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Geosmin (GSM) is one of the most common off-flavor compounds found in aquaculture 

wastewater which is responsible for the odor-related problems in fish. The microalgae 

assisted water treatment unit is used in Recirculating aquaculture system (RAS) due to its 

natural capacity of removing nutrients. In addition, the biomass derived from microalgae is 

a potential source of feed for fish in the aquaculture industry. It is meaningful to investigate 

the interaction between Geosmin on dead or live microalgal cells to determine the fate of 

GSM in RAS. 

Tetraselmis Suecica (T. suecica) and Nannochloropsis Oculata (N. oculata) were selected 

to investigate the relationship between GSM and algae (both living and dead). The initial 

adsorbate concentration of 2 mg/L and the adsorbent concentration of 1 g/L in the 

preliminary adsorption study indicate that the biomasses of N. oculata and T. suecica 

removed 53.56% and 25.06% of GSM over the course of a 24-hour period. GSM being semi-

volatile, 1.2 % was volatilized in the respective time. N. oculata was selected as an adsorbent 

for kinetic and isotherm studies based on its superior removal performance. Isotherm models 

(Langmuir, Freundlich, and Henry’s law) was used to study adsorption process. The result 

showed that the adsorption between microalgae and GSM could be best described by 

Henry’s law and pseudo-second order model. The analysis of GSM was performed using 

Solid-phase microextraction accompanied by Gas chromatography-mass spectrometer 

(SPME/GC-MS). 
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To examine bioaccumulation similar strains of live microalgal cells were used and removal 

of GSM (initial concentration = 2 mg/L) was observed to be 53.98 % and 42.15 % by N. 

oculata and T. Suecica within the span of 24 h (initial cell concentration 2.21·108 and 4.4 

·106 cells/ml respectively). N. oculata was further used to study the impact of GSM on 

microalgal growth. The experiment was conducted in RAS and f/2 media (initial cell 

concentration = 3.72 · 106 cells/ml) for three days. In day 1, the removal of GSM was 

observed 7.78 % and 7.52 % in RAS (9.34% volatilization) and f/2 (7.97% volatilization) 

respectively. The removal of GSM was decreased to 3.97 % (RAS) and 1.19 % (f/2 media) 

on day 3. The volatilization of GSM from borosilicate bottle was increased to 10.18 % and 

16.24 % in RAS and f/2 media respectively on day 3. There was formation of Extracellular 

polysaccharides (EPSs) in RAS media spiked with GSM on day 3. The cell concentration of 

microalgae has decreased in the medium spiked with GSM which is possibly due to cell 

death (GSM being in high concentration). However, the cell concentration has increased 

slightly in both RAS and f/2 medium in absence of GSM. These findings highlight the 

potential of microalgal biomasses as an mighty adsorbent for the removal of GSM rather 

than feed in RAS process water. Nonetheless, there is lack of research on the fate of GSM 

in RAS process water therefore, extra research is needed to clarify the applicability of 

microalgal biomasses as a direct feed and fate of GSM in RAS process water. 
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SYMBOLS AND ABBREVIATIONS (may be included, but not relevant for all theses) 

 

Roman characters 

Symbols Description   Units 

C Concentration  [mg/L] 

k1 Pseudo-first order rate constant [1/min] 

k2 Pseudo-second order rate constant [g/mg/min]   

KF  Freundlich constant  [(mg/g) (L/mg)1/n] 

KL Langmuir constant   [L/mg] 

m ads mass of adsorbent  [mg] 

Qe Equilibrium adsorption capacity [mg/g] 

Qm Maximum adsorption capacity [mg/g] 

V Volume of solution  [ml] 

t Time   [min] 

Mtot Total mass of adsorbate in a solution [mg] 

  

Greek characters 

 Elovich initial adsorption rate [mg/g/min] 

 Elovich desorption constant [g/mg] 

λ Wavelength   [nm] 

 

 

Dimensionless quantities 

n Freundlich adsorption intensity parameter 
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R2 Correlation coefficient 

 

Subscripts 

e At equilibrium 

m maximum 

i initial 

 

 

Abbreviations 

RAS Recirculating aquaculture system 

MWWT Microalgal wastewater treatment 

GSM Geosmin 

MQ Milli-Q water 

MA Microalgae 

SEM Scanning Electron Microscope 

RMSE Root mean square error 

FTIR Fourier Transformed Infra-red 

R.E.% Removal Efficiency 

PFO Pseudo-first order  

PSO Pseudo-second order 

GC Gas chromatography 

RT Retention time 

SPME Solid-phase micro extraction 
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1  Introduction 

Over the past half-century, aquaculture industry has gained a huge attention and the demand 

for the aquatic food has increased immensely due to the increment in human population. In 

addition, aquaculture-based food products are a healthy source of protein, fatty acids, and 

micronutrients that has attracted lot of consumers. Nonetheless, aquaculture industry is 

facing a lot of problems due to overfishing, unequal access to resources and market, water 

quality degradation, and other unsustainable practices (FAO, 2022). The presence of Taste 

and odour (T & O) compounds is one of the major challenges that aquaculture industry is 

facing since they affect the quality of flesh eventually hindering the aquaculture businesses.  

Off-flavours or T&O are the compounds that are the secondary metabolites of some 

microorganism such as cyanobacteria, actinomycetes, proteobacteria, and fungi. 

Traditionally off-flavour induced tainting of fishes were found in traditional aquaculture 

system. However, the issue of off-flavor tainting in fishes has been found in closed RAS 

system as well due to increasing trend of fish farming in RAS.  These metabolites have 

certain flavours and earthy, muddy, or mouldy smell due to presence of volatile compounds, 

primarily 2-methylisoborneol (MIB), and Geosmin (GSM) (Lindholm-Lehto et al., 2019; 

Wnorowski, 1986). Among them, Geosmin is the most common odorous compound, found 

in fish, water, and even in vegetables, that is difficult to abate through conventional treatment 

processes. Moreover, GSM are present at very low concentration in water (i.e., ng/L). In 

addition, GSM is lipophilic in nature and absorbed by fish via gills, skin, and gastrointestinal 

tract and gets accumulated in the fats (Lindholm-Lehto et al., 2019). This can bring negative 

impact on the sales and poses serious financial threat to whole aquaculture industry. 

Previously, Geosmin was only found in conventional aquaculture system such as outdoor 

ponds but recently, has been noticed in recirculating aquaculture system. RAS is widely used 

sustainable method of fish production used to meet the world’s demand for fish. RAS 

mitigate many issues present in  traditional aquaculture system such as excessive use of 

water, energy, and land, and disturbance of natural ecosystem (Costigan, Oehler and 

MacRae, 2022). However, nutrient loading is major challenge RAS is facing like any other 

aquaculture system. The metabolic by-products of fish contain nitrogen, phosphorous, and 

other valuable nutrients that is responsible for significant amount of nutrient overloading in 
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RAS. The recovery of nutrients benefit agriculture as well as cut-off waste emission produce 

by RAS. Many treatment techniques, including chemical and biological ones, have been 

employed to eliminate and recover nutrients from RAS. However, because they use 

additional chemicals, these methods are costly and environmentally hazardous. In addition, 

many biological methods restrict efficient removal of nutrients due to limitation in microbial 

uptake (Costigan, Oehler and MacRae, 2022). 

In last few years, microalgae assisted treatment system has gain a lot of attention among 

researchers, scientist, and water companies. Microalgae are diverse group of 

microorganisms, photosynthetic in nature, capable of carbon sequestration, and nitrogen 

fixation. Their physiological and biochemical characteristics enable them to naturally 

accumulate nutrients from various aquatic environments, including phosphorous and 

nitrogen. In addition, algal biomass can be used to derive different bioactive compounds 

such as proteins, pigments, carbohydrates, and lipids for commercial application (Nguyen et 

al., 2022). There has been a lot of studies that shows the feasibility of using algae-based 

treatment process for removing nutrients from different types of wastewaters (e.g., 

agricultural, industrial, municipal and aquaculture wastewater) (Li et al., 2019). 

Microalgal biomasses metabolites contains essential amino acids, vitamins, fat, and 

pigments. It represents potential fish feed for fishes and other aquatic organisms. In addition, 

as elucidated above microalgae are capable of accumulating nutrients from various 

wastewater types, including RAS process water, such as ammonia, nitrite, and nitrate. On 

the other hand, Geosmin is most common off-flavour compound that is produced by 

actinomycetes bacteria in RAS and cyanobacteria in marine and freshwater system. The 

existence of GSM and microalgae together in RAS cast a doubt upon the fate of GSM in 

RAS system and especially the fate of this off-flavour in microalgal water treatment unit. 

That being the case, it is necessary to study the interaction of GSM with dead or living 

microalgae to determine whether the GSM is bioadsorbed or bioaccumulated on microalgae. 

Assuming that GSM is bioaccumulated or adsorb by microalgal cells, it disputes the usage 

of biomasses as a potential fish feed source as it can be easily absorbed by fish and has 

impact on aquaculture businesses.  

This research therefore focused on studying the interaction of microalgae with GSM in MQ 

and RAS water to determine whether the GSM is bioadsorbed at the surface of microalgae 

or cell bound to the proteins or cytosol. Furthermore, the applicability of using harvested 
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microalgal biomasses as a fish feed from the treatment unit has also been investigated in this 

research. At last, potential effect of GSM on the growth of microalgae has also been 

investigated in this research. 

 

2  Literature review 

Aquaculture has been growing rapidly due to increase in interest of people to consume 

aquatic foods. Aquatic foods have high nutritional value, several health benefits, and 

could be the alternative source of protein to feed the increasing population in near future. 

According to the report of Food and agricultural organization (FAO) half of the fishes 

for human consumption comes from aquaculture industry (FAO, 2016). There are several 

methods for fish farming including ponds, raceways, and cages which have potential of 

producing fishes in large amount. Nonetheless, these open farming methods have 

alarming impact on the environment including high water consumption, water quality 

degradation, algal blooms due to undigested feed and faeces, and depletion of oxygen 

levels that leads to eutrophication (Degefu, Mengistu and Schagerl, 2011; Tejido-Nuñez 

et al., 2019). Recirculated aquaculture system (RAS) is the alternative to the open system 

and essential technology that uses the recycled water to grow fish and other aquatic 

organisms. 

2.1  Recirculating Aquaculture System 

Recirculated aquaculture system (RAS) is indoor system of rearing fishes at high densities 

under controlled environment. RAS system consume less water in comparison to other 

aquaculture system by using the recycled water. In addition, this system eliminates the waste 

generated in the aquaculture water thereby improving nutrient circulation and health of 

fishes (Zou et al., 2018a). The RAS water contains different nutrients such as nitrogen and 

phosphorous, and suspended solids. Nutrient enrichment is favourable for the growth of 

different bacteria leading oxygen deficiency in aquaculture water and is detrimental to fish 

health (Tom et al., 2021). In addition, Ammonia is highly present in aquaculture water due 
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to undigested feed and faeces which is the prime reason for algal blooms. The ammonia in 

RAS is removed by submerged biofilters, trickling filters, and rotating biological contractors 

via nitrification and denitrification process. Nitrification process involves the conversion of 

ammonia to nitrates using nitrifying bacteria. The nitrification process accumulates the 

nitrate in the water causing toxic effects to aquatic organisms. The nitrification is followed 

by denitrification to remove the produced nitrate. However, integrating this process to the 

aquaculture effluents is expensive, requires huge amount of energy, and doesn’t add any 

value to the process. (Milhazes-Cunha & Otero, 2017; Tejido-Nuñez et al., 2019; Zou et al., 

2018b).  

 

 

Figure 1 Simplified process flow diagram of RAS treatment using treatment processes such as submerged 

filters, trickling filters, and biofilters (Adapted from: (FAO, 2022). (Created by bio render) 

Microalgae assisted aquaculture system is one of the alternative systems for the removal of 

nutrients from aquaculture water. Microalgae are photosynthetic and diverse 

microorganisms that grows rapidly and can be found in water, soil, air, tree barks, and snow 

(Daneshvar et al., 2021). Microalgae are considered a primary producer as they act a carbon 

source for many organisms. They require light, carbon dioxide, and nutrients to grow and 
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have potential to absorb nutrients from different wastewater which includes RAS (Meitei et 

al., 2022). 

In comparison to conventional system of nutrient removal, microalgae treatment method is 

cost-effective, sustainable, and the biomass obtained from this process can be valorised 

through different application. Microalgae treat the effluent from aquaculture and biomass  

 

 

Figure 2 Microalgae assisted recirculated aquaculture system (Adapted from: (Meitei et al., 2022),  Created by 

bio-render 

 

obtained can be valorised as a feed for herbivorous fish, shrimp, and molluscs (Tom et al., 

2021; Meitei et al., 2022). Figure 2 represents the microalgae assisted aquaculture and the 

valorisation of different products from algal biomass. In shortly, the nitrates present in the 

water are removed through this treatment method at the same time the biomass can be 

converted as source of food to low trophic level animals in the aquatic system. This would 

help to contribute to circular bioeconomy which would increase the aquaculture industry’s 

long-term sustainability and profitability (Milhazes-Cunha and Otero, 2017). Microalgae as 
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a fish feed has numerous advantageous such as increment in growth, immunization to the 

diseases, improvement of carotenoid levels and fish flesh quality, and enhance the colour in 

shellfishes (Meitei et al., 2022). Hence, algae culturing in RAS is an environmentally and 

economically sustainable way to increase the fish production. 

2.2  Current challenges in RAS 

There are many challenges that RAS is facing including high capital and operational cost, 

skilled manpower to  monitor  pH and temperature regularly, high electricity consumption, 

and difficulties in treating the diseases in fishes (Badiola, Mendiola and Bostock, 2012). In 

addition, one of the most frequent problems RAS encounters is the existence of off-flavor 

compounds, primarily GSM and MIB. The two most prevalent off-flavour compounds, 2-

MIB and GSM, are earthy, muddy, and musty-smelling. They have been found in various 

wastewaters, including RAS process water. (Srinivasan and Sorial, 2011; Suurnäkki et al., 

2015; Lindholm-Lehto, Kiuru and Hannelin, 2022). The presence of GSM in water results 

in tainting of fish that decreases the quality of fish flesh making it unsaleable  (Lindholm-

Lehto et al., 2019). Research has shown accumulation of GSM in fish tissue can reach up to 

705 ng/kg even at lower levels of concentration in water (30.5 ng/L) (Houle et al., 2011). 

The existence of GSM in RAS is a huge concern as presence of this compound makes the 

fishes unsaleable and diminish the profitability of industry. On that account, the 

identification, quantification, and removal of this compound is essential to satisfy the needs 

of final costumers.   

2.2.1  Geosmin and 2-Methylisoborneol 

Geosmin (trans-1,10-dimethyl-tans-9 decalol-C12H22O) and 2-methylsioborneol (C11H22O) 

are semi-volatile terpenoids accountable for poor taste and odour in water. Cyanobacteria is 

responsible for the production of GSM in aquatic environment, whereas actinobacteria are 

the main producers of these metabolites in soil. (Suurnäkki et al., 2015; Lindholm-Lehto, 

Kiuru and Hannelin, 2022)  

Health hazards from exposure of GSM has not been reported in the humans (Srinivasan & 

Sorial, 2011). However, exposure of GSM to fishes can cause off-flavor in fish and taint the 
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problems in the aquaculture industry. These metabolites are present at very low 

concentration (usually ng/l) and easily absorbed by fish through gills, skin, and 

gastrointestinal tracts and accumulated in fats. Repulsive T & O compounds have been 

observed in many species including common carp, channel fish, rainbow trout, and almost 

all the species in recirculated aquaculture system. (Guttman & van Rijn, 2009) Figure 3 (a) 

and 3(b) represents the molecular structure of GSM and 2-MIB. 

 

 

Figure 3(a) Molecular structure of Geosmin (b) molecular structure of 2-MIB (Created by molview) 

 

Table 1 Properties of Geosmin and 2-Methylisoborneol (American chemical society, 2020) 

Properties 2-Methylisoborneol Geosmin 

CAS Number 2731–42–8 19700–21–1 

Molecular weight  

[g/mol] 

168.28 182.3025 

Odor musty earthy 

Melting point 168 oC 47 oC 

Boiling point 207–209 oC 270–271 oC 

Density [g.cm3] 0.9288 0.9494 

Solubility [g/L-1] 0.45 0.051 

Storage temperature -20oC -20oC 

Solubility Chloroform, Ethanol (Slightly) Ethanol, Methanol 

a) b) 
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pKa -0.42 -0.0047 

Appearance Solid Colorless solid or oil 

 

2.3  Adsorption  

Adsorption is a phenomenon in which molecules accumulate to the interfacial layer of solids 

or liquid (Da̧browski, 2001). Desorption, on the other hand, is the procedure that returns the 

molecules that have been adsorbed to the liquid phase. It is the outcome of altering the 

concentration, pH, and temperature of a liquid. Adsorbate refers to the substances that gets 

accumulated on the surface and the medium where substances are adsorb is called adsorbent 

(Worch, 2012). There are four steps of adsorption (a) transportation of adsorbate molecules 

moves from bulk phase towards the adsorbent surface by breaking the hydrodynamic limit 

(b) film diffusion where molecules migrate towards exterior surface of the adsorbent (c) 

intraparticle diffusion occurs when adsorbate molecules diffuse through the pore of 

adsorbent material, and (d) the final stage is equilibrium where concentration of adsorbate 

molecules reaches to the steady state (Ramesh et al., 2023). In figure 4 the solid material 

that provides surface is adsorbent; the molecules that accumulate on the surface is adsorbate. 

 

Figure 4 Basic operation of adsorption (Created by biorender) 
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The physiochemical characteristics of the adsorbent material, such as surface area, pore-size 

distribution, and functional groups, are largely responsible for the contaminant’s adsorption 

(Worch, 2012).  Wastewater contaminants have been removed using a variety of commercial 

adsorbents, including polymeric adsorbents, activated carbon, silica gel, and alumina. 

Activated carbon is the most employed adsorbent material in wastewater treatment industry. 

However, the generation and regeneration of this compound is energy and cost intensive 

process which is not sustainable in long run (Tee et al., 2022). That being the case, 

biomaterials are more emphasized to use as an adsorbent as it is renewable and eco-friendly.  

2.3.1  Adsorption batch studies 

Batch adsorption studies is small-scale experiment that provides necessary parameter and 

data on removal of adsorbate. The parameter acquire from the batch studies could be adapted 

in industrial scale by fixed-bed column (Sazali, Harun and Sazali, 2020). Furthermore, it 

helps to determine the performance of adsorbent before application in large scale. It is 

feasible for laboratory scale investigation as small number of materials is used and it is less 

time consuming (Sazali, Harun and Sazali, 2020). 

Adsorption performances are determined by adsorbent adsorption capacity and removal 

efficacy. Adsorption capacity is the amount of adsorbate consumed by the adsorbent per unit 

mass and can be determined using the following formula representing as equation 1 (Bonilla-

Petriciolet, Mendoza-Castillo and Reynel-Ávila, 2017) 

 𝑄𝑒 = (
𝑣

𝑚𝑎𝑑𝑠
)  (𝑐𝑖 − 𝑐𝑒) 

(1) 

Ce is the adsorbate equilibrium concentration [mg/L], Ci is the adsorbate initial 

concentration [mg/L], and V is the aqueous phase volume in litres [L]. 

The removal efficacy helps to determine the concentration of adsorbate after the adsorption. 

It is represented by using equation (2) (Bonilla-Petriciolet et al., 2017). 

 
𝑅. 𝐸 % =

(𝐶𝑖 − 𝐶𝑒)

𝐶𝑖
100 % 

(2) 

 

Where R.E % is the removal efficiency. 
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Batch studies are usually used for optimizing the operational parameters such as pH, 

temperature, adsorbent dosage, and adsorbate concentration and to investigate adsorption 

capacity and efficacy of different adsorbents. 

2.3.2  Adsorption isotherm 

Adsorption isotherm models helps to understand the link between amount of adsorbate in 

liquid phase and amount of adsorption on the solid phase at equilibrium and constant 

temperature (Bonilla-Petriciolet, Mendoza-Castillo and Reynel-Ávila, 2017) In addition, it 

usually provides crucial information on adsorption process, the maximum adsorption 

capacity, and characteristics of adsorbents and can help to determine the suitability of an 

adsorbent for specific application. The next part provides a description of some models that 

were employed in this investigation. 

Langmuir isotherm model 

The Langmuir isotherm is an empirical model that describes there is no lateral contact 

between the adsorbed molecules and adsorption only takes place on specific, localised sites, 

assuming monolayer adsorption (Worch, 2012). In addition, it assumed that the adsorbent 

has finite number of sites where a single molecule can be adsorbed without interfering with 

the adsorption of neighbouring sites. This equation serves as its expression. 

 
𝑄𝑒 =

(𝐶𝑒 𝐾𝐿 𝑞𝑚)

1 + (𝐶𝑒 𝐾𝐿)
 

(3) 

Where KL represents Langmuir constant [L/mg] and qm denotes maximum adsorption 

capacity [mg/g]. 

Freundlich isotherm model 

Freundlich isotherm is an empirical model that assumes the process occurs on the 

heterogenous surface where adsorption ratio increases infinitely with increase in 

concentration of adsorbate (Worch, 2012). Equation (4) provides a mathematical 

representation of this model. 
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𝑄𝑒 = 𝐾𝐹 𝐶𝑒

1
𝑛 

(4) 

 where Freundlich constant (KF) is defined as [(mg/g) (L/mg)1/n)] and the dimensionless 

parameter of Freundlich adsorption intensity is 1/n. The heterogeneity factor of the adsorbent 

surfaces is represented by the exponent n. 

Henry’s law 

Henry’s law represents the linear model and has been used to represent the partition of the 

adsorbates between solid and liquid phase. Unlike other adsorption isotherm, Henry’s law 

represents the monolayer adsorption at low concentration and the linear model in Henry’s 

law explains the condition when coverage ratio of the sorption sites is low (Silva Da Rocha 

et al., 1998) It is expressed by using equation (5). 

 𝑄𝑒 = 𝐾 𝐶𝑒 (5) 

Where, K is Henry’s gas constant known as partition coefficient [L/g]. 

2.3.3  Adsorption kinetics 

Adsorption kinetic is study the rate at which adsorption occurs and mechanism involved in 

the process. It is represented by the kinetic curve plotted between adsorption capacity and 

time taken by the adsorbent material to reach the equilibrium. 

 

Pseudo-first-order model 

According to pseudo-first order model, also called as Lagergren model explains that  rate of 

adsorption is proportional to the number of vacant binding sites on the adsorbents, 

(Lagergren, 1898). It is represented by the following equation. 

 𝑑𝑞𝑡

𝑑𝑡
= 𝐾𝐹(𝑄𝑒 − 𝑄𝑡) 

(6) 

where Qt signifies quantity of adsorbate adhered to the adsorbent at specific time t [mg/g], 

Qe denotes the equilibrium adsorption capacity [mg/g], and KF represents rate constant per 

minute. Equation 6 has been frequently used to determine the values of Qe and KF. The graph 
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between ln (Qe-Qt) is plotted against time (min) to determine these values. However, the 

linear model may cause the inaccurate estimation of the parameter (López-Luna et al., 2019) 

. The non-linear model that provides the accurate estimation of the model parameters is 

represented by following equation. 

 𝑄𝑡 = 𝑄𝑒(1 − 𝑒−𝑘𝑓 𝑡) (7) 

 

Pseudo-second order model 

Pseudo-second order (PSO) model explains chemisorption between adsorbates and 

adsorbent in adsorption processes (Ho and McKay, 1999). It describes the rate of adsorption 

as directly proportional to the square of residual adsorption capacity. It is represented by 

following equation. 

 𝑑𝑞

𝑑𝑡
= 𝐾2 (𝑄𝑒 − 𝑄𝑡)2 

(8) 

where the PSO rate constant is denoted by K2 [gm/g/min]. The non-linear PSO model, which 

is represented in equation (9) below, can be obtained by rearranging equation (8). (Ebelegi, 

Ayawei and Wankasi, 2020)(Ho and McKay, 1998b). 

 
𝑄𝑡 =

(𝐾2 𝑄𝑒
2) ∗ 𝑡

1 + 𝐾2 𝑄𝑒 ∗ 𝑡
  

(9) 

Elovich model 

The pseudo first-order and pseudo second-order models were unable to sufficiently capture 

the chemisorption aspect of adsorption (William Kajjumba et al., 2019). To overcome these 

limitations, the Elovich model was developed, which helps with the estimation of mass 

transfer, surface diffusion, and the activation and deactivation energies of the system. The 

model assumes an exponential relationship between the rate of adsorption and the amount 

of adsorbed solute, which means that as the number of solute increases, the rate of adsorption 

decreases exponentially, according to William Kajjumba et al. (2019).  The following 

equation represents Elovich kinetic model: 

 𝑑𝑄𝑡

𝑑𝑡
=  𝛼 exp (−𝛽𝑞𝑡) 

(10) 

In this case,  denotes the initial adsorption rate at a specific time [mg/g],  is the surface 

coverage [g/mg], and Qt is the amount of adsorbed solute [mg/g] at a specific time t. 
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2.4  Microalgae mechanism of pollutant removal 

The removal of pollutants by microalgae can involve three different mechanism (a) 

Biosorption, (b) Bioaccumulation, and (c) biodegradation (Figure 5). 

2.4.1  Biosorption 

Biosorption is physiochemical process that is independent of metabolism and adsorb the 

pollutants through the cell surface within a very short amount of time (Chojnacka, 2010; 

Spain et al., 2021). This is a passive process that utilizes biological material as sorbent and 

different pollutants as sorbate. It is similar to the process of conventional adsorption or ion-

exchange except the sorbent utilize in this process are of biological origin. Biosorbent are 

renewable and are derived from fungi, bacteria, plants, and animals (Chojnacka, 2010; Spain 

et al., 2021). 

There are certain factors that influence the biosorption that includes type of biomass, 

concentration of biomass, the sorbate, chemical makeup of cell wall, and the mode of 

biosorption (Chojnacka, 2010). Among these factors, chemical composition of cell and their 

functional group at its outer layer plays significant role in the biosorption.  

Cell wall and its role in biosorption 

Algal biomass has the highest biosorption efficiency for adsorbing the pollutants from 

wastewater due to its strong electrostatic force of attraction and the presence of cell wall that 

acts as a binding site for the pollutants (Ramesh et al., 2023). Algae are readily available, 

non-toxic, and cost-effective to treat toxic pollutants (Vahabisani & An, 2021). The chemical 

composition of cell wall and its properties has a notable role in the process of biosorption. 

Therefore, understanding the functional group found in the cell wall and its characteristics 

is crucial to comprehend the biosorption process. The cell wall of microalgae consists of 

proteins, carbohydrates, lipids, and various functional groups like hydroxyl, carboxyl, 

sulphate, amino, phosphate, phenol, amide, phosphonate, and phosphodiester (Spain et al., 

2021). These functional groups play the significant role in the biosorption of toxins from 

aqueous solution by sequestering or binding the contaminants. These binding of 
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contaminants are mostly governed by hydrogen bonding, electrostatic and dipole-dipole 

interaction (Spain et al., 2021). However, the chemical composition of cell wall depends on 

growth environment and strains of microalgae (Spain et al., 2021). For instance, the 

thickness of cell wall varies in stationary and exponential phase depending on the strains of 

microalgae. The chemical composition of cell wall present in different strains of microalgae 

is shown in the table 2 presented below. 

Table 2 N. oculata and T. suecica cell wall composition 

Genus Strain Cell composition References 

Tetraselmis Tetraselmis Suecica Extracellular 

polysaccharides. 

(Machado et al., 2022) 

(Machado, Carvalho and 

Pereira, 2022) 

Nanochloropsis Nannochloropsis 

Oculata 

Algaenan, 

polysaccharides, and 

some amino acids. 

(Machado et al., 2022) 

 

2.4.2  Bioaccumulation 

Bioaccumulation is metabolism dependent process that uses living cells to detoxify the 

waste. It is an active process and uptakes the substances through the body surface (Ratte, 

1999) It is slower process than biosorption that can remove organic and inorganic pollutants 

such as sulphates, nitrates, phosphates, and pesticides (Mustafa et al., 2021; Ratte, 1999). 

Figure 5 represents the bioaccumulation and biosorption mechanism in the microalgal cell.  
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Figure 5 Microalgal mechanism of Bioadsorbing and bioaccumulating of pollutants (Created by bio-render) 

 

Microalgal cells can take up pollutants and accumulate them via three different pathways; 

(a) passive diffusion, (b) passive facilitated diffusion, and (c) active uptake or energy 

dependent. Passive diffusion is independent of energy and the pollutants transfer from high 

concentration to low concentration via cell membrane (Sutherland & Ralph, 2019). Cell 

membrane of microalgae is hydrophobic that allows low weight non-polar pollutants to 

diffuse through cell membrane whereas high molecular non-polar pollutants are restricted to 

pass through the membrane (Sutherland & Ralph, 2019). In passive activated diffusion 

transporter protein is responsible for the diffusion of pollutants to the cell membrane. Active 

uptake process is energy dependent and utilize the energy to transport the pollutants across 

the cell membrane. This is an effective mechanism nonetheless the accumulation of some of 

the contaminants stimulates reactive oxygen species (Sutherland & Ralph, 2019). Free 

radical such as hydroxy radical (•OH), superoxide radical (•O2-), and perhydroxyl (•HO2) 

radical are formed inside the cell (Abdelfattah et al., 2023). These radicals control the 

cellular metabolism leading to oxidative damage, cellular disfunction, and eventually cell 

death (Sutherland & Ralph, 2019). 
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2.4.3  Biodegradation 

Biodegradation or biotransformation is an effective process to transform the pollutants into 

safe and simple chemical building blocks such as water and carbon dioxide. The process is 

carried out either through the series of enzymatic reactions or through full mineralization of 

parent molecule. (Abdelfattah et al., 2023; Sutherland & Ralph, 2019) 

In essence, there are two distinct mechanisms through which biodegradation occurs: (a) 

metabolic degradation and (b) cometabolism. Pollutants provide microalgae with carbon and 

serve as either donors or acceptors of electrons during metabolic breakdown. Pollutants, on 

the other hand, give non-living matter electrons. Microalgae based biodegradation can take 

place intracellularly or extracellularly, or consecutively in both the location. (Abdelfattah et 

al., 2023; Touliabah et al., 2022)  

2.5  Biological remediation of Geosmin 

Different removal techniques and method have been used for the abatement of GSM from 

wastewater including advance oxidation processes (AOPs), granulated activated carbon / 

powdered activated carbon (GAC/PAC) adsorption, and biological treatment. As this study 

is based on microalgae (photosynthetic eukaryotic organism), next section focusses on 

biological removal of GSM and its mechanism by bacteria, yeast, fungi, or another 

microorganism.  

2.5.1  Biological treatment 

Biological treatment refers to the use of several microorganism such as fungi, bacteria, yeast, 

and algae to remove pollutants from wastewater. There are few studies on the elimination of 

GSM and MIB using bioremediation. 

Zhou et al. (2011) examine the removal of Geosmin as a sole carbon source using three-

gram negative bacteria; Chryseobacterium sp., Sinorhizobium sp., and stenotrophomonas sp 

and found that removal efficiency 84%, 80.2%, and 74.4% respectively (initial dose = 2 

mg/L, time = 18 days). In addition, the removal of Geosmin was slightly higher by 
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Chryseobacterium sp., Sinorhizobium sp., and stenotrophomonas sp. (84.8%, 82.3%, and 

82.5% respectively) when concentration of GSM was 560 ng/L due to facilitation of growth 

of bacteria.(Zhou et al., 2011a) 

Guttman & Van Rijn (2012) studied the interaction of three isolates of bacteria Vavriovorax 

paradoxus, Rhodococcus sp., and Comamonas sp. in mineral and LB medium spiked with 

GSM and MIB under aerated and non-aerated condition. It was observed that under LB 

medium the growth on isolates were higher in compared to mineral medium in both aerated 

and non-aerated condition. In addition, it was found that both MIB and Geosmin acts as a 

primary carbon source by all three isolates (Guttman & van Rijn, 2012). The relationship 

between Geosmin and a group of three gram-negative bacteria (Geo24, Geo25, and Geo33) 

that were isolated from the biofilm of a sand filter column was investigated by Hoefel et al. 

(2006). According to the studies, only consortium bacteria were able to degrade the GSM 

below the detection limit after 20 days of incubation (initial concentration 37 ng/L and 131 

ng/L, time = 20 days). There was not any kind of degradation when these bacteria were used 

alone (Initial concentration = 137 ng/L, time = 20 days) (Ho et al., 2006).  

Table 3 3 Removal of GSM and MIB using adsorption, advance oxidation, and biological 

treatment processes. 

Initial 

concentration 

Matrix-

scale 

Process Features Removal rates 

/Outcomes 

References 

 Geosmin  

Geosmin = 2 

mg/L as sole 

carbon. 

Geosmin = 500 

ng/L in 

presence of 

other nutrients 

 Biodegradation Three-gram 

negative bacteria; 

Chryseobacterium 

sp., Sinorhizobium 

sp., and 

stenotrophomonas 

sp  

84%, 80.2%, 

and 74.4% 

respectively as 

a sole carbon 

source. 84.8%, 

82.3%, and 

82.5% 

respectively in 

the presence of 

other nutrients.  

Zhou et al., 

2011 

Geosmin = 2.5 

µg/L  

Mineral 

medium, and 

LB medium 

Biodegradation isolate 9b 

Variovarax 

paradoxus, isolate 

9bs Rhodococcus 

Geosmin and 

MIB were used 

by all three 

isolated as a 

Guttman & 

Van Rijn, 

2012 
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sp., and isolate mg 

Comamonas sp.  

primary carbon 

source. The 

isolates growth 

was higher 

when isolates 

were incubated 

in LB medium. 

(Under both 

aerated and 

non-aerated 

conditions) 

Geosmin = 131 

ng/L, and 37 

ng/L 

Sterile 

Bushnell-

Haas 

medium (BH 

medium) 

Biodegradation Isolate bacteria 

from the biofilm 

of a sand filter 

column Geo24, 

Geo25, and Geo33 

were used with 

each organism 

individually or as 

a bacteria 

consortium. 

Consortium 

bacteria were 

able to degrade 

geosmin from 

initial 

concentration 

to below the 

limit of 

detection of 

Geosmin. 

Hoefel et al., 

2006 

      

 

2.6  Research gap 

One of the major problem RAS industries is facing is the accumulation of T & O compounds. 

The presence of GSM in RAS and MIB poses potential threat to aquaculture industry. 

Different treatment techniques and its mechanism has been investigated for the abatement 

of these compounds however, successful removal of this compound by these methods (as 

presented in table 3) remains elusive due to cost, limitation in biological uptake and control 

of the diseases (Podduturi et al., 2020). Yet, it is not cost effective to install particular 

treatment method in RAS system exclusively for treating GSM  (Srinivasan and Sorial, 

2011). 

RAS water contains organic matter originating from fish faces and uneaten feed. These 

organic matter favours the growth of bacteria including off-flavours producing species. GSM 
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in RAS are present in biofilters, and denitrification unit and gets distributed in compartments 

containing fishes (Podduturi et al., 2020).  In that case, any water treatment system including 

microalgal treatment system will be exposed to GSM even in the treated water. That being 

the case, it is essential to examine how microalgae interacts with GSM to ascertain the fate 

of GSM in RAS process water. 

Nonetheless, there has been no studies on interaction of microalgae with GSM. A wide range 

of pollutants, including hydrocarbons (HCs), endocrine disrupting chemicals (EDCs), 

nutrients, heavy metals, and pharmaceuticals and personal care products (PPCPs), may be 

eliminated by microalgae through the mechanism of biosorption, bioaccumulation and 

biodegradation (Mustafa et al., 2021). This led to hypothesis that GSM in the RAS system 

could be adsorbed or bioaccumulate by microalgal cell which might be detrimental to the 

potential of utilizing microalgae as a feed for the fish. Therefore, the primary goals of this 

research are to examine the interaction of GSM with living or dead microalgal cell and to 

ascertain the fate of GSM on RAS system.  

 

 

3  Objective 

This thesis primary goal is to investigate how GSM interacts with microalgal species in MQ 

and RAS water. Microalgae are used as a feed to fishes and other aquatic organism. The 

biosorption or bioaccumulation of GSM and MIB in the microalgal cell can be a threat to 

the aquaculture business as, these compounds have tendency to accumulate in the fish flesh 

even if present in low concentration. Therefore, it is imperative to investigae the relationship 

between microalgae and these pollutants to reduce the future economic risk in aquaculture 

business. 
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4  Methodology 

In this section, the materials, chemicals, and analytical tools required for the experiment, and 

experimental procedure has been described meticulously.  

4.1  Materials and chemicals 

Geosmin (±) (≥ 97%), 5 mg was obtained from SIGMA-ALDRICH, Co. Sterile Geosmin 

stock solution was prepared in 10 ml ethanol (500 mg/L). The culture of microalgae species 

was obtained from Culture collection of Algae and Protozoa (CCAP, Scotland, UK). The 

algae were cultivated in air-lift reactor and harvested using centrifugation. Sodium chloride 

(NaCl,  99.5 %) from SIGMA-ALDRICH, and internal standard (ISTD) GSM-d3 were 

added to the samples prior to extraction and calibration. The chemicals required to prepare 

f/2 media is shown in appendix 1. 

 

4.2  Experimental plan 

Two microalgal species were selected for the preliminary test. Dry algae are used as a 

biosorbent for the adsorption studies. On the other hand, living microalgae cells are used for 

bioaccumulation studies. The microalgae species (dead) showing superior adsorption 

capacity in the preliminary test were used for the further kinetics and isotherm analysis 

whereas live microalgal species showing superior adsorption were used further to study the 

effect of GSM on microalgae growth. The brief experimental plan of the thesis is shown in 

the figure 6. The dead cell experiment was conducted in triplicates and live cell experiment 

was conducted in duplicates to determine the standard deviation and to obtain more reliable 

measurement data. 
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Figure 6 Experimental plan for the biosorption and bioaccumulation studies using two strains of microalgae 

(N. oculata and T. suecica). 

 

4.3  Analytical methods 

Some of the analytical methods used in the experiment are Headspace Solid-phase 

Microextraction (HS-SPME), Gas chromatography mass spectroscopy (GC/MS), Fourier 

transform Infrared Spectroscopy (FTIR), Microscope, and Neubauer chamber. HS-SPME 

and GC/MS was used for the quantification of GSM whereas FTIR, Microscope, and 

Neubauer chamber was used for the characterization and identification of microalgal species. 
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4.3.1  GC/MS instrumentation 

An Agilent 6890 N equipped with mass spectrometer 5975 with HP-5MS UI capillary 

column (30 m  0.25 mm  0.25 µm) was used to detect the analytes. In split mode, the 

temperature of inlet was set to 250 0C. Split mode ration of 200:1 was used.  2 ml/min 

flowrate of helium was used as a carrier gas. The initial temperature of oven was set to 60oC 

at 1 min and raised over the course at the rate of 20oC/min and 30oC/min to achieve the 

temperature 300oC (total runtime, 11 minutes). 

4.3.2  HS-SPME instrumentation 

GSM concentration was analysed with the use of headspace solid phase microextraction 

(HS-SPME) followed by gas chromatography and mass spectroscopy (GC/MS). HS-SPME 

is a very simple and effortless technique where solutes from the samples are directly 

extracted into an adsorptive polymeric layer coated onto a solid fused-silica fibre. (Arthur 

and Pawliszyn, 1990) The HS_SPME-GC/MS setup is shown in the figure 13.  

 

Figure 7 HS-SPME-GC/MS setup  
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4.3.3  SPME analysis 

GSM was extracted from the water sample by using headspace solid phase microextraction 

(HS-SPME). Firstly, 1 ml of water sample was transferred to the vials together with magnetic 

dipole (PTFE, 1 cm) and 0.4 g of sodium chloride (NaCl). Additionally, 100µL of internal 

standard (ISTD-Geosmin-d3, Concentration = 100 ng/ml) was added with the help of gas 

chromatography syringe. The vials were sealed with Agilent headspace Aluminium crimp 

cap with 20 mm PTFE septum.  

Sorption process was carried out in a water bath where sample vials were mixed at 500 rpm 

at 30oC. The sample is mixed for 2 minutes. 

Divinylbenzene/carboxene/polydimethylsiloxane (DVB/CAR/PDMS) fibre was exposed 

inside the sample vials for extraction by puncturing the septum with a needle. The fibre is 

exposed in the sample vials for 20 minutes.  After that the fibre is introduced to gas 

chromatography injection port for desorption.  

 

4.3.4  Gas chromatography-Mass spectroscopy (GC-MS) analysis 

The selected ion for the quantification of Geosmin peak is of m/z 112.1 and m/z 125.1 was 

used as qualifier peak as shown in figure 14 (a). The m/z 115.1 was used as a qualifier peak 

to represent ISTD GSM-d3 as shown in figure 14 (c). A 2 mg/L Geosmin was extracted by 

HS-SPME via split ratio mode at GC/MS. At a retention time of 6.613 min a symmetrical 

peak of Geosmin appeared shown in figure 14 (b). Similarly, at the retention time of 6.602 

min a symmetrical peak of ISTD Geosmin appeared as shown in figure 14 (d).  
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Figure 14 (a) Quantification peaks for the Geosmin (GSM Concentration = 2 mg/L, time =20 min, and temp 

=30 0C) (b) Retention time of GSM peak observed in GC-MS (GSM Concentration = 2 mg/L, time =20 min, 

and temp =30 0C), (c)Quantification peaks for ISTD, and (d) Retention time of ISTD peak observed in GC-

MS. 

4.4  Fourier transform Infrared spectrophotometer 

VERTEX-70 spectrophotometer was used in this research to determine the functional group 

of microalgal cell. It consists of different features such as Automatic Accessory Recognition 

(AAR), Automatic Component Recognition (ACR), and Performance Guard that facilitates 

with spectrophotometer measurements. It is equipped with standard detector DLaTGS which 

covers the range from 12,000 to 250 cm-1. The samples are analysed with micro-Attenuated 

Total Reflectance (ATR) units. The sample preparation depth ranges between 0.1 to 2 m 

depending on the wavelength and incidence angle of the beam (BRUKER OPTIK GmbH, 

2013).  

a) b) 

c) d) 
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4.5  Cell culture microscope 

The microalgal cell identification and quantification was performed by AxioCam ERc 5s 

microscope. This microscope is equipped with high-resolution (5 Megapixels with pixel size 

2.2 m  2.2 m) digital camera with colour Complementary Metal Oxide Semiconductor 

(CMOS) sensor for the light-microscopy application. The camera is connected to the visual 

device for visualization of live image data. Images from the microscope can be acquired by 

installing ZEN software in visual devices (Carl Zeiss Microscopy GmbH, 2015). In addition, 

microalgal cell count was performed by Neubauer chamber. Neubauer chamber is a thick 

crystal slide that measures 30 · 70 mm and 4 mm in thickness which is placed under the 

microscope at magnification 40x for cell counting  (Borowitzka and Moheimani, 2013). 

Neubauer chamber’s counting grid is 3 mm by 3 mm in size and has 9 square subdivisions 

with width of 1 mm as shown in figure 11(b). 10 µl of the diluted samples were inserted into 

the upper chamber and lower chamber using pipette. The cell is counted in microscope and 

5 squares (Q1, Q2, Q3, Q4, and Q5) were selected for the counting as shown in figure 11 (a) 

(Borowitzka and Moheimani, 2013). The concentration of the sample is calculated using the 

following formula. 

 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (

𝑐𝑒𝑙𝑙

𝑚𝑙
) =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 ∗ 10000

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
 

(11) 

 

Figure 8(a) Neubarer chamber counting grid detail (b) Neubaurer commercial chamber used for cell counting 

 

To track the health of the cells, their rate of proliferation, and the encroachment of other 

Upper-chamber 

Lower chamber 

Q1 Q2 

Q3 

Q4 Q5 
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microalgal species in the cell culture, cell counting is crucial. Furthermore, accuracy and 

reproducibility in experiments are guaranteed by constant cell concentration (Ongena et al., 

2010). 

 

4.6  Biomass preparation  

Nannochloropsis oculata (15 L) and Tetraselmis suecica (15 L) culture were transferred 

from air-lift bioreactor to the buckets using peristaltic pumps. The microalgal biomass was 

separated using centrifugation at 4000 rpm for 5 minutes. 50 ml centrifuge tubes were used 

for centrifugation. After centrifugation, the supernatant was disposed of, and algal biomass 

was collected. The biomass obtained after the centrifugation was transferred to the petridish 

and stored at -20 0C for 24 hrs. After being completely frozen, the biomass samples were 

freeze dried for 96 h. The samples obtained after freeze drying was pulverized at 5000 rpm 

for 30 seconds and the obtained biomasses was stored at room temperature. 

 

 

Figure 9 Microalgae biomass freeze dried after harvesting using centrifugation. 

4.7  Preparation of solution 

Geosmin from stock solution 5 mg (≥ 97%) was used to dissolved in 10 ml of ethanol (99% 

purity). The stock solution was washed with ethanol for multiple times and transfer into the 

vials. The prepared stock solution was stored at -20 oC. 
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4.8  Dead cell experiment 

Dead cell experiment was conducted using prepared microalgal biomasses of two strains of 

microalgae (N. oculata and T. suecica) as an adsorbent. Preliminary test was conducted to 

select one microalgal species based on its adsorption capacity and selected strains was 

further used for kinetics and isotherm studies. 

4.8.1  Preliminary test  

Dried microalgal biomass was used as biosorbent for adsorption of GSM. The experiment 

was conducted using glass vials with 10 mL adsorbate solution (GSM = 2 mg/L) and 10 mg 

adsorbent dosage (1g/L). 10 ml of solution was transfer to each vial with headspace. Control 

samples were used to identify the amount of GSM volatized in the absence of microalgae. 

The vials were placed in the magnetic stirrer and the test was run for 24 h at 200 rpm at room 

temperature (Figure 8b). The solution after the adsorption were filtered by glass microfilter 

(GF/B, 1µm) using vacuum filtration (Figure 8a) and later with RC phenex filter (0.45 m) 

for kinetics, isotherm, and bioaccumulation studies. The filtrate obtained were collected in 

the vials and store at 4oC for further analysis and the residues of microalgae was stored at -

20oC. The caps of the vials were covered by parafilm before storing at refrigerator.  
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Figure 10 a) Vacuum filtration experimental setup for filtration of adsorbent from adsorbate b) Adsorption 

experimental setup using small vials with headspace and mixing the solution at 200 rpm in magnetic stirrer 

(adsorbent dosage = 1 g/L, adsorbate dosage = 2 mg/L, Time = 24 h). 

4.9  Kinetic study 

Adsorbent dosage of 1 g/L (mads = 10 mg, V = 10 ml) and adsorbate concentration of 2 

mg/L were used in a kinetic experiment at different contact times. For the experiment, a 

maximum contact time of 480 minutes was set up. Origin pro non-linear curve fitting tool 

was employed for plotting the adsorption capacity against contact time. Based on the 

preliminary studies, the microalgae with highest removal efficiency were selected for kinetic 

and isotherm studies.  

4.9.1  Isotherm study 

Isotherm study was conducted with varying adsorbate concentration (0.1, 0.2, 0.5, 0.8, 1, 2, 

5 mg/L) at different adsorbent dosage (10, 5 mg, and 450 g) and fixed contact time. The 

contact time used during the experiment was predetermined through kinetic study. A graph 

between the equilibrium adsorbate concentration and adsorption capacity is plotted and fitted 

with non-linear isotherm models using Origin Pro and Excel. 

 

a). 
b). 
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4.10  Live cell experiment 

Live cells experiment was conducted using the same strains of microalgae as used in dead 

cell experiment (i.e., N. oculata and T. suecica). In the beginning, both the species were 

cultivated in 1 L screw top bottle made up of borosilicate. The cultivation in the screw top 

bottle was performed using previous culture from ait lift reactor in order to maximize the 

growth of microalgal cells rapidly for the experiment. Furthermore, the inoculum volume 

was determined for the preliminary test and to study the effect of GSM on microalgal growth. 

After the preliminary test, microalgae bioaccumulating maximum amount of GSM was 

further used to study the effect of GSM on microalgal growth. 

4.10.1  Microalgae cultivation 

Two different strains of marine microalgae; (a) Nannochloropsis Oculata (b) Tetraselmis 

suecica were cultivated in bottles (figure 9b) aerated at 1 L/min and light intensity was 

achieve to 100 µmol/m2/s in f/2 media for the preliminary experiment. The media was 

prepared using the instruction provided by CCAP as shown in appendix 1. The nutrient 

media, cultivation vessels, and inoculating tips were autoclave at 121 oC for 15 minutes. The 

pH of the growth medium was maintained (pHN.oculata = 8, pHT. suecica = 7.5-8.5) using Na2CO3 

or HCl (Harrison and Berges, 2005). 5 ml of pre-existing culture were poured into the new 

medium (200 ml) by pipette. The culture was examined under microscope before transferring 

into the new media to ensure that the pre-existing culture is pure (without contamination). 

Over the period of cultivation, the dead settled microalgae are removed and replenish with 

new media. The cultivation volume was increased by transferring certain volume of original 

cultivation (approx. 10 %) at exponential growth phase. Figure 10 (a) and 10 (b) shows the 

microalgal cell of N. oculata and T. suecica taken under microscope at 40x magnifications, 

respectively. According to the figure 10 (a) and 10 (b), N. oculata cells are small circular 

structure with the diameter of 5 m and T. suecica cells are larger with oval shape with the 

diameter of 10 m. 
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Figure 11(a) N. oculata cell under microscope 40x magnification (b) T. suecica cell under microscope 40x 

magnification 

4.10.2  Inoculation 

Inoculation is the method of introducing microalgal cell to the nutrient media. For 

inoculation, inoculum volume is determined by counting the number of cells in the initial 

day of experiment. After the cell counting, dilution or concentration of microalgal cell is 

performed to achieve the required cell concentration of 106 cells/ml (exponential growth 

rate) for the experiment. 

The volume of inoculum is centrifuge at 4000 rpm for 15 minutes and the algal biomass 

obtained is mixed to a predetermined volume of nutrient medium. A set volume of 

suspension is transferred to each vial illuminated at 80 µmol/m2/s white light radiation and 

incubate for 24 hrs (Harrison and Berges, 2005). The experiment is conducted in triplicates 

and control test (without microalgae) are used to determine the amount of GSM and MIB 

volatized during the experimental periods.  

 

4.10.3  Preliminary test (live cell experiment) 

Preliminary experiment was conducted with two different strains of microalgae (a) 

Nannochloropsis Oculata (b) Tetraselmis suecica. Likewise in adsorption, preliminary study 
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was carried with 1 g/L live cell concentration and 2 mg/L of GSM. 50 ml of microalgal cell 

was taken from microalgal stock solution and centrifuged to determine the dry weight 

concentration. Based on that, microalgal solution was concentrated or diluted to achieve 1 

g/L live cell concentration. The initial and final cell concentration was also taken into 

account for the experiment. The cells concentrated or diluted were transferred to f/2 media 

with GSM. 10 ml of resulting solution was transferred to each vial and were stirred in 

magnetic stirrer at 200 rpm for the period of 24 hrs, shown in the Figure 9(b). Two white 

lights were adjusted to achieve 80 mol/m2/s at two different sides of magnetic stirrer. A 

cardboard was placed in between the stirrer to avoid interference of the ambient light. There 

was no aeration in this cultivation to minimize the volatization of GSM.  

 

 

Figure 12(a) Live cells preliminary experiment (adsorbate concentration = 2 mg/L, microalgal dry weight 

concentration =1 g/L, time =24 h) (b) Cultivation of microalgae species N. oculata and T. Suecica by pre-

existing culture. 

4.10.4   Effect of GSM on the growth of microalgae 

Bioaccumulation kinetics studies were performed to determine the removal of GSM by 

microalgal live cells and to analyse effect of GSM on microalgae growth. The experiment 

was conducted in RAS and f/2 medium for the period of three days and cell counting was 

performed to analyse the changes in cell concentration during the specified time period. The 

experiment was conducted with the volume of 50 ml spiked with 2 mg/L GSM as shown in 

figure 12. 1 ml microalgal cell was inoculated in each bottle after determining the initial cell 

count. The microalgal cells were concentrated or diluted to achieve the cell count of 

a). b). 
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exponential growth phase before inoculating into the experimental vessel. Positive control 

test (Microalgae + RAS water) that doesn’t contain GSM were performed to examine the 

growth of microalgal cells without the presence of GSM. Similarly, negative control test was 

performed to determine the amount of GSM volatized during the span of experiment. The 

experiment was conducted in the magnetic stirrer at 200 rpm and light intensity was 

maintained 80 mol/m2/s.  

 

 

Figure 13 Live cell experiment (GSM = 2mg/L, initial cell concentration = 4·106 cells/ml, light intensity = 80 

mol/m2/s, speed = 200 rpm, time = 3 days) 

4.11  Challenges faced 

The biggest challenge faced during the adsorption and bioaccumulation study was the 

volatilization of GSM. GSM being a semi-volatile compound it was difficult to determine 

the method that allowed minimal loss of GSM during the experiment. Initially, adsorption 

study was conducted in testubes with headspace in a rotator speed of 80 rpm as shown in the 

figure 15 (a). The result shows that 75% of GSM was volatized during the experiment. 

However, different kinds of vials (with HS and no HS) and filter (RC phenex, Cellulose 

acetate) were chosen for optimization of experimental setup. The result shows glass vials 

with headspace and RC phenex filter (0,45 m) has minimal loss of GSM during the duration 
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of 24 hours. The cover of the vials was covered with parafilm, and rotator was replaced with 

magnetic stirrer. Another, challenges faced during the experiment was contamination of 

microalgal cells as shown in figure 15 (b). To overcome the challenge, nutrient media, 

equipment required for microalgal cultivation such as volumetric flask, beakers were 

autoclave at 121oC for 30 minutes. In addition, the aeration pipe attached with the aerator 

was fitted with 0.45m RC phenex filter. 

 

 

Figure15 (a) Adsorption experimental setup in roller (adsorbate concentration = 2 mg/L, adsorbent 

concentration= 1g/L, speed = 80 rpm, time = 24 hrs) (b) Contamination of N. oculata with Phaeodactylum 

tricornitum and Tetraselmis Suecica under microscope (40x magnification) 

 

 

5  Results and discussion 

The results of characterization studies, preliminary adsorption, kinetics, isotherm, and 

bioaccumulation of Geosmin on algae have been discussed in this chapter. 

5.1  Characterization 

Characterization studies were carried out to examine the characteristics of adsorbent such as 
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composition and size, surface morphology and functional groups. This information supports 

in comparing and selecting the adsorbents for further studies (Pellenz et al., 2023).  

5.1.1  Surface area 

The shape of N. oculata is spherical with a diameter of 2-5 m and T. suecica as an elliptical 

or almost spherical with the diameter of 6-10  m. The surface area of both microalgal 

species is calculated using the formula as presented below. 

 
𝐴𝑟𝑒𝑎𝑁.𝑜𝑐𝑢𝑙𝑎𝑡𝑎 =  4𝜋 ∗

𝑑2

4
 

(12) 

 
𝐴𝑟𝑒𝑎𝑇.𝑠𝑢𝑒𝑐𝑖𝑐𝑎 = 4𝜋 ∗

𝑑2

4
 

(13) 

Where, d = diameter of sphere 

Using the above formula, the area of N. oculata and T. suecica were calculated and it was 

found to be 12.56-98.1 m2 and 113.04-314 m2 respectively (Sukarni et al., 2014; Severino 

et al., 2019). The number of cells in N. oculata and T. suecica in preliminary 

bioaccumulation studies were 2·108 and 4·106 cells/ml. Therefore, specific surface area of 

N. oculata (2.5·109 – 1.9·1010 m2) and T. suecica (4.5·108 – 1.2·109 m2) per ml of 

microalgae was calculated using the equation (12) and (13). This shows that N. oculata has 

large surface area in comparison to T. suecica cells. Research has suggested that having large 

area possesses more active sites resulting high adsorption potential for adsorbate (Yang et 

al., 2010). Hence, the removal performance of N. oculata cells being high may possibly be 

due to its large surface area as surface area potentially affect the adsorption efficiency. 

5.1.2   Surface morphology 

Scanning electron microscope (SEM) was employed to determine the surface morphology 

of microalgal biomasses. SEM is used to determine materials structure, morphology, 

topography, composition, and size. The SEM images of microalgae that were freeze dried 

after being harvested by centrifugation is shown below in Figure 16(a-d). 
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Figure16 SEM of microalgae N. oculata at magnification a) 1000x and b) 2500x; and T. suecica at 

magnification (c) 500x, and 1000x 

 

According to the figure 16 (a-b), the surface of N. oculata is smooth and spherical shapes 

under magnification of 2500x. The salt crystal is clearly seen in the images (a-d) which 

clarifies that these species are marine microalgae. The figure 16(c-d) of T. suecica shows a 

rough surface and irregular cell wall structure. In addition, the images show that the cell size 

of T. suecica is larger than of N. oculata. The primary objective of SEM was to locate 

microalgal nanopores but, the magnification at nanometers resulted in blurred images of 

microalgae cell surfaces. However, micropores has been observed and SEM images shows 

that N. Oculata has large number of these pores than T. Suecica that could possibly affect 

the adsorption efficiency.  
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5.1.3  Fourier transform Infrared spectroscopy (FTIR) 

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

spectroscopy with the diamond crystal that can penetrate 0.2 m through the sample was 

used to determine surface functional groups of two different microalgal species before 

adsorption. The changes in the functional groups after the adsorption of Geosmin were hard 

to detect in FTIR since Geosmin being a terpene has a most common functional group (-CH3 

and -OH) that easily overlap with the microalgal surface functional group, and no distinct 

peak difference was observed in FTIR. In addition, the mean microalgae cell wall thickness 

in the stationary phase exceeds 0.3 m which infrared energy can’t penetrate hence, showing 

no changes in the spectrum after the adsorption of GSM (Spain and Funk, 2022). The FTIR 

spectra of N. oculata and T. suecica is shown in figure 12. According to figure 12, the 

obtained spectra were similar except finger-print region (1500 to 500 cm-1).  The vertical 

lines in the figure represent common peaks between two different microalgal biomass. There 

are different transmission bands over the wave number range 4000-400 cm-1 and each band 

based on its distinct transmittance is assigned to specific molecular groups. Additionally, the 

intensity of spectra at common wavenumbers were found to be different (intensity peak of 

N. oculata is higher than T. suecica at the common wavenumbers). It is possibly due to 

difference in sample thickness or concentration of two adsorbents that leads to variation in 

intensity of spectra. 

FTIR consists of two primary regions, fingerprint region (1500 to 500 cm-1) and functional 

group region (4000 to 1500 cm-1). Figure 17 shows strong peak around 3284 cm-1 in fuctional 

group region which corresponds to water (O-H) stretching and (N-H) stretching of amide 

(Larkin, 2011). The peak at 2980 cm-1 and 2920 cm-1 resemble lipid as(CH2) stretching of 

methylene (Sukarni et al., 2014). There is a strong peak at 1741 cm-1 which corresponds to 

lipid (fatty acids) protein (C=O) stretching of esters. Right next to it, the peak at 1531 cm-

1 signifies the presence of protein, amide 2 band primarily linked with (C-H) and (N-H) 

associated. N. oculata exhibits sharp peak at 1531 cm-1 which indicates the presence of 

phospholipids, DNA, RNA, carbohydrates, and stretching of polysaccharides (Sukarni et al., 

2014).  A similar sharp peak is visible in T. suecica at 1002 cm-1 which represents Si-OH 

bond stretching, carbohydrate, and stretching of polysaccharides. The only difference 

between each algal biomass was the presence of the carboxylic group at the wavenumber 
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1405 cm-1 in Tetraselmis suecica. This FTIR data doesn’t explain about the specific 

functional group involved in adsorption of GSM.  

 

Figure17 FTIR spectrum of microalgal biomass samples: N. oculata and T. suecica 

 

5.2  Dead cell experiment 

The results of the biosorption study conducted with two strains of microalgae are presented 

in preliminary test. Microalgal biomass having superior adsorption capacity has been 

selected for the kinetics and isotherm studies. 

5.2.1  Preliminary test 

Preliminary adsorption studies for the first time have been conducted primarily to show that 

microalgal species can adsorb GSM. Additionally, it also helps to choose the best microalgal 

species for further analysis based on removal efficiency. The study was conducted in MQ 

and RAS water for the period of 24 hours. 
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Figure18 Preliminary studies with different adsorbent samples in DI water (adsorbent concentration =1 g/L, 

adsorbate concentration = 2 mg/L, contact time = 24 h, N. oculata as an adsorbent in RAS water (adsorbent 

concentration =1 g/L, adsorbate concentration = 2 mg/L, contact time = 2 h) 

 

Figure 18 shows the amount of GSM volatized from control samples (only GSM present) 

during the period of 24 h was minimal and found to be 1.2 %.  Furthermore, the bar graph 

shows that dead cells of N. oculata and T. suecica after freeze-drying removed 53.56% and 

25.06% of GSM, respectively. Similar removal result from N. oculata was observed when 

MQ water was replaced with marine RAS water (56.94 %) and was spiked with 2 mg/L of 

GSM. The activated carbon shows highest removal among all adsorbents (AC, 99.99 %) 

however, the use of ACs is a reference material to compare the removal efficiency of algae 

to most commonly used adsorbents. Based on the result, N. oculata was used as an adsorbent 

was chosen further for kinetics and isotherm studies. 
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5.2.2  Kinetics study 

Kinetic study was conducted to understand the behavior of adsorbate on adsorbent using the 

effect of contact time. Several kinetic models were applied, and data were fitted by non-

linear regression model as presented in figure 19. The fitting parameters are shown in table 

4. 

 

 

Figure19 Adsorption kinetics model (adsorbent concentration = 1 g/L, adsorbate concentration = 2 mg/L, 

contact time = 8 h) 

 

Figure 19 represents that the adsorption rate was rapid within the span of 30 min hereafter, 

it slows down and increases steadily until the equilibrium state is achieved. The initial rise 

in the adsorption kinetics is due to the presence of numerous unoccupied active sites. The 

adsorbate molecules easily bind to these sites, leading to a rapid rise in adsorption capacity 

However, the active sites decrease as more adsorbate molecules occupy the surface and 

adsorption kinetics slows down and reaches equilibrium (Ashiq et al., 2019). The adsorption 

kinetics of GSM reaches to saturation point at the time of 120 min where the rate of 
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adsorption is equal to the rate of desorption and dynamic equilibrium is achieved. After the 

dynamic equilibrium, the adsorption kinetics becomes nearly constant.  

Table 4 Adsorption kinetic model and coefficient of determination for GSM 

Kinetic model Geosmin 

Pseudo-first order k1 [1/min] 0.350 

𝑞𝑡 = 𝑞𝑒 (1 − 𝑒−𝑘1 𝑡) Qe [mg/g] 0.862 

 R2 0.947 

Pseudo-second order k2 [g/mg/min] 0.629 

𝑞𝑡 =
(𝑘2 𝑞𝑒

2) 𝑡

1 + 𝑘2 ∗ 𝑞𝑒 ∗ 𝑡
 

Qe [mg/g] 0.902 

 R2 0.999 

Elovich model  [mg/g/min] 250.385 

𝑞𝑡 = (
1

𝛽
)  ln (1 + (𝛼 𝛽 𝑡)) 

 [g/mg] 14.84 

 R2 0.964 

 

As shown in table 4, PSO model and Elovich model provide best fit with high R2 value values 

of 0.98 and 0.96 respectively. The measured data of Qe (0.943 mg/g) and estimated value of 

Qe (0,902 mg/g) represents one side occupancy of surface adsorption mostly controlled by 

adsorption kinetics  (Ma et al., 2019). Additionally, the adsorption results, shows that 

adsorption is correlated with activation energy, and fit the Elovich kinetic model. 

Furthermore, it suggests that the surface is heterogeneous, containing a variety of adsorption 

sites with varying energies (Ma et al., 2019). Physisorption is typically described by the 

Elovich and PSO model, which suggests that there may be a weak connection between the 

adsorbent and the adsorbate as a result of van der Waals forces, hydrogen bonding, dipole-

dipole interaction, and other non-covalent forces. 
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5.2.3  Isotherm study 

Isotherm studies were conducted for GSM with adsorbent dosage 1 g/L, contact time 120 

minutes, and initial adsorbate concentration of 0.1, 0.2, 0.3, 0.5, 0.7, 1, 2, and 5 mg/L. Even 

at concentration 5 mg/L saturation point couldn’t be achieved. Therefore, the dosage of 

adsorbent was reduced to 5 mg, and 450 g. The experimental data were fitted with non-

linear regression model (Langmuir, Freundlich) and linear adsorption model (Henry’s law) 

as represented in figure 20 for the determination of adsorption capacity. 

 

 

Figure 20 Adsorption Isotherm model (adsorbent dosage = 10mg, 5mg, and 450 g, adsorbate concentration = 

(0.1, 0.2, 0.5, 0.8, 1, 2, 5) mg/L, and contact time = 2h. 

 

As shown in figure 20, equilibrium concentration and adsorption capacity are linearly 

dependent and there is an increase in adsorption capacity without reaching a plateau. 

Adsorption isotherm generally shows a plateau at high concentrations. The absence of 

plateau in the above figure may be possibly due to low adsorbate concentration or due to 

weak interaction of adsorbates-adsorbent molecules (Vitek and Masini, 2023). In addition, 
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it may be also due to different kinds of adsorption mechanisms acting on the process (Vitek 

and Masini, 2023).   

As shown in table 5, Langmuir, Freundlich, and Henry’s law is the best fit based with high 

R2 value. The adsorption data for GSM was fitted with Langmuir with the R2 being 0.983. It 

indicates that the adsorption is monolayer adsorption where all the adsorbed molecules 

reside within the surface layer of adsorbent. The KL value of Langmuir isotherm (0.0034 

L/mg) suggests that the adsorptive capacity of the adsorbent is small (Ma et al., 2019). In 

addition, the low value of KL also suggests that the affinity between adsorbent and adsorbate 

molecules is lower in magnitude. According to monolayer theory, there should be a 

significant interaction between the molecules of the adsorbent and the adsorbate (Patiha et 

al., 2016). Considering the facts, the Langmuir isotherm can be ignored in the case of 

interaction between algae and GSM. Using the Langmuir isotherm model, the maximum 

adsorption capacity (Qm) for GSM was determined to be 336.09 mg/g.  

Table 5 Adsorption isotherm model and coefficient of determination for GSM 

 

Based on the value of R2 the GSM adsorption is also described by Freundlich model (R2 

being 0.983) which is particularly appropriate for hydrophobic adsorbates and suggests 

multilayer adsorption (Ma et al., 2019). KF parameter roughly estimates the adsorption 

capacity which was calculated by Freundlich model which is shown in Table 2. The 

parameter 1/n is a measure of how favorable adsorption is; it usually ranges from 0.1 to 1. 

Isotherm model Geosmin 

Langmuir isotherm KL [L/mg] 0.0034 

𝑞𝑒 =
𝐶𝑒 𝐾𝐿 𝑞𝑚

1 + (𝐶𝑒 𝐾𝐿)
 

Qm[mg/g] 336.094 

 R2 0.983 

   

Freundlich model KF [(mg/g) (L/mg) 1/n] 1.146 

𝑞𝑒 = 𝐾𝐹 𝐶𝑒

1
𝑛 

 

1/n 0.988 

 R2 0.983 

   

Henry model KHE[mg/g/min] 1.150 

 R2 0.99 
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The smaller values of 1/n indicate a stronger interaction between the adsorbent and the 

adsorbate, according to Ma et al. (2019). The value of 1/n being near to 1 in our study 

suggests the adsorbate and the adsorbent molecules has weak interaction. The adsorption 

isotherm is limited by Henry's law, which implies that there is no interaction between the 

adsorbed molecules at low concentrations (Silva Da Rocha et al., 1998). The R2 values being 

0.99 for Henry’s isotherm model, low values concentration of adsorbate, and linear 

relationship between concentration and adsorption capacity indicates the adsorption of GSM 

on microalgae could follow Henry’s law.  

 

5.3  Live cells experiment 

5.3.1  Preliminary test 

Likewise, in adsorption, preliminary bioaccumulation studies were performed to select the 

best microalgal species to study the effect of GSM on microalgal growth. The strains of 

microalgae selection was determined by GSM removal efficiency over a 24 h period. The 

experiment was conducted in DI water with 1 g/L of dry mass concentration of microalgae, 

2 mg/L of GSM, and 80 mol/m2/s of light intensity. Figure 21 shows the removal efficiency 

of GSM by live microalgal cell. 
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Figure 21 Removal efficiency using live cells of two different microalgae at 30 minutes and 24 h (initial cell 

concentration (N. oculata) = 2·108 cells/ml, initial cell concentration (T. suecica) = 4·106 cells/ml, GSM 

concentration = 2 mg/L) 

Figure 21 shows the removal of GSM by N. oculata and T. suecica over the course of mixing 

the algae with GSM in a volumetric flask (34.74 and 38.61 % respectively). After 24 h the 

removal efficiency of N. oculata increases to 53.987 % while T. suecica removal increases 

slightly to 42.15 %. As compared to the adsorption preliminary study the removal of GSM 

by N. oculata remains the same while T. suecica removal efficiency increases from 25 % to 

42.15 %. The T. suecica contaminated with Phaeodactylum tricornitum may be the cause of 

increased removal efficiency. The initial cell count of T. suecica and N. oculata was 4·106 

cells/ml and 2·108 cells/ml respectively. The number of cell count increases slightly within 

24 h to 7·106 T. suecica cells/ml and 3·108 N. oculata cells/ml respectively. The maximum 

error of Neubauer chamber is 30% and if we consider the error, it represents there is not any 

growth of microalgal cells in both cases (Ma‘mun, Wahyudi and Raghdanesa, 2022). 

5.3.2  Effect of GSM on microalgal growth 

This study was performed to determine the amount of GSM bioaccumulated and to study the 

effect of GSM on microalgae growth. The experiment was conducted for 3 days, and cell 

count and removal of GSM were analyzed on day 1 and day 3. Figure 22 shows the removal 

of GSM in RAS water and f/2 media over the period of three days. 
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Figure 22 Removal efficiency of N. oculata in day 1 and day 3 in RAS and F/2 medium (initial cell concentration = 4·106 

cells/ml, GSM concentration = 2 mg/L, and time =3 days)  

The initial cell concentration used for the experiment was 4·106 cells/ml. According to figure 

22, on day 1 the removal of GSM in RAS and f/2 medium was found to be 7.78 and 7.52 % 

respectively.  The removal was decrease to 1.19 and 3.97 % in f/2 and RAS medium on day 

3 respectively. The amount of GSM volatized in f/2 and RAS media were 9.34 and 7.97 % 

on day 1 and it has increase to 10.18 and 16.24 % on day 3.  The decreased in removal of 

GSM might be possibly due to cell death and binding mechanism of GSM to the cell wall of 

microalgae. GSM is bonded to microalgal cell wall extracellularly and intracellularly. 

Extracellularly it is bound as a dissolved fraction and intracellularly, it is bound in aqueous 

cytosol and proteins. In addition, GSM can also bind with primary photosynthetic pigments 

such as, chlorophylls and carotenoids (Jüttner and Watson, 2007). There might be possibility 

of GSM released from the microalgal cell surface through internal diffusion after the cell 

death. Research has shown that cyanobacteria releases GSM from the cytosol after cell death. 

However, there is not any study on the interaction of N. oculata with GSM and further 

investigation will be needed to study the binding of microalgal cell (N. oculata) with GSM.  

There was a slight increase in the cell number of N. oculata on day 1 and was observed 

7 ·106 cells/ml (RAS spiked with GSM). However, the cell concentration in day 3 was 

reduced to 3.95·106 cells/ml for RAS spiked with GSM. Similarly, a decrease in cell 

concentration was observed in f/2 media spiked with GSM (2.39·106 cells/ml) on day 3. 
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Nonetheless, increase in the cell concentration of N. oculata in both f/2 and RAS (without 

GSM) was observed and found to be 7.66·106 cells/ml and 7.77·106 cells/ml. This result 

suggests the death of microalgal cell in both media spiked with GSM.  Additionally, it was 

observed that the decrease in the cell concentration has decreased the amount of Geosmin 

adsorbed or bioaccumulated in the cell surface (Youn et al., 2020). 

 In addition, Exopolysaccharides (EPS) were found in microalgal cells spiked with high 

concentration of GSM on day 3 of the experiment. EPS is formed for the adhesion and 

protection of the cells. In addition, EPSs protect the cell against dying, osmotic stress, toxic 

components, phagocytosis, and phage attacks (Koçer et al., 2021). Figure 23 shows the 

adhesion of microalgal cells and auto flocculation denoting the formation of EPSs (Huang 

et al., 2023). The decrease in cell concentration and formation of EPSs by microalgae in 

RAS water spike with GSM may possibly indicate the algae mechanism to protect the cells 

from unknown compounds (as GSM was used in a very high concentration of 2 mg/L) or 

may be the presence of bacteria. The interaction between live microalgae and GSM varies 

with the concentration of GSM present in the environment and strains of microalgae. He et 

al. (2020) have studied the degradation and bioaccumulation of nonylphenol with different 

microalgal species and found that C. vulgaris produces EPSs to cope with high 

concentrations of the nonylphenol (He et al., 2020). Hence, it shows that high concentrations 

of pollutants may arouse microalgae to generate a defense mechanism to protect their cell 

wall from damage. Moreover, it has been well noted from the research that Geosmin can 

coexist with some microalgal species such as cyanobacteria when present in low 

concentration (Youn et al., 2020).  
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Figure 23 Extracellular polysaccharides (EPS) formed in RAS water spiked with GSM on day 3. 

 

Conclusions 

The interaction of Geosmin and microalgae is ambiguous and there is a lack of information 

on the interaction of microalgae with GSM. Therefore, this study is conducted for the first 

time to investigate the interaction of Geosmin with living and dead microalgal cells. Another 

goal was to determine whether the microalgal biomass from RAS process unit could be 

utilized directly as fish feed. This research achieved the objective of studying the interaction 

of GSM on living and dead microalgal cells in both RAS and MQ water. Result showed that 

there was adsorption of GSM by microalgal dead and living cells. However, there is lack of 

data to suggest that GSM is biosorbed or bioaccumulated by microalgal cells. In addition, 

the adsorption test conducted shows that the interaction of GSM on dead cells might be due 

to weak electrostatic forces, van der Waals force of attraction, and dipole-dipole interaction 

whereas in the experiment with live microalgal cells, spiking of GSM to both f/2 and RAS 

media causes microalgal cells to eventually die. However, slight growth of microalgae was 

observed in the absence of GSM in both medium. In addition, EPSs were formed by 

microalgae in the presence of GSM that shows microalgae cells were intolerant to GSM 

when present in high concentration. Moreover, there was a decrease in removal efficiency 

which is possibly due to cell death and release of GSM after cell death through the cell wall 
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of microalgae by the means of internal diffusion. This process has been observed in 

cyanobacteria which are GSM producing microalgal species, but there is no previous 

research on the release of GSM after cell death in other microalgal species (Youn et al., 

2020). 

The research is unable to explain whether the GSM is biosorbed or bioaccumulate by 

microalgal cells. In addition, the usage of microalgal biomass as a direct fish feed remains 

elusive due to lack of information on GSM binding to microalgal cell walls. The biosorption 

or bioaccumulation of GSM and usage of microalgal biomass as fish feed could be clarify 

from further studies. The GSM binding with microalgal cell on the surface possibly could 

be washed and used as feed. On the other hand, the intracellular binding of GSM on 

microalgal cells needs further treatment and it would be more expensive. Therefore, further 

investigation should be focussed on studying cell bound of GSM on the surface of N. oculata. 

In addition, future studies should be directed towards cell wall disintegration to determine 

whether the GSM is adsorbed in the surface or inside the microalgal cell wall.  

To achieve the objective, this study face certain challenges, especially difficulty in providing 

aeration for longer duration. As elucidated above, aeration is crucial to the growth of 

microalgae and GSM being semi-volatile it was hard to control the escape of compounds 

when aeration was provided. To address this challenge. further research should be conducted 

with low concentration (i.e., ng/L) of GSM and under controlled conditions as there is no 

research on the effect of aeration when this compound is present in low concentration.  
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