pKa1 in the range of pH2-4 are likely the primary sites of adsorption. 

These monomers include amino acids, which are commonly found in proteins (31.5% of cell wall 

dry weight) and hybrid macromolecules such as peptidoglycan and peptidolipids. Glucosamine 

(pKa1=-1.9), galacturonic acid (pKa1=3.24) and glucuronic acid (pKa1=3.21), which are 

monomers of non-cellulosic polysaccharides, peptidoglycans, and lipoglycans, also have pKa1 in 

the acidic range. Worth mentioning is that glucuronic acid and glucosamine are indeed abundant 

in the non-cellulosic polysaccharides of the N. oleoabundans cell walls according to Rashidi and 

Trindade [110].   
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Table 3-5 Components of N. oleoabundans cell wall and pKa1 of their constituent monomers 

[110]. 
Components of cell wall Content Constituent Monomers pKa1 

Polysaccharides 24.30% 

Rhamnose 11.3 

Arabinose 11.31 

Glucosamine -1.9 

Galactose 11.3 

Glucose 12 

Mannose 12.26 

Xylose 12.34 

Galacturonic acid 3.24 

Glucuronic acid 3.21 

Proteins 31.5% 

Alanine 2.34 

Aspartic acid 1.88 

Cysteine 1.96 

Glutamic acid 1.96 

Glycine 2.34 

Histidine 1.82 

Isoleucine 2.36 

Leucine 2.36 

Lysine 2.18 

Phenylalanine 1.83 

Proline 1.99 

Serine 2.21 

Threonine 2.09 

Tryptophan 2.83 

Tyrosine 2.2 

Valine 2.32 

Lipids  Tetrahydro-2,5-dimethyl-2H- 14.38 
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pyranmethanol 

 5-methyl-3-Hexanol 15.28 

 1,3-di-tert-butylbenzene 10.87 

22% 2,4-di-tert-butylphenol 11.72 

 Palmitic acid 4.75 

 Stearic acid 4.95 

 Cis-10-Nonadecenoic acid 5.02 

 
10,13-Octadecadiynoic acid, 

methyl ester 
4.77 

Inorganics 7.8% Phosphoric acid 2.16 

Others 14.4%   

3.4.7 Thermodynamics of adsorption 

 

Table 3-6 Summary of thermodynamic parameters of N. oleoabundans. 
   ∆Go (kJ/mol) 

Ion ∆So (J/mol/K) ∆Ho  (kJ/mol) 303.15K 313.15K 323.15K 

Pb(II) 105.13 16.63 -47.97 -49.02 -50.07 

Hg(II) 82.67 12.08 -12.56 -13.39 -14.22 

Zn(II) 35.74 3.78 -6.88 -7.24 -7.60 

Cd(II) 26.88 3.06 -11.07 -11.34 -11.61 

Cu(II) 85.58 21.48 -4.03 -4.89 -5.74 
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Figure 3-10 Van’t Hoff plots of Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) biosorption. 

 

Adsorption studies were carried out at different temperatures in the range of 303.15 ~ 323.15 K 

with 50 mg/L initial concentration of individual metal ions and the results are depicted in Figure 

3-10 as log(qe/Ce) vs 1/T linear curves. The equilibrium adsorption capacity of all metals 

increased with temperature. This could be due to (a) the decrease of the pKa of the organic acids 

with temperature; (b) the increased affinity of the adsorbent to the surface of the adsorbent, 

and/or (c) the increased driving force to overcome the mass transfer resistance [111]. The 

standard enthalpy change (∆Ho, kJ/mol) of adsorption was determined according to the Y-

intercept and the standard entropy change ∆So (kJ/mol/K) according to the slope of the linear 

curve in Figure 3-10. The standard Gibbs energy change of adsorption (∆Go, kJ/mol) at different 

temperature was determined using Eq 3.5. The thermodynamic parameters are listed in Table 3-6. 

The negative ΔGo and positive ΔSo indicate that the adsorption process was spontaneous [112]. 

And Ho was positive and therefore the adsorption was endothermic, which is in accordance with 

the results of other researchers [94,113].  
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3.4.8 Binary metal system 

 

Figure 3-11 Adsorption of binary systems: the relative equilibrium adsorption (REA) at initial 0.5 

mmol of both metal ions at pH7.0, room temperature (25 ℃) and 0.3 g/L biomass dosage. 

 

Competitive adsorption was carried out in equimolar binary systems to evaluate the relative 

equilibrium adsorption (%REA), which is defined as the ratio of the equilibrium adsorption of a 

metal ion under the competition of another metal ion in a binary system over that of the same 

metal ion in a single-ion system. In binary system, the existence of another ion always resulted in 

reduction of equilibrium adsorption and therefore a REA of less than 100%. As can be seen from 

Figure 3-11, Pb(II), Cd(II), Hg(II), Zn(II) and Cu(II) all have a competitive relationship against 

each other. The lowest REA of Pb(II), Cd(II), Hg(II), Zn(II) and Cu(II) were 77.23%, 28.89%, 

49.41%, 13.83%, 35.01%, respectively, which were registered with Pb(II) as the competing ion 
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except for Pb(II), which had the lowest REA with Cu(II) as the competing ion. It is also evident 

that Pb(II) and Cu(II), which have the largest values of KL of 107.53 and 118.34 L/mmol, 

respectively (Table 3-3), are the two ions least sensitive to inhibition of other ions and also the 

two most effective ion in inhibiting the adsorption of other ions. On the other hand, Hg(II), which 

had the smallest KL among all the ions (35.15 L/mmol), was sensitive to the inhibition of all other 

ions. As an illustrative example, the inhibition of other ions on the adsorption of Cd(II), which is 

reflected by the decrease of REA, increased with the KL (L/mmol) of the competing ion in the 

order of Pb(II)(107.53)> Cu(II)(118.34)> Zn(II)(44.76)> Hg(II)(35.13). These results are 

reasonable since large KL value correspond to high affinity of metal ions to the adsorbent, which 

were in this study the algal cells. It should be pointed out that the KL value of Cu(II) was larger 

than that of Pb(II) while its inhibitive effects to other ions is weaker than Pb(II). This irregularity 

might be linked to the fact that Cu(II) caused cell aggregation in binary systems as well. 

These results are also in accordance with literature data. For instance, one research showed that 

the inhibitive effect of Cu(II) in binary mixtures to the adsorption of Co(II) by brown algae 

Cystoseira indica was enormous [112]. Sun et al. [114] studied the adsorption of Pb(II) and Cd(II) 

by Spirulina platensis, confirming that the inhibition of Cd(II) adsorption by Pb(II) was greater 

than the inhibition of Pb(II) adsorption by Cd(II) in the binary systems of the two. 
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3.5 Conclusions 

In this study, the adsorption capacity and affinity of microalgae Neochloris oleoabundans to 

Pb(II), Hg(II), Zn(II), Cd(II) and Cu(II) in aqueous solution were investigated. Removing heavy 

metal can be notably influenced by biomass dosage, pH value, contact time and ion concentration. 

Linear relationship was established between the adsorption capacity and the impact factor of a 

metal ion, except for Cu(II), which caused cell aggregation and thus reduced the apparent 

adsorption capacity. According to SEM and EDS detection, heavy metal adsorption occurred on 

the cell surface and observed the Langmuir model. Each metal could inhibit adsorption capacity 

of another metal ion in a binary system and Pb(II) had the greatest inhibitive effect, 

corresponding to its largest affinity in a single metal ion system except Cu(II). The biosorption of 

Pb(II), Hg(II), Zn(II) Cd(II) and Cu(II) was endothermic, spontaneous and energy-independent. 
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Chapter 4 Effects of culture pH, dissolved inorganic carbon 

concentration, phosphate concentration and nitrate concentration,  

on cell surface properties and biosorption of HMIs by green alga 

Neochloris oleoabundans 
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4.1 Effects of culture pH on cell surface properties and biosorption of Pb(II), 

Cd(II), Zn(II) of green alga Neochloris oleoabundans1 
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surface properties and biosorption of Pb(II), Cd(II), Zn(II) of green alga Neochloris oleoabundans. Chemical 

Engineering Journal, 468(May), 143579. 
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Highlight 

• Culture pH have strong influence on cell surface properties and metal ion adsorption 

capacity. 

• -COOH, likely functional group for heavy metal removal, most abundant on cell surface 

at culture pH 9.5. 

• Monolayer biosorption confirmed by the rapid kinetics and Sips isotherm. 

• Linear increase of adsorption capacity with impact factor of metal ions confirmed. 

• Two valence metal has larger inhibition on biosorption capacity than single valence metal. 
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4.1.1 Abstract  

Microalgal biomass has been established as a promising approach for heavy metal removal from 

contaminated waters. In this study, the effects of culture pH, i.e., 7.5, 8.5, 9.5 on the cell surface 

properties of green alga Neochloris oleoabundans and the adsorption of three selected heavy 

metal ions, i.e., Pb(II), Cd(II) and Zn(II), using biomasses such prepared, i.e., B-7.5, B-8.5, and 

B-9.5, were investigated. The fast adsorption kinetics (plateau achieved within 5 minutes) in 

combination of the ns values of the Sips isotherm, indicating the adsorption was monolayer 

surface adsorption. Based on the Sips model, which best fits the experimental data among the 

three tested isotherm models, the three heavy metal biosorption capacities follows the order: B-

9.5>B-8.5> B-7.5. The algal biomass obtained at culture pH 9.5, i.e., B-9.5, exhibits the highest 

biosorption capacities of Pb(II), Cd(II), and Zn(II) at pH 6.0, which are 100.01, 43.92, and 32.43 

mg/g, respectively, corresponding to 3.0, 3.3, and 2.3 folds of the adsorption capacity to the same 

metal ions by biomass B-7.5. According to the FTIR spectra, the possible functional groups for 

biosorption include C-N, P=O, C-OH and COOH. The X-ray photoelectron spectroscopy (XPS) 

analysis of the biomasses revealed that a higher concentration of carboxylic acid (COOH) groups 

on the B-9.5 cell surface than that on the B-7.5 and B-8.5 cell surfaces, which might be 

responsible for the much higher biosorption capacity of heavy metal ions by B-9.5. 

Key words: Biosorption, culture pH, Neochloris oleoabundans, Heavy metal  
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4.1.2 Introduction 

Heavy metal contamination is a growing global issue that poses a significant threat to both 

human health and the environment. Heavy metals (HMs) are non-degradable, and as a result, they 

may  accumulate at high levels through the process of bio-amplification, especially in aquatic 

ecosystems where there are only small traces of heavy metals [115]. Moreover, they can infiltrate 

the human body through food chain, leading to various adverse health effects, such as headaches, 

joint pain, and liver and kidney malfunction, as well as teratogenicity and cancers [116,117]. 

Specifically, Pb and Cd are exceptionally toxic to humans, while Zn has a relatively high level of 

toxicity but only at higher concentrations. The maximum contaminant limits (MCL) are set for 

Pb, Cd, and Zn as 15, 5, 5000 ppb by the US Environmental Protection Agency (EPA)  and 10, 3, 

3000 ppb according to  the World Health Organization (WHO), respectively [5,6]. While a 

significant fraction of HMs precipitate from the waterbody over an extended period, the presence 

of heavy metals in sediment remains persistent and could re-enter the waterbody, causing level of 

HMs in contaminated waterbodies exceeding the drinking water standards in several countries if 

not treated properly [118]. Hence, a novel method for removing heavy metals from contaminated 

aquatic ecosystem, which is typically characterized by large water volumes and low HMs levels, 

is needed. 

It has been known that microalgae can provide valuable metabolic products, such as 

phytoerythrin, proteins (e.g., phycocyanin), exopolysaccharides and lipids, which can be isolated 

from the culture biomass. Neochloris oleoabundans, a microalga with many uses, has recently 

gained much attention due to high lipid content [119]. As a spherical cells of the eukaryotic, 

green alga N. oleoabundans have a thin and smooth cell wall, single nucleus, parietal and cup-

like chloroplasts, two elongate pyrenoids, ovoid zoospores with two elongate flagella and 
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diameter that varies between 3 and 6 um [120]. When cultivating in photobioreactor, it has been 

shown that microalga grows rapidly, which has a doubling time of about 1 day [121]. Further, it 

can grow on different kinds of media containing wastewater, in extreme conditions including pH 

9.5 and 32 ℃, and tolerates toxic compounds like terpenes [96,122,123]. N. oleoabundans can be 

served as a biofuel feedstock, exhibiting a lipid content ranging from 3-34% of its dry weight 

under favorable growth conditions, but can surge up to 54% under unfavorable growth conditions 

with a dominant composition of triacylglycerols (TAGs) [96,124].  

The biosorption of heavy metal ions by microalgal biomass is primarily facilitated by ion 

exchange occurring on the surface of the algal cell, which may involve various functional groups 

on the macromolecules on cell surface (i.e., the cell wall), such as OH, COOH, PO4, C-N, etc. 

Microalgae are capable of adsorbing heavy metals from wastewater even when present in low 

concentrations. This is achieved through the functional groups on the surface of the microalgal 

biomass, which can bind to heavy metal ions, resulting in a final effluent that meets drinking 

water standards [125]. It should be noted that even when the same microalgal species is utilized 

as a biosorbent for the same heavy metal ion, there can be a substantial variation in the 

biosorption capacity. This indicates that other factors beyond the microalgal species may play a 

role in determining the effectiveness of the biosorption process. Indeed, studies have shown that 

the medium composition, e.g., dissolved inorganic carbon [43] and phosphate [126] have 

profound effects on cell surface properties and metal ion adsorption. Nevertheless, even when the 

same strain of green alga Chlorella vulgaris was cultivated in the same medium, significantly 

different biosorption capacities of Cd(II) were reported in two papers, ranging from 11.06 to 

97.43 mg/g [108,127]. These data support that other cultivation factors could affect the capacity 

of algal biomass for HM adsorption. Form Li, the biosorption of Pb(II) can be affected by the 
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timing of biomass harvesting, and that the most effective biosorption capacity is observed during 

the stable phase as opposed to the exponential and dead phases [128]. This phenomenon may be 

attributed to the pH level during cultivation, which tends to increase as cultivation time. 

The pH of the growth environment is one of the most important parameters influencing 

microalgal growth [96,129,130].  Studies have shown that cells of larger negative zeta potential 

tend to have greater biosorption capacity [14,43,94]. Interestingly, studies have shown that the 

zeta potentials of three microalgae, namely freshwater Chlorella sp., marine Chlorella sp., and 

marine N. oculata, become more negative when cultivated under higher medium pH [131]. The 

pH of the medium can also impact the biochemical composition of the cell wall, including C-

(C,H), C-(O,N), C=O, O=C-OH. Alkaline conditions in the medium can have a significant effect 

on the cell wall composition, which in turn affects the biosorption of heavy metal ions [132]. 

However, to date, no research has examined the influence of medium pH on heavy metal ion 

biosorption by microalgal biomass.  

This research provides a comprehensive analysis of the influence of culture-pH on the cell 

surface properties and the biosorption of Pb(II), Cd(II), and Zn(II) of N. oleoabundans. Various 

adsorption conditions such as initial ion concentration, pH, and contact time were examined to 

investigate the isotherm and kinetic behavior of the biosorption. Furthermore, some binary 

systems were investigated to assess the inhibitory effects of competitive metal ions. To our best 

knowledge, this study is the first of its kind to thoroughly examine the impact of culture-pH on 

heavy metal biosorption of microalgae, providing valuable insights into the field. 
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4.1.3 Materials and methods  

4.1.3.1 Microalgal cultivation under different pH 

A microalgal culture, Neochloris oleoabundans (UTEX 1185), was collected from the University 

of Texas microalgal collection. Algae were maintained in autoclaved Modified Bristol Medium 

(MBM), a medium suitable for freshwater microalgae. The chemical composition of medium was 

used in the previous paper [133]. This study involved growing microalgae in a 3-L 

photobioreactor (Bioflo 110, New Brunswick), which was converted from a stirred tank. Around 

the bioreactor chamber, spectrum lamps were arranged evenly and were programmed to operate 

continuously for 12 hours with light intensity of 2000 μmol/(m2s) (Philips Plant & Aquarium 

T18/15, Philips Electronics Ltd. ON, Canada). Photobioreactor with fresh medium containing 2 

liters was sterilized for 20 minutes at 121 ℃ before inoculation. Then, sterilized medium was 

inoculated with 30mL of microalgal seeds after it had cooled to room temperature to achieve 0.05 

g/L initial biomass. After that, the cultivation took place at 25 °C, 180 RPM, with a constant air 

flow of 1 LPM (i.e., 0.5 vvm). Additional, computer-programmed gas mixers (CO2 and Air) 

maintained a constant pH of 7.5, 8.5, and 9.5 for the cultures, separately. After passing through a 

bottle containing distilled water, the air stream was filtered through a 0.45 um microfilter and 

then sparged into the culture at the bottom of the photobioreactor. Microalgae were grown for 

two weeks under various pH (7.5, 8.5, 9.5) to reach transition phase (cell density of 6*107 cells 

per mL), and biomass was harvested and stored at -80 ℃ for future use. During different pH 

cultivation, harvested biomass under pH 7.5, 8.5, 9.5 were referred to as B-7.5, B-8.5, or B-9.5 in 

the following discussion. 
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4.1.3.2 Biosorbent preparation 

Upon retrieval from the freezer, the frozen B-7.5, B-8.5, and B-9.5 biomasses were allowed to 

thaw at room temperature. Then, 40 mL of the thawed wet biomass was transferred to a 50 mL 

centrifugal tube and subjected to three rounds of washing using deionized water to eliminate any 

residual chemical substances and fragments present in the solution. The wet sample was then re-

suspended in deionized water to prepare for the biosorption test. 

4.1.3.3 Heavy metal stock solution 

Lead stock solution (1000 mg/L), cadmium stock solution (1000 mg/L) and Zinc stock solution 

(1000 mg/L) were prepared by dissolving appropriate amount of Pb(NO3)2 (Strem Chemicals Inc., 

USA), Cd(NO3)2 (Fisher Scientific, USA) and Zn(NO3)2 (Fisher Scientific, USA) into deionized 

water using 100 mL volumetric flask. Afterward, the stock solution was stored in a 200 mL white 

plastic bottle at room temperature. All of the chemical reagents used in this study were of 

analytical grade. Sodium stock solution (20000 mg/L), potassium stock solution (20000 mg/L), 

calcium stock solution (20000 mg/L) were prepared by NaNO3 (Fisher Scientific, USA), KNO3 

(Fisher Scientific, USA) and Ca(NO3)2 (Fisher Scientific, USA). All stock solutions were kept 

under room temperature. 

4.1.3.4 Biosorption test 

4.1.3.4.1 Effect of pH 

The selection of appropriate acids, bases, or buffers for pH adjustment should be based on the 

properties of the metal ions involved. For instance, acids such as H2SO4, HCl, and HNO3 may be 

used to adjust the pH as needed. Due to the fact that formation of PbSO4, PbCl2 precipitates, acid, 

such as H2SO4 or HCl, is not recommended to adjust pH in the biosorption of lead. In this study, 

pH was adjusted by HNO3 and NaOH, which is soluble under pH 7.0. Batch biosorption 

experiment was carried out in a 2 mL graduated microcentrifuge tube using 1.5 mL B-7.5, B-8.5, 
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B-9.5 biomass, and Pb(II), Cd(II), Zn(II) stock solution were added into tube to ensure 50 mg/L 

Pb(II), Cd(II), Zn(II) and 0.5 g/L biomass under 25 ℃. The initial pH of the mixture was adjusted 

to 6.0 by adding 0.1 N HNO3 prior to the addition of biomass. After that, the mixture was shaken 

at 200 RPM shaker for 10 mins contact time as specified in the text at room temperature (25 ℃). 

Afterwards, the sample was centrifuged for 1.5 minutes at 13000 rpm (18500 rcf). The 

concentration of residual Pb(II) or Cd(II) in the supernatant were extracted and determined using 

FAAS. The detail is shown in previous paper [14].  

4.1.3.4.2 Effect of contact time 

Predicting how fast heavy metals will be removed from aqueous solutions is crucial before 

designing an adsorption plant. To study the effect of contact time on the adsorption removal of 

Pb(II), Cd(II) and Zn(II), experiments were conducted under room temperature (25 ℃). The 

experiments of biosorption kinetics were carried out in a 15 mL glass tube. For each experiment, 

10 mL of  algal biomass solution at 0.5 g/L concentrations was continuously stirred at 200 rpm 

with 50 mg/L heavy metal ion. 1 mL sample was withdrawn at appropriate time intervals (5, 10, 

15, 20, 25, 30 mins) and then centrifuged under 13000 rpm (18500 rcf) for 1.5 min. Then, 0.5 mL 

of solution at supernatant was determined using FAAS.  

4.1.3.4.3 Effect of initial heavy metal concentration 

In the present study, the biosorption of Pb(II), Cd(II) and Zn(II) by algal biomass were carried 

out in a batch system, which is a simple and reliable method for experimentation. 1.5 mL algal 

solution (0.5 g/L) in 2 mL centrifugal tube was agitated in a rotary shaker at 200 rpm and 25 ℃ 

and 10-mins incubation time with various initial heavy metal concentration (0-200 mg/L). Then, 

samples were then centrifuged in 13000 rpm (18500 rcf) for 1.5 min to separate the remaining 

heavy metal ion from biomass. 0.5 mL of solution at supernatant was determined using FAAS. 
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4.1.3.4.4 Effect of binary system 

The experiments were carried out in binary systems, with a constant B-9.5 algal biomass 

concentration of 0.5 g/L, and varying concentrations of two other positive metal ions: Na(I), K(I), 

Ca(II), Pb(II), Cd(II), or Zn(II). The initial concentration of heavy metal ions, either Pb(II), 

Cd(II), or Zn(II), was kept at 50 mg/L, while the concentration of the other positive metal ion was 

varied at 25, 50, 100, and 200 mg/L in 2 mL centrifugal tubes. Subsequently, the samples were 

centrifuged at 13000 rpm (18500 rcf) for 1.5 min to separate the remaining heavy metal ions from 

the biomass. Finally, 0.5 mL of the supernatant solution was analyzed using FAAS. 

4.1.3.4.5 Regeneration test 

To assess the potential of microalgal biomass for repeated use, the B-9.5 biomass was subjected 

to multiple adsorption-desorption-regeneration cycles. In the regeneration process, 0.5 g/L B-9.5 

biomass was used to adsorb 50 mg/L of initial heavy metal concentration in a 15 mL centrifugal 

tube. After incubating at 25℃ and 200 rpm for 10 minutes, the samples were centrifuged at 6000 

rpm (8500 rcf) for 5 minutes, and 0.5 mL of the supernatant solution was extracted for heavy 

metal analysis. To desorb the heavy metal ions from the microalgal biomass, 0.1 M HNO3 was 

added to the sample at pH 2.0 and allowed to incubate for 20 minutes. This acid was selected 

based on prior experiments as an effective eluent for heavy metal ions from microalgal biomass. 

After centrifuging and washing the samples twice with deionized water, 0.1 M NaOH was added 

to achieve a pH of 6.0 before the next biosorption test. The biosorption-desorption-regeneration 

cycle was repeated five times, and the experimental results were reported as arithmetic means 

with standard deviations (error bars in graphs). 

The equilibrium biosorption capacity and heavy metal removal% by algae were calculated by 

using Eq. 4.1 and 4.2, which shows below: 
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𝑞 =
𝐶0 − 𝐶

𝑥
4.1 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙% =
𝐶0 − 𝐶

𝐶0
× 100% 4.2 

where C0 (mg/L) is the initial concentration of heavy metal solution, C (mg/L) the final heavy 

metal concentration in supernatant, x (g DCW/L) the concentration of algal biomass, q (mg/g 

DCW), the mass of heavy metal adsorbed by unit biomass mass, and %removal efficiency of 

Pb(II), Cd(II), Zn(II). 

4.1.3.5 Analysis and characterization 

4.1.3.5.1 Microalgal biomass 

In the range of 450 to 700 nm, the concentration of dry biomass in microalgae has a direct 

correlation with optical density (OD). However, the photosynthetic pigments such as 

chlorophylls a and b, carotenoid and phycocyanin, have absorption peaks in the spectrum 

between 400-680 nm, where chlorophyll a has a peak at 660 nm [134]. To eliminate the 

interference of photosynthetic pigments, the spectrometric measurement of biomass 

concentration was performed at a wavelength of 700 nm. The optical density was measured using 

a GENESYS 10S UV-VIS spectrophotometer from Thermo Fisher Scientific Inc., USA. The 

linear correlation between the OD700 and biomass concentrations (B-7.5, B-8.5, and B-9.5) was 

established through Eq 4.3 to 4.5. 

𝑥𝐵−7.5 = 0.4558 × 𝑂𝐷700 (R2 = 0.998) 4.3 

𝑥𝐵−8.5 = 0.4213 × 𝑂𝐷700 (R2 = 0.999) 4.4 

𝑥𝐵−9.5 = 0.3837 × 𝑂𝐷700 (R2 = 0.997) 4.5 
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where OD700 denotes the measure of light absorption at a wavelength of 700 nm, while x (g/L) 

corresponds to the concentration of dried cell weight (DCW). 

4.1.3.5.2 Heavy metal concentration 

The flame atomic absorption spectrophotometer (Thermo Fisher Scientific, USA) was utilized to 

measure the concentration of lead and cadmium in solution. However, the spectrophotometer is 

not suitable for evaluating high lead and cadmium concentrations above 10 mg/L. Therefore, it is 

necessary to dilute the solution to a certain concentration using deionized water. Subsequently, 

the supernatant containing Pb(II) or Cd(II) was diluted with deionized water and the 

concentration was determined using FAAS. 

4.1.3.5.3 Zeta potential 

To determine the zeta potential of microalgal cells, a Zetasizer nanometer (Malvern Panalytical, 

UK) was employed. The samples were diluted to 0.1 optical density at 700 nm using deionized 

water. Then, 1 mL of the sample was placed in a DTS1070 cuvette for the analysis. 

4.1.3.5.4 FTIR 

The infrared spectra of the microalgal biomass, before and after biosorption of Pb(II) and Cd(II), 

were examined using a Cary 630 FTIR spectrophotometer (Angellent technology, USA). The 

microalgal samples were first filtered using a 0.45 μm membrane filter, followed by drying at 60 ℃ 

overnight and subsequent analysis. 

4.1.3.5.5 XPS 

The surface properties of microalgae, such as the elemental composition ratio, surface 

composition, and chemical functional groups, were quantified using X-ray photoelectron 

spectroscopy (XPS). The X-ray photoelectron spectroscopy (XPS) analysis of dried microalgal 

samples was performed using an Al X-ray source on a Kratos Axis Nova spectrometer (Kratos 
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Analytical, Ltd., UK). The samples were placed on an aluminum platen coated with double-sided 

adhesive Cu tape and kept under high vacuum in the preparation chamber overnight before 

analysis in the ultra-high vacuum analysis chamber. The XPS data were collected using AlKα 

radiation at 1486.69 eV with a delay-line detector and referenced to the C1s peak at 284.8 eV. 

Survey spectra were collected using a pass energy of 160 eV and an energy step size of 1 eV, and 

the area under each chemical peak was used for peak intensity calculation after calibration with C 

1s at 284.8 eV as a blank. Data analysis was performed using CasaXPS software. (Version 2.3.25, 

Teignmouth, UK). 

The dominant components present on the surface of microalgal cells include polysaccharides, 

proteins, and hydrocarbon compounds, and their composition can be correlated with the 

elemental ratios of [N/C] and [O/C]. Equations 4.6-4.8 can be applied to calculate the 

macromolecular composition [135]:  

[
𝑁

𝐶
] = 0.279 (

𝐶𝑃𝑅

𝐶
) 4.6 

[
𝑂

𝐶
] = 0.325 (

𝐶𝑃𝑅

𝐶
) + 0.833 (

𝐶𝑃𝑆

𝐶
) 4.7 

[
𝐶

𝐶
] = (

𝐶𝑃𝑅

𝐶
) + (

𝐶𝑃𝑆

𝐶
) + (

𝐶𝐻𝐶

𝐶
) = 1 4.8 

where [N/C], [O/C], and [C/C] refer to the elemental composition ratios of cell surface. (CPR/C), 

(CPS/C), (CHC/C) are the ratios of carbon in proteins, polysaccharides and hydrocarbons to the 

total carbon, respectively.  
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4.1.4 Result and discussion  

4.1.4.1 FTIR 

 

Figure 4-1 FTIR spectra of B-7.5, B-8.5, B-9.5 N. oleoabundans biomass (A) and pristine 

biomass with or without loaded 200 mg/L Pb(II), Cd(II), Zn(II) (B, C, D). 

 

Table 4-1 FTIR peaks of B-7.5, B-8.5, B-9.5 N. oleoabundans before and after adsorption of 

heavy metal ions. 

Biomass Wavelength (cm-1) 

B-9.5 1017.26 1147.46 1233.00 1456.73 1506.62 1542.53 1649.15 1728.31 

B-9.5 with Pb 1011.74 1148.87 1236.42 1457.41 1506.71 1541.19 1639.89 1725.52 

B-9.5 with Cd 1019.83 1164.39 1237.51 1457.23 1506.24 1540.75 1652.47 1735.32 

B-9.5 with Zn 1018.10 1156.54 1238.41 1457.23 1506.64 1540.94 1652.58 1734.63 
        

B-8.5 1018.50 1148.90 1229.86 1456.70 1506.80 1542.51 1653.00 1729.23 

B-8.5 with Pb 1017.82 1146.46 1221.58 1456.65 1506.64 1541.23 1652.92 1731.12 

B-8.5 with Cd 1017.85 1148.31 1256.65 1456.81 1506.60 1540.63 1652.94 1734.32 
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B-8.5 with Zn 1017.18 1146.84 1287.92 1456.68 1506.54 1541.24 1652.96 1732.43 
        

B-7.5 1015.23 1150.66 1232.69 1456.73 1506.68 1542.10 1653.06 1728.84 

B-7.5 with Pb 1015.19 1148.89 1229.70 1456.81 1506.74 1539.56 1652.03 1724.32 

B-7.5 with Cd 1017.46 1148.01 1228.24 1456.82 1506.78 1539.36 1652.03 1734.84 

B-7.5 with Zn 1015.13 1148.02 1229.36 1456.80 1506.74 1539.74 1652.02 1726.53 

Functional 

group 
C-OH C-O-C P=O C-H CH2 

C-N 

(amid II) 

C-N 

(amid I) 
COOH 

Ref. [136] [137] [138] [139] [140] [141] [141] [142] 

 

Figure 4-1 shows the FTIR spectra of C. vulgaris algae with and without Pb(II), Zn(II), Cd(II) 

loaded in the range of 2000-900 cm-1. The spectra indicates that several functional groups on C. 

vulgaris cell surfaces, which might facilitate heavy metal adsorption. The peak at 1728 cm-1 

corresponds to the COOH group, which is abundant in macromolecules such as alginates and 

peptides. The peaks at 1649 and 1542 cm-1 are corresponded to the respective bands of amide I 

and amide II vibrations of C-N groups, which are related to peptides on cell surface. The 

absorption peak at 1456 cm-1 is caused by bending vibrations in the C-H aliphatic. The peak at 

1233 cm-1 is corresponding to the phosphodiester of nucleic acids and phospholipids. Peaks at 

1147 cm-1 are asymmetric C-O-C stretching vibrations, characteristic of ester bonds in protein 

such as PHA. Peak at 1017 cm-1 is caused by the stretching vibrations in the C-OH bond in 

carboxyl groups, which can be found in amino acids, lipids, proteins, and carbohydrates. 

Before and after the biosorption of Pb(II), Cd(II), Zn(II), there were significant shift of peaks 

around 1729, 1649, 1542, 1233, 1147 and 1017 cm-1, which correspond to COOH, C-N, P=O, C-

O-C and C-OH bonds, respectively. Additionally, carboxyl, phosphate and amine are abundant 

among on cell wall, which can confirm those functional groups are contributed to biosorption. It 

is important to acknowledge that certain negative functional groups present on the surface of cells, 

such as COOH, P=O, and O-H, are capable of undergoing ion exchange to facilitate the removal 
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of positively charged heavy metal ions. Those functional groups, like C-N, P=O, O-H, have 

double-toothed structures that can make them perfect for ionic bonding. When considering the 

electronegativities of various functional group elements, such as C (2.55), N (3.04), O (3.44), P 

(2.19), and H (2.20), it can be observed that oxygen possesses a relatively high electronegativity 

of 3.44. The presence of a partial negative charge on oxygen atoms within functional groups, i.e., 

COOH, O-H, P=O, has the ability to adsorb heavy metals by ion exchange. 

4.1.4.2 XPS 

 

Figure 4-2 XPS whole survey spectrum, C 1s and O 1s peak of microalgal N. oleoabundans 

biomass cultured in different cultivation pH, i.e., pH=7.5 (A, D, G), pH=8.5 (B, E, H), pH=9.5 (C, 

F, I). 
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Table 4-2 Effect of medium pH on microalgal surface elemental composition, elemental ratio and 

surface biochemical composition. 
 Elemental composition (weight %) Elemental ratio (weight%) Biochemical composition (weight%) 

Biosorbent C 1s O 1s N 1s P 2p O/C N/C P/C Polysaccharide Protein Lipid 

B-7.5 64.73 27.47 2.42 5.38 42.44 3.74 8.31 45.72 13.40 40.88 

B-8.5 65.75 28.12 2.35 3.78 42.77 3.57 5.75 46.34 12.81 40.85 

B-9.5 71.10 24.86 2.98 1.06 34.96 4.19 1.49 36.11 15.02 48.86 

 

Table 4-3 Composition of Functional groups related with C 1s and O 1s  [143–145]. 

Element Core-level Functional groups Ea (eV) 

B-7.5 B-8.5 B-9.5 

Weight (%) 

C 1s 

C-(C,H) 284.8 68.89 53.53 51.04 

C-(O,N) 286.2 22.56 28.73 34.13 

O-C-O, C=O 287.9 7.64 15.95 12.22 

O=C-OH, O=C-OR 289.0 1.14 1.79 2.62 

O 1s 

O-H 531.4 62.28 38.80 17.38 

C=O/C-O 532.5 28.35 38.97 54.22 

COO- 533.4 9.36 22.23 28.40 

 

XPS (X-ray photoelectron spectroscopy) is a valuable tool for investigating the elemental and 

functional composition of microalgal cell surfaces within a depth of approximately 10 nm. It 

provides information on the surface chemistry and the binding energy of electrons, enabling the 

identification of the elemental composition and chemical states of the surface components [146]. 

Figure 4-2 presents the X-ray photoelectron spectroscopy (XPS) survey spectra image of 

microalgal cells grown in media with pH values of 7.5, 8.5, and 9.5. Table 4-2 summarizes the 

elemental composition, elemental ratio, and surface biochemical composition of the microalgal 

cell surfaces. The main elemental composition of the biomass was determined by analyzing the C 

1s, O 1s, N 1s, and P 2p peaks. Notably, the elemental composition of microalgae varies with 
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changes in the pH of the culture medium, with higher pH values resulting in higher carbon, 

nitrogen and lower oxygen, phosphorus accumulation on the cell surface. The major 

macromolecular components on microalgal surfaces are polysaccharides, proteins, and 

hydrocarbons (lipids). When the culture medium pH was raised from 7.5 to 9.5, there was an 

increase in protein content of the culture from 13.40% to 15.02%, and lipid content from 40.88% 

to 48.86%. Conversely, there is a decrease in the polysaccharide content from 45.72% to 36.11%. 

The protein results are in agreement with that reported by Bartley et al.[130], i.e., increasing 

medium pH from 6.5 to 8.5 resulted in the increase of protein content of microalga Chlorella 

sorokiniana from 15.5 to 30.7 %. 

Table 4-3 displays the results of a deconvolution analysis of the carbon (1s) peak, which revealed 

four spectral regions. The first region corresponds to aliphatic C-C and C-H bonds (284.8 eV), 

which serve as carbon skeletons. The second region can be attributed to hydroxyl, ether and 

amines, only have one bond to oxygen or nitrogen (C-OH, C-N, 286.2 eV). The third region 

contains carbon with double bonds to oxygen, such as carboxyl and amides (N-C=O, O-C-O, 

287.9 eV). Finally, the fourth region contains carboxyl acid or ester functional groups containing 

three bonds to oxygen (O=C-OH or O=C-OR, 289.0 eV). It was observed that microalgal 

biomass grown at pH 9.5 has a proportion of aliphatic C-C bonds (51.04%) and C-O or C-N 

carbons (34.13%) in amides, followed by C=O, O=C-N carbons (12.22 %) and carboxylic carbon 

(2.62%). Carboxylic carbons occupy a remarkable fraction (2.62 %) of the total carbon 

composition under medium pH 9.5 compared with pH 7.5 (1.14%) and 8.5 (1.79%). 

Based on the microalgal biomass, spectral lines within the range of 531 to 534 eV were assigned 

and up to three oxygen-containing functional groups were expected, such as hydroxyl, esters, and 
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carboxyl [145]. In this study, hydroxyl (531.4 eV), esters (532.5 eV), and carboxyl (533.4 eV) 

groups were detected. According to the data presented in Table 4-3, there was a positive 

correlation between the cultivation medium pH and the content of carboxyl groups, with an 

observed increase from 9.36% to 28.40%. It should be noted that the primary functional groups 

involved in biosorption, like carboxyl groups, have a negative charge to adsorb positive heavy 

metal ions. Increasing protein content also enhance the biosorption of heavy metal ions. 

Combining the XPS results of C 1s and O 1s, the B-9.5 biosorbent, which has more protein and 

carboxyl groups, potentially has a higher biosorption capacity than B-7.5 or B-8.5. 

4.1.4.3 Effect of adsorption pH 

 

Figure 4-3 Effects of pH on the surface property and HM adsorption of B-7.5, B-8.5, and B-9.5 

N. oleoabundans biomasses: Zeta potential (A), equilibrium biosorption of Pb(II) (B), 

equilibrium adsorption of Cd(II) (C), and equilibrium adsorption of Zn(II) (D). (pH range 2.0–

6.0, initial metal concentration 50 mg/L, biomass concentration 0.5 g/L, contact time 10 mins, 

incubation temperature 25 ℃). 
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As shown in Figure 4-3A, the absolute values of the negative zeta potentials of all three 

biomasses increased with the suspension pH. In the meantime, Figure 4-3B, 4-3C, and 4-3D 

show that the equilibrium adsorption of all cases increased with the suspension pH in the tested 

range. These observations are compatible with literature data [147,148] and are not surprising 

since increase of suspension pH would cause the increase of the extent of functional group 

deprotonation.  

Also shown in Figure 4-3A, when comparison at the same suspension pH, the absolute value of 

the negative zeta potentials increased with the pH of the culture from which the biomasses were 

harvested, B-9.5>B-8.5>B-7.5 and the equilibrium biosorption of Pb(II), Cd(II), and Zn(II) ions 

as shown in Figure 4-3B, 4-3C, and 4-3C, respectively, followed the same order. These 

observations could be explained by the alteration of the surface properties of microalgal cells as 

discussed in the previous sections. Among the three biomasses, B-9.5 exhibited the highest 

equilibrium biosorption of Pb(II), Cd(II), and Zn(II), which were 79.75, 23.12, and 14.92 mg/g at 

pH 6.0, respectively.   

There are two possible mechanisms that may be involved in the process of heavy metal 

adsorption by microalgae: 1) adsorption of positively charged HM ions onto cell surfaces that 

contain a range of negative functional groups, such as C-N, P=O, C-O-C, C-OH, and COOH via 

ion exchange and/or chelating; and 2) the transfer of HM ions into intracellular spaces through 

ion channels (intracellular), which is a slow and energy consuming process. Results of our 

previous research indicates that HM ions are primarily adsorbed by algal biomass via 

extracellular adsorption processes.  
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N. oleoabundans cell walls have a large number of macromolecules such as polysaccharides, 

proteins, and lipids that are abundant in carboxyl, hydroxide, amide, and phosphonyl groups. 

These groups become negatively charged when they are deprotonated at pH that is lower than 

their corresponding Pka values. The biochemicals with a pKa1 below 7.0 and are abundant on 

cell surfaces include galacturonic acid (3.24), glucuronic acid (3.86), aspartic acid (3.90), glycine 

(2.35), histidine (1.80), isoleucine (2.32), palmitic acid (4.95), and stearic acid (4.75). As the pH 

increases from 2.0-6.0, more and more functional groups begin to deprotonate, allowing for 

greater adsorption of metal ions and an increase in equilibrium biosorption. FTIR analysis 

confirmed the presence of these functional groups and their importance for biosorption. 

Zeta potential measures the potential difference between the stagnant film attached to the surface 

of particles in a suspension and that of the dispersion medium and is widely used for 

quantification of the magnitude of the charge on particle surface. Figure 4-3A shows that the zeta 

potential of all the three N. oleoabundans biomasses, i.e., B-7.5, B-8.5, and B-9.5, increased with 

pH and, when compared at the same pH, following the order B-9.5>B-8.5>B-7.5. The largest zeta 

potential values of the three biomasses were observed at pH 6.0, with values of -35.70, -20.17, 

and -12.77 mV for B-7.5, B-8.5, and B-9.5, respectively. These results are compatible with the 

afore discussed adsorption data. It is worth mentioning that, at pH 2.0, the equilibrium 

biosorption values of Pb(II), Cd(II), and Zn(II) were all less than 3.0 mg/g. Regeneration tests 

can be performed by changing the pH from 6.0 to 2.0. For subsequent experiments, pH 6.0 was 

chosen as the optimal pH for biosorption. 
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4.1.4.4 Kinetics 

 

Figure 4-4 Biosorption Kinetics of Pb(II) (A), Cd(II) (B) and Zn(II) (C) by B-7.5, B-8.5, B-9.5 N. 

oleoabundans as a function of time (pH 6.0, 50 mg/L heavy metal concentration, 25 ℃). Mean 

values of triplets along with standard deviations (the error bars) are reported (n = 3). 

 

The study investigates the kinetics of metal ion biosorption by 0.5 g/L algal biomass B-7.5, B-8.5, 

and B-9.5 in the presence of 50 mg/L Pb(II), Cd(II), and Zn(II). Figure 4-4 illustrates that the 

equilibrium biosorption of Pb(II), Cd(II), and Zn(II) by 0.5 g/L algal biomass was rapid, with 

maximum biosorption achieved within five minutes. Among the three-biomass tested, B-9.5 

exhibited the highest equilibrium biosorption at 50 mg/L heavy metal concentration. The data 

also showed that as the pH of the cultivation medium increased, the equilibrium biosorption 

capacity of the biomass increased. The rapid adsorption of heavy metals by the biomass suggests 
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that the surface of biomass being used for adsorption has a high affinity for Pb(II), Cd(II) and 

Zn(II). At 30 minutes contact time, the maximum biosorption capacity was achieved for all three 

heavy metals with an efficiency of 26.97%, 10.63%, and 5.11% for B-7.5, 46.79%, 22.81%, and 

14.58% for B-8.5, and 82.94%, 37.90%, and 25.04% for B-9.5, respectively.  

Wet microalgae have been demonstrated to exhibit rapid kinetics, and other research studies have 

corroborated that microalgae are capable of reaching equilibrium in a relatively short period. For 

example, Liyanage et al. reported that live biomass of Chlorococcum aquaticum could achieve 

equilibrium in removing Pb(II) within 30 minutes [149]. Additionally, Zhang et al. noted that the 

self-flocculating microalga Scenedesmus obliquus showed efficient biosorption of cadmium with 

rapid kinetics, reaching equilibrium within 20 minutes [150]. Consequently, the upcoming 

experiment will be carried out under five-minute contact time. 
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4.1.4.5 Isotherm 

 

Figure 4-5 Isotherms of Pb(II) (A), Cd(II) (B), Zn(II) (C) biosorption using N. oleoabundans 

biomass by Freundlich model (dot), Langmuir model (dash-dot), Sips model (line) and 

relationship between impact factor I (electronegativity/ ionic radius) and biosorption capacity. 0.5 

g/L biomass, 10-200 mg/L heavy metal concentration, pH 6.0 and 25℃. Mean values of triplets 

along with standard deviations (the error bars) are reported (n = 3). 

 

Table 4-4 Freundlich, Langmuir and Sips model constants for biosorption of Pb(II), Cd(II) and 

Zn(II) using N. oleoabundans biomass. 
          Freundlich Langmuir Sips 

Met

al 

Electrone

gativity 

Ion 

radius 

(pm) 

I 
Bioma

ss 
KF N R2 

qmL 

(mg/g) 

KL 

(L/g) 
R2 

qmS 

(mg/g) 

qmS 

(mmol/

g) 

KS 

(L/g) 
ns R2 

Pb 2.33 119 0.0196 

B-7.5 20.09 7.31 0.9479 32.85 1.02 0.9138 37.93 0.18 0.96 0.50 0.9622 

B-8.5 26.54 7.05 0.9442 40.47 4.13 0.9383 46.22 0.22 1.60 0.52 0.9938 

B-9.5 41.45 4.91 0.8237 100.01 0.45 0.9677 97.85 0.47 0.42 1.24 0.9759 

Cd 1.69 95 0.0178 

B-7.5 3.41 3.07 0.8894 13.29 0.12 0.9455 12.29 0.11 0.08 1.27 0.9674 

B-8.5 7.58 5.03 0.8778 15.31 0.57 0.8883 22.34 0.20 0.43 0.34 0.9070 

B-9.5 11.44 3.39 0.9714 43.92 0.11 0.9417 46.32 0.41 0.13 0.53 0.9878 

Zn 1.65 74 0.0223 
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B-8.5 1.10 1.62 0.9637 22.06 0.02 0.9641 23.86 0.36 0.03 0.92 0.9881 

B-9.5 7.55 3.45 0.9651 32.43 0.08 0.9471 47.08 0.72 0.12 0.57 0.9855 
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The Freundlich equation, which is an empirical model for describing sorption on heterogeneous 

surfaces, postulates that the enthalpy of adsorption decreases in a linear fashion as the fraction of 

occupied sites increases [151]. Freundlich's equation is based purely on empirical data from 

sorption on heterogeneous surfaces and can be expressed as Eq. 4.9. 

𝑞𝑒 = 𝐾𝐹(𝐶𝑒)
1
𝑛 4.9 

The Freundlich equation involves the KF constant, which is related to adsorption capacity, while 

(1/N) is linked to the adsorption intensity. The value of the exponent n determines the 

favourability of the adsorption process. A good adsorption is indicated by values of N between 2 

and 10, whereas moderately difficult adsorption is indicated by values between 1 and 2, and poor 

adsorption by values less than 1. A Freundlich-type adsorption isotherm suggests surface 

heterogeneity of the adsorbent, whereas a Langmuir-type isotherm implies surface homogeneity 

[152]. 

The Langmuir model is a commonly utilized approach in biosorption studies. The model assumes 

that adsorption takes place on uniformly distributed sites within the adsorbent, and once a site is 

occupied by the adsorbate, it becomes unavailable for further adsorption. Furthermore, all the 

adsorption sites are assumed to be identical and have the same energetic properties. The 

Langmuir isotherm equation is typically employed to describe this adsorption phenomenon [153]. 

The following equation is often used to describe this isotherm:  

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
4.10 

where there are four factors to consider when dealing with metal adsorbed in the solution: qe the 

amount of metal adsorbed per gram of adsorbent (mmol/g), Ce the equilibrium concentration of 
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the solution (mmol/L), KL the affinity of biosorption (L/mmol) and qm the maximum amount of 

adsorption metal ions (mmol/g).  

The three parametric Sips model is widely considered to be the most applicable isotherm model 

for monolayer adsorption [154]. Sips model can be applied to either homogeneous or 

heterogeneous systems and describe the monolayer adsorption of heavy metal ion molecule to the 

1/ns adsorption site (functional groups), which is shown in Eq. 4.11: 

𝑞𝑒 =
𝑞𝑚𝑆𝐾𝑆𝐶𝑒

𝑛𝑠

1 + 𝐾𝑆𝐶𝑒
𝑛𝑠 4.11 

where qmS (mg/g) is the biosorption capacity, KS (Lns/mgns) and ns are the Sips constant 

parameters, and Ce (mg/L) is the equilibrium heavy metal concentration in supernatant. The Sips 

model is reduced to the Langmuir model when ns=1. 

In this study, the impact of heavy metal concentration on the biosorption of Pb(II), Cd(II), and 

Zn(II) by algal biomass was evaluated for a period of 5 minutes. The adsorption capacity of 

heavy metal ions was determined by studying the adsorption isotherms. Figure 4-5 demonstrates 

that the equilibrium biosorption of B-7.5, B-8.5, and B-9.5 increases with increasing initial metal 

ion concentrations until equilibrium is achieved. This can be attributed to the abundant functional 

groups available for heavy metal ion binding, which get occupied when initial heavy metal 

concentrations are high. As the initial heavy metal concentrations increase, the binding sites 

become occupied, resulting in higher equilibrium adsorption. In liquid-solid system, it is 

important to point that the heavy metal ion overcomes the transfer resistance so that it can be 

adsorbed onto the surface of the algal biomass. Based on the kinetics data, this process should 

take less than five minutes. 
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The experimental data was fitted to Freundlich, Langmuir and Sips adsorption isotherm models. 

The results showed that all models fit well with the adsorption of Pb(II), Cd(II), and Zn(II), but 

the Sips model (R2>0.9622-0.9938) was found to be a better fit than the Freundlich and Langmuir 

model. This indicates that the biosorption occurs on monolayers. The Freundlich model revealed 

a favorable adsorption process with an N value between 1.43 and 7.31. In the Sips model, the 

variable ns denotes the quantity of active sites available for each heavy metal ion. A value of ns 

greater than 1 indicates that more than one binding sites is involved in adsorbing a single 

adsorbate (i.e., metal ions). Conversely, if ns is less than 1, it implies that a single binding site is 

responsible for adsorbing multiple adsorbates. As shown in Table 4-4, the ns values of all 

scenarios were smaller than 1 except for two occurrences, which had ns values slightly larger 

than 1, i.e., 1.24 for Pb(II) adsorption on B-9.5 and 1.27 for Cd(II) adsorption on B-7.5. These 

data, combining with the fast adsorption kinetics, indicating the adsorption was monolayer. Also 

according to the Sips model results, the biosorption capacity of B-9.5 was the highest among the 

three types of biosorbents, with biosorption capacities of 97.85, 46.32, and 47.08 mg/g for Pb(II), 

Cd(II), and Zn(II), respectively. The biosorption capacity of B-9.5 biomass for Pb(II) is 2.12 and 

2.58 times higher than that of B-8.5 and B-7.5 biomass, respectively. In addition, the ratios for 

Cd(II) are 2.07 and 3.76 times higher, and for Zn(II), 1.98 and 2.33 times higher compared to B-

8.5 and B-7.5 biomass, respectively. This can be attributed to the increase in the zeta potential of 

the cell surface and the number of carboxyl groups (COOH) on the cell wall when the alga was 

cultivated at an elevated pH in the tested range of pH7.5 to pH9.5. XPS data also showed an 

increase in the amount of protein on the cell surface when microalgae were cultivated under 

alkaline conditions, resulting in more functional groups (COOH) available for biosorption. 
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Metal properties are a crucial factor that relates to biosorption capacity. A previous study 

discovered that the same biomass could achieve a greater biosorption capacity when exposed to 

heavy metals with higher electronegativity and smaller metal radius [14]. Moreover, a linear 

relationship was established between the impact factor (I = Electronegativity/radius) and 

biosorption capacity (qm, mmol/g). In the current study, we observed a similar linear relationship 

between the impact factor and biosorption capacity of Pb(II), Cd(II), and Zn(II) by all the three 

biosorbents, which is compatible with the results of our previous studies [14].  

4.1.4.6 Pb(II), Cd(II) and Zn(II) biosorption in binary system 

  

Figure 4-6 Equilibrium biosorption of Pb(II) (A), Cd(II) (B) and Zn(II) (C) by B-9.5 biomass in 

binary systems: 50 mg/L initial heavy metal ion concentration, competitive metal ion Na(I), K(I), 

Ca(II), Pb(II), Cd(II), or Zn(II) at four different concentrations, i.e., 25, 50, 100, and 200 mg/L, 

with 0.5 g/L B-9.5 biomass at 25 ℃, pH 6. All the measurements were obtained in triplicates and 

the results were reported as mean values (n = 3). 
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The biosorption of heavy metal ions in multi-metal systems is a complex process due to the 

interaction between the solutes and the negative functional groups on the cell wall. In order to 

investigate this interaction,  the equilibrium biosorption of Pb(II), Cd(II), and Zn(II) in binary 

systems containing one competition ion, i.e., Na(I), K(I), Ca(II), Cd(II) or Zn(II) at various 

competition ion concentration, i.e., 25, 50, 100 and 200 mg/L, were tested. The adsorption tests 

were carried out at pH 6.0 and room temperature (25 ℃) with 0.5 g/L B-9.5 biomass. As shown 

in Figure 4-6A, the inhibitory effects all competition ions on Pb(II) were unsubstantial except for 

Zn(II), which increased slightly with Zn(II) concentration in the tested range. However, all 

competition ions showed significant inhibitory effects on the adsorption of Cd(II) and Zn(II) at 

all competition ion concentrations except for Na(II) at 25 mg/L, which demonstrated negligible 

inhibition on the adsorption of Zn(II). In addition, Pb(II) demonstrated the strongest inhibitory 

effect to the adsorption of Cd(II) and Zn(II) in comparison to other tested competition ions. For 

the same pair of heavy metal ion and competition ion, the inhibitory effect always increases with 

competition ion concentration. At the highest competition ion concentration, i.e., 200 mg/L, Zn(II) 

exhibited the greatest inhibition on Pb(II), leading to a reduction from 71.69 mg/g to 57.08 mg/g 

in equilibrium biosorption (a decrease of 20.37%) and Pb(II) exhibited the strongest inhibition to 

both Cd(II) and Zn(II),  and resulted in a 60.75% and 68.98% reduction, respectively. The 

inhibition by single valence metal ions, such as Na(I) and K(I), was much weaker than that of two 

valence metal ions, such as Ca(II), Pb(II), Cd(II), and Zn(II). Among the two valence metal ions, 

it was observed that a strong Lewis's metal, such as Pb(II), Cd(II), and Zn(II), had a stronger 

inhibitory effect  than a soft heavy metal ion, such as Ca(II). Interestingly, Pb(II) had a greater 

influence than Cd(II) and Zn(II), possibly due to its stronger electronegativity (2.33), which may 

result in a higher affinity for functional groups, such as -COOH, C-OH, C-N, and P=O. 
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In contrast to single-component studies, experimental studies that investigate the impacts of 

multicomponent systems on the biosorption process provide a more accurate representation of the 

actual wastewater treatment process. In a multicomponent system, the biosorption capacity of a 

particular metal ion is expected to be lower due to the presence of other positively charged heavy 

metal ions that compete for active sites on the biosorbent surface. There is evidence from several 

research studies that metal ions compete for adsorption sites. When algae are used as biosorbents, 

the biosorption capacity of Pb(II), Cd(II), Cu(II), and As(II) is reduced in a binary system 

compared to a single-component system [61]. Additionally, the biosorption capacity decreased 

further under ternary systems, demonstrating an antagonistic combined effect. In a study by Li et 

al. [94], Pb(II) was biosorbed by microalgae Chlorella sp. under ternary systems, for example, 

Pb-K-Na, Pb-Ca-Mg, Pb-Cu-Zn. They found the competition effect of Na(I) and K(I) barely had 

competition effect of Pb(II) biosorption, Ca(II) and Mg(II) slightly had competition on Pb(II) 

biosorption, Cu(II) and Zn(II) had the strongest inhibition effect, which supports our conclusion 

that heavy metal ions with two valences have greater ability to form binding sites than those with 

one valence. 
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4.1.4.7 Regeneration test 

 

Figure 4-7 Equilibrium biosorption of Pb(II), Cd(II) and Zn(II) after biosorption-desorption cycle 

using 0.5 g/L B-9.5, 50 mg/L heavy metal concentration, pH 6.0, 25℃. Mean values of triplets 

along with standard deviations (the error bars) are reported (n = 3). 

 

The regeneration of biosorbents can be accomplished via pH modulation, whereby heavy metal 

ions are eluted into the aqueous phase upon reduction of pH. Figure 4-7 depicts the uptake and 

desorption performance regeneration of Pb(II), Cd(II), and Zn(II) biosorption. A variety of 

reagents can be used for desorption of heavy metal ions, including H2SO4, HCl, HNO3, EDTA, 

NaEDTA, CaCl2, Na2CO3, and NaOH. According to Wang et al. [155], the highest desorption 

ratio can be achieved using four reagents: HCl, HNO3, EDTA, and NA2EDTA, with HNO3 being 

the most commonly used reagent for pH modification without heavy metal precipitation. This 

study employed 0.1 M HNO3 for the desorption process. Figure 4-6 shows that there was a 

reduction in the equilibrium biosorption of Pb(II), Cd(II), and Zn(II) with increasing cycle times. 
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After the fifth cycle, the equilibrium biosorption was 46.90, 11.36, and 8.96 mg/g, leading to 

reductions in equilibrium biosorption of 42.9%, 69.4%, and 55.1% for Pb(II), Cd(II), and Zn(II), 

respectively. It was observed that the biosorption reduced in the first cycle and slightly decreased 

in the subsequent recycle tests. Therefore, the method of desorbing heavy metal ions (changing 

pH) may affect the chemical and physical structure of functional groups on the surface of the cell, 

leading to a lower biosorption of these ions. Many studies have also shown that equilibrium 

biosorption decreases after biomass is recycled. For instance, the biosorption efficiency% of 

Pb(II), Cu(II), Cd(II), Zn(II) and Ni(II) after fifth cycle by an algal-based biosorbent (Fucus 

vesiculosus) were 73.6, 37, 5.4, 2.2 and 4.4%, respectively [87]. In the same way, after five 

cycles of biosorption, Chlorella vulgaris achieved a biosorption efficiency of 79.87% of Hg(II) 

[31]. According to that information, the amount of metal retained decreased significantly after 

five cycles.  
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4.1.5 Conclusions 

It is noteworthy that this investigation is the first to examine the impact of pH cultivation on the 

biosorption of heavy metals using N. oleoabundans, which underscores the originality and 

importance of the research results. The results of the study indicated that the biosorption of heavy 

metals was increasing when increasing the cultivation pH. The data obtained from the isotherm 

experiments indicated that the biosorption of heavy metals took place on the surface of the cell 

and was in agreement with the Sips model. XPS analysis revealed that the cultivation of the 

microalgae in a higher pH medium caused an increase in the content of protein and carboxyl 

groups on the cell wall, leading to a higher biosorption capacity of heavy metal ions. Moreover, 

the study confirmed the correlation between heavy metal properties and biosorption capacity.  
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4.2.1 Abstract 

This study developed a novel strategy for Pb(II) removal  from synthetic wastewater by 

Neochloris oleoabundans, in which algae was  cultivated in different concentration of  sodium 

bicarbonate and then the biomass was harvested as biosorbents for Pb(II) removal. The 

biosorption of lead by green alga Neochloris oleoabundans biomass was grown in media 

containing three different concentrations of sodium bicarbonate: 0 mM, 160 mM, and 320 mM, 

which exhibited lead adsorption capacity of 145.9, 327.26 and 494.14 mg Pb/g biomass, 

respectively. Isothermal data showed that the adsorption was monolayer Langmuir adsorption 

occurring at cell surface, which is supported by kinetic and thermodynamic evidence as well. The 

adsorption happens rapidly with equilibrium established within 5 minutes. The zeta potentials of 

these three types of biomasses increased sharply with the increase of sodium bicarbonate in 

medium, indicating an increase of negative charges on cell surface when increasing NaHCO3 

concentration in medium, which seems to be responsible for the increase of Pb(II) adsorption 

capacity. FTIR spectra indicated the presence of carbonyl, carboxyl, amide, and phosphate 

groups that might served as the sites of adsorption at cell surface. The effects of temperature and 

pH on lead adsorption were also studied. Finally, the inhibition of lead biosorption of N. 

oleoabundans biomass by competitive metal ions such as Na+, K+, Ca2+, Cu2+ and Zn2+ was 

shown to increase with the electronegativity of these ions.     

 

Keywords: lead removal, biosorption, microalgae, Neochloris oleoabundans        
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4.2.2 Introduction 

Heavy metal contamination is a growing concern worldwide due to the increase of discharges 

owing to population growth, urbanization, industrialization, and modernization of agriculture 

[156].. Of particular relevance, Lead, one of typical toxic heavy metal, can lead to kidney failure, 

impaired voluntary muscle function, and damage to nerve systems, especially that of a 

developing baby's brain [157]. Lead (II) is released into water through industrial processes such 

as printing, lead smelting, mine tailings, lead batteries, and glassmaking [111]. It poses a 

significant risk to aquatic lives, as well as human health due to its toxicity and inability to be 

biodegraded, leading to bioaccumulation moving up the trophic chain [158]. It is therefore 

imperative to remove them from wastewaters before discharging. Conventional methods for the 

removal of heavy metals include chemical precipitation [159], ion exchange [160], and 

membrane processes [161]. 

Chemical precipitation is a well-known method for heavy metal removal. Under primary 

conditions, heavy metal ions react with lime (i.e. CaO), sodium carbonate, or sodium sulfate to 

form metal-hydroxide, metal-carbonate, or metal-sulfate complexes, respectively, which 

precipitate out of the solution to form a sludge as shown in Equations 4.12-4.15 [162]. 

CaO + H2O → Ca(OH)2 4.12 

M2+ + Ca(OH)2 → M(OH)2 + Ca2+ 4.13 

M2+ + Na2CO3 → MCO3 + 2Na+ 4.14 

M2+ + Na2SO4 → MSO4 + 2Na+ 4.15 

 

Lime and sodium sulfate are used as precipitants since they are inexpensive, widely available, 

and easy to handle [162,163]. Chemical precipitation can effectively treat wastewater with a 

concentration of 1000 ppm of lead by optimizing different parameters, including pH, temperature, 

and chemical concentration [162]. However, this method is not suitable when metal ions are 
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present at low concentrations, which would require large amounts of chemicals to be used with 

very low efficiency. Another downside of chemical precipitation is that it produces a toxic sludge 

that requires further treatment, creating another environmental issue [162,163].  Moreover, this 

process discharges effluents into the ecosystem containing lower concentration heavy metal ions 

but still relatively high residual concentrations. Therefore, it is an economically viable way to 

mitigate the contamination of wastewaters containing a relatively high concentration of heavy 

metals but cannot solve the problem entirely. 

Ion exchange is another commonly used process for the removal of heavy metal ions, where 

heavy metal ions in aqueous solution exchange with co-ions (e.g., H+ and Na+) on the functional 

groups of ion exchangers to be removed [162,164]. This method can effectively remove low 

concentrations of heavy metal ions in water as opposed to chemical precipitation. However, it is 

easily fouled when the wastewater is not properly pretreated and the regeneration of ion 

exchangers may consume large quantities of acid (e.g., HCl) and base (e.g., NaOH) and generate 

large quantities of secondary wastewaters if an economically viable heavy metal recovery process 

is not in place [162].  

Nanofiltration (NF) and reverse osmosis (RO) are pressure-driven membrane filtration processes 

that can partially and completely reject heavy ions, respectively [165]. Reverse osmosis (RO) 

operates by applying a transmembrane pressure gradient larger than the osmotic pressure of the 

feed water to force water through a RO membrane that rejects all solids and solutes, including all 

ions. RO process requires high operational pressure and costly membranes. It an expensive and 

energy intensive process including relatively high operating costs, which containing labor, 

chemicals, membrane replacement, energy and sludge treatment costs [166]. 
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Biosorption has gained attention over the past few decades and has been established as an 

attractive alternative to the conventional methods for removing heavy metal ions from 

contaminated waters. For example, many plants, fungal, and bacterial species have been 

researched as potential biosorbents [113]. And, microalgae have gained traction as novel 

biosorbents since they offer several advantages including low operating cost because they are 

self-propagating and fast growing, high selectivity, and the capacity to adsorb or absorb metal 

ions at low concentrations [167].  In addition, volume reduction of heavy metal loaded biomass 

could be achieved by combustion for heat production and heavy metals could be recovered from 

the ashes. 

Studies have shown that medium composition such as phosphate concentration could affect the 

surface structure of microalgal cells and therefore their heavy metal ion adsorption capacity in a 

significant manner [93,94]. In the meantime, numerous studies have shown that the dissolved 

inorganic carbon (DIC) could affect the metabolism and cell morphology in significant manners.  

It has been established that DIC could serve as carbon source of some microalgal species [16], 

control protozoan contamination [168], and manipulate the metabolism of microalgae to increase 

lipid cell content and lipid productivity [96,169,170]. Of particular relevance, it was shown that 

DIC concentration could affect the cell morphology of microalgae [107]. It is therefore 

reasonable to hypothesize that DIC could affect the structure of cell surface of microalgae and 

hence their heavy metal adsorption/absorption behaviours. This study is the first time this 

hypothesis has ever been put into test and the results are affirmative and promising.  

This study investigated the biosorption of Pb (II) ions using green alga N. oleoabundans biomass 

grown in media at three different sodium bicarbonate concentrations-biomass-biomass. The 
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effects of pH, temperature, and competitive ions on Pb(II) adsorption capacity of biomass were 

investigated. Adsorption mechanisms were discussed based on isothermal, kinetic, and 

thermodynamic data, in combination with the zeta potentials and FTIR spectra of biomasses. 

4.2.3 Materials and methods 

4.2.3.1 Microalgal culture and media 

Neochloris oleoabundans, (UTEX# 1185) was purchased from the microalgal culture collection 

at the University of Texas in Austin. Biomass culture was grown in a Modified Bristol Medium 

containing (analytical grade, per liter): 0.35 g NaNO3, 0.138 g K2HPO4, 0.0823 g MgSO4, 0.025 

g CaCl2, 0.322 g  H2PO4, 0.025 g NaCl, 0.0068 g FeCl3 [96] and  1 mL of A5 solution, which was 

composed of (analytical grade, per liter) 1.6423 g EDTA-Fe, 2.86 g H3BO3, 1.81 g MnCl2·4H2O, 

0.22 g ZnSO4·7H2O, 0.079 g CuSO4·5H2O, and 0.039 g (NH4)6Mo7O2·4H2O was added [96].  

NaHCO3 (Sigma Aldrich, USA) was added to medium at concentrations specified in the text (i.e., 

0, 160, or 320mM NaHCO3). Media were sterilized prior to use at 121°C for 20 minutes.   

4.2.3.2 Microalgae cultivation 

The procedure for the microalgae cultivation was adopted from our previous work [96]. Briefly, 

N. oleoabundans was grown in a 3-L photobioreactor, which had been converted from a stirred 

tank BioFlow 110 bioreactor (New Brunswick Scientific GMI Inc., Canada) by equipping it with 

12 full spectrum lamps with a light density of 1700 μmol/(m2·s). The vessel of the bioreactor was 

made of heat resistant transparent glass with a wall thickness of 0.5 cm and diameter of 22.9 cm. 

The lamps were arranged evenly around the bioreactor (Philips Plant & Aquarium T18/15, 

Philips Electronics Ltd. ON, Canada) and programmed to be 12 hours on and 12 hours off.  

Before adding the inoculum to the medium, the medium containing vessel (working volume 2 L) 

was sterilized at 121°C for 20 minutes. After cooling to room temperature, the sterilized medium 
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was inoculated with 30 mL of inoculum to obtain 0.01g/L initial biomass concentration. 

Additionally, sterile sodium bicarbonate was added to the sterilized growth media at 

concentrations of 0 mM, 160 mM, and 320 mM, based on the experiment. The microalgal 

biomass grown in such media are presented as 0-biomass, 160-biomass, and 320-biomass, 

respectively, hereafter when applicable.  

Microalga cultivation was carried out at 25°C, 180 rpm, and pH 9.5. A constant flow of air 

enriched with CO2 was supplied at a rate of 1 LPM by passing the air through a bottle containing 

distilled water, a 0.20 μm microfiltration cartridge, and then sparging it to the culture from the 

bottom of the bioreactor. A stream of pure CO2 was introduced into the air stream through a gas 

mixer at a flowrate that is controlled automatically to maintain the culture pH constant at the set 

value, i.e., pH 9.5. Cells were harvested at the beginning of stationary phase, corresponding to 6-

16 days after inoculation, depending on the concentration of sodium bicarbonate present in the 

medium. Algal biomass was washed three times by centrifuged at 5000 rpm for 10 minutes to 

remove medium and cell debris. Algal samples were stored at -80°C until needed.  

4.2.3.3 Adsorption studies 

 

4.2.3.3.1 Stock solution preparation 

Stock solutions of 1000 ppm Pb2+, Zn2+, Cu2+, Ca2+, Na+, and K+ were prepared by dissolving an 

appropriate amount of Pb(NO3)2, Zn(NO3)2·6H2O (Strem Chemicals Inc., USA),  

Cu(NO3)2·2.5H2O (Alfa Aesar, USA), Ca(NO3)2, NaNO3 and KNO3 (Fisher Scientific, USA), 

respectively. 10 L of 68% HNO3 was added to stabilize the stock solution. 

4.2.3.3.2 Adsorption kinetic study 

Stock Pb(II) was added to algal biomass suspension of 320-biomass to achieve an initial lead 

metal concentration of 10, 50, 100 mg/L, later, pH was adjusted to 7 by 0.1 M NaOH and then 
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samples continuously oscillated at 180 RPM at 25℃ in darkness condition. After 1, 5, 10, 15, 20, 

25 and 30 minutes shaking, the supernatant was obtained by centrifugation with 13500 rpm for 

10 minutes, and the supernatant was further analyzed for Pb(II) concentration via iCETM 3300 

AAS atomic absorption spectrometer. To prevent Pb(II) precipitation caused by pH and lead to 

errors in results, the control group was used to correct the results. In the control group, all 

operations were consistent except for the use material of deionized water and pH was adjusted by 

0.1 M HNO3 and NaOH. Later, subsequent experiments were also compared with a control group 

using same procedures. Kinetics were analyzed using the pseudo-first order model (Eq 4.16) and 

the pseudo-second order model (Eq 4.17). 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) 4.16 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2 4.17 

Where qt (mg/g) is the amount of lead adsorbed per unit biomass at time t (min), qe (mg/g) is the 

amount of lead adsorbed per unit biomass at equilibrium, and k1 is a first order rate constant (min-

1), k2 is a second order rate constant (g·mg-1·min-1). 

4.2.3.3.3 Lead adsorption tests 

All lead biosorption tests were carried out in 2-mL centrifugal tubes. All experiments were 

performed in triplicates and mean ± standard deviation values are presented. Controls, i.e., 

aqueous solutions of Pb(NO3)2 at given concentration and pH, were subjected to AAS analysis 

for all adsorption tests to provide the accurate initial Pb(II) concentration of each group of tests. 

10 l nitric acid (60-70%) was added to 1.0 mL of samples after sampling. 

Adsorption kinetics was studied at three different Pb (II) concentrations, i.e., 10, 50, and 100 ppm, 

using 320-biomass at pH7.0 and a biomass concentration of 0.28 g/L. Samples in a series of 2-
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mL centrifugal tubes were prepared and then incubated. Three centrifugal tubes were taken each 

time, which were centrifuged at 6000 rpm to quench adsorption and collect supernatants for AAS 

analysis. Sampling was carried after 1 and 5 min of incubation and at 5-min intervals thereafter 

until 30 min of incubation.  

Adsorption isotherms of 0-biomass, 160-biomass, and 320-biomass were carried at pH 4, 5, 6, 

and 7. Biomass samples (0.22-0.31 g/L) were incubated with an initial lead concentration of 5-

200 ppm to determine the adsorption isotherm at pH 4-7. After 30 min, the supernatant of the 

sample following incubation was analyzed for the residual heavy metal concentration using AAS.  

Effects of temperature on lead adsorption isotherm were conducted using 320-biomass with a 

dosage of 0.3 g/L at pH 7 and four different temperatures, i.e., 25°C, 35°C, 45°C, and 55°C, with 

30 min incubation. The residual lead concentration in the liquid phase following adsorption was 

determined using AAS. Eq 4.18 and 4.19 were used to determine thermodynamic parameters 

ΔG°, ΔH°, and ΔS° [171]. 

       𝛥𝐺° = −𝑅𝑇𝐿𝑛(𝐾𝐿) 4.18 

  

      𝑙𝑛( 𝐾𝐿) =
𝛥𝑆°

𝑅
−

𝛥𝐻°

𝑅𝑇
 4.19 

Where KL is the Langmuir constant (L/mol) [45], R the universal gas constant (J/mol·K), and T 

the reaction temperature (K). 

Effects of competitive ions on Pb(II) adsorption isotherm were investigated with 320-biomass at 

biomass concentration 0.3 g/L. Each Pb(II) isotherm was obtained by increasing initial Pb(II) 

concentration from 5 to 200 mg/L and the competitive ions (Na+, K+, Ca2+, Cu2+ and Zn2+) 

concentration was the same, i.e., 100 mg/L. Samples were incubated for 30 mins at pH 7. At the 



 

 

105 

 

end of incubation, the samples were centrifuged and the supernatants were analyzed for residual 

lead concentration by AAS. 

4.2.3.4 Analytical Methods 

All analyses were performed in triplicates and mean ± standard deviation values are presented. 

4.2.3.4.1 Biomass concentration 

During the cultivation of microalgae, samples were taken on a daily basis to determine biomass 

concentration by measuring the optical density of culture using a GENESYSTM 10S UV-Vis 

spectrophotometer (Thermo Fisher Scientific Inc., USA) at wavelength 680 nm. To determine the 

cell weight (DCW) of culture, 50 ml algal sample was washed with deionized water for three 

times, then the centrifuged sample was placed in an oven at 80℃ for over 24 hours. The dry 

weight was measured repeatedly until constant dry weight. A standard curve was constructed to 

relate the optical density at 680 nm to the biomass concentration. 

4.2.3.4.2 Pb(II) concentration in liquid samples 

To analyze the residual heavy metal content in the supernatant, an iCETM 3300 AAS atomic 

absorption spectrometer (ThermoFisher Scientific, USA) was utilized at a wavelength specific to 

the heavy metal being analyzed. Standard curve was constructed using Pb(II) standard (Sigma 

Aldrich, USA).  Two drops of nitric acid (68%-70%) was added into sample upon sampling. 

4.2.3.4.3 Zeta Potential 

To measure the zeta potential of the cell surface, a Zetasizer Nano (Malvern Panalytical, UK) was 

used.  Samples were diluted 6 times using deionized water prior to measurement [97]. 

4.2.3.4.4 FTIR Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was used to investigate the interaction between 

functional groups at microalgal cell surface and metal ions. Samples were vacuum filtrated on a 

0.45 μm filter prior to measurement and dried under room temperature overnight. The FTIR 
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spectra of untreated and treated biomass (i.e. after Pb(II) loading) was determined by a Cary 630 

FTIR spectrophotometer (Agilent Technologies, USA).   

4.2.3.4.5 Adsorption Isotherm Modelling 

Experimental data were fitted to the Langmuir equation, i.e., Eq 4.20 [87] 

             𝑞𝑒𝑞 =
𝑞𝑚𝐾𝐿𝐶𝑒𝑞

1+𝐾𝐿𝐶𝑒𝑞
  

4.20 

 

Where qm is the maximum amount of metal ions adsorbed to the surface of the cells per gram of 

biomass (mg/g), qeq is the amount of metal ions adsorbed to the cell surface at equilibrium (mg/g), 

K is an affinity coefficient of the metal ions to the biomass (L/mg), and Ceq is the concentration 

of metal ions at equilibrium (mg/L).  

For Langmuir adsorption, RL [171] is a dimensionless separation factor defined by Equation 12, 

which measures the favourability of adsorption. Adsorption is favorable with 0<RL<1, 

unfavorable with RL>1, linear with RL=1 and irreversible with RL=0. It is defined by Eq 4.21. 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑜
 

4.21 

 

Additionally, the Freundlich isotherm model (Eq 4.22) was also used to fit the experimental data, 

where KF (mg1-ng-11n)and n are empirical constants [172]. 

       𝑞𝑒𝑞 = 𝐾𝐹𝐶𝑒𝑞
1/𝑛

 4.22  

Furthermore, in order to determine the efficiency of adsorption, Eq 4.23 was used to find the lead 

removal %: 
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                  Removal %   100%
i eq

i

C C
x

C

−
=  

4.23 

Where Ci represents the initial concentration of heavy metal (mg/L) and Ceq the concentration of 

heavy metal at equilibrium (mg/L) in liquid phase.  

4.2.3.4.6 Regeneration experiments 

Regeneration experiments were carried out with 50 mL 0.3 g/L 320-biomass with initial Pb(II) 

concentration of 50 mg/L and pH of 6.0 at 298 K. The mixture was oscillated at 160 rpm for 30 

min before being centrifuged at 5000 RPM. After washing with 50 mL deionized water for once, 

the Pb(II) loaded biomass slurry was transferred to 50 mL 0.1 N HNO3, incubated for 20 min by  

oscillating at 298 K and 160 RPM. The biomass was then separated by centrifugation at 5000 

RPM, for 10 min, washing three times with deionized water. The regenerated biomass was then 

subjected to the next cycle of adsorption. The adsorption-regeneration cycle was repeated 5 times. 

The regeneration efficiency of algae biomass was calculated using the following formula: 

%𝑅egeneration =
𝑞𝑒

𝑞𝑚
× 100% 4.24 

where qe and qm (mg/L) are the equilibrium biosorption of regenerated biomass or pristine 

biomass under the adsorption conditions of the regeneration tests and the adsorption capacity of 

pristine biomass, respectively. 

 



 

 

108 

 

4.2.4 Results and discussion 

4.2.4.1 FTIR spectra 

In order to determine the functional groups contributing to the biosorption, the FTIR spectra of  

cells from cultures containing 0 mM, 160 mM, and 320 mM NaHCO3 were compared before and 

after Pb(II) adsorption. The wavelengths where a shift occurred after lead adsorption are 

summarized in Figures 4-8 A-C and Table 4-5. 
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Figure 4-8 FTIR spectra of N. oleoabundans cells grown in media containing 0 mM NaHCO3 

(A), 160 mM NaHCO3 (B), and 320 mM NaHCO3 (C) before and after treatment with 100 ppm 

Pb(II) solution. 
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Table 4-5 Summary of change in FTIR of biomass before and after Pb(II) treatment. 

Biomass 
Before Pb(II) 

loading (cm-1) 

After Pb(II) 

loading (cm-1) 

Wavelength Shift 

(cm-1) 
Bond 

0 mM NaHCO3 

826.1 821.86 4.24 C-N 

999.65 999.58 0.07 C-O-C, C-OH 

1239.99 1240.54 -0.55 P=O 

1273.47 1273.40 0.07 P=O 

1635.74 1637.42 -1.68 C=O 

160 mM NaHCO3 

826.22 825.64 0.58 C-N 

1040.87 1052.81 -11.94 C-O-C, C-OH 

1237.25 1243.25 -6.00 P=O 

1274.20 1273.41 0.79 P=O 

1635.52 NP UD C=O 

320 mM NaHCO3 

820.47 825.22 -4.75 C-N 

1002.93 999.96 2.97 C-O-C, C-OH 

1159.15 1159.88 -0.73 C-O-C, C-OH 

1241.80 1240.28 1.52 P=O 

1273.10 1273.91 -0.81 P=O 

1646.14 NP UD C=O 

Note:  NP - no peak  

UD – wavelength shift undeterminable  

The FTIR spectra provided evidence of ionisable groups including hydroxyl, carboxyl, amide, 

and phosphate, which are presented on the algal cell wall and can directly contribute to the 

binding of heavy metal ions. As shown in Table 4-5, banding at 1000 cm-1, 1040 cm-1 and 1159 

cm-1 are representative of the C-O-C bond in glycosidic linkages and the hydroxyl C-OH group 

[173–175]. The existence of the phosphate P=O bond is evident through bands present at 1237-

1274 cm-1 [173]. There are a large variety of phosphate containing compounds in cells, including 

nucleic acids, phospholipids, glycerophospholipids including phosphatidylglycerols, vitamins 

(e.g., pyridoxal phosphate), and others. It is possible that the P=O group present is due to 

phosphatidylglycerols secreted by the algae to its cell surface as an lipid, as seen in other 

microalgal species [176]. An ionisable protein amide bond is shown through the carboxyl C=O 

stretching at 1640 cm-1 [173]. Finally, C-N bonds are shown through the band at 820 cm-1[177]. 
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The C-N band at 820 nm-1 experienced the largest wavelength shift before and after adsorption of 

lead onto the 0-biomass. These results suggest that the C-N group, which could be found in 

molecules such as proteins and/or peptidoglycan, could served as the major adsorption sites on 

the surface of the 0-biomass. It is worth noting that there are C=O group peaks (1635 cm-1) with 

all three untreated biomasses, which, however, disappeared from the 160-biomass and 320-

biomass after lead adsorption. This phenomenon might happen due to the shielding of the C=O 

bond by lead ions bound to it after lead adsorption. If this is indeed the case, then C=O is likely 

one of the major functional groups involved in lead adsorption. It was worth noting that the 

significantly larger lead adsorption capacities of the 160-biomass and the 320-biomass (p<0.05) 

could be at least partially attributed to enhanced abundances of C=O containing groups on the 

cell surfaces of these biomasses.  

Algal functional groups play an important role in the binding of heavy metal ions in adsorption 

process, which contains complexation, chelation and electron attraction. In surface adsorption, 

heavy metal ions are simply attached to the surface of algal cells [157]. The cell walls of 

microalgae N. oleoabundans has carbohydrate content, and the three most abundant components 

are rhamnose, galactose and glucuronic acid, which includes carboxyl group [178]. Changes in 

carboxyl functional groups were highlighted in this study to explain the higher Pb(II) removal of 

algae biobsorbent obtained from high-bicarbonate cultures.  
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4.2.4.2 Adsorption of heavy metals 

4.2.4.2.1 Kinetics  

0 5 10 15 20 25 30

0

50

100

150

200

250

 10 ppm
 50 ppm
 100 ppm
 pseudo-first
 pseudo-second

q e
q(
mg
 P
b/
g 
bi
om
as
s)

A

0 1 5 10 15 20 25 30 --
0

20

40

60

80

100

 10ppm
 50ppm
 100ppm

Re
mo
va
l 
ra
te
 %

Time(min)

B

 

Figure 4-9 Biosorption of lead over time using N. oleoabundans biomass at initial lead 

concentration of 10, 50, or 100 ppm at pH 7 A) lead adsorption per unit biomass vs time; B) lead 

% removal from aqueous solution vs time. 
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Table 4-6 Kinetic parameters of pseudo-first order and pseudo-second order models. 

 Concentration of Pb(II) ion solution (mg/L) 

Kinetic model Parameters 10 50 75 

Pseudo-first 

k1(min-1) 1.567 1.729 1.808 

qe(mg/g) 37.91 158.04 239.22 

R2 0.9998 0.9999 0.9999 

SSE(mg2/g2) 0.198 0.038 0.308 

RMSE(mg/g) 0.033 0.006 0.051 

 

Pseudo-second 

k2(g·mg-1·min-1) 0.074 0.037 0.020 

qe(mg/g) 38.70 160.77 242.98 

R2 0.9980 0.9989 0.9990 

SSE(mg2/g2) 2.422 23.344 50.219 

RMSE(mg/g) 0.404 3.891 8.370 

SSE : residual sum of squares 

RMSE : root mean square error 

 

Figure 4-9 shows the adsorption within a 30-min time course.  In fact, the plateaus were 

established within 5 minutes of adsorption. These results are compatible with literal data using 

different microalgae, e.g., those by Vilar et al.[80], where the equilibria were established rapidly 

at or before the first sampling, which were 10 minutes. Similarly, Roy et al. [179] reported that 

the adsorption equilibrium of Pb (II) by green alga Chlorella minutissima was established within 

15 minutes. The fast establishment of adsorption equilibria implies that the adsorption occurred at 

cell surface since absorption of lead ions across the cytoplasmic membrane of green alga into the 

cytoplasm of cells would take much longer time to reach equilibrium [108]. The rapid metal 

adsorption indicated that N. oleoabundans has the potential for practical applications from the 

kinetic perspective.   

The R2 values of fitting experimental data with the pseudo-first-order kinetic model in the range 

of 0.9998-0.9999, which were only slightly higher than that of the pseudo-second-order kinetic 

model, i.e., in the range of 0.9980-0.9990. This small difference is not sufficient to determine 
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with certainty one way or another. The ambiguity was due to the fast kinetics that allowed precise 

measurement of only two points before the plateau of adsorption was reached. It is worth noting 

that many researchers reported pseudo-second-order kinetics of Pb(II) adsorption by microalgae 

[36,94]. In the microstructure, biosorption mechanism including ion exchange, chelation and 

electrostatic attraction is investigated gradually by the advanced instruments. Ion exchange takes 

place between the positive charge on the surface of the algae(such as H+) and heavy metals. 

When the algae adsorb heavy metal ions, the elements that previously bound to the functional 

groups are released. The functional groups of algae(such as Polysaccharides, Proteins and Lipids) 

play important roles in chelation process and electrostatic attraction [157]. 
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4.2.4.2.2 Adsorption isotherms of N. oleoabundans cells grown in media of varied DIC 

 

Figure 4-10 Isotherms of Pb(II) adsorption using N. oleoabundans biomass grown in media 

containing 0, 160, or 320 mM at pH7.0 and fitted with: A) Langmuir model; and B) Freundlich 

model. 
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Figure 4-11 Effect of pH on zeta potential of living N. oleoabundans biomass. 

 

Table 4-7 Correlation of sodium bicarbonate concentration and adsorption values. Initial lead 

concentration = 5-200 ppm, biomass concentration = 0.27, 0.28, and 0.30 g/L, corresponding to 0 

mM, 160 mM and 320 mM, respectively, pH 4-7. 
   Langmuir Freundlich  

 pH 

Zeta 

Potential 

(mV) 

qm  

(mg/g) 

KL  

(L/mg) 
R2 

KF 

(mg1-

ng-11n) 

1/n R2 RL 

0 mM 

NaHCO3 

4 -23.3 139.14 0.413 0.9974 41.31 0.529 0.9870 0.012-0.326 

5 -22.9 141.61 0.382 0.9996 39.91 0.543 0.9814 0.013-0.344 

6 -25.7 142.52 0.443 0.9970 44.50 0.503 0.9750 0.111-0.311 

7 -31.6 145.90 0.319 0.9934 36.54 0.603 0.9869 0.015-0.385 

160 mM 

NaHCO3 

4 -29.7 278.75 0.343 0.9742 70.36 0.536 0.9132 0.060-0.391 

5 -37.0 287.61 0.311 0.9668 72.75 0.518 0.9185 0.055-0.368 

6 -38.4 317.36 0.319 0.9878 76.95 0.576 0.9555 0.065-0.411 

7 -48.8 327.26 0.287 0.9786 73.69 0.591 0.9422 0.059-0.385 

320 mM 

NaHCO3 

4 -50.3 482.99 0.087 0.9758 60.36 0.533 0.9132 0.319-0.701 

5 -52.1 487.47 0.086 0.9780 62.66 0.525 0.9128 0.324-0.705 

6 -52.9 491.54 0.084 0.9791 58.93 0.541 0.9209 0.324-0.705 

7 -59.5 494.14 0.084 0.9791 59.25 0.541 0.9209 0.288-0.700 
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Figure 4-10 shows the isotherms of Pb(II) ions adsorption at 25 oC and pH 7 on the N. 

oleoabundans biomasses grown in media containing 0 mM, 160 mM or 320 mM NaHCO3. As 

shown in Figures A  and B it is evident the experimental isotherms fit well with the Langmuir 

model but poorly with the Freundlich model. These observations are further confirmed by the 

data summarized in Table 4-7, which lists isothermal parameters of 0, 160, and 320-biomasses at 

different pH levels.  The R2 values show that the Langmuir model (0.9668< R2 <0.9996) is much 

higher than the Freundlich model (0.9128< R2 <0.987) when fitted with the experimental 

isotherms at all tested pH levels. Considering this piece of evidence, in combination with the 

observation of fast kinetics as discussed previously, we conclude that the biosorption of Pb(II) by 

N. oleoabundance cells as observed in this study is Langmuir adsorption, which involves 

adsorption of a monolayer of adsorbates (i.e. lead ions) onto the surface of absorbents (i.e. N. 

oleoabundans cells). As also shown in Table 4-7, RL values for all types of cells were calculated 

to be between 0.012-0.700, indicating favorable adsorption processes (0 < RL < 1). The Pb(II) 

adsorption capacities determined with the Langmuir model of the biomasses grown under three 

DIC concentrations followed the order of 0 mM<160 mM<320 mM. With the increase of DIC in 

medium, the functional binding group(hydroxyl, carboxyl, amide, and phosphate) increases, 

which may be one reason for improving the adsorption capacity of  Pb(II) metal ions using 

N. oleoabundans [180]. As shown in Table 4-7, qm of the three different biomasses as determined 

by the Langmuir model, when compared at the same pH, followed the following same order, i.e., 

qm,0<qm,160<qm,320, and the differences are quite significant. Using qm at pH 7.0 as examples, the 

qm values were 145.9, 327.26, and 494.14 mg/g for 0-biomass, 160-biomass, and 320-biomass, 

respectively. The significant difference of qm among the three different types of biomasses could 

be tentatively explained by the zeta potential differences.  
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In Figure 4-11, when compared at the same pH, the absolute value of the zeta potential of 

different biomasses differs from each other significantly according to the following order:  ζ-

potential,0 < ζ-potential,160 < ζ-potential,320. Zeta potential is the electrical potential at the 

slipping plane adjacent to the stagnant liquid layer attached to the surface of the dispersed 

particles in a colloid. It depends on the net electrical charge at the particle surface and the 

thickness of the stagnant liquid layer. Although zeta potential does not equal to the particle 

surface potential, it is the only means for researchers to characterize surface charges of particles 

dispersed in a colloid and has recently been employed by many researchers for the 

characterization of the surface charges of microalgal cells [40,41]. On the other hand, the qm of 

all three types of biomasses exhibited a trend of slight increase when pH increased in the range of 

4-7, while the KL in general decreased slightly. These results are accordance with literature data 

[55,65,80], confirming a significant effects of pH when it was 4 or below but only small impacts 

at pH levels between 4 and 7. As shown in Figure 4-11, the zeta potential of cells demonstrated 

significant increase with the DIC concentration in media. For the same biomass, the absolute 

value of zeta potential increased significantly with pH increase from 4 to 7 but at increments 

much smaller than that of the three different biomasses. For instance, at pH pH 7, the zeta 

potentials of 0-biomass, 160-biomass or 320-biomass at -31.6, -48.8 and -59.5 mv, respectively, 

while for 320-biomass, the zeta potentials were -50.3, -52.1, -52.9, and -59.5 mv at pH 4, 5, 6, 

and 7, respectively.  

 

https://en.wikipedia.org/wiki/Electric_charge
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4.2.4.2.3 Effect of Pb concentration 
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Figure 4-12 Equilibrium adsorption (A) and % removal (B) at different initial Pb(II) 

concentration (in the range of 5-100 ppm) at pH 7 and 25 ℃. 

 

Initial ion concentration is an important factor determining the driving force of mass transfer 

between the bulk solution and the surface of solid adsorbent. Figure 4-12 shows the qe (mg/g) and 

the % removal of Pb (II) at the same adsorbent (biomass) dose (0.3 g/L) at different lead 

concentrations ranging from 5 to 100 mg/L at 303.15 K. The equilibrium lead adsorption on unit 

biomass (qe) increased while the lead % removal decreased when the initial lead concentration 

increased with all the three different types of biomasses.  The lead % removal of 0 mM NaHCO3 

biomass decreased about three times from 91.5% to 31.8%and that the 160 mM NaHCO3 

biomass decreased nearly two times from 95.6% to 56.3%, when the initial lead concentration 

increased 20 times from 5 ppm to 100 ppm. For the same range of initial lead concentration 

change, the lead removal of the 320 mM NaHCO3 biomass decreased only slightly from 94.7% to 

88.9%. The different impacts of initial lead concentration on % lead removal can be explained by 

the aforementioned drastically different lead adsorption capacities of the three different 

biomasses. 

It is reasonable to hypothesize that at low metal ion concentration, the removal of metal ions is 

relatively high due to the abundant active sites on the surface of the adsorbent (i.e., biomass in 

this study) in relevance to the available metal ions, which lead to a relatively small ions/sites ratio 

[69]. With the increase of the initial metal ion concentration, the ratio would increase and 

eventually approach and then exceed 1, at which point the ions in solution would exceed 

adsorption capacity of the biomass. Since the 320-biomass had the largest number of adsorption 

ligands (corresponding to the largest qm) among the three, it is logical that the decrease of its lead % 
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removal with the increase of initial lead ion concentration was the slowest among the three types 

of biomasses. 

4.2.4.2.4 Thermodynamics of biosorption 

Experiments were performed to determine the adsorption capacities of 0, 160, and 320-biomasses 

in a temperature range of 25°C-55°C. A negligible difference in the adsorption capacity was 

observed over the four temperatures tested, as seen in Table 4-8. This is quite reasonable because 

the number of binding sites on the cell surface, which determines the adsorption capacity, is 

independent of adsorption temperature. For the thermodynamic parameters, a negative Gibbs free 

energy is seen across all four temperatures. A negative standard heat of adsorption (i.e., ΔH°) was 

obtained, indicating an exothermic adsorption. Furthermore, positive ΔS° values were seen across 

the temperatures tested, showing an increase in the randomness at the solid-solution interface 

during biosorption, which is likely caused by the replacement of Pb(II) ions for some of the water 

molecules on the adsorbent surface [94].  Since the adsorption has a positive entropy value, it is 

spontaneous over the temperature range tested. As shown in Figure 4-13 and Table 4-8, the 

standard Gibbs energy change, the standard entropy change, and the standard enthalpy change of 

lead adsorption by the three types of N. oleoabundans are all independent of temperature in the 

tested range.  

The standard enthalpy changes of adsorption showed an evident trend of decreasing when cells 

were grown in medium containing an increasing amount of DIC while both standard Gibbs 

energy change and standard entropy change did not exhibit significant variation among the three 

different types of biomass cultures. The negative ΔG° and positive ΔS° indicate the adsorption 

was an energy-independent spontaneous process and therefore surface adsorption since internal 

diffusion (alias absorption) by living cells would be an energy dependant process involving 
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positive transfer of lead ions across the cytoplasmic membrane of cells [38]. This observation is 

in accordance with the afore discussed kinetic and isothermal data. The negative value of ΔH° 

indicates the adsorption was an exothermal process. 

 

 

Figure 4-13 Adsorption of Pb(II) onto 0, 160, and 320-biomasses at temperature in the range of 

25°C-55°C with biomass dosage 0.30 g/L, initial lead ion concentration between 5.0 and 200.0 

ppm and pH 7. 

 

Table 4-8 Summary of thermodynamic parameters of lead ions adsorption by three biomasses 

with initial [Pb] = 5-200 ppm, [biomass] = 0.30 g/L, pH 7 in temperature range 25-55 °C. 
 T  

(K) 

qm 

(mg/g) 

KL  

(L/mol) 

ΔG° 

(kJ/mol) 

ΔS° 

(J/K·mol) 

ΔH° 

(kJ/mol) 

R2 

320 mM 

NaHCO3 

298 490.47 85656.48 -28.16 

74.06 -6.07 0.996 
308 492.56 78777.44 -27.95 

318 486.21 74094.72 -27.80 

328 487.32 68148.08 -27.58 

0.00299 0.00312 0.00325 0.00338
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160 mM 

NaHCO3 

298 313.28 56057.96 -27.10 

77.29 -4.08 0.943 
308 304.68 54559.90 -27.04 

318 307.73 50094.74 -26.83 

328 305.83 48795.60 -26.76 

0 mM NaHCO3 

298 139.14 17674.16 -24.24 

77.91 -1.32 0.978 
308 141.87 17446.24 -24.21 

318 138.77 17156.16 -24.17 

328 136.81 17052.56 -24.15 

4.2.4.3 Effects of competitive metal ions on lead biosorption  

Effects of 100 ppm Na+, K+, Ca2+, Zn2+, and Cu2+ on the adsorption of lead by N. oleoabundans 

biomass grown in culture containing 320 mM NaHCO3 (i.e., the 320-biomass) were tested at pH 

7 and 25oC and the results are shown in Figure 4-14. Experimental data were fitted to Langmuir 

model and the corresponding parameters are listed in Table 4-9. 

 

Figure 4-14 Pb(II) adsorption by 320-biomass at pH 7 and 25oC in binaries with the presence of 

100 ppm competitive metal ion (K+, Na+, Cu2+, Ca2+ or Cu2+) with a biomass dosage of 0.3 

g/L. Experimental data points (symbols) are fitted with Langmuir model (solid line) 

0 20 40 60 80 100

0

100

200

300

400

500
 pH7
 pH7 Under 100ppm Na
 pH7 Under 100ppm K
 pH7 Under 100ppm Ca
 pH7 Under 100ppm Zn
 pH7 Under 100ppm Cu

q
e
q
(
m
g
 
p
b
/
g
 
b
i
o
m
a
s
s
)

Ci(mg Pb/L)



 

 

123 

 

 

Table 4-9 Langmuir isotherm parameters of Pb(II) adsorption by 320-biomass at pH 7 and 25oC 

in binaries with the presence of 100 ppm competitive metal ions (K+, Na+, Cu2+, Ca2+ or Cu2+) 

with a biomass dosage of 0.3 g/L. 
   Langmuir Parameters 

Competition 

metal ions 

Concentration 

of competing 

ion (mM) 

Electronegativity 

[181] 
qm (mg/g) KL (L/mg) R2 

None 0 2.33* 490.41 0.099 0.968 

Ca2+ 2.50 0.82 410.35 0.075 0.975 

Na+ 4.35 0.93 421.46 0.081 0.992 

K+ 2.56 1.00 384.34 0.091 0.983 

Zn2+ 1.53 1.65 124.21 0.453 0.994 

Cu2+ 1.57 1.95 86.27 0.066 0.980 

*Electronegativity of Pb2+ 

As shown in Table 4-9, the highest Pb(II) adsorption capacity, 490.4 mg/g, was achieved in the 

absence of any competing metal ions. An inhibitory effect on the adsorption of Pb(II) was 

observed in binaries with the presence of 100 ppm of any of the five tested competitive ions, i.e., 

K+, Na+, Cu2+, Ca2+ and Cu2+. Copper presented the largest inhibitive effect on the adsorption of 

Pb(II) with lead adsorption capacity of 86.27 mg/g, which was only 17.6% of that of the pure 

lead solution (490.4 mg/g). On the other hand, sodium exhibits the smallest inhibitive effect with 

an adsorption capacity 85.9% of the pure lead solution. When the Langmuir model was used to fit 

the data to obtain the KL value, we found that the addition of 100 ppm zinc ions significantly 

increased the adsorption affinity (alias equilibrium constant) while the addition of all other four 

tested ions resulted in the decrease of equilibrium constant. Li et al.[94] investigated the 

performance of  Chlorella sp. biomass for adsorption of Pb(II) in tertiary systems including Pb2+-

K+-Na, Pb2+-Ca2+-Mg2+ and Pb2+-Cu2+-Zn2+ systems and found that K+ and Na+  have a little 

competitive effect,  Ca2+ and Mg2+ had a mild inhibitive effect, Cu2+ and Zn2+ exhibited the 

strongest inhibitive effect on Pb(II) adsorption, which are in accordance with our findings in this 

study. 
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A summary of the tested metal ions' electronegativities is presented in Table 5, together with their 

inhibitive effects. It is clear that as the electronegativity increased, a higher competitive effect to 

lead adsorption was observed. These results are compatible with a study by Rahman and 

Sathasivam Faculty[66] using Kappaphycus sp. cells for adsorption of a series of single metal ion 

systems, which reported that the adsorption capacity and affinity both increased with the 

electronegativity of metal ions. It is reasonably hypothesized that the metal ion with the lowest 

electronegativity would exhibit the least competitive effect on lead adsorption in a binary system 

due to its small affinity to adsorption sites on cell surface. Sodium exhibited a very small 

inhibitive effect, which corresponds to its small electronegativity in comparison to that of lead. 

On the other hand, copper had the largest electronegativity among the five competitive ions, 

which was close to that of lead. Consequently, Cu2+ showed the strongest inhibitive effect and 

adsorption capacity of lead at the presence of 100 ppm Cu2+ (86.3 mg/g) was only 17.6% of that 

of pure lead solution (490.4 mg/g). However,  when compared calcium and sodium, it seems to 

have an opposite result. Ca2+, which had a smaller electronegativity than Na+, exhibited a 

stronger inhibitive effect than Na+. This could be explained by the fact that, although both metal 

ions were present at 100 ppm, the molar concentration of Ca2+ (2.50 mM) was only 57.4% of Na+ 

(4.35 mM). The effects of a competitive ion is also related to its molar concentration. 
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4.2.4.4 Regeneration efficiency 
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Figure 4-15 Regeneration efficiency of 320-biomass in 5 adsorption/regeneration cycles at 298 K 

with initial Pb(II) concentration 50mg/L and pH 6.0 

 

As shown in Figure 4-15, equilibrium adsorption of the pristine biomass was 99.6% of the 

adsorption capacity of pristine biomass. However, the second cycle f adsorption, which involved 

biomass of one regeneration, had 64% of the adsorption capacity of the pristine biomass (i.e., 64% 

regeneration efficiency). After 3 cycles, the equilibrium adsorption of regenerated biomass was 

reduced to 49.5% (the 4th cycle). There was no significant difference (P>0.05) between the qe of 

the regenerated biomass after 4 regenerations (the 5th cycle) and 3 regenerations (the 4th cycle). 

The stabilized biomass (i.e., after three cycles) maintained an equilibrium adsorption of 103.94 

mg/L and a Pb(II) %removal of 54% at the tested conditions.  
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4.2.5 Conclusion 

Results of this study indicate that it is possible to remarkably increase the Pb(II) adsorption 

capacity of N. oleaabundans biomass by manipulating the composition of the growth medium, 

which in this study is to add an appropriate amount of DIC into the medium.  The highest Pb(II) 

adsorption capacity of the biomass grown in media containing 320 mM NaHCO3 (494.14 mg 

Pb/g biomass) was 3.4 times of that of biomass grown in medium containing 0 mM NaHCO3 

(145.9 mg Pb/g biomass). The increase of adsorption capacity with DIC concentration in the 

tested range, i.e., 0 to 320 mM, corresponded to the increase of the zeta potentials of cells. The 

changes in FTIR spectra of biomasses indicate that ionizable functional groups, including 

carbonyl, carboxyl, amide, and phosphate. The kinetics of adsorption equilibrium was completely 

established after 5min. The adsorption isotherm was fitted to Langmuir and characterized as 

monolayer surface adsorption. Thermodynamic data shows that adsorption is a spontaneous 

exothermic process. Results of studies on the effects of competitive ions in binary metal ions 

systems show that metal ions with larger electronegativity had a more severe inhibitory effect on 

the adsorption of lead ion.  
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4.3.1Abstract 

 

Green microalga Neochloris oleoabundans cultivated in media containing varied phosphate 

(K2HPO4) concentration was investigated as the biosorbent for Cu(II) removal from aqueous 

solutions. The highest adsorption capacity of 180.16 mg-Cu/g-biomass was achieved with 

biomass grown in media containing 300 mg/L K2HPO4, which was 2.4 and 2.3 times of that with 

the biomass obtained with medium containing 100 and 500 mg/L K2HPO4, respectively. A semi-

empirical isotherm model is proposed to account for the inhibition of Cu(II) adsorption by the 

cell aggregation induced by Cu(II). Furthermore, it was shown that the Cu(II) induced cell 

aggregation could be explored to enhance the sedimentation of biomasses to facilitate biomass 

separation. The Cu(II) adsorption was fast with equilibrium established within 10 minutes of 

contact time and adsorption kinetics was characterized as pseudo-second order. 

 

Key words: Copper removal, Biosorption, Microalgae, Flocculation, Neochloris oleoabundans        
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4.3.2 Introduction 

Copper is a heavy metal that has been exploited extensively since the ancient time of human 

history. In 2020, 23.4 million tons of copper were consumed worldwide [182]. Copper, like other 

heavy metals, could be discharged into the ecosystem via pathways including exhaust gases, 

sediment of dusts, industrial wastewaters without appropriate treatment and runoffs of 

contaminated soils [183]. Untreated industrial wastewaters containing high concentration of 

copper ions may also be discharged directly into rivers or lakes accidentally or in natural disasters. 

High concentration of copper in the aquatic ecosystem, which can ultimately reach humans via 

water consumption or biomagnification moving up along the food chain, may cause serious 

diseases such as cancer, nervous system damage and kidney failure [183]. Indeed, the copper 

concentration in the sediments of some polluted rivers could exceed hundreds of milligrams per 

kilogram sediment [3], indicating severe copper pollution in these waters, while the drinking 

water standards set by WHO and USEPA are 2.0 mg-Cu/L and 1.3 mg-Cu/L, respectively [5,6]. 

Therefore, it is important to develop cost-effective technologies for the removal of Cu(II) from 

contaminated waters or, even better, the recycle of copper as a valuable resource. 

Various technologies have been developed for the removal of cooper from aqueous systems, 

which include chemical precipitation [13], nanofiltration [184], solvent extraction [185], ion 

exchange [186], reverse osmosis [187] and adsorption [188]. Among these methods, adsorption is 

one of the most effective due to their simplicity, cost effectiveness, and eco-friendliness [14]. 

Biosorption is a special type of adsorption using biomasses as the adsorbents [189], and a wide 

variety of different biomasses, including yeasts, bacteria, plants and algae, have been investigated 

for this purpose[190]. Of particular relevance, the adsorption of heavy metals, including copper, 

from polluted water by aquatic plants and algae has received extensive attention [191]. 
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Microalgae have a number of advantages over other adsorbent technology, including their highly 

efficient capacity to adsorb metal ions from polluted water, the ability to reuse adsorbent material, 

low energy costs, and their ability to multiply quickly, therefore removing heavy metal ions from 

water at relatively low costs [192]. It is possible to use abiotic or dried microalgae for wastewater 

treatment, which has a high value and development potential [97]. 

However, low adsorption capacity is one of the major challenges in the application of biosorption 

to copper (II) recovery at large scale in wastewaters. To this end, researchers have successfully 

improved the heavy metal adsorption capacity of algal cells by modifying the culture medium. 

For instance, Gu et al. [67] investigated the effect of dissolved inorganic carbon (DIC) to green 

microalgae N. oleoabundans for biosorption of lead (II), showing that DIC could significantly 

influence biomass growth and biosorption of the cells. Joo et al. [18] found that algae growing in 

a phosphate rich medium could adsorb heavy metals significantly more than conventional growth 

medium, improving performance by 1.6-9.4 folds. Li et al. [42] proposed a method for the 

removal of lead (II) from water using Chlorella sp. QB-102 cultured in media containing 

different concentrations of phosphate (20, 40, 120, 280 and 580 mg/L) and found that the algal 

biomass grown in 280 mg/L phosphate medium had the highest adsorption capacity for Lead (II) 

(635.8 mg/g).  

On a related note, in a previous study, copper was found to cause the unicellular cells of N. 

oleoabundans to aggregate [14]. While the aggregation reduced the adsorption capacity, we 

hypothesize that copper may be employed to enhance the sedimentation of cells, leading to higher 

biomass recovery efficiency%. 
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In this study, we investigated for the first time the concentration of phosphate in medium on cell 

growth, cell surface structure, and Cu(II) adsorption of green microalgae N. oleoabundans. 

Flocculation of biomass was also investigated at different concentrations of Cu(II) to verify the 

feasibility of exploiting the cell aggregation accompanying Cu(II) for enhanced biomass recovery. 

4.3.3 Materials and methods 

4.3.3.1 Preparation of algal biomass and copper solution 

Neochloris oleoabundans, (UTEX# 1185) was purchased from the microalgal culture collection 

at the University of Texas in Austin. Modified Bristol Medium was using for biomass cultivation, 

which contained (analytical grade, per liter): 0.35 g NaNO3, 0.0823 g MgSO4, 0.025 g CaCl2, 

0.025 g NaCl, 0.0068 g FeCl3 [96] and 1 mL of A5 solution, which was composed of (analytical 

grade, per liter) 1.6423 g EDTA-Fe, 2.86 g H3BO3, 1.81 g MnCl2·4H2O, 0.22 g ZnSO4·7H2O, 

0.079 g CuSO4·5H2O, and 0.039 g (NH4)6Mo7O2·4H2O was added [96]. K2HPO4 (Sigma 

Aldrich, USA) was added to medium at concentrations as 100, 200, 300, 400 or 500 mg/L. The 

media were sterilized at 121°C for 20 minutes prior to use. The microalgae were cultivated for 15 

days until reaching transition phase, and then the biomass was harvested by centrifugation, which 

was washed twice using deionized water before being stored at -80 °C in a freezer for future use. 

Media containing five different phosphate concentrations, i.e., 100, 200, 300, 400 and 500 mg/L 

K2HPO4 (17.8, 35.6, 53.3, 71.1 and 88.9 mg/L phosphorus) were tested for alga cultivation and 

the algal biomasses grown in these media are reported as 100-P, 200-P, 300-P, 400-P and 500-P, 

respectively. 
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Copper stock solution (1000 mg/L) was prepared by dissolving appropriate amount of 

Cu(NO3)2·3H2O into deionized water. The chemical reagents used in this study were all of 

analytical grade and purchased from Sigma, USA. 

4.3.3.2 Batch biosorption experiments 

Batch biosorption experiment was carried out in a 2 mL centrifuge tube using deionized water, 

biomass, and Cu(II) stock solution to ensure a concentration of 5-50 mg/L Cu(II) and 0.3 g/L 

biomass under 25℃. The initial pH 7 of the mixture was adjusted to the desired value by adding 

0.1 N HCl or 0.1 NaOH prior to the addition of biomass. The biomass was taken out of the 

freezer and thawed at room temperature (25 ℃) in advance. Then the mixture was shaken at 180 

RPM for a period of contact time as specified in the text at room temperature, which was then 

centrifuged 13000 rpm(18500 rcf) for 10 min. The concentration of residue Cu(II) in the 

supernatant was determined using AAS. The detail is shown in previous paper [14]. 

There is an evaluation of the effect of initial pH (2-7), adsorbent dosage (0.05-0.3 g/L), initial 

copper concentration (5-50 mg/L) and contact times (1, 5, 15, 30, 45 minutes) under room 

temperature. 

All experiments were performed in triplets and the reported values are the arithmetic means with 

standard deviation (as errors bars in graphs).  

𝑞 =
𝐶0 − 𝐶

𝐶𝑏
 

4.25 

𝐶𝑜𝑝𝑝𝑒𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙% =
𝐶0 − 𝐶

𝐶0
× 100% 

4.26 

where C0 (mg/L) is the initial concentration of copper solution, C (mg/L) the final concentration 

of supernatant, Cb the concentration of biosorbents, i.e, algal biomass (g DCW/L), q (mg/g 
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DCW), the mass of Cu(II) adsorbed by unit mass of biosorbents, and %removal the efficiency of 

Cu(II) removal. 

4.3.3.3 Microalgal flocculation 

To ensure consistency of algae, 300-P biomass was used as the biosorbent in this experiment. 

The initial concentration of microalgal biomass in suspension was estimated from the optical 

density measured at 700 nm during the flocculation test. For each 10 mL 0.5 g/L algal sample in 

a 15 mL centrifuge tube, appropriate volume of the Cu(II) stock solution was added to reach a 

predetermined concentration of Cu(II), i.e., 0, 10, 20, 30, 40, 50, 100 and 200 mg/L, which is 

followed by rapid mixing using a vortexer for 30 seconds and then place on a test tube rocket 

upright. Sample of 1 mL was extracted from the supernatant without disturbing the settling cells 

at pre-determined time intervals, i.e., 5, 10, 30, 60 min, to measure the biomass concentration 

using UV-Vis spectrophotometer at 700 nm. The control group was obtained by centrifugation at 

4000rpm (5700 crf) for 10 minutes. 

The percentage of the microalgal biomass remaining in tube was estimated using Eq 4.27: 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠% =
𝐶𝑓

𝐶𝑖
× 100% 

4.27 

Harvest efficiency% is an intuitive way to express the efficiency of microalgae harvest by 

sedimentation, which can be expressed as Eq 4.28: 

𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦% =
𝐶𝑖 − 𝐶𝑓

𝐶𝑖
× 100% 

4.28 

where Ci (mg/L) and Cf (mg/L) are represent as the initial concentration of biomass and after the 

settlement of biomass at the end of Cu(II) adsorption. 
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4.3.3.4 Analyses and characterization 

For biomass concentration,  1 mL of the sample was extracted from the cultivation bottle and the 

optical density was determined by a GENESYSTM 10S UV-VIS spectrophotometer (Thermo 

Fisher Scientific Inc., USA). To avoid the interference of photosynthetic pigments, the 

wavelength of 700 nm was selected for spectrometric measurement of biomass concentration in 

this study. The biomass was centrifuged twice in deionized water under 5000 RPM to remove 

chemicals and debris remaining in the supernatant. The washed biomass was dried overnight in 

an oven at 60 ℃. Then, the dried biomass is weighed to get the dry biomass concentration. The 

linear relationship between OD700 and N. oleoabundans biomass concentration of was determined 

showing in following Eq 4.29.  

𝑋 = 0.4332 × 𝑂𝐷700 − 0.1051 4.29 

where OD700 is the optical density under 700 nm wavelength and X (g/L) refers to the dry cell 

weight (DCW) concentration of algal concentration. 

The following method was used to determine chlorophyll cell content [193]. Each 2 ml sample 

was centrifuged at 13,000 rpm (18500 crf) for five minutes. Afterwards, the supernatant was 

discarded leaving the algal pellet on the bottom, and 2 mL of 99.9% methanol was added to the 

pellet, mixed properly, and left in 4°C refrigerator overnight at in the dark. The following day, 

sample was centrifuged at 13,000 rpm (18500 crf) for five minutes, and the supernatant was used 

to estimate chlorophyll cell content. 1 mL sample was discharged into 2 mL cuvette and optical 

densities at 645 and 663 nm were determined using a spectrophotometer. Chlorophyll cell content 

(mg/g) in supernatant was determined and calculated according to the Eq 4.30 below: 

𝐶ℎ𝑙 (
𝑚𝑔

𝑔
) =

8.02 ∗ 𝑂𝐷663 + 20.21 ∗ 𝑂𝐷645

𝑋
 4.30 
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The concentration of copper in solution was determined by flame atomic absorption 

spectrophotometer (Thermo Fisher Scientific, USA). Since AAS cannot evaluate high copper 

concentrations beyond detection line, diluting the solution to a certain concentration using 

deionized water is necessary. The supernatant containing Cu(II) was diluted 10 times with 

deionized water within standard concentration and then the concentration was determined using 

AAS. 

To measure the zeta potential of cells, Zetasizer nanometers (Malvern Panalytical, UK) were used. 

Samples were diluted to 0.1 OD700 using deionized water before testing. 

The infrared spectra of cells with or without adsorption of Cu(II) were analyzed using a Cary 630 

FTIR spectrophotometer (Angellent technology, USA). Microalgae samples were prepared by 

filtering the culture using a 0.45 um membrane filter, dried at 60 °C in oven overnight, and then 

subjected to analysis. 

To measure phosphate concentration in medium, the molybdenum blue colorimetric method 

(Sigma Aldrich, USA) was used [194]. To determine the concentration of phosphate in the 

supernatant, centrifuge a 40mL sample for 10 minutes at 6000 rpm. After extract 1mL 

supernatant to 2 mL centrifuge tube, ammonium molybdate [(NH4)6Mo7O24·4H2O] was added 

into the mixed solutions and pH was adjusted to 5.5 by adding with 0.1 M HNO3 into the mixed 

solutions. The samples were incubated for 20 minutes before analyzing for color. GENESYSTM 

10S UV-VIS spectrophotometer (Thermo Fisher Scientific Inc., USA) was used to measure the 

absorbance of solutions at 880 nm. 
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For the determination of phosphate concentration in biomass, 20 ml of algae sediment were 

digested by adding 20 mL of 5% HNO3 solution in 1 hour. After that, 1 mL sample was extracted 

and measured using the molybdenum blue colorimetric method described before. 

  



 

 

137 

 

4.3.4 Results and discussion 

4.3.4.1 Effects of phosphate concentration on algal cell growth 

 

Figure 4-16 Growth curve biomass concentration (A) and chlorophyll cell content (B) for N. 

oleoabundans under different phosphate concentrations (initial biomass concentration 0.05g/L). 
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Table 4-10 Effects of different phosphate concentration on biomass, cell density, phosphate 

removal% of N. oleoabundans cultured for 15 days. 

 

K2HPO4  

(mg/L) 

N/P mass 

ratio 

Biomass 

(g/L) 

Cell density 

(106 cell/ml) 

Cell Mass 

(g/cell) 

max  

(day-1) 

Cell P-content 

(mg/g) 

Residual 

phosphate 

(mg/L) 

Phosphate 

removal 

(%) 

100 3.24 0.86 1.53 0.56 0.20 15.32 39.51 60.49 

200 1.62 1.06 1.28 0.83 0.21 19.42 37.38 81.31 

300 1.08 1.28 2.59 0.49 0.29 34.21 54.92 86.27 

400 0.81 0.97 1.20 0.81 0.24 24.23 42.46 85.85 

500 0.65 1.03 1.41 0.73 0.19 21.24 75.33 84.93 

 

Green alga N. oleoabundans was cultivated with initial concentration 0.05 g/L in medium 

containing varied initial phosphate concentration, i.e., 100, 200, 300, 400 and 500 mg/L K2HPO4, 

and the growth curves are shown in Figure 4-16A. Based on the data, there was a conventional 

microalgal growth pattern, with an exponential phase lasting from day 1 to 7. With the light 

limiting, microalgae entered the linear phase after 7 days of cultivation, and the highest biomass 

was harvested for all the cultures. 300 mg/L K2HPO4 was the optimal concentration for N. 

oleoabundans growth. Cell growth was significantly reduced when phosphate concentrations in 

medium increased to 400, 500 mg/L K2HPO4 or decreased to 100, 200 mg/L K2HPO4. The 

maximum biomass concentrations (achieved at the 15th day) were 0.86, 1.06, 1.28, 0.97 and 1.03 

g/L for 100, 200, 300, 400 and 500 mg/L K2HPO4, respectively. Those data are in general in 

agreement with that reported by Kim et al. [195] on three different microalgae, i.e., Chlorella sp., 

Dunaliella salina DCCBC2 and Dunaliella sp. It was found that increasing phosphate 

concentration from 4.4 to 69.68 mg/L K2HPO4 led to an increase in biomass concentration in 

culture but a reduction in biomass concentration when phosphate concentration further increased 
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to 348.4 mg/L K2HPO4. Similarly, Feng et al. [196] found that increasing phosphate 

concentration (0 to 40 mg/L K2HPO4) in the medium could result in the increase of biomass 

productivity of another green algae Chlorella zofingiensi. Also, Li et al. [42] investigated effect 

of phosphate concentration (0 to 580 mg/L) for Chlorella sp. QB- 102, getting highest biomass 

under 280 mg/L K2HPO4. 

As shown in Figure 4-16B, the chlorophyll cell content (mg/g) at different phosphate 

concentrations had very similar patterns, i.e., increasing in the first two days to reach a plateau of 

30.65, 28.79, 18.49, 15.99, and 22.25 ug/g for 100-P, 200-P, 300-P, 400-P, and 500-P biomass, 

respectively. These data point to a trend of decreasing that chlorophyll cell content with the 

increase of phosphate concentration with that of the 500-P biomass being seemingly an outlier. It 

has been well established that chlorophyll cell content can be modulated by culture conditions, 

which is dependent on both species and cultivation mode, such as light, phosphate concentration, 

temperature, nitrogen, agitation, and N/P mass ratio etc. [197]. Of particular relevance, our 

previous results [193] demonstrated that chlorophyll cell content would decrease under nitrogen 

limiting conditions since the N-rich chlorophyll molecules might be used as part of the 

intracellular nitrogen reservoir. The stable chlorophyll content of cells as shown in Figure 4-16B 

can thus be viewed as an indication that nitrogen limitation did not happen in the course of the 

15-day cultivation of N. oleoabundans under the tested conditions. Figure 4-16B also shows that 

the chlorophyll cell content in general decreased with the increase of phosphate concentration in 

medium with the 500-P as an exception. Since nitrogen source (i.e., NaNO3) concentration was 

the same in all the media used in this study, these results indicate a trend of decreasing cell 

chlorophyll content with the decrease of N/P mass ratio, which is compatible to many reports in 

literature. For instance, Song et al. [198] investigated the cultivation of marine microalga 
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Dunaliella tertiolecta under different N/P mass ratios and found that the chlorophyll cell content 

continued to increase when the N/P mass ratio increased from 8.8:1 to 35.4:1. Zhang et al.[199] 

reported in a study on nutrient (N and P) removal from synthetic municipal wastewater using C. 

vulgaris that, when increasing N/P mass ratio from 3.9 to 4.9, average chlorophyll-a increased 

from 27.01 mg/g to 32.58 mg/g.  

The biomass concentration, cell density, and phosphate removal efficiency% of N. oleoabundans 

cultured for 15 days are shown in Table 4-10. The tested N/P mass ratio was in the range of 0.65-

3.24, which is quite low comparing with commonly tested N/P mass ratio range in literature. This 

is because the primary objective of this research was to investigate the effects of phosphate in 

medium on the adsorption capacity of algal cells to remove Cu(II). The experimental results also 

provide an opportunity for us to evaluate the potential of N. oleoabundans for phosphate removal 

from high phosphate wastewaters, which is an important environmental challenge [200,201]. 

When the phosphate concentration was 100, 200, 300, 400, and 500 mg/L, the phosphate removal% 

were 60.5%, 81.3%, 86.3%, 85.8%, and 84.9%, respectively. It is interesting to notice that the 

phosphate removal increased with its concentration in medium in the range of 100-300 mg/L 

K2HPO4. These somewhat counterintuitive results could be explained by the increase of both 

biomass concentration and the P-contents of biomass (Table 4-10) in this range.  

While the results of the current study show that N. oleoabundans could achieve 60.49-86.27% P-

removal under the tested conditions, it is worth mentioning that the same alga has been 

demonstrated to be able to consume nitrogen and phosphate completely from wastewater 

containing high concentrations of phosphate (47.1 mg/L) and high sodium nitrate (850 mg/L) 

while achieving high biomass production (2.1 g/L) under optimal conditions [122]. In other 
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words, while there is a potential of using N. oleoabundans (and other microalgae) for 

simultaneous removal of nutrients (i.e., N and P) and heavy metal ions such as Cu(II) from 

contaminated wastewaters, certain tradeoffs may have to be made between the different 

objectives, which should be based on specific wastewaters to be treated. 

4.3.4.2 Characterization of the biosorbent 

4.3.4.2.1 FTIR spectra 

 

Figure 4-17 FTIR spectra of N. oleoabundans 300-P biomass before and after Cu(II) adsorption 

with 50 mg/L Cu(II) aqueous solution at pH 7.0. 

 

Table 4-11 FTIR peaks and redshift of 300-P biomass before and after Cu(II) adsorption. 

 Before (cm-1) After (cm-1) Redshift (cm-1) Redshift (%) 

100-P 

1148.17 1149.35 -1.18 0.10 

1241.15 1236.11 5.04 0.41 

1623.60 1622.51 1.09 0.07 

200-P 

1071.74 1075.25 -3.51 0.33 

1238.53 1308.06 -69.53 5.61 

1623.44 1636.43 -12.99 0.80 
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300-P 

1150.80 1150.62 0.18 0.02 

1236.77 1308.19 -71.42 5.77 

1653.20 1623.87 29.33 1.77 

400-P 

1150.87 1150.50 0.37 0.03 

1230.60 1289.69 -59.09 4.80 

2924.18 2930.55 -6.38 0.22 

500-P 
1243.27 1246.28 -3.01 0.24 

1623.58 1623.66 -0.09 0.01 

In FTIR analysis, the main bands corresponding to the functional groups of the sorbents before 

and after Cu(II) adsorption were identified within the range of 500~4000 cm-1 (Figure 4-17). The 

absorbance in the range of 3400~3600 cm-1represents the O-H groups, that in the 1590~1620 cm-

1 range is attributed to the asymmetrical stretching of C=O bond, which is commonly found in 

carboxylic (COOH) and acyl groups (C=O); the stretching of C-H bond absorb light in the range 

of 2880~2910 cm-1, and C-O-C stretching in the range of 1010~1034 cm-1; the peak at 1623 cm-1 

can be assigned to S=O stretching. The peaks representing phosphorus-oxy bonds, e.g., P=O 

stretch in organic phosphates, P-O-C stretch of aliphatic phosphates, P-O-C stretch of aromatic 

phosphates are 1350–1250, 1050–990 and 1240–1190/995–850 cm-1, respectively [202]. For 

methyl phosphonic acid, peaks for P-O-, P=O, P-OH were reported as 800-1050 cm-1, 1100-1300 

cm-1 and 2100-2220 cm-1, respectively [203]. As shown in Table 4-11, our results indicate that 

there is a peak in the range of 1350-1250 cm-1, which corresponds to the phosphorus bond (P=O) 

in organic phosphate at the surface of all pristine cells. This peak had substantial redshift from 

1238 cm-1 to 1308 cm-1 after Cu(II) adsorption (loading Cu(II)) with the exception of 500-P. 

Furthermore, as highlighted in Figure 2, the intensity of the peak on Cu(II) loaded biomass was 

vastly larger than that on the corresponding pristine biomass except 200-P. These data suggest 

that the P=O bond in organic phosphates in association with macromolecules on the surface of N. 
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oleoabundans likely served as one of the primary binding sites for Cu(II) adsorption. The binding 

of Cu(II) onto the partially negative O atom in the P=O bond might be responsible for both the 

redshift and increase of absorbance intensity as Cu(II) might attract the electron cloud of the P=O 

bond to it, causing redistribution of electron cloud within the bond. It has been demonstrated that 

both the spectrum shift of absorbance peak [204] and the change of peak intensity [205] might be 

associated with the change of the hybridization state or electron distribution within a molecular 

bond. According to FTIR,  N. oleoabundans cell wall has a bunch of carboxyl, phosphate and 

hydroxy group, which contributes to biosorption of Cu(II). 

4.3.4.2.2 Zeta potential of cells 

Zeta potential refers to the electrical potential developed at solid-liquid interfaces due to relative 

motion between solids and liquids. And the value of zeta potential could be used to describe ionic 

strength on cell surface [206,207]. The zeta potentials of different biomasses are shown in Figure 

4-18A as a function of pH. As data indicated, zeta potential data suggest that the surfaces of algae 

were all negatively charged in the pH range of 2 to 7. Since the highest adsorption capacity of 

Cu(II) was at pH 7 in the tested range, the following biosorption experiments were performed at 

pH 7. Furthermore, the absolute value of the negative zeta potential of biomass increased with 

increasing buffer pH. It is worth noting that the absolute value of zeta potential increased from 

100-P to 300-P and decreased from 300-P to 500-P, which is consistent with the pattern of the 

cell P-content (Table 1) and the equilibrium Cu(II) adsorption of corresponding biomasses 

(Figure 4-18B).  
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4.3.4.3 Adsorption of Cu(II) 

4.3.4.3.1 Effect of pH on Cu(II) adsorption 

 

Figure 4-18 Effect of pH value and phosphate concentration on Zeta potential (A) and 

equilibrium adsorption(B) of Cu(II) from pH 2-7 under 0.3 g/L biomass, 50mg/L Cu(II). 

 

The equilibrium adsorption of Cu(II) by different biomasses at different pH (2-7) was 

investigated at room temperature. The results are shown in Figure 3B. The equilibrium Cu(II) 

biosorption of all biomasses increased with increasing pH from 2 to 7. It should be noted that 

increasing of equilibrium adsorption with pH was more rapid in the pH range of 2-4 than in the 

range of 5-7, which are consistent with our previous results for lead adsorption using the same 
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type of algal species [14]. The effect of pH on equilibrium adsorption is relative with functional 

groups (carboxyl, phosphate and hydroxy) on cell surfaces. There is a competition between H(I) 

and Cu(II) for occupancy of the binding sites due to protonation of the active biosorption sites. 

As pH increases, equilibrium biosorption increases due to a decrease in competition between 

protons and metal ions for the same functional groups on the cell surface, resulting in a stronger 

electrostatic attraction between Cu(II) and functional groups. These results are in agreement with 

literature data as well. For instance, Wanta et al. [208] reported a similar result, in which they 

investigated the biosorption of Cu(II) using Chlorella sp. in which copper removal% increased 

from 35.2% to 96.1% when pH is increased from 2 to 5. Similarly, Fraile et al.[73] found that the 

equilibrium adsorption of Cu(II) by Chlorella sp. increased from 2.98 mg/L to 16.00 mg/L when 

pH increased from 1.5 to 5.  

With increasing pH, equilibrium adsorption increases, which is consistent with an increase in the 

absolute negative zeta potential. Moreover, the highest equilibrium Cu(II) adsorption was 

obtained by 300-P at the same pH. There may be some significance in the fact that this pattern 

agrees with that of the absolute value of the negative zeta potential, which also increased from 

100-P to 300-P, but decreased from 300-P to 500-P. Following the same pattern, the 300-P 

showed the highest zeta potential (Figure 4-18A), the highest cell P content (Table 4-10) and the 

greatest redshift (5.77% change) in FTIR spectrum (Table 4-11). It would seem that this 

observation confirms the hypothesis that the phosphoryl groups may be one of the primary 

functional groups in Cu(II) adsorption. With 300-P biosorbent at pH 7, the highest equilibrium 

biosorption could be obtained. Following experiments will be carried out under pH 7. 
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4.3.4.3.2 Biosorption kinetics 

 

Figure 4-19 Effect of contact time for the removal of Cu(II) ions onto N. oleoabundans using 

pseudo-first (A) and pseudo-second (B) model, 0.3 g/L biomass, 50ppm Cu(II) and pH7. 

 

Table 4-12 Kinetic parameters for the adsorption of Cu(II) on N. oleoabundans. 

  Concentration of Pb(II) ion solution (mg/L) 
 

Kinetic model Parameters 100 200 300 400 500 

Pseudo-first 

K1(min-1) 0.79 1.02 0.72 1.15 1.07 

qe,cal (mg/g) 70.26 80.15 122.89 92.41 68.34 

R2 0.9515 0.9563 0.9265 0.9573 0.969 

SSE 170.63 200.01 793.11 260.13 102.41 

       

Pseudo-second K2(g/min-2) 0.017 0.02 0.009 0.018 0.024 
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qe,cal(mg/g) 75.25 85.46 132.47 98.82 72.77 

R2 0.9792 0.9989 0.9737 0.9902 0.9927 

SSE 73.16 23.34 283.68 59.58 24.18 

 

The pseudo-first order model, i.e., Eq. 4.31, considers the rate of adsorption to be proportional to 

the number of unoccupied sites [209]: 

𝑄 = 𝑄𝑒[1 − exp(−𝑘1𝑡)] 4.31 

 

where k1 (min-1) is the rate constant of pseudo-first order, Qe (mg/g) and Q (mg/g) are the 

equilibrium Cu(II) adsorption and the Cu(II) adsorption at time t, respectively. 

The pseudo-second-order kinetic model, i.e., Eq. 4.32, assumes that the rate-controlling step of 

the biosorption process is the interaction between the unoccupied sites of the biosorbent and 

heavy metal ions [210]. 

𝑡

𝑄
=

1

𝑘2𝑄𝑒
2 +

𝑡

𝑄𝑒
 

4.32 

where k2 (g·mg−1·min−1) is the rate of constant of pseudo-second order. 

Kinetic parameters provide important information regarding the control mechanisms of 

biosorption processes, including mass transfer (i.e., diffusion) or ionic reaction, which is vital for 

the design and modeling of biosorption processes. As shown in Figure 4-19, that the Cu(II) 

equilibrium adsorption increased rapidly with time within the first 5 minutes and approached 

plateau at 10 minutes of incubation for all biosorbents. The Cu(II) adsorption increased only 

slightly between 10 and 30 minutes of incubation.  



 

 

148 

 

The kinetic data were fitted with the pseudo-first-order model and the pseudo-second-order 

model, and the relevant parameters are summarized in Table 4-12. The results indicate that the 

adsorption was the pseudo-second order (0.97<R2<1.00) not pseudo-first order (0.92<R2<0.97). 

This is compatible with studies by other researchers. For instance, Lucaci et al. reported pseudo-

second order adsorption of Cu(II) from aqueous solutions by marine Red Algae Callithamnion 

corymbosum sp., finding that based on the correlation coefficient (R2), the sorption kinetics was 

fitted by the pseudo-second-order kinetic model [190]. Among the different cultures, 300-P had 

the highest Cu(II) adsorption at any time. 

The removal of Cu(II) by microalgal cells could be achieved via two different processes, i.e., 

adsorption and absorption. The adsorption of heavy metal ions is a surface phenomenon which 

can be divided into three stages: 1) metal ions in the bulk solution migrate to the vicinity of a cell 

by convection; 2) metal ions diffuse to cell surface; 3) metal ions bind onto negatively charged 

functional groups at cell surface. The absorbance of Cu(II) and other metal ions involves the 

aforementioned adsorption plus the transportation of charged metal ions across a double-layer 

cytoplasmic membrane into the cell via specialized Cu transport [59].This process requires the 

consumption of bioenergy in the form of ATP and is a slow process comparing to adsorption. 

Since the removal of Cu(II) is quite fast in this study, it appears that adsorption, rather than 

absorption, is the main mechanism. 
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4.3.4.3.3 Biosorption isotherm 

 

Figure 4-20 Representation of equilibrium data fitted to the Langmuir (A), Freundlich (B) and 

semi-empirical isotherm (C) models for Cu(II) adsorption by N. oleoabundans, 0.3 g/L biomass, 

pH 7, and 5-50mg/L Cu(II). 
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Table 4-13 The isotherm model parameters for the adsorption of Cu(II) ions onto N. 

oleoabundans at various concentrations (5–50 mg/L). 

Biosorbent 

Langmuir Freundlich Semi-empirical 

qmax KL 
R2 KF  n R2 

qmax KM KI 
R2 

(mg/g) (L/mg) (mg/g) (mg/L) (mg/L) 

100-P 69.91 2.82 0.9799 48.9 8.66 0.8856 76.11 2.17 208.81 0.9921 

200-P 78.68 3.44 0.9514 54.41 7.81 0.8446 88.98 2.13 153.24 0.9655 

300-P 150.66 1.48 0.9468 85.67 5.62 0.7954 180.16 0.99 101.24 0.9643 

400-P 98.88 1.83 0.9667 62.94 7.09 0.826 117.01 1.16 103.39 0.9973 

500-P 65.55 1.69 0.9511 43.35 8.05 0.8384 77.47 1.08 109.96 0.9813 

 

The capacity of an adsorbent can be described by equilibrium adsorption isotherm, which is 

characterized by certain constants whose values express the surface properties and affinity of the 

adsorbent. The Langmuir isotherm is probably the most widely applied adsorption isotherm [211]. 

A basic assumption of this model is that adsorption takes place at specific homogeneous sites 

within the adsorbent. The saturated monolayer isotherm is represented as below: 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

4.33 

where qm(mg/g) is the adsorption capacity and KL(L/mg) is an affinity constant related to the 

energy of adsorption. The value of KL indicates the strength or affinity of the Cu(II) from 

synthetic wastewater [212]. 

The Freundlich isotherm is an empirical isotherm that can be used for non-ideal adsorption and 

expressed as follows [213]: 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 4.34 



 

 

151 

 

where KF and n are the Freundlich constants parameter related to the adsorption capacity and 

adsorption intensity of the adsorbent, respectively. 

It is obvious that a model accounting for the effect of Cu(II) on cell aggregation during 

adsorption is needed to accurately simulating the adsorption process. However, it is difficult to 

establish a theoretical model to describe this complex effect. Hence, we propose three parameters 

semi-empirical isotherm model for the system based on non-competitive inhibition, showing in 

Eq. 4.35. This model assumes that, as the initial heavy metal concentrations increase, biosorbents 

aggregate then reduce the amount of functional groups on the cell surface and specific surface 

area, reducing equilibrium adsorption. 

𝑞𝑒 =
𝑞𝑚

1 +
𝐾𝑀
𝐶𝑒

+
𝐶𝑒
𝐾𝐼

 
4.35 

Where qm is the maximum equilibrium adsorption (a.k.a. adsorption capacity), KM (mg/L) is the 

modified-Langmuir constant, and KI (mg/L) is the inhibition constant accounting for the 

reduction of Cu(II) adsorption caused by cell aggregation due to the addition of Cu(II) in samples. 

The experimental data were fitted to the Langmuir, Freundlich and semi-empirical isotherm 

models as shown in Figure 4-20. For all biosorbents, equilibrium adsorption increases with 

increasing Cu(II) concentration. The Langmuir (Figure 4-20A), Freundlich (Figure 4-20B), and 

semi-empirical isotherm (Figure 4-20C) models were fitted with experimental data using the 

nonlinear fitting tool in Origin. The isothermal parameters and R2 obtained from the isothermal 

model are listed in Table 4-13. The results showed that the R2 value of semi-empirical isotherm 

model (0.96<R2<1.00) was higher than Langmuir model (0.94<R2<0.98) and Freundlich model 
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(0.82<R2<0.89) for all the different biomasses obtained with media containing different 

phosphate concentrations. 

According to the semi-empirical isotherm, the qmax is in the order of 300-P (180.16 mg/g)>400-P 

(117.01 mg/g)>200-P(88.98 mg/g)>500-P(77.47 mg/g)>100-P (76.11 mg/g). The adsorption 

capacity of 300-P is 2.36 times higher that of 100-P. It can be intuitively stated that the phosphate 

content had somehow influenced the surface structure of algal cells, which in turn had enormous 

impact on the adsorption of Cu(II). A table listing some of the biosorption properties (biosorption 

capacity, pH and contact time) of algal biomass as biosorbents can be found in Table 5. 

Comparatively, N. oleoabundans biomass was a very good biosorbent to remove Cu(II) due to its 

higher biosoprtion capacity (180.16 mg/g) and shorter reaction time (10 mins). Furthermore, 

Biosorbent 300-P showed the highest biosorption capacity compared to other phosphate-based 

biosorbents. It was suggested that the biomass could be enhanced by changing cultivation 

conditions to act as biosorbents for Cu(II) removal.  
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4.3.4.3.4 Effect of biomass dosage 

 

Figure 4-21 Effect of adsorbent dosage for equilibrium adsorption (A) and Cu(II) removal% (B) 

of Cu(II) ions onto N. oleoabundans,  pH 7, 5 ppm Cu(II) initial concentration. 

 

Effect of biomass dosage in the range of 0.05-0.3 g/L was studied at pH 7, contact time 30 min, 

room temperature, and initial Cu(II) concentration 5 ppm and the results are shown in Figure 6. 

The equilibrium adsorption (Figure 4-21A) decreased with the increase of the dosage of all five 
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different biomasses, i.e., 100-P, 200-P, 300-P, 400-P, and 500-P. It is of interest to note that the 

equilibrium adsorptions of different biomasses exhibited relatively large differences at low 

biomass dosages but converged at a dosage of 0.125 g/L and beyond. These results may be 

explained by the fact that all tests were carried out at the same Cu(II) concentration of 5 ppm, 

which was apparently not sufficient to saturate the biomass even at the lowest dosage of 0.05 g/L 

since the equilibrium adsorption was lower than the qmax of corresponding biomass as listed in 

Table 4 with that of 100-P being an outlier. As a result, when the biomass dosage increased, the 

equilibrium adsorption would decrease as Cu(II) ions available per unit biomass would decrease. 

The converge of equilibrium adsorption of different biomasses at large dosages occurred when 

the binding sites on different biomasses were all in excess that their differences only had 

marginal effects on adsorption. According to Figure 4-21B, when biomass dosage increased from 

0.05 to 0.3 g/L, Cu(II) %removal increased at the same initial 5 ppm Cu(II) concentration and 90% 

Cu(II) %removal was achieved when the biomass dosage was 0.105 g/L and beyond. 
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4.3.4.4 Microalgal Flocculation 

 

Figure 4-22 The change of N. oleoabundans biomass in cell suspension at different time (0-60 

min) (A) and biomass harvest efficiency% (B) using Cu(II) as the flocculant with 0.5 g/L 300-P 

biomass. 
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Table 4-14 Comparison of different inorganic chemical flocculants on biomass harvesting 

efficiency%. 
Chemical 

flocculants 

Optimal 

dosage(g/L) 

Microalgae 

Species 

Biomass 

(g/L) 

Harvesting 

efficiency% 

Settle 

time(mins) 

Ref. 

Al2(SO4)3 2.5 

Chlorella 

vulgaris 

1.2 92.4 10 [214] 

Al2(SO4)3 1.5 Scenedesmus sp. 0.4 99.4 10 [215] 

FeCl3 0.2 

Chlorella 

zofingiensis 

0.5 >90% 60 [216] 

FeCl3 7.0 Scenedesmus sp. 0.4 98.4 10 [215] 

FeSO4 1.5 Scenedesmus sp. 0.4 69.0 10 [215] 

Fe2(SO4)3 1 

Chlorella 

minutissima 

0.5 >99.0 60 [217] 

CuSO4 (Cu 0.2g/L) 0.5 N. oleoabundans 0.5 94.6 10 This study 

 

Sedimentation is a low-cost and energy-saving approach for biomass recovery. However, 

microalgae have a density similar to water and have a cell size of 2-20 mm, resulting in a slow 

sedimentation process that is time consuming and of low efficiency. The driving force of 

sedimentation is the buoyance force of cells in suspension, which is proportional to the density 

difference of the cells and water and the cell volume. Flocculation, which is based on the 

principle of adding flocculants to induce cell aggregation, would cause the formation of cell 

aggregates magnitudes larger than individual cells and therefore drastically increase the speed of 

sedimentation. In our previous studies [14], it was observed that Cu(II) could result in the 
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aggregation of N. oleoabundans cells. The effectiveness of Cu(II) as a flocculant was tested in the 

concentration range of 0-200 ppm and the results are shown in Figure 4-22.   

As shown in Figures 4-22B, harvest efficiency% increased with Cu(II) dosage in the range of 0-

200 ppm. Figure 4-22A illustrates residual biomass% at different times during sedimentation. 

During the time period 0-60 minutes, biomass in suspension decreased quickly in the first 10 

minutes and with very little changes occurred afterward except for Cu(II) of 20 ppm or below. 

Figure 4-22B shows that the biomass harvest efficiency% increased with Cu(II) concentration 

and the highest biomass recovery efficiency% of 94.6% was achieved with 200 ppm Cu(II). 

Results indicate that 90% biomass harvest was achieved at 100 mg/L. It is also obvious that 

enhanced sedimentation of N. oleoabundans could be obtained when it is applied for Cu(II) 

removal from wastewaters of relatively low Cu(II) concentration. 

Table 4-15 provides a comparison of the different inorganic chemical flocculants commonly used 

in microalgae harvesting. Those result shows that copper sulfate could be employed as good 

inorganic flocculants for microalgae harvesting, due to low dosage (0.2 g/L Cu), high harvesting 

efficiency% (94.6%) and short settle time (10 mins). 

Table 4-15 Comparative study of the biosorption capacity of Cu(II) with other biosorbents. 

Biosorbent Optimal pH 
adsorption capacity 

(mg/g) 
Contact time (min) Reference 

Callithamnion 

corymbosum sp. 

(Red algae) 

4.4 47.62 60 [190] 

Spirulina platensis 7 26.24 120 [218] 

Modified Padina 

sanctae crucis 

(brown algae) 

6 14.00 80 [113] 

Cystoseira indica 6 103.09 240 [112] 
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Arthrospira 

platensis 
5 40.65 15 [219] 

Durvillaea 

antarctica 
5 91.51 120 [220] 

Neochloris 

oleoabundans 
7 180.16 10 This study 

 

4.3.5 Conclusions 

Results indicate that varying phosphate concentration of medium could cause the change of 

properties including zeta potential of the cell surface of green alga N. oleoabundans, leading to 

varied adsorption behaviours of the biomass. Indeed, the cells grown in medium containing 300 

mg/L K2HPO4 showed the highest biomass yield (1.28 g/L), the highest cell phosphate content 

concentration (34.21 mg/g), the largest negative zeta potential, and the highest Cu(II) adsorption 

capacity (180.16 mg/g). According to the FTIR results, while carboxyl, hydroxyl, and phosphate-

based functional groups may have contributed to Cu(II) biosorption, phosphate-based functional 

groups, most likely phoshoxel groups, are the most important. Furthermore, copper (II) has been 

found to be an effective flocculant for algal recovery. In other words, cell aggregation induced by 

Cu(II) might enhance biomass harvest although the cell aggregation caused the decrease of Cu(II) 

adsorption. A semi-empirical isotherm model is proposed to account for the inhibitive effect of 

Cu(II) on the adsorption of biomass on itself.  
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4.4.1 Abstract 

This study presents an innovative approach to enhance the biosorption capacity of Pb(II) from 

synthetic wastewater by cultivating Neochloris oleoabundans using various sodium nitrate 

concentration (125, 250, 500, 650, 800 mg NaNO3/L) as biosorbents. The cultivation condition 

with 800 mg/L NaNO3 exhibited the highest levels of biomass production (2.41 g/L), pigment 

content (Chlorophyll a 29.19 mg/g, Chlorophyll b 16.78 mg/g, and Carotenoid 5.02 mg/g), and 

zeta potential (-23.41 mV). Furthermore, the biosorption of Pb(II) demonstrated an increasing 

trend as the pH rose from 2.0 to 6.0. The Sips model was employed to fit the biosorbent isotherm, 

and the culture cultivated under 800 mg/L NaNO3 exhibited the highest biosorption capacity 

(60.26 mg/g) for Pb(II), which was 3.40 times greater than that of the culture with 125 mg/L 

NaNO3 (17.72 mg/g). X-ray photoelectron spectroscopy (XPS) analysis revealed that the 

microalgae surface cultivated in the high medium-nitrate condition exhibited elevated protein 

content (95.28%) and carboxyl groups (52.88%), contributing to the enhanced biosorption 

capacity. For the competition test, Cu(II) has the highest inhibition effect of biosorption capacity 

of Pb(II) compared with other metal ions. The findings suggest that the biosorption of Pb(II) can 

be substantially enhanced by cultivating the microalgae in a higher sodium nitrate condition. 

Key words: Biosorption, Sodium nitrate, Pb(II), Neochloris oleoabundans   
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4.4.2 Introduction 

The contamination of aquatic ecosystems by heavy metal ions (HMIs) has emerged as a critical 

global environmental issue [221]. HMIs presence in wastewater poses a significant threat to the 

environment due to their non-biodegradable nature and potential harm to aquatic microorganisms 

and humans. Moreover, HMIs can be accumulated in higher levels through the food chain, 

amplifying their impact on ecosystems [222]. Lead (Pb), for instance, is highly toxic to humans, 

causing severe damage to the skin, nervous system, stomach, kidneys, and digestive system 

[223–225]. Consequently, lead is subject to stringent drinking water standards, with limits set at 

parts per billion (ppb) by health jurisdictions such as the World Health Organization (WHO) and 

the U.S. Environmental Protection Agency (USEPA) [5,6]. However, the prevalence of excessive 

lead pollution in various regions worldwide, surpassing these established standards, has become a 

concerning issue, as observed in locations such as Ross Barnett Reservoir, American [226], Nova 

Scotia, Canada [227], Zijiang River, China [228], Bartin River, Turkey [229] etc. Conventional 

techniques including ion exchange, chemical precipitation, membrane filtration, and electrolysis 

have been employed to remove Pb(II) from wastewater [230]. Nevertheless, these conventional 

methods often suffer from drawbacks such as high costs, limited feasibility, reduced efficiency, 

and negative environmental impact [231]. One major drawback is their high expense, energy 

requirements, and the generation of substantial amounts of sludge or other waste products that 

necessitate proper disposal [232]. Conversely, microalgae-based biosorption of HMIs offers 

several advantages, including enhanced efficiency, reduced costs, and the ability to selectively 

remove specific HMIs [125,155]. Microalgae also possess the capability to accumulate HMIs 

from dilute solutions, enabling them to meet drinking water standards and making them ideal for 

treating natural water bodies. Furthermore, the biomass produced during microalgae biosorption 
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can be further processed into value-added products such as biofuels or fertilizers, which can 

offset the treatment process's costs [20]. 

The process of HMIs removal by microalgae is complex and involves two mechanisms: bio-

adsorption (extracellular) and bio-absorption (intracellular) [36]. The extracellular bio-adsorption 

of HMIs by microalgal biomass is a primary mechanism responsible for their removal from 

aquatic environments. This conclusion is supported by studies analyzing the biosorption of HMIs 

(such as Zn(II) and Cu(II)) using Chlorella pyrenoidosa and Scenedesmus obliquus [233], as well 

as the biosorption of Zn(II) and Cd(II) by Chlorella vulgaris [234]. These studies found that the 

primary contribution to HMIs removal occurs through the extracellular process, which involves 

the negative functional groups on the microalgal surface. Extracellular polymeric substances 

(EPS), composed of a diverse range of biomolecules such as carbohydrates, lipids, proteins, and 

negative functional groups like COOH, OH, SO4, and PO4, play a crucial role in HMIs removal 

[235,236]. 

Currently, multiple approaches exist to enhance the biosorption capacity of microalgae through 

cultivation. One such approach involves manipulating various cultivation parameters to optimize 

biosorption capacity. For example, 1) the cultivation stage can impact biosorption capacity [128], 

2) phosphate levels in the medium can affect biosorption capacity, with optimal conditions 

varying across different strains [126,237], 3) dissolved inorganic carbon sources can improve 

Pb(II) biosorption capacity  [43], and 4) medium pH can enhance HMIs biosorption [238]. 

Cultivation parameters can modify cellular growth and wall composition, particularly the 

negative functional groups on the cell wall, thereby affecting HMIs biosorption. 
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Nitrate, like phosphate, is a crucial factor in microalgal cultivation, playing a significant role in 

regulating the growth and physiology of microalgae. Nitrate has been observed to influence the 

biochemical composition of microalgal cells, including protein production [239]. Furthermore, 

nitrate availability can also modulate the biochemical composition of the cell surface, which, in 

turn, affects HMIs biosorption by microalgae. A study demonstrated that medium-nitrate levels 

affect the biochemical composition (protein, lipid, and carbohydrate) of C. pyrenoidosa and S. 

obliquus [240]. Considering the alterations that occur in the biochemical composition of 

microalgae, it is reasonable to assume that the concentration of sodium nitrate could also impact 

the functional groups on the cell surface involved in HMIs removal. Hence, optimizing the nitrate 

concentration in microalgae cultivation is necessary to improve biomass production and its 

efficiency in HMIs removal. 

This study systematically examines the impact of varying concentrations of sodium nitrate 

(ranging from 125 to 800 mg/L NaNO3) on the cultivation of the microalga Neochloris 

oleoabundans and its ability to remove Pb(II). Pb(II) removal was investigated in terms of 

kinetics, isotherm, and thermodynamics by assessing the effects of contact time, initial heavy 

metal ion concentration, and temperature. Additionally, the study evaluates the biosorption 

isotherm of Pb(II) in a binary system with competing metals such as Na(I), K(I), Ca(II), Zn(II), 

Cd(II), Ni(II), Co(II), and Cu(II). X-ray photoelectron spectroscopy (XPS) is employed to 

determine the possible functional groups and biochemical composition on the cell surface. An 

analysis of cultivation conditions is conducted to underscore the impact of these conditions on the 

biosorption capacity of HMIs.  
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4.4.3 Material and methods 

All experiments and determinations were conducted in triplicate. 

4.4.3.1 Microalgal cultivation and biosorbent preparation 

The microalgae strain Neochloris oleoabundans (UTEX#1185) was acquired from the University 

of Texas and cultivated in a Modified Bristol Medium (MBM) supplemented with varying 

concentrations of sodium nitrate (NaNO3) [14]. The concentrations used were 125, 250, 500, 650, 

and 800 mg NaNO3/L, corresponding to nitrogen concentrations of 20.60, 41.20, 82.40, 107.12, 

and 131.84 mg N/L, respectively. The medium was sterilized by autoclaving at 121°C for 20 min. 

After cooling to room temperature (25°C), 0.5 L of the sterilized medium was added to a 1 L 

cultivation flask bottle. The bottle was then inoculated with 20 mL of microalgal incubation 

seeds (107 cells/mL), and the pH was maintained at 7.5 using a programmed aeration system with 

a mixture of 5% CO2 and air. The microalgal culture was cultivated for 11 days, and the resulting 

biomass was harvested and stored at -80 ℃ for further use. 

To prepare the biosorbent, the frozen microalgal biomass was thawed overnight in a refrigerator 

at 4 ℃ and subsequently washed three times with deionized water to remove any residual 

chemicals or debris. The biomass was then suspended in an appropriate volume of deionized 

water. In the subsequent sections of the study, the microalgal biomass obtained from the different 

sodium nitrate concentrations of 125, 250, 500, 650, and 800 mg NaNO3/L were denoted as 125-

N, 250-N, 500-N, 650-N, and 800-N, respectively. 

4.4.3.2 Biosorption 

To prepare the stock solution of Pb(II), 1.60 g of Pb(NO3)2 (Strem Chemicals Inc., USA) was 

dissolved in deionized water using a 1.0 L graduated cylinder to obtain a concentration of 1000 
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mg/L Pb(II). The stock solution was stored in a 1.0 L white plastic bottle, protected from direct 

light, and kept at room temperature. 

4.4.3.2.1 Experimental design 

The study investigated several parameters, including contact time (5 to 60 min), initial Pb(II) 

concentration (10 to 200 mg/L), pH (2 to 6), and temperature (20 to 60 ℃), using a biomass 

dosage of 0.5 g/L. These parameters were analyzed to understand the kinetics, isotherm, and 

thermodynamics models of biosorption comprehensively. The experiments were conducted in 2.0 

mL microcentrifuge tubes with a 1.5 mL mixture. Prior to incubation, the pH of the mixture was 

adjusted to the desired value using 0.1 M HNO3. The mixture was agitated using a shaker device 

(Multitron-Pro, Infors HT, Switzerland) at 200 r/min. After reaching the desired contact time, the 

sample was centrifuged for 1.5 min at 13,500 r/min to obtain a supernatant of the mixture 

solution. The concentration of Pb(II) in the aqueous solution was determined using Flame 

Absorption Atom Spectrometer (FAAS). Control groups without biomass were also included for 

comparison during the experiment. 

4.4.3.2.2 Binary system 

The influence of competitive metal ions, including Na(I), K(I), Ca(II), Zn(II), Cd(II), Ni(II), 

Co(II), and Cu(II), on the biosorption of Pb(II) in a binary system was investigated. The 

experiments were conducted at room temperature (25 ℃) with an optimal pH of 6.0, using a 

constant biomass concentration of 0.5 g/L. Isotherm experiments were carried out using a 1 

mmol/L concentration of competitive metal ions and Pb(II) concentrations ranging from 10 to 

200 mg/L. After a 10-minute incubation, the mixture was centrifuged for 1.5 min at 13,500 r/min 

to obtain the supernatant. The remaining Pb(II) concentration in the supernatant was determined 

using FAAS. 
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4.4.3.3 Measurements and analysis 

4.4.3.3.1 Biomass concentration 

The growth of each microalgal culture was monitored for 11 days using a UV/Vis 

spectrophotometer (GENESYS™ 10S, Thermo Fisher Scientific Inc., USA) at a wavelength of 

700 nm, which serves as an indicator of the living cell concentration. The dry cell weight (DCW) 

of the microalgal biomass was determined by drying the biomass overnight at 60 ℃. A linear 

relationship was observed between the microalgal dry weight and the optical density (OD700), 

with high correlation coefficients (R2) close to 1.0 (0.9994-0.9999). This allowed for the 

monitoring of microalgal growth using the spectrophotometric method. The results are presented 

below: 

𝑥 = 𝐶 ∗ 𝑂𝐷700 4.36 

where the x (g/L) is the biomass concentration, C (g/(L*OD)) is the convert factor and OD700 is 

the optical density under 700 nm wavelength. The convert factor exhibits variations among 

various culture biomass and has been presented in Table 1. 

The microalgal growth curve, biomass doubling time, changes in specific growth rate during the 

exponential phase (days 2-5), and biomass dosage after 10 days of cultivation were determined 

by analyzing the correlation curves between OD700 and dry weight. The specific growth rate and 

doubling time were calculated using the Eq 4.37&4.38. 

𝜇 =
(𝐿𝑛𝑥1) − (𝐿𝑛𝑥2)

𝑡
4.37 

𝑑𝑡 =
𝐿𝑛(2)

𝜇
4.38 

where 𝜇 is the specific growth rate (day-1), and x1 (g/L) and x2 (g/L) are the biomass at day 5 and 

day 2, respectively. And dt is compounding to doubling time (day). 
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4.4.3.3.2 Nitrate concentration 

The concentration of nitrate was determined using an Agilent 1200 series High-Performance 

Liquid Chromatography (HPLC) system (Agilent Instruments, Stockport, U.K) equipped with an 

Anion IC-PAKTM column (50 × 4.6 mm, 10 µm particle size, Waters, Millipore, USA), as 

previously described [241]. The mobile phase consisted of a borate buffer/gluconate concentrate, 

methanol, acetonitrile, and deionized water in a ratio of 2:12:12:74 (v/v/v/v) at a flow rate of 1 

mL/min. The UV detector was set at 220 nm, and the pH of the mobile phase was adjusted to 8.5. 

The borate buffer/gluconate concentrate was prepared by dissolving 0.07 M sodium gluconate, 

0.3 M H3BO3, 0.1 M Na2B4O7, and 3.8 M glycerol in deionized water. The analysis was 

conducted at 50 ℃ with an injection volume of 30 µL and a retention time of approximately 5 

min. Sample concentrations were determined by dilution according to a pre-determined standard 

curve. 

The cellular nitrate concentration (mg N/g biomass) was calculated using the following equation: 

𝐶𝑁 =
𝑁𝑖 − 𝑁𝑓

𝑥
4.39 

where CN is the cellular nitrate concentration (mg N/g biomass), Ni and Nf are the nitrate 

concentration (mg N/L) on day 0 and day 11, respectively, and x is the biomass concentration 

(g/L) on day 11. 

4.4.3.3.3 Pigment concentration 

The determination of pigment content in N. oleoabundans culture was performed using a 

sampling method after washing the biomass [242]. Briefly, 1 mL of the culture suspension was 

centrifuged for 1.5 min, and the supernatant was carefully removed with a pipette. The pellet 

biomass was then treated with 1 mL of 100% methanol to extract Chlorophyll a, Chlorophyll b, 

and Carotenoid pigments. The samples were stored overnight at 4 ℃. Methanol was used as the 



 

 

168 

 

diluent instead of water to prevent any redshift in determination. The pigment extracts were 

subjected to spectral measurements on a spectrophotometer within the wavelength range of 400 

to 800 nm using a 0.1 cm cuvette. The concentration of pigments in the aqueous extract was 

determined using the optical density corresponding to the respective wavelengths, according to 

the method described by Wellburn [242]: 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 =
16.72𝐴665.2 − 9.16𝐴652.4

𝑥
4.40 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑏 =
34.09𝐴652.4 − 15.28𝐴665.2

𝑥
4.41 

𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑 =
(1000𝐴470 − 1.63𝐶𝑎 − 104.96𝐶𝑏)

221𝑥
4.42 

Where x (g/L) is the biomass concentration. Chlorophyll a, Chlorophyll b and Carotenoid (mg/g) 

are the pigment concentration in biomass. A665.2, A652.4 and A470 are the optical density of 

wavelength under 665.2, 652.4 and 470 nm. 

4.4.3.3.4 Pb(II) concentration 

Pb(II) concentration was determined using Flame Absorption Atom Spectrometer (FAAS). The 

supernatant solutions obtained after centrifugation were diluted with deionized water to achieve a 

concentration range of 0.1 to 10 mg/L. To stabilize the solutions, 10 µL of 68% HNO3 was added 

to each sample. Calibration curves were constructed using standard Pb(II) solutions (Sigma-

Aldrich, Canada) at concentrations of 2, 4, 6, 8, and 10 mg/L. 2 mL sample was injected into the 

sample collector, and the Pb(II) concentration was determined at a wavelength of 217 nm. 

4.4.3.3.5 Zeta potential 

Zeta potential, which assesses the electrostatic repulsion between charged particles in microalgal 

biomass, was measured using a zeta potential analyzer (Mastersizer 2000, UK) over a pH range 

of 2 to 6. The measurements were conducted at a standard temperature of 20 ℃. Triplicate 
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cultures were measured to ensure result reliability, with each sample providing 10-20 readings 

per dataset. 

4.4.3.3.6 XPS 

To analyze the functional groups on the cell surface, 2 mL of microalgal biomass suspension was 

filtered using a cellulose acetate filter (0.45 µm, Satorius). The filtrate was then resuspended in 1 

mL of distilled water. The cells were subjected to centrifugation (5000g, 4 min, 5417C, 

Eppendorf, Germany), washed with 1 mL of distilled water, and centrifugation was repeated. The 

resulting pellets were resuspended in 100-200 µL of distilled water, depending on the cell density. 

Subsequently, 1 mL volumes of the resuspended samples (containing approximately <105 cells) 

were placed in a cabinet dryer and dried for 5 min at 60 ℃. Infrared spectra were recorded in 

transmission mode using 32 scans co-added to improve the signal-to-noise ratio, in the spectral 

range of 4000-700 cm-1. The freeze-dried samples were fully ground using an agate mortar for X-

ray photoelectron spectroscopy (XPS) analysis. The resulting data was sorted, and the 

corresponding spectra were obtained through peak processing using the Casa software. The 

carbon spectra were characterized by binding energies at 284.8, 286.4, 287.8, and 289.2 eV, 

while oxygen scanning was performed at binding energies of 531.4, 532.6, and 533.4 eV. 

Nitrogen spectra exhibited two peaks at 399.8 and 402.5 eV. 

The dominant components on the surface of microalgal cells, including polysaccharides, proteins, 

and hydrocarbons, were determined based on the elemental ratios of [N/C] and [O/C]. The 

macromolecular composition was calculated using Eqs 4.43-4.45 [135]: 

[
𝑁

𝐶
] = 0.279 (

𝐶𝑃𝑅

𝐶
) 4.43 

[
𝑂

𝐶
] = 0.325 (

𝐶𝑃𝑅

𝐶
) + 0.833 (

𝐶𝑃𝑆

𝐶
) 4.44 
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[
𝐶

𝐶
] = (

𝐶𝑃𝑅

𝐶
) + (

𝐶𝑃𝑆

𝐶
) + (

𝐶𝐻𝐶

𝐶
) = 1 4.45 

the symbols [N/C], [O/C], and [C/C] represent the elemental composition ratios of the cell 

surface. Additionally, (CPR/C), (CPS/C), (CHC/C) denote the ratios of carbon in proteins, 

polysaccharides, and hydrocarbons to the total carbon, respectively. 

4.4.4 Results and discussions 

4.4.4.1 Effect of nitrate on microalgal cultivation 

 

Figure 4-23 Growth of microalgal N. oleoabundans under different concentration of NaNO3 

(125-800 mg/L): A) Effect of NaNO3 on microalgal biomass, B) NaNO3 consumption, C) 

Biomass zeta potential from pH 2.0 to 6.0 at day 11, and D) photosynthesis pigments. 
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Table 4-16 Effect of sodium nitrate on convert factor (g/L*OD), biomass(g/L), doubling time 

(day), cellular nitrate content (mg/g) and pigment concentration (mg/g) by microalgal N. 

oleoabundans harvested at 11 day. 
NaNO3 

(mg/L) 

N/P ratio 

(g/g) 

Convert factor 

(g/L*OD) 

Biomass 

(g/L) 

µ 

(day-1) 

τd 

(day) 

CN 

(mg/g) 

Chlorophyll 

a (mg/g) 

Chlorophyll 

b (mg/g) 

Carotenoid 

(mg/g) 

125 0.21 0.55 0.88 0.76 1.31 22.59 5.27 1.54 2.19 

250 0.42 0.63 1.48 0.73 1.37 27.39 18.00 10.35 3.10 

500 0.84 0.63 2.09 0.81 1.23 39.16 22.22 12.77 3.82 

650 1.09 0.66 2.40 0.84 1.19 44.33 24.32 14.52 4.05 

800 1.35 0.70 2.41 0.90 1.11 54.59 29.19 16.78 5.02 

 

The availability of essential micronutrients, such as nitrate, is critical for the optimal growth and 

cellular metabolism of microalgae. This study investigated the effect of nitrate on the growth of 

Neochloris oleoabundans by varying the concentrations of NaNO3 (125, 250, 500, 650, and 800 

mg/L). Throughout microalgal cultivation, four distinct growth phases were observed: log phase, 

exponential phase, linear phase, and stationary phase. However, distinguishing between the 

different growth phases was challenging due to the rapid depletion of NaNO3. The cultures with 

lower concentrations of NaNO3 reached the stable phase more quickly. Figure 4-23A illustrates 

the exponential growth period for the five cultures between day 2 and day 5. The time-course 

profiles of NaNO3 concentrations for the cultures of 125, 250, 500, 650, and 800 mg/L are shown 

in Figure 1B. It is worth noting that cell growth continued even after the nitrate concentration in 

the culture reached zero, likely due to the utilization of nitrogenous biochemicals, such as 

pigments, within the cells [243]. The conversion factor for biomass slightly increased with 

increasing NaNO3 concentration, resulting in varying biomass results for the same strain. The 

highest biomass concentration of N. oleoabundans was achieved with 800 mg/L NaNO3, reaching 

2.41 g/L DCW on the 11th day, while the lowest biomass concentration was obtained with 150 

mg/L NaNO3, yielding only 0.88 g/L DCW on the 11th day. The culture with 800 mg/L NaNO3 
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also exhibited the highest specific growth rate of 0.90 day-1, corresponding to the shortest 

doubling time of 1.11 days. 

Nitrogen is a critical element in the molecules of chlorophyll a, b and carotenoids, which are 

essential for efficient light absorption during photosynthesis. In this study, pigment 

concentrations were measured in microalgae cultures at day 11, as presented in Figure 4-23D. 

The results showed that the pigment concentrations (mg/g) for chlorophyll a, chlorophyll b, and 

carotenoids increased from 5.27 to 29.19, 1.54 to 16.78, and 2.19 to 5.02, respectively, with an 

increase in NaNO3 concentration from 125 to 800 mg/L. It is important to note that the pigment 

concentrations were measured in mg/g rather than mg/L, and if converted to mg/L, the 

differences in pigment content production would have been even greater due to the biomass 

concentration (g/L). Previous research has confirmed that the efficiency of microalgal 

photosynthesis can be affected by nitrate concentration due to the biochemical role of pigment 

synthesis. For example, Song et al. [198] studied the effect of sodium nitrate on the 

photosynthesis of the microalga Dunaliella tertiolecta and found that as the nitrate concentration 

increased from 63.74 to 2039.87 mg NaNO3/L, the total chlorophyll content increased from 20 to 

29 mg/g. Liao et al. [243] reported a direct relationship between chlorophyll content and residual 

nitrate concentration. When external nitrogen sources are exhausted, the chlorophyll content 

decreases as microalgae cells utilize chlorophylls as an intracellular nitrogen source to support 

their continued growth. Moreover, Li's study [128] indicated that the highest biosorption capacity 

of Pb(II) can be achieved by biomass harvested in the stable phase (day 11) compared to the 

exponential and death phases. To simplify the naming of the biomass cultures cultivated with 

different nitrate concentrations (ranging from 125 to 800 mg NaNO3/L) and harvested on day 11, 

they were referred to as 125-N, 250-N, 500-N, 650-N, and 800-N. 
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Zeta potential is a useful parameter for evaluating the biosorption capacity of HMIs. It is widely 

accepted that a lower zeta potential value (mV) corresponds to a higher biosorption capacity for 

HMIs [244]. The relationship between the zeta potential and biomass at different pH values 

(ranging from 2.0 to 6.0) is shown in Figure 4-23C. The results revealed that the zeta potential of 

the biomass decreased as the concentration of NaNO3 increased from 125 to 800 mg/L at all pH 

values. Additionally, the negative zeta potential of 800-N decreased from -14.31 mV to -23.41 

mV as the pH increased from 2.0 to 6.0. The lowest zeta potential value (-5.12 mV) was obtained 

by 125-N at pH 2.0. Due to the different zeta potential values obtained with different cultures, it 

is reasonable to assume that the biosorption capacity of Pb(II) may vary. Specifically, the highest 

biosorption capacity of Pb(II) is expected to be obtained by 800-N biomass at pH 6.0, which is 

characterized by the most negative zeta potential value (-23.41 mV). Numerous studies have 

established a positive correlation between increased zeta potential and greater biosorption of 

HMIs [94,237]. For example, Xia et al. reported that the zeta potential of Chlorella sorokiniana 

cultures cultivated with different phosphate concentrations differed, and biomass cultivated with 

160 mg/L phosphate had a higher net negative zeta potential than P-20 within pH ranges from 2.0 

to 8.0, resulting in a greater capacity to adsorb Cd(II) [237]. Our hypothesis should be interpreted 

clearly, as the nitrate content has a major influence on cell metabolism, especially on the cell wall, 

as the composition of the cell wall plays a vital role in the biosorption capacity of HMIs. 

It has been confirmed that various nitrate concentration in medium that results difference of dried 

cell weight, lipid and carbohydrate content [198,245,246]. For instance, Araujo et al. investigated 

the effect of sodium nitrate on four microalgal species cultivation (Chlorella vulgaris, 

Nannochloropsis oculata, Tetraselmis chui, and Tetraselmis tetrathele), reporting that when 

increasing NaNO3 form 25 to 75 mg/L, the cell number and cell weight were increasing sharply 
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[239]. And the highest biomass for Chlorella vulgaris, Nannochloropsis oculata, Tetraselmis 

chui, and Tetraselmis tetrathele were 1.9, 1.1, 2.2 and 3.4 g/L, respectively. Sun et al. also 

studied the effect of nitrate on microalgal Chlorella sorokiniana cultivation, when nitrate 

concentration used from 60.71- 971.43 mg NaNO3/L, the biomass increases and achieved the 

highest value of 2.3 g/L at 485.71 mg NaNO3/L, then biomass became decreasing, which means 

higher nitrate concentration pose a negative effect on microalgal growth [247]. They explained 

this maybe due to the effect of pH drop to pH 3.0 for microalgal cultivation. Another 

investigation found that higher concentration of sodium nitrate (measuring 1821 mg NaNO3/L) 

will reduce microalga Microcystis aeruginosa cellular density [248]. Our research demonstrates a 

positive correlation between nitrate concentration and biomass concentration, ranging from 150 

to 800 mg NaNO3/L. 
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4.4.4.2 SEM-EDS 

 

Figure 4-24 SEM-EDS of N. oleoabundans cultivated in various NaNO3 concentration (125 (A), 250 (B), 500 (C), 650 (D) and 800 

(E) mg/L) and 800-N biomass loading 200 mg/L Pb(II) (F).
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The impact of varying concentrations of sodium nitrate (NaNO3) on the morphology of N. 

oleoabundans microalgae and its biomass loaded with 200 mg/L Pb(II) was investigated using 

scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). SEM 

analysis revealed that the cell surface of N. oleoabundans biomass remained consistent with 

increasing NaNO3 concentration, but distinct changes in morphological diameter size (ranging 

from 1.5 to 3 um) were observed. At low NaNO3 concentrations (125-250 mg/L), the cells 

appeared small and round with a smooth surface. However, at higher concentrations (500-800 

mg/L), the cells became larger with an increasingly rough surface. Figure 2F illustrates the 

presence of large particles adsorbed on the cell surface. This observation suggests that these 

particles may result from the conversion of Pb(II) into Pb-containing particles, leading to a 

reduction in the concentration of HMIs in the solution.  

EDS analysis of the microalgae biomass revealed the presence of carbon, oxygen, nitrogen, and 

phosphate, which are typical elements found in microalgae cells. Additionally, the analysis 

detected the presence of other elements, such as magnesium, calcium, and potassium, which are 

likely derived from the growth medium. Interestingly, the EDS analysis also confirmed the 

presence of Pb(II) on the surface of the microalgae biomass when loaded with Pb(II), as shown in 

Figure 2F. This finding supports the ability of N. oleoabundans to adsorb HMIs and has 

significant implications for the bioremediation of wastewater contaminated with HMIs.  
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4.4.4.3 XRD  

 

Figure 4-25 XPS survey spectra of frozen-dried N. oleoabundans algae cultures after 11 days of 

growth: A, B, C, full-range spectra; D, E, F region of C 1s; G, H, I, region of O 1s. 

 

Table 4-17 Characterization of microalgal cell surface chemical composition through XPS: 

elemental composition, surface chemical composition, carbon functional groups and oxygen 

functional groups. 

Biomass 

Elemental composition (a.t.%) Surface chemical composition (a.t.%) Carbon functional groups (weight%) 
Oxygen functional groups 

(weight%) 

Nitrogen functional 

groups 

C 1s N 1s O 1s P 2s S 2p 
Polysacch

aride 
Protein Lipid 

C-

(C,H) 

C-O,C-

N 
O-C-O COOH,R O-H 

C=O/C-

O 
COO- 

Protein-

N 

Inorganic-

N 

125-N 79.04 0.80 19.17 0.84 0.15 27.70 3.63 68.67 65.72 24.91 6.87 2.51 23.77 45.07 31.16 88.70 11.30 

500-N 75.75 1.87 21.41 0.67 0.29 30.48 8.85 60.67 60.27 26.21 10.11 3.41 8.67 44.00 47.33 93.93 6.06 

800-N 72.80 2.39 23.97 0.15 0.69 34.94 11.77 53.30 53.57 29.44 12.35 4.65 7.37 39.75 52.88 95.26 4.74 

 

Fig. 4-25 presents the XPS survey spectra of frozen-dried N. oleoabundans algae cultures after 11 

days of growth in three different media: 125-N, 500-N, and 800-N. The results showed that an 
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increase in nitrate concentration from 125 to 800 mg NaNO3/L led to changes in the cell surface 

composition of N. oleoabundans. Specifically, the N content increased from 0.80 to 2.39%, while 

the O and S contents increased from 19.17 to 23.97% and 0.15 to 0.69%, respectively. 

Meanwhile, the C and P contents decreased from 79.04 to 72.80% and 0.84 to 0.15%, 

respectively. Further analysis revealed that the major compositions present on the microalgal cell 

surface were polysaccharide, protein, and lipid. With an increase in nitrate concentration, the 

concentration of polysaccharide and protein on the cell surface increased from 27.70 to 34.95% 

and 3.63 to 11.77%, respectively. The functional groups on the cell surface were determined 

through C1s and O1s analysis. The C1s analysis revealed four major functional groups: C-(C,H), 

C-O/C-N, O-C-O, and COO-(H,R). The highest concentration of carboxylic acid (4.65%) was 

observed in cultures with 800 mg/L NaNO3. Similarly, the O1s analysis revealed three main 

oxygen-related functional groups: O-H, C-O/C=O, and COOH. The highest concentration of 

COOH (52.88%) was obtained in cultures with 800 mg/L NaNO3. These findings indicate that 

the nitrate concentration in the medium can significantly influence the composition of elements, 

biochemicals, and functional groups on the microalgal cell surface, which in turn can affect the 

biosorption capacity of HMIs. For instance, the high fraction of -COOH groups, which are 

negatively charged when protonated, could be directly responsible for the large biosorption 

capacity of Pb(II) by 800-N biomass. 

The nitrogen functional groups on the microalgal cell surface include protein-N and inorganic-N 

[249].  As shown in Fig. 4-25 J-L, the raw algae N1s spectra exhibited two peaks: protein-N 

(399.8 ± 0.3 eV) and inorganic-N (402.5 ± 0.3 eV, ammonia-N [NH4
+] and nitrate-N [NO3

-]). 

Protein-N, which consists of nitrogen-containing organic compounds such as urea, amino acids, 

proteins, nucleic acids, and alkaloids, was the major N-containing functional group in all three 
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cultures, accounting for approximately 88-96%. With an increase in sodium nitrate concentration, 

higher protein-N content and lower inorganic-N content were observed. Due to the peptide 

structure of proteins (O=C-C-N), they can chelate HMIs, thereby increasing the biosorption 

capacity. 

4.4.4.4 Effect of pH on biosorption of Pb(II) 

 

Figure 4-26 Effect of  pH (A) and HMIs removal% (B) on biosorption of Pb(II), 50 mg/L Pb(II), 

0.5 g/L biomass, 10 min contact time, 25 ℃. The dataset comprises triplets of values, with their 

corresponding standard deviations provided (n = 3). 

 

The biosorption of Pb(II) by microalgal biomass is influenced by pH, as it affects the interaction 

between negative functional groups and positive HMIs. In this section, the effect of pH on the 

biosorption of Pb(II) by wet microalgal biomass (125-N, 250-N, 500-N, 650-N, and 800-N) 

under different nitrate concentration cultures was evaluated. The experiments were conducted at 

an initial Pb(II) concentration of 50 mg/L, a biomass dosage of 0.5 g/L, a contact time of 10 min, 

and a temperature of 25 ℃. It is important to note that the contact time was determined based on 

previous studies, which indicated that equilibrium could be reached within 10 min, simulating the 
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real process of wastewater treatment at room temperature and the similar test was carried [14]. To 

prevent HMIs precipitation, all pH values were kept below 7.0, as alkaline pH can lead to the 

formation of Pb(OH)2 and subsequent precipitation of HMIs. The biosorption of Pb(II) exhibited 

an increasing trend as the pH increased from 2.0 to 6.0 (acidic to neutral), with 800-N biomass 

demonstrating the highest equilibrium biosorption capacity compared to the other cultures. The 

highest equilibrium biosorption of Pb(II) by 800-N was achieved at pH 6.0, with a value of 42.57 

mg Pb(II)/g biomass. The removal efficiency of heavy metal ions varied with pH, following the 

order: 85.13% (pH 6.0) > 81.10% (pH 5.0) > 77% (pH 4.0) > 24.82% (pH 3.0) > 3.02% (pH 2.0), 

as shown in Fig. 4-26B. 

The primary mechanism for HMIs removal by microalgae involves ion exchange, chelation, 

complexation, and absorption, with bio-adsorption being the initial step. Among these 

mechanisms, ion exchange is the dominant process and is pH-dependent. When the pH is below 

7.0, there is competition between the positive HMIs (Pb(II)) and hydrogen ions (H+) for the 

limited positive functional groups. The highest equilibrium biosorption of Pb(II) at pH 6.0 is 

mainly attributed to the strong electrostatic force of attraction between the cationic species (Pb(II)) 

and the anionic ligands present on the microalgal cell surface [250]. Several studies have reported 

that higher biosorption capacity can be achieved by microalgal biomass as the pH increases from 

acidic to neutral conditions [128,237,251]. Our previous study also found that the optimal pH for 

different heavy metal ions was below 6.0. This consistency among various reported works 

highlights the dependence of the optimum biosorption pH on the functional groups present in 

microalgae. For the subsequent biosorption tests, a pH of 6.0 will be maintained as the optimal 

pH value. 
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4.4.4.5 Isotherm 

 

Figure 4-27 Biosorption isotherm of Pb(II) by microalgal with fitting Freundlich (A), Langmuir 

(B), Sips (C) and BET (D) model under 0.5 g/L biomass, pH 6.0, 10 min contact time, 25 ℃. 

 

Table 4-18 Biosorption isotherm constants of Freundlich, Langmuir, Sips and BET model 

obtained for biosorption of Pb(II) on microalgal N. oleoabundans. 

Biosorbent 

Freundlich Langmuir Sips BET 

KF 

(L1/n·mg1-

1/n·g-1) 

n R2 qL (mg/g) 
KL 

(L/mg) 
R2 

qS 

(mg/g) 

KS 

(Lns·mg-

ns) 

NS R2 
qB 

(mg/g) 
KB1 

(L/mg) 
KB2 (L/mg) R2 

125-N 7.89 0.18 0.9122 17.24 0.43 0.9977 17.72 0.45 0.87 0.9996 16.62 0.47 5.65E-04 0.9997 

250-N 9.11 0.23 0.9339 24.28 0.32 0.9882 26.22 0.34 0.77 0.9969 21.85 0.42 1.43E-03 0.9994 

500-N 18.16 0.17 0.9486 36.52 0.52 0.9791 40.40 0.52 0.45 0.9961 31.75 0.78 2.02E-03 0.9994 

650-N 15.65 0.23 0.8651 42.67 0.22 0.9935 46.67 0.17 1.25 0.9999 46.66 0.19 1.28E-03 0.9993 

800-N 16.95 0.29 0.9181 59.67 0.20 0.9997 60.26 0.20 0.96 0.9999 58.93 0.20 1.51E-04 0.9999 
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For the removal of HMIs, the isotherm of biosorption of Pb(II) is crucial to investigate. This can 

help to predict biosorption capacity (mg/g) and determine equilibrium biosorption (mg/g) under 

different concentration of HMIs (mg/L) and biomass dosage (g/L). Four biosorption isotherm 

models were employed to investigate biosorption capacity, which included two-parameter models: 

Freundlich, Langmuir models, and the three-parameter models: Sips, BET models. Among these 

four models, Langmuir and Sips model assumes monolayer biosorption, while Freundlich and 

BET model assumes multilayer biosorption [252]. These equations (4.46-4.49) are shown below: 

𝑞𝑒 = 𝐾𝐹(𝐶𝑒)
1
𝑛 4.46 

𝑞𝑒 =
𝑞𝐿𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
4.47 

𝑞𝑒 =
𝑞𝑆𝐾𝑆𝐶𝑒

𝑁𝑆

1 + 𝐾𝑆𝐶𝑒
𝑁𝑆 4.48 

𝑞𝑒 =
𝑞𝐵𝐾𝐵1𝐶𝑒

(1 − 𝐾𝐵2𝐶𝑒)(1 − 𝐾𝐵2𝐶𝑒 + 𝐾𝐵1𝐶𝑒)
4.49 

where qe is presented as equilibrium biosorption and, qL, qS and qB (mg/g) are presented as 

biosorption capacity, and Ce (mg/L) the equilibrium HMIs concentration. NS and n are the 

equilibrium constant for Sips and Freundlich model. KF (L
1/n·mg1-1/n·g-1), KL (L/mg), KS (L

ns·mg-

ns), KB1(L/mg) and KB2 (L/mg) are the equilibrium constant for Freundlich, Langmuir, Sips and 

BET models, respectively. 

Figure 4-27 presents the experimental results of Pb(II) biosorption on different biomass cultures 

(125-N, 250-N, 500-N, 650-N, and 800-N) and their fitting to four isotherm models: Freundlich, 

Langmuir, Sips, and BET. Table 4-18 summarizes the results, indicating that the Sips and BET 
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isotherm models exhibit a better fit (R2>0.99) compared to the Freundlich and Langmuir models 

(R2>0.86). Among the two parameters of the BET model, KB1 represents the adsorbates' first 

layer on the adsorbents, while KB2 corresponds to the upper layer. In most cases, KB2 was 

negligible compared to KB1, indicating that monolayer biosorption was the primary mechanism. 

The Sips model suggests that, except for 650-N, the biomass exhibits NS values in the range of 0-

1, implying that one adsorbate molecule (HMIs) can occupy more than one biosorption site  [253]. 

The value of N in the range of 0.1-0.5 obtained from the Freundlich model suggests an easily 

occurring biosorption process [254]. Due to its physical significance, the Sips model was selected 

to compare the maximum biosorption capacity. 

Figure 4-27 depicts the biosorption results of Pb(II) by microalgal cultures grown under varying 

nitrate concentrations. The data shows a positive correlation between the biosorption capacity and 

the nitrate concentration of the culture medium, with a noticeable increase in biosorption capacity 

as the nitrate concentration increases from 150 to 800 mg NaNO3/L. According to the Sips model, 

the order of Pb(II) biosorption capacity by different biomass cultures is as follows: 125-N (17.72 

mg/g) < 250-N (26.22 mg/g) < 500-N (40.40 mg/g) < 650-N (46.67 mg/g) < 800-N (60.26 mg/g). 

It is worth mentioning that a prior study utilizing the same cultivation medium (500-N) reported a 

biosorption capacity of N. oleoabundans as 207.87 mg/g [14]. However, in our current study, the 

biosorption capacity was only 36.52 mg/g. This discrepancy can be attributed to the difference in 

medium pH, with our study maintaining a pH of 7.5 compared to the pH of 9.5 in the prior study. 

These findings underscore the significance of medium pH in determining the biosorption capacity. 

The increased biosorption capacity of Pb(II) resulting from changes in nitrate concentration in the 

medium may be attributed to the higher protein content associated with nitrate on the cell wall, as 
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indicated by the XPS results showing an increase in amine and amide groups, which are negative 

functional groups related to protein on the cell cytomembrane. 

The biosorption capacity of Pb(II) observed in our study is comparable to or higher than values 

reported in other studies. For instance, the biosorption capacity of Pb(II) by Chlorella vulgaris 

was reported as 6.58 mg/g [255], which is considerably lower than the value reported by Edris et 

al. [256] for the same species (149.9 mg/g). Similarly, the biosorption capacity of Pb(II) by 

Scenedesmus obliquus was reported as 19.74 mg/g [257]. The mechanisms involved in the 

biosorption of Pb(II) by microalgae include ion exchange, biosorption, and chelation. Studies by 

Zhou et al. [233] and Alam et al. [234] suggest that the extracellular process primarily contributes 

to the removal of HMIs. Considering the significant impact of pH on the biosorption of Pb(II), it 

can be inferred that the primary mechanism involved is ion exchange occurring on the surface of 

the microalgal cells. 

4.4.4.6 Binary system 
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Figure 4-28 Isotherm of Pb(II) by competition ions in binary system, 0.5 g/L 800-N biomass, 1 

mmol/L competition metal ions, pH 6.0, 10 min contact time, 25℃. 

 

Table 4-19 Metal properties and effect of competition ion on biosorption of Pb(II), the impact 

factor (=Electronegativity/Ionic radius) [14]. 
     Sips model   

Competit

ion ion 
Lewis bases 

Electr

onega

tivity 

Ionic 

radius 

(pm) 

Impact 

factor 

(pm-1) 

qs (mg/g) 

KS 

(Lns·mg-

ns) 

NS R2 
Inhibition 

% 

None \ \ \ \ 55.70 0.24 1.24 0.9964 \ 

Na+ Hard 0.93 102 0.0091 41.60 0.28 0.41 0.9559 25.31 

K+ Hard 0.82 138 0.0059 34.66 0.22 0.38 0.9802 37.77 

Ca2+ Hard 1.00 100 0.0100 30.33 0.09 1.11 0.9806 45.55 

Zn2+ Intermediate 1.65 74 0.0223 29.26 0.25 0.81 0.9766 47.47 

Cd2+ Soft 1.69 95 0.0178 27.53 0.10 1.00 0.9858 50.58 

Ni2+ Intermediate 1.91 70 0.0273 26.57 0.10 1.21 0.9983 52.29 

Co2+ Intermediate 1.88 70 0.0269 25.32 0.08 1.47 0.9888 54.54 

Cu2+ Intermediate 1.90 73 0.0260 15.83 0.54 1.99 0.9153 71.59 

The inhibition% was determined using the following Equation: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛% =
𝑞𝑠 − 𝑞𝑠𝑛

𝑞𝑠𝑛
∗ 100% 4.50 

where qs and qsn present the biosorption capacity of Pb(II) without competition ion and 

biosorption capacity of Pb(II) with 1 mmol/L competition ion, respectively. 

In binary system, the presence of two different metal ions creates a competition for binding sites 

on the microalgal cell surface, thereby impacting the biosorption capacity of HMIs. In this study, 

we investigated the influence of several metal ions, including Na(I), K(I), Ca(II), Zn(II), Cd(II), 

Ni(II), Co(II), and Cu(II), on the biosorption isotherm of Pb(II) in binary systems. Each 

competition ion was maintained at a constant concentration of 1 mmol/L. The results were fitted 

with the Sips model, and the isotherm parameters are summarized in Table 3, with the 

corresponding plot shown in Figure 4-28. 
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All competition ions exhibited an inhibitory effect on the biosorption capacity of Pb(II), with the 

degree of inhibition following the order: Cu(II)>Co(II)>Ni(II)>Cd(II)>Zn(II)>Ca(II)>K(I)>Na(I). 

Among the competition ions, Na(I) showed the lowest inhibition, reducing the Pb(II) biosorption 

capacity of the 800-N biomass to 41.60 mg/g (25.31% inhibition), while Cu(II) exhibited the 

highest inhibition, reducing the biosorption capacity to 16.58 mg/g (71.59% inhibition). These 

results clearly demonstrate that monovalent heavy metal ions have a smaller inhibitory effect 

compared to divalent heavy metal ions. Moreover, among the divalent metal ions, Lewis hard 

bases such as Na(I) and Ca(II) had a smaller effect compared to Lewis intermediate bases like 

Zn(II) and Ni(II), as well as Lewis soft bases like Cd(II). It is important to note that Cu(II) 

exhibited the highest inhibition percentage (71.59%) among all the competition ions, which can 

be partially attributed to cell aggregation caused by copper ions, as observed at concentrations of 

50 mg/L or higher, which has been reported in previous studies [126]. Cell aggregation reduces 

the specific surface area available for biosorption, thereby decreasing the biosorption capacity. 
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4.4.4.7 Effect of microalgal cultivation conditions for HMIs biosorption 

 

Figure 4-29 Heat map of biosorption capacity of HMIs by N. oleoabundans biomass cultivated 

under different medium parameters, including culture pH, dissolved inorganic carbon (DIC), 

phosphate concentration and nitrate concentration.  
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Table 4-20 Effect of medium parameters (culture pH, DIC, phosphate and nitrate) on HMIs 

biosorption capacity by N. oleoabundans. 

Parameter Level (/) qmax (mg Pb(II)/g) Ref. 

pH 

7.5 32.85 

[238] 8.5 40.47 

9.5 100.01 

DIC (NaHCO3) 

Level (mmol/L) qmax (mg Pb(II)/g) 

[43] 0 142.52 

160 317.36 

320 491.54 

Phosphate 

Level (mg/L) qmax (mg Cu(II)/g) 

[126] 

100 69.91 

200 78.68 

300 150.66 

400 98.88 

500 65.55 

Nitrate 

Level (mg/L) qmax (mg Pb(II)/g) 

This study 

125 17.72 

250 26.22 

500 40.40 

650 46.67 

800 60.26 

 

In this study, we integrated the influence of various medium parameters on the biosorption 

capacity of HMIs, specifically Pb(II) and Cu(II), using microalgae Neochloris oleoabundans as 

efficient biosorbents. Figure 4-29 presents a comprehensive heat map illustrating the biosorption 

capacity of HMIs under the influence of distinct medium parameters, including culture pH, 

dissolved inorganic carbon (DIC) concentration, phosphate, and nitrate concentrations. The 

results clearly demonstrate that elevated culture pH, increased nitrate concentration, appropriate 

phosphate concentration, and heightened dissolved inorganic carbon (DIC) level positively 

correlate with enhanced HMIs biosorption capacities. Notably, Pb(II) and Cu(II) exhibit 
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amplified affinity for the microalgae or biosorbents under these cultivation conditions, 

underscoring the pivotal roles played by these variables in optimizing the efficiency of the 

biosorption process. 

A comprehensive analysis of the biosorption capacities achieved under different conditions, as 

presented in Table 4-20. It is noteworthy that higher cultivation pH, DIC concentration, and 

nitrate levels lead to increased biosorption capacities of HMIs. The maximum biosorption 

capacities recorded are 100.01 mg Pb(II)/g for culture pH, 491.54 mg Pb(II)/g for DIC, 150.66 

mg Cu(II)/g for phosphate concentration, and 60.26 mg Pb(II)/g for nitrate concentration, 

respectively. Interestingly, the data also highlights the pronounced influence of dissolved 

inorganic carbon (DIC) on biosorption capacity, surpassing the significance of other studied 

parameters, i.e., culture pH, nitrate and phosphate. This observation underscores the crucial role 

that dissolved inorganic carbon, as a key medium constituent, plays in shaping the biosorption 

mechanism. Its substantial impact on the biosorption process, particularly in relation to its ability 

to significantly modulate the potential of microalgae or biosorbents to capture Pb(II), is a 

noteworthy finding. The concentration of functional groups attached to the cell surface is 

identified as a fundamental factor contributing to the biosorption capacity of HMIs. Changes in 

the medium conditions result in variations in the types of functional groups present, such as 

COOH, OH, C-O-C, and PO4. For instance, modulating the cultivation nitrate levels has the 

potential to elevate the concentration of carboxyl groups, consequently leading to a higher 

biosorption capacity. These insights collectively emphasize the critical importance of precise 

medium parameter optimization to unlock the maximum biosorption capacity for efficient 

removal of HMIs. The intricate interplay between pH, nitrate concentrations, dissolved inorganic 

carbon, and phosphate levels unveils a spectrum of optimization opportunities. These 
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opportunities can be strategically harnessed to achieve highly effective sequestration of HMIs 

from aqueous solutions.  

4.4.5 Conclusion 

This study is the first time to investigate the influence of nitrate concentration (NaNO3) on the 

culture of N. oleoabundans for Pb(II) biosorption, signifying the originality and significance of 

the research outcomes. The findings conclusively demonstrate that the biosorption capacity of 

Pb(II) exhibits a direct correlation with increasing sodium nitrate concentration. Isotherm 

experiments provide strong evidence that the binding of Pb(II) occurs predominantly on the 

surface of microalgal cells, consistent with the Langmuir, Sips, and BET models. Notably, XPS 

analysis elucidates the impact of cultivating microalgae in a higher pH medium, which triggers an 

augmentation in the presence of protein and carboxylic groups on the cell wall. This phenomenon 

ultimately leads to a marked improvement in Pb(II) removal efficiency. These pivotal findings 

shed light on the complex mechanisms underlying microalgal biosorption and offer valuable 

insights for the development of sustainable and efficient strategies for HMIs removal utilizing 

microalgal biomass. 
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Highlights 

 

• Residual biomass has the highest adsorption capacities on both Pb(II) and Cd(II) 

compared with wet and dried biomass. 

• Exposure of inner cell wall surface likely the primary reason for enhanced 

adsorption of residual biomass. 

• Larger impactor factor of metal ion had larger adsorption capacity of on wet, dried, 

and residual biomass. 

• Biosorption by microalgal biomass is a monolayer adsorption. 

• Negative functional groups e.g., P=O, C-O-C, O-H, C-N as the binding sites 

adsorb heavy metal ions. 
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5.1 Abstract 

Residual algal biomass, which is the by-product of the extraction value-added products such as 

lipids, proteins, pigments and antioxidants, from algal biomass, represent a potentially massive 

and inexpensive source of biosorbents. The biosorption of heavy metal Pb(II) and Cd(II) by the 

residual biomass of Chlorella vulgaris after lipid extraction was investigated under varied 

conditions including pH, contact time and initial heavy metal concentration. That of the wet and 

dried biomasses of C. vulgaris were also studied for comparison. Biosorption plateaus were 

achieved within 10 minutes for Pb(II) and 30 minutes for Cd(II). The Pb(II) biosorption capacity 

by residual, wet, and dried biomass were 194.79, 106.25 and 68.69 mg/g, respectively, and that 

of Cd(II) were 54.98, 30.47 and 21.44 mg/g, respectively. The biosorption capacities of residual 

biomass of Pb(II) and Cd(II) were 2.83 and 2.56-fold higher than dried biomass, which can be 

explained by increasing surface area after lipid extraction process. 

 

Key words: Biosorption, Lead, Cadmium, Chlorella vulgaris, residual biomass   
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5.2 Introduction 

Heavy metal contamination of the aquatic ecosystem has attracted tremendous interests as it has 

become a severe and fast growing a global environmental problem. Heavy metals are non-

biodegradable, toxic, and bio-accumulative, which pose serious risks to the ecosystem and human 

health [258]. Among various heavy metal ions, lead (Pb(II)) and cadmium (Cd(II)) are highly 

toxic to humans as they may cause severe damages the nervous system, kidneys, and digestive 

systems [223,259]. Consequently, the drinking water standards for Pb(II) and Cd(II) have been 

set to be 10 and 3 ppb by the WHO regulations and 15 and 5 ppb by the USEPA regulations, 

respectively [5,6]. Herein, many methods have been developed to remove Pb(II) and Cd(II) from 

contaminated waters, such as chemical precipitation [260], ion exchange [261], reverse osmosis 

[262], chemical precipitation enabled UF/MF membrane filtration [13] and biosorption [126]. Of 

particular relevance, it has been found that microalgae might be an economically viable and 

environmentally friendly alternative due to their vast genetic diversity that allows them to thrive 

in almost any aquatic ecosystems, self-propagative nature, the ability to remove a large variety of 

different heavy metals even from dilute influents [36]. In addition, the heavy metal loaded 

biomass could be conveniently combusted to generate heat while dramatically reducing the 

volume of waste disposal or recovering heavy metals when applicable. 

Microalgae of different forms, e.g., wet, dried, and residual biomasses, can be utilized for heavy 

metal removal. For instance, wet biomass of green alga Neochloris oleoabundans has been 

shown to have high biosorption capacities for Pb(II) and Cd(II) of 213.42 mg/g and 73.07 mg/g, 

respectively [14] while that of Chlorella minutissima was demonstrated of high adsorption 

capacity for Pb(II) (303.03 mg/g) [263]. Furthermore, it was shown that manipulating the 

concentration of dissolved inorganic carbon in medium could significantly increase the Pb(II) 
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adsorption by N. oleoabundans [67]. Due to the fact that dried biomass is easy to store and 

transport, various dried microalgae have been reported for Pb(II) removal, e.g., Aphanothece sp. 

(185.64 mg/g) [54], Chaetoceros Sp. (0.95 mg/g) [264], Chlorella Sp. (9.78 mg/g) [264], and 

Cd(II), Parachlorella sp. (96.20 mg/g) [45], Scenedesmus-24 (50.00 mg/g) [265]. While in 

general wet algal biomass showed better biosorption capacity, dried biomasses are more 

economical considering the costs of storage and transportation [266].  

Microalgal biomasses have high commercial values as feedstock for the production of human 

nutrients, animal feeds, biofuels, and biofertilizers [267,268]. They could also be used for 

production of novel products such as cosmetics, antioxidants, pigments, stable isotope 

biochemicals, antimicrobials, antivirals, and anticancer drugs [269,270]. The massive and rapidly 

increasing quantities of microalgal residues as by-products of the extraction of target products at 

commercial scale has created another category of microalgal biosorbents, i.e., residual algal 

biomasses [271]. In addition to their low costs, residual algal biomass shares the same advantages 

of dried biomasses in terms of easy storage, transportation, and good stability. Nevertheless, 

comparing the vast number of literatures on biosorption using wet or dried algal biomass as 

biosorbents, studies on the utilization of residual algal biomass for heavy metal removal is still in 

its embryo. Indeed, the only paper on this topic we have managed to extract from the literature is 

that of Zheng et al. (2016), which  reported the adsorption of Cd(II) by the lipid-extraction 

residual biomasses three lipid-rich algal species, i.e., Chlorella sp. CHA-01, Chlamydomonas sp. 

TAI-03, and Coelastrum sp. PTE-15  after lipid extraction. 

In this study, we systematically investigated the biosorption of two toxic heavy metal ions, i.e., 

Pb(II) and Cd(II), using the residue of green alga C. vulgaris after a simulated lipid-extraction 
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process. The effects of biosorption time, initial metal concentration and pH were tested in terms 

of kinetics and isotherms. The functional groups responsible for adsorbing heavy metals were 

analyzed using Fourier transform infrared spectroscopy (FTIR). Studies were also carried out on 

wet and dried biomass of the same microalgae for the purpose of comparison, based on which a 

hypothesis explaining the doubled adsorption capacity of the residual biomass in comparison to 

that of the dried biomass was proposed. 

5.3 Materials and methods  

5.3.1 Microalgal cultivation 

Chlorella vulgaris, UTEX 2714 was collected from the microalgal culture collection at the 

University of Texas in Austin. The alga was maintained in autoclaved Bold Basal Medium (BBM) 

[133], which is suitable for freshwater algae. Bold Basal Medium contains chemicals, per liter of 

distilled water, which has 0.25 g NaNO3, 0.025 g CaCl2·2H2O, 0.75 g MgSO4·7H2O, 0.075 g 

K2HPO4, 0.175 g KH2PO4, 0.025 g NaCl, 0.00498 g FeSO4·7H2O, 0.01 g Na2EDTA·2H2O, 

0.00805 g H3BO3, 1 mL trace elements solution, which was composed of (analytical grade, per 

liter) 2.86 g H3BO3·2H2O, 1.81 g MnCl2·4H2O, 0.222 g ZnSO4, 0.0494 g Co(NO3)2·6H2O, 0.39 g 

NaMoO4·5H2O, 0.079 g CuSO4·5H2O. For microalgal cultivation, 3-L photobioreactor was used. 

The lamps were arranged evenly around the bioreactor chamber and were programmed to be 12 

hours light on, and 12 hours light off. The photobioreactor containing 2 liters of fresh medium 

was sterilized for 20 minutes at 121℃ before inoculation. For inoculation, 50 mL of inoculant 

microalgal seeds (1.0 g/L) were transferred to bioreactor after it was cooled to room temperature 

in sterilization chamber. During cultivation, constant air flow of 0.5 vvm (i.e., 1 LPM) was 

applied at 25°C, 180 RPM, with a constant air speed of 180 RPM. By mixing pure CO2 into the 

air stream, the pH of the culture was kept at 9.5. This was achieved by passing the airstream 
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through distilled water before passing it through a microfilter before being sprayed into the 

culture at the bottom of the bioreactor. After two-week cultivation, the microalgae reached stable 

phase (107 cells/ml), and biomass was harvested and stored for future usage under -80°C freezer. 

5.3.2 Biosorbent preparation 

The wet biomass was obtained by washing three times with deionized water. 40 mL of sample in 

50 mL centrifugal tube was centrifuged at 6000 rpm in 10 min for three times to remove 

chemicals and fragments remaining in medium. After that, wet sample was resuspended in 

deionized water for biosorption test. 

The dried biomass, when applicable, is produced by drying the afore prepared wet biomass at 

60°C overnight. Afterwards, for ensuring that the microalgae cells do not adhere to each other, 

the dried biomass was resuspended in deionized water and sonicated with a supersonic probe 

under ice-bath (QSonica LLC, Newtown, USA) under 50 HZ (3s on and 3s off) for 10 minutes. 

The lipid extract biomass, a.k.a. residual biomass, is prepared by drying the aforesaid wet 

biomass at 60°C overnight and adding 15 mL of solvent (chloroform: methanol: 2:1) to dried 

pellet biomass, sonicating with a supersonic probe under ice-bath (QSonica LLC., Newtown, 

USA) under 50 HZ (3s on and 3s off) for 10 minutes, then washing twice by deionized water to 

remove solvent. Then, residual biomass was resuspended by deionized water for biosorption tests. 

An illustration of the sample preparation procedure is shown in Figure 5-1.  
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Figure 5-1 Preparation of wet, dried, and residual biomasses of C. vulgaris. 

5.3.3 Heavy metal stock solution 

Heavy metal stock solution was prepared by dissolving appropriate amount of Pb(NO3)2 (Strem 

Chemicals Inc., USA) and Cd(NO3)2 (Fisher Scientific, USA) into deionized water using 

volumetric flask to obtain 1000 mg/L lead and cadmium ions. Then, the stock solution was store 

in 100 mL white plastic bottle under room temperature. In this study, all of the chemical reagents 

used were analytical grade reagents. 

5.3.4 Biosorption test 

5.3.4.1 Effect of pH 

For pH adjustment, suitable acids, bases, or buffers should be chosen based on metal ion 

solubility. It is not recommended to use H2SO4 in the biosorption of lead and cadmium due to the 

formation of the PbSO4 and CdSO4 precipitates. In addition, Pb(NO3)2 and Cd(NO3)2 are soluble 

in aqueous solution. Therefore, in this study, pH was adjusted by HNO3 and NaOH. Batch 

biosorption experiment was carried out in a 2 mL graduated microcentrifuge tube using 1.5 mL 

wet, dried and residual biomass, and Pb(II), Cd(II) stock solution were added into tube to ensure 
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50 mg/L Pb(II), Cd(II) and 0.5 g/L biomass under 25℃. The initial pH of the mixture was 

adjusted to 6.0 by adding 0.1 N HNO3 after mixing. After that, the mixture was shaken at 200 

RPM shaker for 30 mins contact time as specified in the text at room temperature (25 ℃). 

Afterwards, the sample was centrifuged for 1.5 minutes at 13000 rpm (18500 rcf). The 

concentration of residual Pb(II) or Cd(II) in the supernatant were extracted and determined using 

FAAS. The detail is shown in previous paper [14].  

5.3.4.2 Effect of contact time 

To study the effect of important parameters like contact time on the biosorption removal of Pb(II) 

and Cd(II), experiments were conducted under room temperature (25℃). The experiments of 

biosorption kinetics were carried out in a 15 mL glass tube. For each experiment, 10 mL of three 

types of 0.5 g/L concentrations algal biomass solution were continuously stirred at 200 rpm with 

50 mg/L heavy metal ion. 1 mL sample was withdrawn at appropriate time intervals (1, 3, 5, 10, 

30, 45, 60 mins) and then centrifuged under 13000 rpm (18500 rcf) for 1.5 min. Then, 0.5 mL of 

solution at supernatant was determined using FAAS.  

5.3.4.3 Effect of initial heavy metal concentration 

Biosorption of Pb(II) and Cd(II) on algal biomass were carried out in a single-metal-batch system. 

Several factors contributed to the selection of the batch technique, including its simplicity and 

reliability. 1.5 mL algal solution (0.5 g/L) in 2 mL centrifugal tube was agitated in a rotary shaker 

at 200 rpm and 25℃ and 30-mins incubation time with various initial heavy metal concentration 

(Pb(II): 10-200, Cd(II): 10-100 mg/L). Then, samples were then centrifuged under 13000 rpm 

(18500 rcf) for 1.5 min to separate the remaining heavy metal ions from biomass. 0.5 mL of 

solution at supernatant was determined using FAAS. Moreover, experiment without algal 

biomass was included in the experiment using the same procedure as control group. 
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Overall, there is an evaluation of the effect of initial pH (2-6), initial heavy metal concentration 

(10-200 mg/L), contact times (1, 3, 5, 10, 30, 45, 60 minutes) on biosorption of Pb(II) and Cd(II). 

Experimental results are reported as arithmetic means with standard deviations (as error bars in 

graphs). 

The equilibrium biosorption capacity and heavy metal removal% by algae were calculated by 

using Eq.5.1 and 5.2, which shows below: 

𝑞 =
𝐶0 − 𝐶

𝑥
5.1 

𝐻𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑚𝑜𝑣𝑎𝑙% =
𝐶0 − 𝐶

𝐶0
× 100% 5.2 

where C0 (mg/L) is presented as the initial concentration of heavy metal solution, C (mg/L) the 

final heavy metal concentration in supernatant, x (g DCW/L) the concentration of algal biomass, 

q (mg/g DCW), the mass of heavy metal adsorbed by unit mass of biosorbents, and %removal 

efficiency of Pb(II) or Cd(II). 

5.3.5 Analyses and characterization 

5.3.5.1 Microalgal biomass 

In general, at a certain wavelength in the range from 450 to 700 nm, the dry biomass 

concentration of microalgae has a linear relationship with optical density (OD) [128]. However, 

the photosynthetic pigments of microalgae, including chlorophyll a and b, carotenoid (e.g., -

carotene), and phycocyanin, have absorption peaks within wavelength from 400 to 680 nm. Of 

particular relevance, chlorophyll a has an absorption peak at 660 nm [134]. Avoiding the 

interference of pigments, the wavelength of 700 nm was selected for spectrometric measurement 
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of biomass concentration in this study. The optical density was determined by a GENESYSTM 

10S UV-VIS spectrophotometer (Thermo Fisher Scientific Inc., USA). There is a linear 

relationship between OD700 and C. vulgaris biomass concentration, which showing in following 

Eq. 5.3.  

𝑋𝑏 = 0.4813 × 𝑂𝐷700 5.3 

where OD700 is the optical density at wavelength under 700 nm and Xb (g/L) refers to the dried 

cell weight (DCW) concentration of algal. 

The residual biomass was determined by drying 40 mL residual samples overnight under the 

same dried biomass optical density, and weighting the biomass using the following equation: 

𝑋𝑟 = 0.1816 × 𝑂𝐷700 5.4 

where OD700 is the optical density at wavelength under 700 nm and Xr (g/L) refers to the residual 

cell weight (RCW) concentration of algal. 

5.3.5.2 Heavy metal concentration 

Flame Atomic Absorption Spectrophotometers (Thermo Fisher Scientific, USA) were used to 

determine lead and cadmium concentrations in solution. Due to the fact that spectrophotometers 

cannot measure high lead and cadmium concentrations (more than 10 mg/L), it is necessary to 

dilute the solution to a certain concentration using deionized water. In order to determine heavy 

metal, i.e., Pb(II), Cd(II) concentration (0.1-10 mg/L), the supernatant solution containing heavy 

metal ions was diluted with deionized water to ensure the concentration is within signal scale, 

and then FAAS was applied to determine the diluted concentration. 
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5.3.5.3 Zeta potential and cell size distribution 

To measure the zeta potential and cell size distribution of cells, Zetasizer nanometers (Malvern 

Panalytical, UK) were used. Samples were diluted to 0.1 OD700 using deionized water. Then 1 

mL sample was ejected into DTS1070 cuvette for analysis. 

5.3.5.4 FTIR 

FTIR spectra of dried and residue biomass with or without biosorption of Pb(II) and Cd(II) were 

obtained using an Angel Technology Cary 630 spectrophotometer. The dried and residue 

microalgal samples were prepared by filtering the culture through a 0.45um membrane filter, 

drying them in an oven at 60°C overnight, and then analyzing them. 

5.3.5.5 SEM 

The morphology of dried microalgae and residual microalgae was examined using scanning 

electron microscope. The microalgal samples were mixed with glutaraldehyde fixative for 2 

hours, then soaked in 0.1 M PBS for 48 hours. Afterward, the sample was rinsed in 0.1M PBS 

three times for 20 minutes each time. Following that, the sample was dehydrated in an increasing 

concentration of ethanol solution for a duration of 10 minutes (30, 50, 70, 90, 95%, 100%). After 

drying at room temperature, samples were coated with gold (882, Gatan, USA) and analyzed with 

JSM-7500F FESEM (JEOL, USA). 

5.3.5.6 Lipid extraction 

Lipids were extracted by 1.0 g dried biomass with 30 mL chloroform-methanol in a ratio(volume) of  2:1 

[272]. The sample was shaken overnight under 180 rpm shaker. To obtain soluble solution, a separatory 

funnel was used.  After the lipid fraction was separated from the separatory funnel, the solvent was 

evaporated from it using an evaporator. In the following step, an electronic scale was used to measure the 

lipid weight.  
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5.4 Result and discussion 

5.4.1 Microalgal morphology 

 

 

Figure 5-2 SEM images of dried (A&B) and residual (C&D) C. vulgaris biomass. 

 

The SEM images of dried cells and cell debris in the residual biomass of C. vulgaris, a 

unicellular green alga, are shown in Figure 5-2. While the morphology of C. vulgaris cells are 

typical near-spheric unicellular [49], that of the cells in the dry biomass as shown in Figure 5-2 

(A&B) were deformed with several cells sticking to each other, apparently because of heating 

and dehydrating in the drying process. As also shown in Figure 5-2 (C&D), after lipid extraction 

process, the microalgal cells were broken into cell debris of irregular morphology. While the 
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average diameter of the cells in the wet and dried microalgae was approximately 3.0 µm, that of 

the residual biomass (cell debris) was about 1.0 um with a very large size distribution measured 

by Zetasizer nanometers. In the extraction process, the lipids were extracted from microalgae 

using a mixture of chloroform and methanol (2:1) assisted by ultrasonication, obtaining 

approximately 18 wt% lipids. As the residual biomass after lipid extraction reveals a larger inner 

surface area than whole cells, it potentially has a higher biosorption capacity than both dried and 

wet biomass. 

Ultrasonication has been frequently used for the disruption of microalgal cells [273,274]. 

According to current research, acoustic cavitation is the most popular theory of ultrasonic cell 

disruption, which is based on the fact that ultrasonic waves cause molecular motions via 

rarefaction and compression. It was reported the bulk sample temperature reached 85°C within 15 

min when 100.7 MJ/kg of energy was supplied by ultrasound in the cell disruption of 

Scenedesmus cells [275]. Of particular relevance, it was shown that the local temperature and 

pressure could rise up to 5,000 K and 100 MPa, respectively in sonication for the disruption of 

Microcystis aeruginosa cells [276]. Such high temperature and pressure could cause complex 

physical and chemical effects to cells in the proximity, which, in combination, with the effects of 

negative pressure at the rarefaction cycle, may cause cells to be porated, torn apart, or even 

defragmented. As a result of cell disruption, ultrasonication of microalgae may result in more 

hydroxyl and carbohydrate functional groups on the inside and outside of the cell [277]. 

Therefore, the inner cell wall of cells in residual biomass would be available for heavy metal 

adsorption, roughly doubling the adsorption surface in comparison to that of wet and dried 

biomass. 
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5.4.2 FTIR 

 

Figure 5-3 FTIR of dried or residual C. vulgaris biomass with or without loading Pb(II) or Cd(II) 

(200 mg/L heavy metal ion and 0.5 g/L biomass). 

 

FTIR spectra of C. vulgaris, as well as those loaded with Pb(II) and Cd(II), were obtained in the 

range of 4000–400 cm-1, showing in Figure 5-3. Based on FTIR analysis, the functional groups 

for biosorption of Pb(II) and Cd(II) are confirmed. The dried and residual biomass are 

characterized by: the peak occurs around 1652 cm-1, which corresponds to the vibrations of C=N 

of peptides on cell wall [167]; the peak occurs at 1318 cm-1 corresponding to C-H bending of 

aromatic hydrocarbon [278]; the peak at 1238 cm-1, which is attributed to asymmetric and 

symmetric stretching of P=O in the phosphodiester backbone of the  nucleic acid [236]; the 
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strong and broad band around 1147 cm-1 was attributed to the stretching vibration of the C-OH 

group from polysaccharide, the peaks at 1073 and 1013 cm-1 are corresponding to the C-O-C in 

the glycosidic linkage of polysaccharide [279]. 

After biosorption of Pb(II) and Cd(II), peak at 1652 cm-1 redshifted to 1650 and 1651 cm-1, 

respectively. This indicates that the amine groups on the cell wall surfaces contributed to the 

biosorption. FTIR spectra of biomass has a peak at 1318 cm-1, which redshifted to 1313 and 1304 

cm-1 when loaded with Pb(II) and Cd(II), respectively. This peak is usually attributed to C-H of 

aromatic hydrocarbon related with chitin and other polysaccharides, which widely exits on cell 

wall. Furthermore, the peak at 1238 cm-1 blueshifted to 1249 and 1244 cm-1 after loading Pb(II) 

and Cd(II), respectively. As a result of the peak at 1238 cm-1 being P=O bound, it has been 

involved in the biosorption of Pb(II) and Cd(II), which has also been confirmed in previous study 

[126]. Additionally, the peak around 1144 cm-1 blueshifted to 1147 and 1150 cm-1 after loading 

with Pb(II) and Cd(II), respectively, which indicates the participation of the C-OH in the 

biosorption. It is also of interest to note that the peak at 1073 cm-1 redshifted to 1071 cm-1 after 

heavy metal biosorption as well as the peak at 1013 cm-1 blueshifted to 1016 and 1023 cm-1 after 

loading with Pb(II) and Cd(II), indicating the carboxyl group involvement in biosorption. The 

aforementioned evidence suggests that partial negative charge of P=O, C-O-C, C-OH and C-N 

bonds contributed to biosorption of positive charge heavy metal ions. Moreover, those chelate 

compounds like P=O, C-O, O-H, C-N are organic groups that form two or more bonds, chelating 

toxic metal ions, resulting in the formation of metalled-organic molecules, thereby preventing 

their interaction with biological macromolecules [280]. Overall, functional groups on the surface 

of cells such as phosphate, carboxyl and amino groups, play important roles in the biosorption of 
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Pb(II) and Cd(II), which is consistent to the results of our previous studies on a different green 

alga, i.e., N. oleoabundans [14]. 

5.4.3 Biosorption 

5.4.3.1 Effect of pH 

 

Figure 5-4 Effect of pH on equilibrium biosorption of Pb(II)(B) and Cd(II)(C) and zeta potential 

(A) of C. vulgaris biomass, initial 50 mg/L heavy metal concentration, 0.5 g/L biomass dosage, 

30 mins contact time, 25 ℃. 

 

The influence of pH value on biosorption for Pb(II) and Cd(II) was studied within a range from 

pH 2 to 6 and the results are depicted in Figure 5-4. The equilibrium biosorption (i.e., qe) 
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increased with increasing pH value in the entire range from 2 to 6 for all the three types of 

biomasses. The highest equilibrium biosorption of Pb(II) were 157.29 mg/g, 97.84 mg/g and 

41.37 mg/g for residual, wet, and dried biomass under pH 6, respectively. And the highest 

equilibrium biosorption of Cd(II) were 52.99 mg/g, 30.51 mg/g and 17.49 mg/g for residual, wet, 

and dried biomass under pH 6 as well. A comparison of equilibrium biosorption of Pb(II) and 

Cd(II) at the same pH revealed residual biomass followed by wet biomass followed by dried 

biomass throughout the entire pH range. Microalgal cell wall abundant negative charged 

functional groups including amino, carboxyl, thiol, sulfhydryl, and phosphate groups. Depending 

on the pH, these functional groups are protonated or unprotonated. It was observed that all metal 

ions at pH 2.0 showed a lowest equilibrium biosorption value due to their ionic forms and electric 

charges. Due to a low pH, functional groups on algal cells are protonated, which results in the 

absence of binding sites for positive heavy metal ions. Under different pH values (2-6), the ionic 

states of functional groups in algal cells have a significant effect on the level of biosorption on 

their cell walls, which obtaining different equilibrium biosorption. Using different types of 

biomass, researchers have investigated the effects of pH on biosorption of heavy metals, finding 

that higher pH results in higher equilibrium biosorption [94,108]. For microalgal biochemical 

content, Mathys et al. reported that major components of C. vulgaris were carbohydrates (44.5%), 

proteins (11.6%), lipids (6.9%), minerals (0.9%) etc. [281]. And cell wall composition of C. 

vulgaris were glucuronic acid (pka=3.21), galacturonic acid (pka=3.47), palmitic acid (pka=4.75), 

stearic acid (pka=4.95) and  chitin (pka= 6.1) [281,282]. When pH increases from 4 to 6, these 

binding sites were deprotonation, which leading higher equilibrium biosorption. Considering that 

the drying process at 60 ℃ can cause irreversible chemical reactions on the surface of cells, this 

may result in the destruction of functional groups, leading a reduced capacity for biosorption. In 
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combination with FTIR data, it demonstrates that the mechanism of biosorption occurs through 

ion exchange, which involve negative functional groups, e.g., hydroxyl, carboxyl, phosphate etc. 

 

In Figure 5-4 C, the zeta potentials of residual, wet, and dried biosorbents are shown as a function 

of pH. In the pH range of 2 to 6, the zeta potential was negative for all biosorbents tested, and the 

absolute value of zeta potential increased with increasing pH. Since the biomass has a negative 

zeta potential, positively charged metals can be removed from an aqueous solution more readily. 

The results are consistent with equilibrium biosorption. Accordingly, the biosorption experiments 

below were carried out at pH 6, which achieved the highest equilibrium biosorption of Pb(II) and 

Cd(II). 

5.4.3.2 Biosorption kinetics 

A series of experiments were carried out to study the kinetics of the biosorption at initial heavy 

metal concentration 50 mg/L, pH6, biosorbent dose=0.5 g/L, and various contact times (0-60 

mins). Data were evaluated using a pseudo-first-order (Eq. 5.5) and pseudo-second-order (Eq. 5.6) 

model [32]. 

𝑞(𝑡) = 𝑞𝑒[1 − exp(−𝑘1𝑡)] 5.5 

𝑞(𝑡) = 𝑞𝑒

𝑘2𝑡

1 + 𝑘2𝑡
5.6 

where q(t) (mg/g) and qe (mg/g) are the biosorption at a certain time (min) and the equilibrium 

biosorption, respectively. K1 (min-1) and K2 (g/min-2) are the pseudo-first-order and pseudo-

second-order model constants, respectively. 
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Figure 5-5 Kinetics of Pb(II) (A) and Cd(II) adsorption by residual, wet, and dried cells fitting 

with two kinetic models: pseudo-first (solid) and pseudo-second order (dash); at pH 6, 0.5 g/L 

biomass, and 50 mg/L heavy metal ion concentration. A mean value of triplets along with a 

standard deviation is reported (n = 3). 
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Table 5-1 Kinetics model parameters for Pb(II) and Cd(II) biosorption by microalgae C. vulgaris. 
   Pb(II) Cd(II) 

Kinetic 

model 
Parameters Residual Wet Dried Residual Wet Dried 

Pseudo-first 

K1(min-1) 1.719 1.328 0.795 1.421 1.440 1.243 

qe,cal (mg/g) 107.94 86.5 40.55 29.67 25.98 9.92 

R2 0.9872 0.9971 0.9938 0.9536 0.9436 0.9560 

SSE 21.45 18.72 9.14 6.1 34.44 3.88 
        

Pseudo-

second 

K2(g/min-2) 3.729 2.816 1.358 2.309 2.219 1.976 

qe,cal(mg/g) 111.29 89.31 42.65 31.17 27.39 10.46 

R2 0.9975 0.9984 0.9944 0.9826 0.9778 0.9863 

SSE 6.70 10.07 8.24 2.29 13.56 1.21 

 

Figure 5-5 presents the kinetics of biosorption of Pb(II) and Cd(II) by residual, wet, and dried C. 

vulgaris biomass. It was observed that Pb(II) and Cd(II) biosorption increased rapidly and >95% 

was completed within 5 mins for all biosorbents. Plateau were established within 10 mins for the 

biosorption of Pb(II) for all biomasses. However, the plateaus of the biosorption of Cd(II) were 

established in 30 mins with wet and dried biomasses while slight increase was observed from 30 

to 60 minutes. When compared to residual, wet and dried biomass, the equilibrium biosorption of 

Pb(II) and Cd(II) by residual biomass were the highest at any point during the sorption process 

comparing with wet and dried biomass. In addition, the kinetic data were fitted with pseudo-first 

order and pseudo-second order models in Table 5-1. According to the pseudo-first order and 

pseudo-second order model, adsorption rate is proportional to vacant sites for adsorption and 

square of the number of vacant adsorption sites, respectively [283]. A summary of the modelling 

parameters is presented in Table 5-1. It shows that experimental data for all biosorbents were 

better fitted by the pseudo-second-order model based on R2 or SSE, indicating that the 

biosorption rate was proportional to the square of the concentration of heavy metal ion and 
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biomass. For the following experiments, the biosorption of Pb(II) and Cd(II) was conducted for 

30 minutes to ensure adequate contact time. 

5.4.3.3 Isotherm 

In isotherm study, biosorption equilibrium experiments (pH 6, biosorbent dose = 0.5 g/L, contact 

time: 30 min) were carried out with different metal concentrations (Pb(II) 10-200 mg/L Cd(II) 

10-100 mg/L). Two parametric models were applied, including Langmuir's (Eq. 5.7) and 

Freundlich's (Eq. 5.7) isotherm models [50]. 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
5.7 

where Ce is the equilibrium concentration of the heavy metal ions in the solution (mg/L), qe the 

equilibrium biosorption (mg/g), qm the biosorption capacity (i.e., maximum equilibrium 

biosorption) of the biosorbent (mg/g), and KL the Langmuir model constant, which is related to 

the energy of biosorption (L/mg). 

The Langmuir model assumes monolayer adsorption of absorbates on homogeneous the sorbent 

surfaces and constant adsorption energy. As an alternative to a dimensionless separation factor, 

the Langmuir equation can be expressed by a dynamic equilibrium parameter, RL, which is 

defined as follows (Eq. 5.8). 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0
5.8 

In this case, C0 indicates the initial metal concentration in the solution (mg/L). The RL value can 

be used to classify biosorption based on its irreversibility (RL = 0), favorable (0< RL <1), linear 

(RL = 1), and unfavorable (RL  >1). 
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A Freundlich isotherm model is used to assess multilayer sorption on heterogeneous surfaces. An 

appropriate sorption process usually involves 1/n between 0 and 1. 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 5.9 

where KF (mg(1-1/n)g-1L1/n) and n are empirical constants of the Freundlich model. 1/n represents 

the biosorption intensity, and KF represents the relative biosorption capacity.  

 

Figure 5-6 Isotherm of Pb(II) (A) and Cd(II) (B) fitted by Langmuir model (solid) and Friedrich 

model (dash) under pH 6, 0.5 g/L biomass, 30 mins incubation, 25℃, and dependence of 

biosorption capacity (mmol/L) of metal ions by biomasses on the impactor factor of metal ions (I 

= Electronegativity/Radius) (C). 
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Table 5-2 Isotherm parameters for Pb(II) and Cd(II) biosorption by microalgae C. vulgaris. 
   Langmuir Freundlich 

 Biosorbents 

qmax KL 

RL R2 

KF 

1/n R2 
(mg/g) (L/mg) 

(mg(1-1/n)g-

1L1/n) 

Pb 

Residual 194.79 0.1476 
0.005-

0.404 
0.9755 58.01 0.2610 0.9548 

Wet 106.25 0.2982 
0.005-

0.251 
0.9871 38.15 0.2331 0.9081 

Dried 68.69 0.0803 
0.005-

0.555 
0.9852 15.26 0.3054 0.9636 

Cd 

Residual 54.98 0.2887 
0.005-

0.709 
0.9904 22.34 0.2169 0.8866 

Wet 30.47 0.3647 
0.005-

0.657 
0.9855 12.82 0.2160 0.9369 

Dried 21.44 0.1618 
0.005-

0.770 
0.9684 6.91 0.2585 0.8848 

Experimental isotherms were fitted with the Langmuir and Freundlich isotherm models as shown 

in Figure 5-6.  A summary of the isotherm parameters and R2 obtained from the two isotherm 

models are shown in Table 5-2. According to the results, the R2 values obtained from Langmuir 

model (>0.96) were consistently higher than those obtained from Freundlich’s model for both the 

metal ions, i.e, Pb(II) and Cd(II), and all the three biosorbents, i.e., residual, wet and dried 

biomasses. Langmuir isotherm implies monolayer adsorption of the metal ions on the surface of 

biosorbents, i.e., microalgal cells. Furthermore, wet biomass produced the highest KL values, 

suggesting that it was a stable biosorption product with a high affinity for Pb(II) and Cd(II). 

Additionally, all RL are between 0 and 1, which indicates favorable biosorption.  

The adsorption capacities of Pb(II) and Cd(II) by different biomasses as calculated according to 

the Langmuir isotherm model, i.e., qmax, are summarized in Table 5-3. For the same metal ion, 

either Pb(II) or Cd(II), the qmax by different biomasses follow the order of residual> wet> dried. 

Wet biomass has a higher adsorption capacity for Pb(II) and Cd(II) than the corresponding dried 
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biomass by two close ratios, i.e., 1.55 and 1.42, respectively, suggesting that the difference was 

cause primarily by the different properties of the wet and dried biomasses. These differences 

between the dried biomass and the wet biomass might be caused by the physical and chemical 

changes occurred to the biomacromolecules on the surface of the cells and the functional groups 

on them during the high temperature dehydrating process.  

Table 5-3 Relationship between biosorption capacity (mmol/g) and metal properties. 
Metal ion properties qmax (mmol/g) 

Metal Electronegativity Radius (pm) I (pm-1) Residual Wet Dried 

Pb 2.33 119 0.0196 0.94 0.51 0.33 

Cd 1.69 95 0.0178 0.49 0.27 0.19 

 

It is worth noting that the residual biomass underwent the same drying process as the dried 

biomass. However, its biosorption capacities for Pb(II) and Cd(II) were 1.84 and 1.81 times that 

of the wet biomass, respectively. Furthermore, the biosorption capacities for Pb(II) and Cd(II) by 

the residual biomass were 2.85 and 2.58 times of that of the dried biomass, respectively. The 

remarkable increase of the adsorption capacity of the residual biomass in comparison to both the 

wet and the dried biomass could be mainly attributed to the increase of the surfaces available for 

heavy metal adsorption. The cells in the residual biomass were broken up into cell debris in the 

sonication process in preparation for lipid extraction, which exposed the inner surface of cell wall 

that was not accessible to metal ions in the dried biomass. Indeed, Jung et al. (2011) reported in 

their study on the utilization of the residual biomass of another green alga, Nannochloris oculate, 

after lipid extraction for Cr(III)/Cr(VI) biosorption that the residual N. oculate biomass had a 

BET surface area of 1.87 m2/g, which was 2.1 times that of the original biomass (0.89 m2/g). It is 

therefore reasonable to assume that the surface area of the residual biomass of C. vulgaris after 
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lipid extraction would also be slightly larger than twofold of the dried biomass. The other factors 

that might also have contributed to the large capacity of the residual biomass include: 1). the 

inner surface of cell wall may harbor metal-binding functional groups not available on the outer 

cell wall surface; and 2). lipid extraction might have removed most lipids from the cell wall 

surfaces, both inner and outer, which may expose more functional groups for metal ion 

adsorption. Hypothetically, the vastly enhanced biosorption capacity of residual biomass in 

comparison to both wet and dried biomass is attributed primarily to the exposure of the inner cell 

wall surface of cell debris in residual biomass. Therefore, the biosorption capacity of residual 

biomass for both Pb(II) and Cd(II) were 2.83 and 2.56-fold than dried biomass, which can be 

hypothetically explained by its doubled surfaces for heavy metal adsorption in comparison to that 

of intact cells in wet and dried biomasses. 

In a previous research on the biosorption of five strategically selected heavy metal ions by wet N. 

oleoabundans biomass [14], we found that there was a linear relationship between the impact 

factor (I), which was defined by the electronegativity of an ion by the radius of the ion, and its 

adsorption capacity (qmax). It was further found several data found in the literature also showed 

linear relationship with different slope when different biomasses were involved as the biosorbents. 

Biosorption of two different heavy metal ions was investigated, i.e., Pb(II) and Cd(II), which do 

not give us enough data points to judge if such a linear relationship exists. Nevertheless, the 

general trend, that is, the qmax increases with the impact factor of a given heavy metal ion when 

the same biomass is used as the biosorbent. Furthermore, when the qmax of Pb(II) and Cd(II) on 

different biomasses, i.e., residual, wet, and dried, are plotted in pairs as shown in Figure 5-6 C, 

the slopes were 251.4, 134.1, and 78.2 mmol g-1p-1, in a range the same magnitude as reported in 

the aforementioned previous research (26.6-117.51 mmol g-1p-1). It can be concluded according 
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to the data of both this study and that reported before that the slope of the qmax vs I linear curve 

depends on the properties of the biomass as biosorbents. In this study, it is further observed that 

the order of the slope values, i.e., residual> wet> dried, was the same as that when the qmax of the 

adsorption of the same metal ion, i.e., either Pb(II) or Cd(II), by different biomasses were 

compared.   

Table 5-4 Biosorption capacities of Pb(II) and Cd(II) by different microalgal biomasses. 

Heavy metal Biosorbents Form 
Biosorption 

capacity(mg/g) 
pH 

Equilibrium 

time (min) 
Reference 

Pb(II) 

N. oleoabundans Wet 213.42 7 5 [14] 

Chlorococcum aquaticum Wet 500.00 7 720 [149] 

Aphanothece sp. Dried 185.64 6 120 [54] 

Gelidiella acerosa Dried 74.00 5 120 [285] 

Ochrobactrum cicero Dried 87.71 6 30 [286] 

C. vulgaris 

Residual 194.79 6 10 

This study Wet 106.25 6 10 

Dried 68.69 6 10 

Cd(II) 

Ochrobactrum cicero Dried 67.84 6 30 [286] 

C. vulgaris Dried 97.43 4.5 120 [108] 

N. oleoabundans Wet 73.07 7 5 [14] 

C.  vulgaris (13- 1) Wet 59.50 5.5 1440 

[287] Coelastrella sp. (3-4) Wet 83.00 5.5 1440 

Scenedesmus obliquus (13-8) Wet 28.00 5.5 1440 

Coelastrum sp. Residual 32.80 7.5 2 [46] 

C. vulgaris 

Residual 54.98 6 30 

This study Wet 30.47 6 30 

Dried 21.44 6 30 

 

Table 5-4 compares the biosorption capacities of Pb(II) and Cd(II) by different microalgal 

biomasses. The highest capacity for Pb(II) was reported with wet Chlorococcum aquaticum at 

500 mg/g at an incubation time of 720 min [149] and that for Cd(II) was with dried biomass of C. 

vulgaris at 97.43 mg/g with a 120 min incubation time [108]. It should be pointed out that the 

Cd(II) adsorption capacity by dried C. vulgaris biomass was only 21.44 mg/g in this study, which 
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is only 22% of the aforementioned literature value. This vast different adsorption capacities to the 

same heavy metal ion by the same green alga species are compatible with a commonly observed 

phenomenon, i.e., the adsorption capacity of algal biomass is dependent on many parameters, 

including the medium and condition of algal cultivation, physiological state when algae were 

harvested, condition of the drying process, as well as the adsorption conditions such as the buffer 

pH, metal ion concentration in feed, incubation time, and dosage of biomass [20]. 

5.5 Conclusion 

Results indicate that residual biomass of C. vulgaris is potentially an effective biosorbent with a 

high biosorption capacity, when comparing based on same dry mass, vastly larger than that of 

both wet and dried biomasses. It seems quite conclusive that the adsorption capacity of residual 

biomass was primarily due to the exposure of the inner cell wall surface for heavy metal 

adsorption, which doubles the adsorption surface. Other factors such as the exposure of 

functional groups that are unique to the inner cell wall surface and the removal of lipid from cell 

wall surfaces might also have contributed to the improvement of biosorption of heavy metal ions 

with residual algal biomass. This cheap residual biomass after lipid extraction exhibits fast 

kinetics and a high biosorption capacity for Pb(II) and Cd(II), making it suitable for industrial 

plants. 
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Highlights 

 

• Biosorption of six heavy metals by microalgae Chlorella vulgaris were 

systematically investigated. 

• Langmuir model based on isotherm data suggests monolayer adsorption. 

• A mathematical model is proposed and verified for predicting biosorption capacity. 

• Microalgal surface structure, metal ion electronegativity, and operational pH 

influence the model’s reliability. 
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6.1 Abstract 

Microalgal biomasses have been established as promising biosorbents for biosorption to remove 

heavy metal ions (HMIs) from wastewaters and contaminated natural waterbodies. Understanding 

the mechanism is important for the development of cost-effective processes for large scale 

applications. In this paper, a simple mathematical model was proposed for the predication of 

biosorption capacity of HMI by microalgal cells based on microalgal cell weight, cell size, and 

HMI radius. The model was validated using experimental and literature data and was 

demonstrated to be good for rough estimation. The validation of the model, in combination of 

kinetic, isotherm, and FTIR data generated in this study and in literature, affirmed one 

fundamental assumption based on which this model was developed, i.e., the biosorption of HMI 

by microalgal cells is predominantly monolayer bioadsorption. The maximum biosorption 

capacities of HMIs (mmol/g) by Chlorella vulgaris were determined to be in the following order: 

Pb(II)(0.360)>Zn(II)(0.325)>Cu(II)(0.254)>Ni(II)(0.249)>Cd(II)(0.235)>Co(II)(0.182). We also 

systematically investigated the variations in predicted biosorption capacities in term 

discrepancies caused by a few important parameters that were unaccounted for by the model, 

including the nanostructures on cell surface, HMI electronegativity, and biosorption buffer pH. 

Results suggest that the nanostructures on cell wall, most likely the hairlike fibers, might be 

where the binding sites for HMI located. 

Key words: Biosorption, theoretical modeling, heavy metal ion, Chlorella vulgaris 
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6.2 Introduction 

The utilization of microalgae as a biosorption material has garnered significant attention for 

heavy metal ion (HMI) removal from contaminated water sources, owing to its environmental 

compatibility, promising cost-effectiveness, straightforward operational procedures, and 

adaptability for large-scale industrial applications as biosorbent [36,288,289]. Microalgae can 

grow in extreme environmental conditions, including low nutrients (phosphate and nitrate), 

extreme pH (~10.5) and high temperature (35 ℃) [232,290]. Furthermore, microalgae possess the 

capability of self-propagate and have high efficiency in HMI removal from contaminated waters 

even at low concentration (<1.5 mg/L) [235]. Additionally, the biomass containing HMIs could 

be conveniently combusted to reduce the volume of waste disposal or to recover HMIs, as 

appropriate, while generating heat or for other applications [291,292]. 

The biosorption of HMIs by microalgae may occur in two steps: bioadsorption and bioabsorption 

[20]. Firstly, the cell wall of microalgae provides a large surface area due to the presence of 

negative functional groups in biochemicals such as polysaccharides, lipids, and proteins. 

Positively charged HMIs can be adsorbed onto the cell wall via electrostatic interaction with 

these negative functional groups. This is bioadsorption. Secondly, the HMIs adsorbed onto cell 

surface in bioadsorption could be transported to inside the microalgal cells through specialized 

ion channels, which is an active transportation process that is highly selective, ATP-consuming, 

and slow in comparison to bioadsorption [293,294].  

Numerous studies have reported on the biosorption of HMIs by microalgae, and it is evident that 

the biosorption capacity of HMIs varies considerably due to three primary factors: the properties 

of microalgae, the properties of HMIs, and the biosorption conditions [14,70,71,292,295]. The 
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variations in biosorption capacity of HMIs observed among different microalgal biomass can 

often be attributed to differences in microalgal properties such as cell weight, cell size and the 

nanostructures on cell surface. For instance, unicellular microalgal biomass, such as Chlorella 

vulgaris, Chlorella minutissima and Parachlorella sp., exhibit higher biosorption capacities than 

multicellular microalgal biomass, like Scenedesmus-24 and Spirulina platensis [70,71]. Moreover, 

it's worth noting that variations in biosorption capacity for different HMIs can be remarkable with 

the same microalgal biomass. These discrepancies are often associated with the properties of the 

HMIs themselves, particularly ionic radius and electronegativity [14]. 

In this study, we systematically studied the FTIR spectra, isotherm, and kinetics of HMIs 

biosorption by green microalga C. vulgaris for six selected HMIs, i.e., Pb(II), Zn(II), Cu(II), 

Ni(II), Cd(II), and Co(II). Furthermore, the distribution of Pb(II) on cell surface and inside cell 

were studied at different initial Pb(II) concentration. These data, in combination with numerous 

literature data, all support the notion that the biosorption of HMIs by C. vulgaris is 

predominantly monolayer surface bioadsorption. Based on this understanding, we proposed a 

novel model for the prediction of biosorption of HMIs based on cell weight, cell size and HMI 

ionic radius. This model was then validated with experimental data of the biosorption of six 

HMIs on C. vulgaris and literature data on the biosorption of various HMIs using three 

microalgal species, i.e., C. vulgaris, Neochloris oleoabundans, and Scenedesmus quadricauda. 

The deviations of the biosorption capacities predicted by this rather rigid model from 

experimental and literature data were also discussed in the context of how different factors, 

including ionic electronegativity, nanostructures on cell surface, and biosorption buffer pH, 

affecting biosorption and therefore causing deviation in the predictions.  
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6.3 Materials and methods  

All experiments were conducted in triplicate with mean values and error bars reported. 

6.3.1 Microalgal cultivation 

The microalgae strain C. vulgaris, UTEX 2714, was obtained from the University of Texas in 

Austin. The cultivation of the microalga was carried out using autoclaved Bold Basal medium 

(BBM) [133], specifically designed for freshwater microalgae. The composition of one liter of 

distilled water used in the medium was as follows: 0.25 g NaNO3, 0.025 g CaCl2·2H2O, 0.75 g 

MgSO4·7H2O, 0.075 g K2HPO4, 0.175 g KH2PO4, 0.025 g NaCl, 0.00498 g FeSO4·7H2O, 0.01 g 

Na2EDTA·2H2O, 0.00805 g H3BO3. Additionally, 1 mL of trace elements solution was added to 

the medium. The trace elements solution was prepared by dissolving the following chemicals in 

one liter of water: 2.86 g H3BO3·2H2O, 1.81 g MnCl2·4H2O, 0.222 g ZnSO4, 0.0494 g 

Co(NO3)2·6H2O, 0.39 g NaMoO4·5H2O, 0.079 g CuSO4·5H2O. The cultivation of the green 

microalga C. vulgaris was carried out in a 3-L photobioreactor vessel suitable for autotrophic cell 

growth. The photobioreactor was equipped with vertical lamps arranged evenly around the 

chamber, programmed to operate in 12/12 hours on/off cycles. Before inoculation, cultivation 

bottles containing 2.0 liters of fresh medium each were sterilized by autoclaving at 121 ℃ for 20 

mins. Once the sterilized medium reached room temperature, 40 mL of microalgal seed culture 

was inoculated into the bioreactor. During cultivation, a constant airflow of 0.5 vvm (i.e., 1 LPM) 

was maintained, along with continuous agitation at 200 rpm, at 25 ℃. To control the pH of the 

culture at 9.5, pure CO2 was continuously mixed into the air stream. This was achieved by 

passing the airstream through distilled water and a microfilter before it was sprayed into the 

culture at the bottom of the bioreactor. After a two-week cultivation period, the microalgae 

reached a stable phase with a cell density of 107 cells/ml. The biomass was then harvested and 
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stored for future use at -80 ℃ freezer. Wet microalgal was obtained to be used as a biosorbent for 

the following biosorption test. In order to remove remaining chemical residues and fragments in 

solution, 40 mL of sample was centrifuged three times using deionized water 5 mins under 6000 

rpm (8500 rcf). Then wet biomass samples were then resuspended in deionized water by vortexes 

prior biosorption tests. 

6.3.2 HMI stock solution 

Heavy metal ion stock solutions, i.e., 1000 mg/L Pb(II), Zn(II), Cu(II), Ni(II), Cd(II), Co(II), 

were prepared by Pb(NO3)2, Zn(NO3)2 ⋅ 6H2O, Cd(NO3)2, (Strem Chemicals Inc., USA), 

Cu(NO3)2⋅2.5H2O (Alfa Aesar, USA), Ni(NO3)2⋅6H2O (Thermo Fisher Scientific, UK), and 

Co(NO3)2⋅6H2O (Thermo Fisher Scientific, USA), which were dissolved in deionized water, 

respectively. The stock solution was stored in plugged bottle at room temperature. 

6.3.3 Biosorption test 

6.3.3.1 Effect of contact time 

Batch biosorption experiment was conducted in a 2.0 mL graduated microcentrifuge tube using 

1.5 mL microalgal biomass. Lead(II), Cadmium(II), Zinc(II), Copper(II), Nickel(II), and 

Cobalt(II) stock solutions were added into the tube to achieve an initial 0.3 mmol/L HMI 

concentration. The biomass employed had 0.5 g/L dried cell weight (DCW). Before biosorption 

incubation, the pH of the mixture was adjusted to 6.0 by adding 0.1 N HNO3 by Corning pH/ion 

meter (Model 350). Then, the mixture was shaken under 200 rpm (r/min),  continually for a 

period of time specified in the text (5, 10, 15, 20, 25, 30 mins) at room temperature (25 ℃). 

Finally, the supernatant solution was extracted by centrifuging the sample for 5 mins at 13000 

rpm (18500 rcf). Flame absorption atomic spectrometer (FAAS) was used to determine the 
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concentration of residual HMI in the supernatant. More the details can be found in previous paper 

[14]. 

6.3.3.2 Effect of pH 

Effect of pH (2.0-6.0) was carried out under 0.3 mmol/L HMI concentration and 0.5 g DCW/L 

dosage, 10 mins contact time. Prior to incubation, the pH was adjusted to the desired value by 

adding amount of 0.1 N HNO3 to 1.5 mL of biomass solution in a 2.0 mL microcentrifuge tube. 

Supernatant solution was extracted by centrifugation for 5 mins at 13000 rpm (18500 rcf). Then 

the HMIs in supernatant was determined using flame absorption atomic spectrometer (FAAS). 

6.3.3.3 Effect of HMI concentration 

Batch experiment was carried out at various HMI concentration (0.01-1 mmoL/L) under 0.5 g 

DCW/L, pH 6.0, 10 mins incubation, 25 ℃. Same procedure was followed in previous procedure 

(Section 2.3.2 under constant operation pH 6.0). 

The equilibrium HMI biosorption (qe, mmol/g DCW) and HMI removal% by microalga were 

calculated by using the following equations: 

𝑞𝑒 =
𝐶0 − 𝐶𝑒

𝑥
 

6.1 

𝐻𝑀𝐼 𝑟𝑒𝑚𝑜𝑣𝑎𝑙% =
𝐶0 − 𝐶𝑒

𝐶0
× 100% 

6.2 

where C0 (mmol/L) and Ce (mmol/L) are the initial and equilibrium HMI concentration, 

respectively, and x (g DCW/L) refers to the microalgal biomass concentration in the biosorption 

mixture. 
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6.3.4 Intracellular and extracellular Pb(II) 

The determination of intracellular and extracellular Pb(II) concentration followed the 

methodology described by Zhou et al. [233] with minor modifications. 

6.3.4.1 Equilibrium Pb(II) concentration in supernatant: 

Batch biosorption experiment was conducted in a 2.0 mL graduated microcentrifuge tube using 

1.0 mL microalgal suspension with initial Pb(II) concentration from 5-100 mg/L, pH 6.0, 10 mins 

contact time and 25 ℃. The sample was then centrifuged at 13000 rpm (18500 rcf) for 5 mins. 

The supernatant was subjected to flame absorption atomic spectrometer (FAAS) analysis for 

determination of residual Pb(II) in supernatant. The biomass pellets were subjected to analysis of 

extracellular and intracellular Pb(II) when applicable. 

6.3.4.2 Equilibrium bioadsorption and equilibrium bioabsorption: 

The microalgal biomass separated from Pb(II) biosorption sample by separation described in 

Section 2.4.1 was re-suspended by adding 0.02 M EDTA solution to 1.0 mL. This suspension 

was gently agitated for approximately 30 seconds with the aim of removing Pb(II) that had 

adhered to the cell surfaces. Subsequently, the suspended sample underwent an additional round 

of centrifugation at 13000 rpm (18500 rcf) for 5 mins. The supernatant containing EDTA-bound 

Pb(II) was then subjected for the purpose of quantifying the Pb(II) concentration by FAAS. The 

equilibrium bioadsorption (qe,ad), i.e., the Pb(II) adsorbed on cell surface per unit mass of cells, 

and the equilibrium bioabsorption (qe,ab), i.e., the Pb(II) absorbed into the cells per unit mass of 

cells, were determined by the following equations: 

𝑞𝑒,𝑎𝑑 =
𝐶𝑠

𝑥
 6.3 

𝑞𝑒,𝑎𝑏 =
𝐶𝑜 − 𝐶𝑒 − 𝐶𝑠

𝑥
 6.4 
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Furthermore, the Pb(II) contents% on cell surface, i.e., bioadsorption, and in cell body, i.e., 

bioabsorption, were calculated by the following equations: 

𝑃𝑏 𝑏𝑖𝑜𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛% =
𝐶𝑆

𝐶𝑜 − 𝐶𝑒
∗ 100% 6.5 

𝑃𝑏 𝑏𝑖𝑜𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛% =
(𝐶0 − 𝐶𝑒) − 𝐶𝑠

𝐶0 − 𝐶𝑒
∗ 100% 6.6 

where C0 (mmol/L), Ce (mmol/L) and Cs (mmol/L) are the initial Pb(II) concentration in 

biosorption mixture, equilibrium residual HMI concentration in supernatant, and HMI 

concentration in EDTA extract, respectively. And x (g DCW/L) refers to the microalgal biomass 

concentration. qe,ad (mmol/g) and qe,ab (mmol/g) refer to the equilibrium bioadsorption and 

equilibrium bioabsorption. Pb bioadsorption% and Pb bioabsorption% refer to percentage of 

Pb(II) adsorbed onto cell surface, and the percentage of Pb(II) absorbed into the cells, 

respectively, based on the total Pb(II) removed from the supernatant by biosorption. 

6.3.5 Analyses and characterization 

6.3.5.1 Microalgal biomass 

In general, within the specified wavelength range of 450 to 700 nm, the quantification of 

microalgal dry biomass concentration correlates linearly with its optical density (OD) [128]. The 

wavelength of 700 nm was deliberately chosen for spectrometric analysis of C. vulgaris biomass 

concentration to avoid the interference of photosynthetic pigments, including chlorophylls a, b, c, 

and carotenoids. The determination of optical density was executed using the GENESYS™ 10S 

UV-VIS spectrophotometer (Thermo Fisher Scientific Inc., USA). This relationship is expressed 

in Eq. 6.7 [296]. 

𝑥 = 0.4332 × 𝑂𝐷700 6.7 
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where OD700 is the optical density at 700 nm, x (g/L) the dried cell weight (DCW) concentration 

of algae, and 0.4332 the empirically determined conversion factor. 

6.3.5.2 Heavy metal ion concentration 

Flame atomic absorption spectrophotometer (Thermo Fisher Scientific, USA) were used to 

determine HMI concentrations in solution. For HMI measurement, a specific hollow cation lamp 

with 1.2 L/min mixing air made up of acetylene and air (pressure ratio is 10 psig: 50 psig) were 

used. Then, HMI standards (Sigma-Aldrich, Canada) with 0.1 M HNO3 were utilized for 

establishment of standard curves. 1 mL sample solution containing HMIs was diluted with 

deionized water (if applicable) to ensure the concentration was in the range of (1-100 umol/L), 

and then subjected to FAAS analysis. The wavelength were 217, 228.8, 213.9, 324.8, 232 and 

240.7 nm for Pb(II), Cd(II), Zn(II), Cu(II), Ni(II) and Co(II), respectively. 

6.3.5.3 Zeta potential 

Zetasizer nanometers (Malvern Panalytical, UK) were used to measure the zeta potential of C. 

vulgaris. The microalgal biomass samples were adjusted to 0.1 g/L biomass by deionized water 

prior to analysis. Then, 1 mL sample was ejected into a DTS1070 cuvette (Malvern Panalytical, 

UK) for zeta potential analysis. 

6.3.5.4 FTIR 

FTIR spectrophotometer (Cary 630 Angellent technology, USA) was used to analyze the infrared 

spectra of biomass. 0.5 g DCW/L algal biomass with or without 0.5 mmol/L HMIs loaded pellet 

were obtained by centrifugation for 5 mins at 13000 rpm (18500 rcf), dried at 60 ℃ overnight in 

oven, and subjected for analyses.  
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6.4 Result and discussion  

6.4.1 HMI biosorption by microalgal cells: monolayer surface bioadsorption 

6.4.1.1 FTIR evidence of surface biosorption 

 

Figure 6-1 FTIR spectra of C. vulgaris cells before and after adsorbing Pb(II), Cd(II), Zn(II), 

Cu(II), Ni(II), or Co(II), 0.5 g/L DCW, 50 mg/L initial metal concentration 50 mg/L 10 mins 

contact time. 

 

Table 6-1 FTIR spectrum of C. vulgaris before and after HMI biosorption. 
Biosorbent Raw Pb Cd Zn Cu Ni Co Functional group Ref.* 

Wavenumber 

(cm-1) 

1011 1005 1012 1003 1002 1006 1010 C-O-C 

[297] 

1072 1083 1050 1069 1051 1072 1087 C-O-C 

1186 1188 1187 1188 1191 1186 1188 C-OH [298] 

1239 1269 1228 1294 1240 1277 1289 P=O [299] 

1472 1477 1474 1477 1484 1445 1471 C-H [300] 

1542 1543 1543 1542 1543 1544 1535 C-N (amide I) [141] 

1642 1623 1651 1645 1644 1675 1643 C-N (amide II) [74] 
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* References in which the corresponding functional group/absorbance wavenumber pairing are 

reported. 

Table 6-1 displays the FTIR spectra (ranging from 2000 to 750 cm-1) of C. vulgaris cells, along 

with the cells loaded with 0.5 mmol/L Pb(II), Zn(II), Cu(II), Ni(II), or Cd(II) Co(II) aqueous 

solutions. Additionally, the FTIR wavenumber curve is depicted in Figure 6-1. The FTIR spectra 

provide evidence of various functional groups on the surface of C. vulgaris cells, including C-O-

C, C-OH, P=O, C-H, and C-N, which likely played a role in facilitating the biosorption of HMIs. 

Specifically, the peaks at 1642 and 1542 cm-1 correspond to the C=N bonds in the amide II and 

amide I groups, respectively, indicating the presence of peptide bonds and, consequently, proteins 

on the cell surface. This observation aligns with previous findings [74,141]. The absorption peak 

at 1472 cm-1 results from bending vibrations in aliphatic C-H bonds, which are abundant in 

various biochemical compounds [300]. Furthermore, the peak at 1239 cm-1 corresponds to 

phosphate, a common component of cytomembranes [299], while the peak at 1186 cm-1 is 

attributed to the stretching vibrations in C-OH bonds present in carboxyl groups, found in 

carbohydrates, lipids, proteins, and amino acids [298]. The peaks at 1072 and 1011 cm-1 represent 

asymmetric C-O-C stretching vibrations characteristic of ester bonds in proteins, such as PHA 

[297]. 

After being loaded with six different HMIs (Pb(II), Zn(II), Cu(II), Ni(II), Cd(II), Co(II)), the 

biomass exhibited notable shifts in the peaks observed in its FTIR spectrum. Noticeably, shifts 

were observed at 1642, 1542, 1472, 1239, 1186, 1072, and 1011 cm-1, which can be attributed to 

changes in the C=N, C-H, P=O, C-O-C, and C-OH bonds, respectively. These shifts strongly 

suggest that the HMIs bind to functional groups containing these bonds, leading to alterations in 
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the energy states of the involved electrons and subsequent absorption of photons to excite the 

electrons. The functional groups linked to these bonds encompass a diverse array of elements, 

such as carbon (2.55), hydrogen (2.2), nitrogen (3.04), and phosphate (2.19). Among these 

elements, oxygen, with a relatively high electronegativity (3.44) is likely to exert a stronger 

attractive force while interacting with positively charged HMIs. Moreover, certain functional 

groups, including C=N, P=O, and O-H, may form double-toothed structures that could facilitate 

chelation with HMIs [301]. 

6.4.1.2 Kinetic evidence of surface bioadsorption 

 

Figure 6-2 Kinetics of HMIs (A) and HMIs removal% with equilibrium HMIs concentration (B) 

by C. vulgaris at pH 6.0, 0.3 mmol/L HMIs, 0.5 g DCW/L, 25 ℃. Mean values with error bars (n 

= 3) are provided. 

 

In this study, we investigated the kinetics of HMIs biosorption onto microalgal biomass and the 

experiment was conducted in the presence of 0.3 mmol/L of Pb(II), Cd(II), Zn(II), Cu(II), Ni(II), 

and Co(II) at 0.5 biomass dosage, pH 6.0 and 25 ℃, as illustrated in Figure 6-2. Notably, rapid 

biosorption of HMIs was observed with equilibrium achieved within 10 mins. Following 30 mins 

contact period, the equilibrium biosorption (mmol/g) for Pb(II), Cd(II), Zn(II), Cu(II), Ni(II), and 
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Co(II) were determined to be 0.32, 0.21, 0.16, 0.22, 0.19, and 0.13, respectively. The removal 

percentages of HMIs (Pb(II), Cd(II), Zn(II), Cu(II), Ni(II), and Co(II)) were found to be 59.88%, 

45.48%, 31.43%, 40.72%, 36.52%, and 22.08%, respectively, when exposed to a 0.3 mmol/L 

HMIs solution at 30 mins. Furthermore, the equilibrium HMIs concentration in the supernatant 

were measured at 0.12 mmol/L, 0.14 mmol/L, 0.20 mmol/L, 0.18 mmol/L, 0.19 mmol/L, and 

0.24 mmol/L for Pb(II), Cd(II), Zn(II), Cu(II), Ni(II), and Co(II), respectively. While the 

equilibrium HMIs concentration did not meet drinking water standards, it is important to note 

that by employing higher biomass dosages, reducing the initial HMI concentration, and 

implementing multiple-stage treatment, it is possible to achieve drinking water standards at the 

parts per billion (ppb) level, as established by the US Environmental Protection Agency (USEPA) 

and the World Health Organization (WHO) [5,6]. Many publications in the literature have 

reported fast HMIs biosorption kinetics by different microalgal species [237,302]. For instance, 

Lekshmi R et al.[302] investigated the biosorption of Ulva flexuosa for three HMIs, i.e., Cd(II), 

Co(II), and Zn(II), where biosorption reached plateau rapidly within 30 mins. Pham et al. [60] 

reported the biosorption of Cd(II), Cu(II), Ni(II), Pb(II) by Hizikia fusiformis, finding that 

biosorption can take up 90–95% HMIs removal% within the first 15 mins. Furthermore, 

Hockaday et al. [127] declared that the equilibrium-reaching time were as short as 10 seconds for 

the biosorption of Cu(II) and Cd(II) by microalgae C. vulgaris and S. obliquus. In one of our 

earlier experiments, we observed quick biosorption of several HMIs on green alga N. 

oleoabundans [14].  The consistent observation of kinetic behavior of the biosorption of a large 

variety of different HMIs onto various microalgal species indicates a similarity in the underlying 

biosorption mechanisms. It is important to highlight that the kinetics of HMIs removal by 

microalgae may involve both bioadsorption, which is a rapid process, and bioabsorption process, 
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which is a much slower process, as discussed in the introduction. Therefore, the rapid kinetics of 

HMI biosorption onto microalgal biomass serves as another evidence that it is predominantly 

surface bioadsorption rather than bioabsorption.  

6.4.1.3 Isothermal evidence of monolayer surface bioadsorption 

  

Figure 6-3 Isotherms of Pb(II), Cd(II),  Zn(II), Cu(II), Ni(II) and Co(II) biosorption by C. 

vulgaris biomass fitted to the Langmuir (A), Freundlich (B) and Sips (C) model and the 

biosorption capacity (D) of HMIs. (0.5 g DCW/L, 10 mins, pH 6.0). Mean values with error bars 

(n = 3) are provided.   
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Table 6-2 Isotherm constants of Pb(II), Zn(II), Cu(II), Ni(II), Cd(II), Co(II) biosorption by C. 

vulgaris biomass using Langmuir and Freundlich models. 
  Langmuir Freundlich Sips 

Metal Mw (g/mol) 
qm 

(mmol/g) 

KL 

(L/mmol) 
RL R2 

KF(mg(1-

1/n)g-1L1/n) 
N R2 

qm 

(mmol/g) 

KL 

(L/mmol) 
ns R2 

Pb2+ 207.2 0.36 129.24 0.02-0.07 0.9459 0.50 4.76 0.9369 0.41 16.23 0.62 0.9961 

Cd2+ 112.4 0.23 65.52 0.03-0.13 0.9803 0.37 3.70 0.9250 0.26 20.38 0.77 0.9916 

Zn2+ 65.38 0.32 22.40 0.08-0.31 0.9920 0.49 2.78 0.9370 0.36 10.48 0.82 0.9985 

Cu2+ 63.54 0.25 142.98 0.01-0.07 0.9740 0.33 5.88 0.9450 0.28 21.48 0.65 0.9917 

Ni2+ 58.69 0.25 31.84 0.06-0.24 0.9933 0.32 3.70 0.9143 0.30 7.24 0.66 0.9628 

Co2+ 58.93 0.18 19.41 0.09-0.34 0.9178 0.23 3.33 0.8308 0.17 45.45 1.23 0.9231 

 

The Langmuir (Eq. 7), Freundlich (Eq. 8), and Sips (Eq. 9) are three commonly used isotherm 

models in the field. Both the Langmuir isotherm and Sips model assume that the adsorbates 

evenly occupy binding sites distributed throughout the adsorbent once all sites are filled. 

Furthermore, these models consider all biosorption sites as independent and possessing identical 

energetic characteristics. The following equations are frequently employed to describe bellow: 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 6.8 

𝑞𝑒 = 𝐾𝐹(𝐶𝑒)1/𝑛 6.9 

𝑞𝑒 =
𝑞𝑚𝑆𝐾𝑆𝐶𝑒

𝑛𝑆

1 + 𝐾𝑆𝐶𝑒
𝑛𝑆

 6.10 

where there are four factors to consider when dealing with HMIs adsorbed in the solution: qe the 

HMIs content adsorbed per gram of adsorbent (mmol/g), Ce the equilibrium HMIs concentration 

in supernatant (mmol/L), KL, KF and KS the model constants in the Langmuir, Freundlich, and 

Sips model, respectively (which are related to the affinity of biosorption), qm the maximum 
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equilibrium biosorption (mmol/g), i.e., the biosorption capacity, and n and ns the empirical 

constants of Freundlich and Sips models, respectively. 

Isotherms  of the biosorption of six HMIs, i.e., Pb(II), Cd(II), Zn(II), Cu(II), Ni(II), and Co(II), 

onto green microalga C. vulgaris were carried out at pH 6.0 to prevent the precipitation of HMIs 

with 10 mins contact time. The isothermal data obtained from these experiments were fitted to 

the Langmuir, Freundlich, and Sips equations using the software Origin. The results are depicted 

in Figure 6-3 and the corresponding isothermal parameters and correlation coefficients (R2) are 

presented in Table 6-2. Notably, as shown in Table 6-2, the Langmuir model fits better than the 

Freud model since the R2 values of the former are better than that of the latter in all cases. 

Furthermore, the Sips model exhibited superior fitting to the HMIs compared to the Langmuir 

and Freundlich models, as evidenced by the high R2 values, which were in most cases larger than 

0.99. 

The Sips model represents the monolayer adsorption of one adsorbate molecule onto 1/ns 

adsorption sites [253]. As shown in Table 6-4, the ns values of all scenarios were smaller than 1 

except for Co2+ biosorption, which had an ns value that was slightly larger than 1 (1.23). Similar 

observations were reported with the biosorption of Pb(II), Cd(II), Zn(II) by N. oleoabundans 

[238]. Therefore, the biosorption of these HMI by microalgae was monolayer surface 

bioadsorption with more than one binding site for one HMI. 

While Sips model gives slightly different biosorption capacities than the Langmuir model, we 

will use Langmuir values in discussions from this point on to allow comparison with most 

literature data. As listed in Table 6-2, the biosorption capacities (mmol/g) of the six HMIs 

obtained by fitting Langmuir model are in the order of: Pb(II)(0.360)> Zn(II)(0.325)> 
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Cu(II)(0.254)> Ni(II)(0.249)> Cd(II)(0.235)> Co(II)(0.182). Apparently, the HMI properties had 

had significant effects on the biosorption capacity of HMIs.  

Extensive studies have been carried on the effects of HMI properties on their affinity with 

cellular ligands [14,70,292,303] and electronegativity and ionic radius have been generally 

recognized as the parameters that play important roles in biosorption. Nonetheless, the literature 

data on the effects of these two HMI properties had been unconclusive and in many cases 

contradictory to each other. As a most recent development in this field, we established in a 

previous study using experimental and literature data that the biosorption capacity would increase 

with the ratio of HMI electronegativity and radius, which is in many cases linear increase [14]. 

6.4.1.4 Intracellular and extracellular Pb(II) content 

 

 

Figure 6-4 (A) Pb(II) content% on cell surface (Extracellular), and inside cells (Intracellular); and 

(B) equilibrium bioabsorption and equilibrium bioadsorption (mg/g) at different initial Pb(II) 

concentration (5-100 mg/L) by C. vulgaris. Experiment carried out at 0.5 g DCW/L, 10 mins, and 

pH 6.0. 
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To assess the distribution of intracellular and extracellular HMIs, we conducted Pb(II) 

biosorption experiments as a representation. These experiments involved varying initial Pb(II) 

concentrations from 5 to 100 mg/L, with a fixed biomass concentration of 0.5 g DCW/L, contact 

time of 10 mins, and pH 6.0 shown in Figure 6-4. Figure 6-4A reveals that, regardless of the 

initial Pb(II) concentration, the bioadsorption of Pb(II) consistently dominated the total Pb(II) 

removal, constituting a significant portion of 94% to 96%. In Figure 6-4B, we observe that both 

the equilibrium bioadsorption and equilibrium bioabsorption of Pb(II) increased with increasing 

initial Pb(II) concentration from 10 to 100 mg/L. The highest equilibrium biosorption, 0.31 

mmol/g and 0.02 mmol/g, were achieved at an initial Pb(II) concentration of 100 mg/L, for 

bioadsorption and bioabsorption, respectively. This indicates that the removal of HMIs by 

microalgal cells is primarily achieved through bioadsorption, which occurred on the cell surface. 

It is worthy to note that the predominance of bioadsorption in biosorption of HMI by microalgae 

was also reported in the literature [233,234]. 
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6.4.2 Mathematical model for HMIs biosorption based on ideal surface bio-

adsorption 

 

 

Figure 6-5 Biosorption of HMI model assuming: 1) microalgal cell has smooth surface (R and r 

present radius of biosorbent and HMI, respectively); 2) monolayer bioadsorption; and 3) 

complete occupation of cell surface by HMI; 4) Functional site is scattered uniformly across the 

cell surface; 5) Microalgal cells present in low concentrations with no agglomeration. 

 

As discussed above, there are abundant and multifaceted evidence supporting the hypothesis that 

biosorption of HMIs by microalgal biomass is predominantly bioadsorption that occurs at cell 

surface. Based on this understanding, we propose here a mathematical model for prediction of 

biosorption capacity based on cell size, morphology, weight, and HMI radius as follows. 

Figure 6-5 describes an idealized biosorption process on a single microalgal cell with the 

following assumptions: 1) microalgal biomass consisting of only unicellular cells of smooth 

surface; 2) the biosorption is monolayer bioadsorption; 3) HMIs fully occupy the entire cell 

surface; 4) Functional site is scattered uniformly across the cell surface; 5) Microalgal cells are 

present in low concentrations with no agglomeration. These assumptions allow the estimation of 
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the HMIs biosorption capacity of a given microalga of known properties including cell size and 

cell weight on a particular multivalent HMIs of known ionic radius. 

Assume the surface of a spheric cell of radius R (µm) is fully occupied by ionic radius r (pm), 

then surface area of the sphere (AS,S, µm2) passing the central points of all the occupying ions is 

given by Eq. 6.11. For cylindrical cell of diameter (d, µm) and heigh (h, µm) is fully occupied by 

ionic radius r (pm), the surface area of cylinder (AS,C, µm2) is given by Eq 6.12: 

𝐴𝑠,𝑠 = 4𝜋(𝑅 + 𝑟 × 10−6)2 6.11 

𝐴𝑠,𝑐 =  𝜋(𝑑 + 𝑟 × 10−6)[(ℎ + 𝑟 × 10−6) +
(𝑑 + 𝑟 × 10−6)

2
] 

6.12 

The area of the plane intersecting the central point of each ionic sphere (AI, µm2) is given by Eq. 

6.13: 

𝐴𝐼 = 𝜋(𝑟 × 10−6)2 6.13 

The number of HMIs to occupy the surface of a cell fully (n, ions/cell) can be obtained by 

dividing AS (using sphere (AS,S, µm2) as representative) with AI, i.e.,  

𝑛 =
𝐴𝑆

𝐴𝐼
= 4(

𝑅 + 𝑟 × 10−6

𝑟 × 10−6
)2 

6.14 

N (ions/g), the number of HMIs on all the cells in a unit mass of sample with a cell weight of Cw 

(g/cell) can be obtained by: 

𝑁 =
𝑛

𝐶𝑤
 6.15 

For unit conversion, the predicted biosorption capacity (qp, mmol/g) of HMIs on microalgal 

biomass can therefore be determined through the following mathematical model: 
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𝑞𝑝 =
𝑁

6.022 × 1026
 6.16 

 

6.4.3 Validation of model 

Table 6-3 Experimental and predicted biosorption capacity of different HMIs by different 

microalgal species. 

Biosorbent Cell (µm) 

Cell weight 

(g/cell) 

Ion Electronegativity 

Ionic 

radius 

(pm) 

qm (mmol/g) 

qp 

(mmol/g) 

qm/qp Ref. 

C. vulgaris 2.20 (Radius)  2.78E-11 

Pb2+ 2.33 119 0.360 0.081 4.44 

This 

study 

Cd2+ 1.69 95 0.235 0.128 1.84 

Zn2+ 1.65 74 0.325 0.210 1.55 

Cu2+ 1.95 73 0.254 0.216 1.18 

Ni2+ 1.91 70 0.249 0.235 1.06 

Co2+ 1.88 70 0.182 0.235 0.77 

N. 

oleoabundans 

2.25 (Radius) 1.33E-11 

Pb2+ 2.33 119 1.030 0.170 6.06 

[14] 

Cd2+ 1.69 95 0.650 0.266 2.44 

Zn2+ 1.65 74 1.200 0.438 2.74 

Cu2+ 1.95 73 1.230 0.450 2.73 

S. 

quadricauda  

11.505.90 

(Lenth*Diameter) 

1.55E-11 

Pb2+ 2.33 119 1.185 0.645 1.84 

[55] 

Cd2+ 1.69 95 1.609 1.012 1.59 

qm: Experimental biosorption capacity (mmol/g) from Langmuir model 

qp: Predicted biosorption capacity (mmol/g) from Mathematical model 

 

To validate the model, we compared the model predictions and the experimentally determined 

biosorption capacities and the results are summarized in Table 6-3. In addition, we cited the 

experimental results from two well-executed studies in the literature for comparison as well 

[14,55]. Three distinct microalgal species, i.e., C. vulgaris, N. oleoabundans, and S. quadricauda 

are involved. These three microalgae exhibit varying morphologies, with C. vulgaris and N. 
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oleoabundans being unicellular having radii of ~2.20 and ~2.25 µm, respectively, and S. 

quadricauda consisting of multicellular cells resembling a four-rod configuration with 

dimensions of 11.50*5.90 (Length*Diameter). The cell weight (expressed in g/cell) is another 

critical parameter used in our calculations, typically determined through weighting biomass by 

freeze-drying process and cell numbers counting using hematocytometer. Each of these three 

microalgal species demonstrates distinct biosorption capacities for different HMIs. In the 

experimental dataset, the biosorption capacities for C. vulgaris towards Pb(II), Cd(II), Zn(II), 

Cu(II), Ni(II), and Co(II) were found to be 0.360, 0.235, 0.325, 0.254, 0.249, and 0.182 mmol/g, 

respectively. N. oleoabundans exhibited biosorption capacities for Pb(II), Cd(II), Zn(II), and 

Cu(II) of 1.030, 0.650, 1.200, and 1.230 mmol/g, respectively. Meanwhile, S. quadricauda 

displayed biosorption capacities of 1.185 and 1.609 mmol/g for Pb(II) and Cd(II), respectively. 

While the predicted biosorption capacities derived from the mathematical model closely align 

with some of the experimentally observed values, the deviation from others is quite remarkable, 

exhibiting  qm/qp ratios ranging from 0.77 to 6.06. As to be discussed later, these discrepancies 

are reasonable. In fact, detailed analyses on them may lead to some very intriguing findings.   

6.4.4 Deviations of model 

As shown in Table 6-3, all the qm/qp ratios were larger than 1, except for Co2+ biosorption onto C. 

vulgaris  ̧which had a  qm/qp of 0.77. In the case of biosorption of Pb(II) on to C. vulgaris cells, 

the predicted capacity was 6.06 times of the experimentally determined capacity, i.e., the qm/qp 

ratio was 6.06. This needs explanation  since one of the model assumptions is the full occupancy 

of cell surface by HMIs and there are isothermal evidences of monolayer biosorption. This 

incongruity between model predictions and experimental outcomes beckons attention to other 

pivotal parameters that wield the potential to exert tremendous influence upon the biosorption 
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capacity. Three such parameters are microalgal surface nanostructures, HMIs electronegativity 

and biosorption buffer pH. Each of these factors bears significance in the intricate biosorption 

process. The microalgal surface nanostructures are a critical determinant in biosorption, dictating 

the availability of binding sites and the extent of surface contact, which ultimately impacts the 

biosorption capacity. The electronegativity of HMIs, on the other hand, inherently affects their 

affinity to the functional group of the macromolecules on microalgal cell surface, thereby 

influence the biosorption interactions. Moreover, the operational pH plays a crucial role in 

shaping the net charge of both the microalgal biomass and the HMIs, thereby influence their 

attraction to each other and therefore binding. Delving into the interplay of these factors, their 

nuanced examination offers a promising avenue to enrich our understanding of the mechanisms 

of biosorption. In the following sections, the impacts of each parameter on biosorption capacity 

are systematically discussed. 
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6.4.4.1 Deviation caused by cell surface properties: nanostructures 

 

 

Figure 6-6 Representative transmission electron micrographs of C. vulgaris (A, C) and N. oleoabundans (B, D). Hairlike fiber (HF), 

electron-dense outer wall (EDOW), LDL (low density layer), CM (cytoplasmic membrane). Revised with permission from authors 

[110,281]. Copyright 2021 American Chemical Society & 2018 Elsevier.   
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Figure 6-6A,C and 6-6B,D are the transmission electron microscopy (TEM) images of C. 

vulgaris and N. oleoabundans, respectively, unveiling the presence of nanostructures, i.e., the 

hairlike fibers (HF), on the cellular surfaces. Pili, slender protein filaments with a diameter of 

around 2-12 nm are likely the major members of these HF extending from the outer membrane of 

cells [304]. The existence of HF in microalgal cells has also been reported in studies involving 

other species such as Scenedesmus sp., Haematococcus pluvialis, and Coelastrella sp. [305]. 

Researchers have affirmed that extracellular polymeric substances (EPS), which could be the 

major components of the HF, comprise negatively charged functional groups like -COO- and -

PO4
- that exhibit a propensity for adsorbing HMIs [306,307]. As illustrated in Figure 6-6E, the 

surfaces of the HF would house the binding sites for HMI, lending an effective surface area far 

beyond that is calculated by Eq. 6.10 or Eq. 6.11.  

6.4.4.2 Deviation due to HMI properties: electronegativity 

As shown in Table 6-3, the  qm/qp ratios Pb(II) biosorption onto C. vulgaris and N. oleoabundans 

were 4.44 and 6.06, respectively. These are several times of other HMI/microalga pairs listed in 

Table 6-3, that were in the range of 0.77-2.73. These remarkable differences seem to be at least 

partially related to the large electronegativity of Pb(II) in comparison with that of all the other 

HMIs involved. While the impacts  or at least the spacious impact of ionic radius have been 

factored into the mathematic model, the impacts of electronegativity are not accounted for. Large 

electronegativity of Pb(II) would hypothetically lend it large affinity with the negative functional 

groups and/or chelating groups on the surfaces of cells. In other words, some functional groups 

on the surface of the nanostructures, e.g., the HF, on cell surface might be too weak to bind to 

other HMIs but Pb(II), which has the largest electronegativity with a large margin in comparison 

to that of the second largest, i.e., that of Cu(II), which is 1.95. Nonetheless, this explanation is far 
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from perfection since the qm/qp ratios of other HMIs do not necessarily increase with their 

electronegativity when compared with each other. Apparently, this simplistic model cannot fully 

capture the intricate relationships between HMI and ligands on cell surfaces.  

6.4.4.3 Deviation due to biosorption condition: pH 

  

Figure 6-7 The equilibrium biosorption (A) of Pb(II), Zn(II), Cu(II), Ni(II), Cd(II), Co(II) by C. 

vulgaris and Zeta potential (B) of biomass in pH range 2.0–6.0, 0.3 mmol/L initial HMIs 

concentration, 0.5 g DCW/L, 10 mins contact time, and 25 ℃. Mean values with error bars (n = 

3) are provided. 

 

Table 6-4 Summary of microalgal cell wall biochemical composition and related functional 

groups for HMI biosorption [110,305,308]. 

Macromolecule Biochemical pKa1 Functional groups 

Monosaccharide 

D-Arabinopyranose 11.30 C-O-C, C-OH 

6-Deoxy-D-mannopyranose 11.30 C-O-C, C-OH 

6-Deoxy-D-galactopyranose 11.30 C-O-C, C-OH 

D-Xylopyranose 11.31 C-O-C, C-OH 

D-Mannopyranose 12.08 C-O-C, C-OH 

D-Galactopyranose 12.35 C-O-C, C-OH 

D-Galactopyranuronic acid 3.51 C-O-C, COOH, C-OH 

D-Glucopyranose 11.30 C-O-C, C-OH 

D-Glucopyranuronic acid 3.21 C-O-C, COOH, C-OH 
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Amino acid 

Histidine 1.80 C=N, COOH 

Arginine 12.48 C=N, COOH 

Serine 2.19 C-N, COOH, C-OH 

Glycine 2.35 C-N, COOH 

Glutamic acid 2.10 C-N, COOH 

Aspartic acid 3.90 C-N, COOH 

Threonine 2.09 C-N, COOH, C-OH 

Alanine 9.87 C-N, COOH 

Proline 1.97 C-N, COOH 

Lysine 10.40 C-N, COOH 

Tyrosine 10.46 C-N, COOH, C-OH 

Valine 2.29 C-N, COOH 

Leucine 9.74 C-N, COOH 

Phenylalanine 2.20 C-N, COOH 

Isoleucine 2.32 C-N, COOH 

Lipid 

Palmitic acid 4.95 COOH 

Stearic acid 4.75 COOH 

Cis-10-Nonadecenoic acid 5.02 -COO- 

Protein 

Hydroxyproline 10.62 C-N, COOH, C-OH 

Hydroxylysine 2.45 C-N, COOH, C-OH 

Glycine 2.35 C-N, COOH 

Thiols 6.40 C-S 

Tryptophan 9.39 C-N, COOH 

 

The effect of pH on the biosorption of Pb(II), Cd(II), Zn(II), Cu(II), Ni(II), and Co(II) by C. 

vulgaris was investigated across a pH range of 2.0-6.0 in this study. Figure 6-7 illustrates the 

strong dependence of the equilibrium biosorption of different HMIs on biosorption pH. In general, 

the equilibrium biosorption of all HMI increased with pH and highest were observed at pH6.0.  

As shown in Figure 6-7B, the zeta potential of cells was -12.4 mV at pH 2.0, which decreased as 

the pH increased (the absolute value increased with pH). The most negative zeta potential value 

of cells was -32.0 mV at pH 6.0, indicating that C. vulgaris surfaces under higher pH conditions 

possess more negative functional groups capable of adsorbing positive HMIs.  
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Studies revealed that the major constituents of the cell wall were carbohydrates (29.7%), proteins 

(14.6%), lipids (13.1%), minerals (1.5%), and other molecules (41.1%) [281]. The 

macromolecules contain abundant carboxyl groups (-COOH), phosphate groups (-PO4), amino 

groups (-C=N), and hydroxyl groups (-OH) that have been identified using FTIR spectra as the 

primary functional groups contributing to the negative charge on the cell surfaces.  As 

summarized in Table 6-4, the pKa values of functional groups carrying constituent monomers of 

cell wall range from 1.97 of proline to 12.35 for D-galactopyranose and the monomeric 

constituents of carbohydrates, peptidoglycans, and lipoglycans possess abundant functional 

groups of small pKa, e.g., D-glucopyranuronic acid (pKa = 3.21) and D-galactopyranuronic acid 

(pKa = 3.51) [110,305,308]. The functional group would be deprotonated to acquire negative 

charges when buffer pH is above their pKa values and therefore creating biting sites for HMI in 

bioadsorption. 

The current model, however, it too rigid to accommodate the capacity change caused by 

biosorption conditions, e.g., pH.  

6.5 Conclusions 

A simplistic model was proposed for predicting HMI biosorption capacity by leveraging insights 

from microalgal cell geometry and ionic radius. The model was validated using experimental and 

literature data to be able to provide reasonably good estimation in most cases. The deviations of 

the model were explained in the context of the influence of other important parameters, including 

nanostructures on cell surface, HMI electronegativity, and biosorption buffer pH, that are not 

accounted for in the model. The validation of the model support one of the key assumptions 

based on which the model was developed, i.e., biosorption of HMI by microalgal cells is 
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predominantly monolayer surface bioadsorption other than bioabsorption that involves the entire 

cell volume. Furthermore, the fact that the experimental biosorption capacities were larger than 

the predicted values in most cases, in combination with the monolayer biosorption isotherm, 

suggest that the surfaces of nanostructures on cell wall, most likely the HF, might be where the 

binding sites are located.  Different deviations among different HMI suggest HMI properties 

other than ionic radius, e.g., electronegativity, have important influence on biosorption.  
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Chapter 7 Conclusions and recommendations 

7.1 Conclusions 

This research was focused on biosorption of heavy metal ions (HMIs) by microalgae: 

mechanisms and conditioning. The overarching goals of this work included to: 

1. Establishing the correlation between biosorption capacity and HMIs properties. 

2. Enhancing HMIs biosorption capacity through diverse microalgae cultivation conditions: 

nitrate, phosphate, dissolved inorganic carbon, and culture-pH. 

3. Employing cost-efficient lipid-extracted microalgal biomass by-products for practical 

biosorption applications. 

4. Developing and validating a mathematical model utilizing three microalgal species. 

In Chapter 3, our research delved comprehensively into various facets of HMIs biosorption using 

microalgae, with a particular focus on Neochloris oleoabundans. The following provides a more 

logical and detailed account of our key findings. Our initial investigation aimed to understand the 

interplay between HMIs biosorption capacity and the properties of HMIs themselves, using N. 

oleoabundans as biosorbent. We examined the biosorption capacity (measured in mmol/g) across 

a range of HMIs, including Pb(II), Hg(II), Zn(II), Cd(II), and Cu(II). Our findings unveiled an 

intriguing linear relationship between biosorption capacity and an impact factor, which we 

defined as "I" equal to the electronegativity derived from ionic radius. This relationship sheds 

light on the underlying mechanisms of HMI biosorption and provides a valuable foundation for 

further investigations. Additionally, we conducted competition tests, revealing that the 

biosorption capacity of HMIs decreased as the concentration of competing ions increased. This 
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underscores the importance of considering competitive effects when designing HMI biosorption 

strategies. 

In Chapter 4.1-4.4, we dedicated a substantial portion of our research to examining the impact of 

various cultivation conditions on the biosorption of Pb(II) by N. oleoabundans. The following 

key points emerged: 1) Our original research demonstrated a direct and significant correlation 

between sodium nitrate (NaNO3) concentration and Pb(II) biosorption capacity. This discovery 

was substantiated by isotherm experiments that provided insights into the binding of Pb(II) to the 

microalgal cell surface, ultimately enhancing biosorption capacity (60.26 mg/g) of Pb(II) with 

800 mg/L NaNO3. 2) Under specific conditions, notably with of 300 mg/L KH2PO4, we achieved 

the highest biosorption capacity (180.19 mg/g) for Cu(II), providing valuable insights into 

optimizing biosorption for this particular HMI. 3) The most noteworthy result was the 

exceptional biosorption capacity (100.01 mg/g) of Pb(II) achieved under a culture pH of 9.5. This 

finding suggests novel possibilities for enhancing the removal efficiency of Pb(II) from 

contaminated water sources. 4) We also observed a remarkable biosorption capacity (490.47 

mg/g) for Pb(II) when exposed to 320 mmol/L NaHCO3, further expanding the toolkit of 

sustainable strategies for HMI removal. 

In Chapter 5, our study ventured into the practical application of residual biomass excrete lipids 

from Chlorella vulgaris as an exceptionally effective biosorbent for HMIs. The distinct 

advantages of this approach were apparent when compared to the use of wet and dried biomass. 

Factors such as enhanced exposure of the inner cell wall surface, the presence of unique 

functional groups, and the removal of lipids all contributed to the notable enhancement of 

biosorption capacity. This low-cost residual biomass exhibited rapid kinetics and remarkable 
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biosorption capacity, particularly for Pb(II) and Cd(II), positioning it as a promising candidate for 

various industrial applications, thereby contributing to sustainable HMIs removal practices. 

In Chapter 6, to further our understanding of HMI biosorption by microalgal biomass, we 

embarked on the development of a mathematical model. This model primarily focused on 

establishing correlations between HMI ionic radius and biomass properties. Rigorously validated 

across six HMIs and various microalgal species, the model serves as a foundational tool for 

comprehending and predicting HMIs biosorption behavior. Future enhancements to the model are 

under consideration, including the incorporation of HMIs electronegativity, specific surface area 

calculations, and the inclusion of pili structures on cell walls to enhance its accuracy and 

applicability. In summary, our study contributes significantly to the understanding of microalgal-

based HMI removal strategies and offers valuable insights that pave the way for further research 

in this burgeoning field. The comprehensive exploration of biosorption mechanisms, cultivation 

conditions, low-cost biosorbents, and the development of predictive models collectively positions 

this work as a vital contribution to sustainable and effective HMI remediation practices. 

7.2 Future works 

Building upon the findings and insights gained from this study, there are several promising 

avenues for future research in the field of HMIs removal using microalgae. Here are some 

potential directions for future work: 

Delve deeper into the mechanisms of HMIs biosorption by microalgae. Investigate the specific 

molecular interactions and binding sites involved in the biosorption process to gain a more 

comprehensive understanding of how different HMIs interact with microalgal biomass. Explore 

novel cultivation strategies to further optimize microalgal growth and biosorption performance. 
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Investigate the use of controlled environmental factors, such as light intensity, temperature, and 

nutrient ratios, to enhance biosorption capacity of HMIs. Conduct in-depth studies on the 

competitive biosorption of HMIs in mixed-metal systems. Examine how different HMIs interact 

with one another and microalgal biomass under varying conditions, mirroring real-world 

scenarios. 

Investigate the modification of microalgal biomass to enhance its biosorption capabilities. This 

could include genetic engineering or the introduction of specific functional groups to increase its 

affinity for targeted HMIs. Focus on scaling up microalgal-based HMIs removal processes for 

practical industrial applications. Explore cost-effective and efficient ways to implement 

microalgal biosorption on a larger scale, considering factors such as reactor design and biomass 

harvesting techniques. Develop methods for the regeneration and reusability of microalgal 

biomass as biosorbents. Investigate techniques for desorbing and recovering HMIs from loaded 

biomass, making the process more sustainable and economically viable. Conduct field studies 

and pilot projects to evaluate the feasibility of applying microalgal-based HMIs removal in real-

world scenarios, such as wastewater treatment plants, industrial effluent treatment, and 

contaminated water bodies. 

Continue to refine and expand mathematical models for predicting HMIs biosorption by 

microalgal biomass. Incorporate additional factors, such as HMIs electronegativity, specific 

surface area calculations, and the influence of environmental parameters, to improve model 

accuracy. Encourage collaboration between researchers from various disciplines, including 

biology, chemistry, engineering, and environmental science, to approach HMIs removal and other 

organic pollutant from a holistic perspective. Interdisciplinary efforts can lead to innovative 
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solutions and a more comprehensive understanding of the challenges involved. By pursuing these 

future research directions, we can further advance the field of microalgal-based HMIs removal, 

making it a more practical, efficient, and environmentally sustainable solution for addressing 

heavy metal contamination in water sources.  
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Appendix Biosorption of Pb (II) by free and alginate-immobilized 

Chlorella vulgaris and Neochloris oleoabundans  

Figure A-1 Kinetics of Pb(II) biosorption by alginate-immobilized Chlorella vulgaris and 

Neochloris oleoabundans, under 25 ℃, 50 mg/L Pb(II), pH 6, 0.5 g/L biomass dosage. 
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Figure A-2 Isotherm of Pb(II) by alginate-immobilized Chlorella vulgaris and Neochloris 

oleoabundans and wet biomass, fitting with Freundlich (A) and Langmuir model (B), under 25 

℃, pH 6.0, 0.5 g/L biomass dosage, 48 hours contact time. 
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