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CARBONDIOXIDE CAPTURING FROM INDUSTRIAL FLUE GAS VIA 
CALCIUM CARBONATE INDUCING MICROORGANISMS 

SUMMARY 

The increase in greenhouse gases, primarily caused by human activities in the past 
century, has led to the effects of global climate change becoming increasingly 
evident. Legal regulations in Europe and neighboring countries are becoming more 
stringent, and new taxation systems such as the Carbon Border Adjustment 
Mechanism are pushing industries with high carbon emissions to seek different 
solutions. In the near future, where conventional flue gas treatment methods alone 
will be insufficient, carbon capture technologies have been improved in recent years 
by scientists and even industr research and development departments.  

Solutions involving microorganisms allow for many options with individual benefits, 
such as atmospheric and closed-loop systems. Carbon capture using microorganisms, 
especially algae, offers a promising solution. Within the scope of this study, 
experiments were conducted on two algae species with coccus and filamentous 
morphological structures obtained from Lake Salda together with Chlorella vulgaris, 
Spirulina, Chlamydomonas reinhardtii species. Many analyses were conducted on 
these algae including growth rates, growth periods, pigment contents such as 
chlorophyll and carotenoid, carbonic anhydrase enzyme activity values, biochemical 
content, and fatty acid types. The fact that Lake Salda is in the high pH category with 
a pH value greater than 9 was an effective factor in including the samples obtained 
from here in the study. In all analyses, the pH at which the relevant algae species 
showed the most growth between pH 8 and 11 at 0.5 intervals was examined. The 
two species obtained from Lake Salda, which were subjected to the same growth 
conditions as other algae species using BG11 medium, were not included in further 
studies as they grew relatively less. In addition, the measurement of carbonic 
anhydrase enzyme activity was considered as a parameter at least as important as 
growth during species selection. The presence of the relevant enzyme that enables 
the gaseous carbon dioxide to be converted into dissolved gas was evaluated as an 
factor that needs to be developed for carbon dioxide capture studies. The species 
selection was made as Spirulina with the help of the Analytical Hierarchy Process 
method, which takes into account all other effective factors as well as growth and 
enzyme activity.  

In the second phase of the experiment, the optimum mixture ratio of algae and 
bacteria coculture was examined in order to increase enzyme activity. Here, the 
Bacillus pasteurii species that secretes the relevant enzyme was selected. In addition 
to 100 ml of algae and bacteria monocultures in individual sterile bottles, 3:1, 1:1, 
1:3 ratios were also added to the experimental set as two sets. After 12 days of 
incubation, the highest enzyme activity value was measured as 1.33 mU/mg for the 
algae-bacteria mixture ratio of 3:1. In growth values, the same culture stood out as 
2.4 g/L. The same set of experiments was run for a third set, this time with only the 
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Zarrouk medium in a different conical flask. Here, just before the 15-day incubation 
period was started, CaCl2 was added to the medium so that there would be 60 mM 
calcium ions in the medium. Advanced experiments such as XRD analysis, SEM 
imaging and qPCR analysis were performed on the precipitate obtained at the end of 
15 days. The coculture 3:1 mixing ratio stood out again, especially due to the high 
impurity in the calcite it formed. 

In the third phase of the experiment, while moving on to pilot scale studies, the 
coculture mixture ratio was decided and it was progressed in a way. First, the study 
was carried out in atmospheric and agitated tanks positioned side by side in 200 L 
volume. Incubation lasting 35 days was carried out in October and November. 22 
days of this was the time spent only for the growth of microorganisms in the aquatic 
environment, and CaCl2 was added to the medium in the last 13 days and the 
calcification process was followed. At the end of the total study, the VSS 
concentration in the coculture increased by 1.7 times, while the VSS concentration in 
the monoculture increased by only 1.4 times. At the end of the study, the VSS 
concentration in the monoculture was measured as 1.1 g/L, and the temperature has a 
great effect on the relatively low result.  

With bubble type photobioreactor, 4 days of calcification were performed in 
monoculture after 4 days of growth, and 4 days of calcification were performed in 
coculture after 8 days of growth. In the results, 2.12 g/L VSS was observed in 
coculture, while 4 g/L VSS was observed in monoculture. Despite the remarkable 
growth in monoculture, almost equal amounts of TSS were measured at the end of 
both studies as 14.64 g/L in monoculture and 14.42 g/L in coculture, respectively. As 
a result, it was determined that much more calcite was produced with much lower 
biomass in coculture. 

This study elucidates the multifaceted potential of microalgae, specifically Spirulina 
sp., in diverse biotechnological applications. The comprehensive analyses and 
experiments conducted have provided critical insights into optimizing conditions for 
enhanced biomass productivity and efficient CO2 utilization. The investigation into 
the properties of calcium carbonate (CaCO3) and the enzyme activity of carbonic 
anhydrase (CA) revealed valuable information for optimizing biomass productivity 
and CO2 utilization. Experiments conducted in closed photobioreactors demonstrated 
the advantages of regulating environmental parameters to maximize algal growth and 
productivity. The evaluation of suspended solids and volatile suspended solids 
yielded critical data on the overall efficiency and sustainability of the cultivation 
processes. Furthermore, the structural and compositional attributes of CaCO3 were 
found to be essential for its application in various industrial processes. The enzyme 
activity studies highlighted the pivotal role of CA in facilitating CO2 capture and 
conversion, underscoring its potential in mitigating greenhouse gas emissions. 
Additionally, the extracellular polymeric substances (EPS) analysis illuminated the 
complex nature of the extracellular matrix, suggesting avenues for further research 
into biofilm formation and stability. 

The study also compared carbon capture via algae with conventional carbon capture 
and storage (CCS) technologies, noting both advantages and challenges. Despite the 
benefits, scaling up algae-based capture in energy-intensive sectors remains 
challenging. Absorption and adsorption are considered more economical and 
advanced methods for substantial CO2 capture. 
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Using the Analytic Hierarchy Process (AHP) method, the study evaluated various 
CCS technologies based on factors such as CO2 capture capacity, cost, operational 
difficulties, scalability, and space requirements. Algae-based CCS technologies face 
significant economic and spatial challenges, with costs ranging from $702 to $1,585 
per ton of CO2 captured, compared to $15 to $340 for conventional methods. 

In conclusion, while microalgae demonstrate significant promise in addressing 
environmental and energy challenges, further research and development are 
necessary for industrial-scale applications. Continued collaboration and research will 
advance the field of microalgal biotechnology, fostering sustainable development. 
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1. INTRODUCTION 

1.1 Significance of the Thesis 

The increase of greenhouse gases in the atmosphere is largely due to human activities 

over the past century. Human beings have been suffering from natural disasters such 

as floods, hail, or extreme droughts more frequently in the last few years as a result 

of global climate change.  

As one of the important legally binding international contracts, the Paris Agreement 

was adopted by 196 nations during the Paris Climate Conference (COP21), 

organized by the United Nations Framework Convention on Climate Change 

(UNFCCC). In line with the Paris Agreement, the goal is to limit global warming to 

below two degrees Celsius, preferably 1.5 degrees Celsius in comparison with pre-

industrial levels (UNFCCC, n.d.). After the Paris Agreement, the European Union 

(EU) first took concrete action with the Carbon Border Adjustment Mechanism 

(CBAM) tool, which claims to put a fair price on the carbon emitted by production 

processes of carbon-intensive goods that the EU imports. As a consequence, non-EU 

countries that export goods to the EU will try to reduce carbon emissions and search 

for cleaner production technologies to avoid intensive CBAM taxes. The CBAM will 

apply to its definitive regimes such as cement, iron and steel, aluminum, fertilizers, 

electricity, and hydrogen production facilities by 2026 (Carbon Border Adjustment 

Mechanism, n.d.).  

Europe's Emissions Trading System (ETS), first started in 2005, is a cap-and-trade 

system limiting greenhouse gas emissions. Companies receive or buy emission 

allowances and can trade them. The cap decreases over time, pushing businesses to 

adopt cleaner technologies. The ETS now also includes sectors like aviation and 

maritime transport, enhancing its role in reducing CO2 (European Commission, 

2023). In addition to market-based approaches, European countries have introduced 

legal bans and regulations to phase out high-carbon activities. For example, several 

nations, including Germany and France, have committed to ending coal-fired power 
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generation by 2030. Furthermore, the Renewable Energy Directive mandates that at 

2030, driving the shift away from fossil fuels.  

While the regulations are getting more and more strict, the conventional treatment 

techniques for emissions are becoming less efficient than ever. Thus, new approaches 

need to be promoted and become widespread. At this point carbon capture by 

microorganisms will be a great solution. There are a lot of papers regarding the 

carbon capture by algae and this is a really trending topic in academic area. 

However, there are much less pilot scale facilities operated and there are small 

proportion of industrial scale facilities exist. This situation points out that the cost 

efficiency and scalability of the technology is not feasible yet and research are 

needed to carry out. 

The novel idea of this thesis is coculturing algae with bacteria in order to increase 

growth and so increase carbon capture rates. In addition, by addition of calcium to 

the media, calcite precipitation is the second crucial outcome of the study. 

1.2 Purpose and Scope of the Thesis 

Industries came across a decision as making investments on the carbon capture 

technologies or purchasing the carbon credits according to EU legislation. 

Purchasing carbon credits can be feasible nowadays by comparing to 2023 market 

prices because the unit price decreased to 68,00 EUR level from 100 EUR in past 2 

years (Trading Economics, 2024). However, due to the increase in population and 

geopolitical developments, can make the unit prices higher than ever. Hence, 

feasibility will be change in near future to investing on treating the industrial 

emissions.  

Calcite is a mineral name and the chemical structure of this mineral, which forms 

carbonate rocks, is CaCO3. It has a glassy shine and a colorless transparent structure. 

It is easily ground, and a white powder is obtained. Its hardness is 3 according to the 

Moh's scale and its density is between 2.6-2.7 g/cm3. Silica, iron, and magnesium are 

counted as impurities, 

various usage areas such as paper, paint, plastic and cable, construction, adhesives, 

food, ceramic, carpet base, floor linoleum, pharmaceutical sectors (MTA, n.d.).  
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Firstly, selecting the most effective algae species was one of the vital steps of this 

experimental series. Chlorella vulgaris, Spirulina sp., Chlamydomonas reinhardtii, 

coccus type algae from Lake Salda and filamentous type algae from Lake Salda, 

constitutes the 5 options on list. Not only the species compared, but also the pH 

levels from 8 to 11 were monitored and compared also. Biomass concentrations, 

biomass duration, media type, pigment content, enzyme activity and persistency to 

impurities were the primary factors affecting the select the effective option. 

Analytical Hierarchy Process method was used for decision-making step and scores 

were provided via both experimental results and literature. According to that study, 

Spirulina sp. at pH 10.5 was the most effective one. 

After determining the algae species and the growing media pH, coculture 

experiments were conducted. Bacillus pasteurii was used for the bacteria culture. 

Different Inoculation Volume Ratios (IVR) as algae over bacteria were studied in 

order to figure out the optimum growth. 3:1, 1:1 and 1:3 were the coculture ratios 

and there were control groups as only Zarrouk medium, monoculture of algae and 

monoculture of bacteria. One set of experiments was conducted without any calcium 

addition, only for observing the growing curves and the other set of experiments was 

conducted with the same amount of CaCl2 addition to system to observe precipitation 

quality. In addition to spectrophotometry analysis, XRD analysis, SEM monitoring, 

qPCR measurement, enzyme activity, carbonate and bicarbonate ion concentrations 

were determined through the methods which explained through the thesis. IVR 3:1 

was found out for the optimum growth and purity of calcite precipitation.  

After lab scale experiments results were collected, pilot scale experiments were 

conducted. Double open raceway ponds with empty volume of 200 L each were 

operated, one as Spirulina monoculture and the other one as coculture with IVR 3:1. 

Total cultivation lasted 35 days, however it was autumn session water temperature 

was not warm enough to support cultivation. On the other hand, calcite precipitation 

was collected from both ponds and the mass balances are calculated accordingly. The 

other pilot scale experiment was conducted via bubble type photobioreactor with air 

compressor connected. Because there is only one PBR set up is available in the 

laboratory, monoculture and coculture experiments were conducted sequentially. 
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12 days. On the other hand, the calcification process took same duration as 4 days in 

both systems and there was slight extra gaining in the coculture system. 

Mitigation of CO2 from industrial flue gases and decrease its harmful effects to the 

atmosphere by support of the microorganisms are the origin of the study. Converting 

carbon dioxide to calcium carbonate and harvesting the calcite precipitation from the 

media is the value-added approach to the treatment system. Not only monoculture 

but using coculture by endeavoring the microorganism to grow much more 

efficiently is the novel idea of this thesis. 
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2. LITERATURE REVIEW 

2.1 An Overview of Conventional Carbon Capture 

CO2 constitutes 76% of greenhouse gases and is divided into 65% from fossil fuel 

and industrial processes and 11% from forestry and other land use. Other 

components can be counted as methane, nitrous oxide, and fluorinated gases as 16%, 

6% and 2% respectively (EPA, n.d.). 

The impacts of industries on society are so high that mitigating industrial emissions 

is one of the biggest concerns. Carbon Capture and Storage (CCS) technologies have 

been developed in recent years. CO2 can be captured directly from the air, or from a 

point source. Many point source CCS technologies are available, including pre-

combustion capture, post-combustion capture, oxy-combustion, and chemical 

looping to mitigate CO2 levels (Shaw & Mukharjee, 2022). Basic process flow 

diagrams were given in Figure 2.1. 

 

 

Figure 2.1 : Most common CCUS methods in use (Global CCS Institute, 2023). 

- Pre-combustion : In this process, CO2 was captured just before 
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combustion. Fuel was converted to hydrogen and CO2. The hydrogen was 

separated from mixture and can be burnt purely. On the other hand, CO2 can 

be compressed and sent to be stored.  

- Post-combustion : CO2 was captured after the combustion exhaust gases, 

mainly via liquid solvent named as adsorption. It was the most common 

approach in use. Numerous ways were existing like dry, semi-dry and wet 

systems. Electro-static precipitator (ESP), cyclones, fabric filters, selective 

catalytic reduction (SCR), non-selective catalytic reduction (NSCR), spray 

dry absorber, scrubbers non-thermal plasma technology were some of major 

technologies in use by this concept (Singh et al., 2019). 

- Oxy-combustion : Not the air, but the pure oxygen was used for 

combustion of fuel. At the end, exhaust gas consist of mainly water vapor 

CO2 can easily extracted from the stream. 

- Chemical looping : It was a cost-effective alternative to methods 

mentioned above due to energy savings. Metal oxide was the oxygen source 

and reaction was carried out in two chambers, oxidation and reduction. 

However there is no actual operating facilities applying this technology. 

2.2 Carbon Capture via Microalgae 

Rather than conventional CCS methods, using microalgae for biological fixation of 

flue gas has been revealed as a novel alternative with high CO2 fixation capacities 

(Alami et al., 2021). Compared to terrestrial plants, it is 10-15 times more efficient at 

photosynthetically converting carbon dioxide into energy. In many instances, it is not 

necessary to pre-treat flue gas before sending it to microalgae media. Additionally, 

microalgae are capable of consuming impurities such as sulphur and nitrogen which 

are contaminated with heavy metals as nutrients (Anwar et al., 2020). A fossil fuel 

boiler or furnace has a CO2 content ranging between 3% and 20%. To be sustainable, 

the process must be gradually adapted, and the temperature controlled so that 

microalgae can readily capture it. Light penetration will likely limit the rate at which 

photoautotrophic microalgae will be able to fix CO2. There are a number of 

cultivation processes that have been developed to maximize photosynthetic 

efficiency, biomass production, and the fixation of CO2. In contrast to open pond 
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cultivation, tubular reactors, plastic bag reactors, airlift reactors, and flat pane 

reactors are examples of closed systems (Choi et al., 2019). 

It is very effective to capture CO2 in gas form using photobioreactors. Chlorella 

vulgaris can grow in fresh water and nutrient-rich waters such as wastewater. Early 

studies showed that without additional CO2 supply when algae only use atmospheric 

CO2 in open photobioreactors, the system fails due to a lack of metabolic carbon. 

Also, the increase in dissolved oxygen produced by photosynthesis results in 

inhibition in the system. By incubating Chlorella vulgaris in an open-air reactor for 

24 days, CO2 levels can be lowered (Kim & Otim, 2019). 1 g of algae biomass 

produced, 1.8 g of CO2 was utilized based on the assumption that algae biomass 

consists of 50% carbon (Sudhakar et al., 2011). By merging two articles, it could be 

claimed that 2.48 g of CO2 can be utilized theoretically and considered worth 

conducting advanced academic research on. 

Aqueous CO2 solution transforms into HCO3 and then CO3 by pH increase. As the 

pH rises from 7.5 to 8.5, the entire amount of soluble carbon dioxide reacts with CO3 

and H2O to form HCO3. Hence, cultivation mediums shall comply with that 

minimum requirement to maximize CO2 sequestration. In their research on Spirulina 

maxima cultivation, Sornchai and Iamtham (2013) used pH values of 9.0, 9.5, 10, 

and 10.5 as the pH range. In addition, Chlorella sp. can grow in pH ranges from 9-

11, grow slowly at pH 7, and hardly grow in pH ranges between 4-6. Other types of 

algae are also capable of cultivating efficiently in higher pH levels as a result of 

using bicarbonate as their primary carbon source (Jana, 2019). 

2.2.1 Open raceway ponds 

Raceway ponds are open ponds used for cultivating algae, where algae, water, and 

nutrients circulate around a race track. These systems are widely used for microalgal 

growth, and very large commercial systems exist today. Since the 1950s, raceway 

ponds have been used for mass culture of microalgae. 
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Figure 2.2 : Open raceway ponds with paddle wheels operated in outdoor mode 
from UK. Different sizes of the ponds for preparing inoculum cultures (Koller, 

2015). 

A raceway pond consists of a closed-loop recirculation channel with a water depth of 

15-20 cm and a paddlewheel. During daylight, the culture is fed at the front of the 

paddlewheel, and the broth can be harvested from the same area. The paddlewheel 

mixes and circulates the algal biomass, preventing sedimentation. These raceway 

channels are built from concrete or compacted earth and can vary in length and 

diameter, usually lined with white plastic. 

2.2.2 Vertical column photobioreactors (VC-PBRs) 

VC-PBRs are usually designed with the radius of 20 cm and up to 4.0 m heights. 

Increase in radius more than 20 cm can cause low efficiency of cultivation due to less 

surface-volume (S/V) ratio. Height can be adjust according to performance of gas 

diffusor. There are different kind of VC-PBRs according to their slight differences of 

design given below (Qin et al., 2019):  

Split column airlift PBR : A flat plate is placed in the middle and seperate the 

diameter of the column as 2 parts such as the riser and the downcomer regions. Air 

enters the system from the riser and circulate through downcomer. 

Internal loop airlift PBR : An internal column is located in a transparent column 

and air sparger mounted in the middle of inlet column. Degassing occurs at the top of 

internal column and degassed mixture exist between 2 column skins. Outstanding 

mixing, easy to clean, great light exposure rates can be counted as the most important 

benefits.  
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Bubble column PBR   : Air sparger located at the bottom. The movement of 

air bubbles result in turbulance and the mixing can be achieved. 

External loop airlift PBR : Degassing happens at the top of the system and 

circulation of degassed media is obtained through another circulation column. 

2.2.3 Horizontal tubular photobioreactors (HT-PBRs) 

HT-PBRs are horizontally placed set of paralel tubes. There are different sequences 

exist to increase exposuring the sun more and more such as spiral, straight, manifold 

-shaped. However plenty of PBR technologies 

available, HT-PBRs are accepted as most suitable and practicle one because of its 

hight S/V ratio, stable and adjustable cultivation conditions (Leong et al., 2023). This 

type is also convenient to scale up. Haematococcus and Chlorella species were 

cultivated in large scale in Israel and Germany, respectively (Torzillo & Zitelli, 

2015).  

 

Figure 2.3 : Tubular PBR setup (Torzillo & Zitelli, 2015). 

2.2.4 Flat panel photobioreactors (FP-PBRs) 

FP-PBRs consist of rectangular transparent boxes such as glass, plexiglass, 

polycarbonate, etc. with high S/V ratio with short light path due to thin dimensions. 

The efficiency of the system mainly depends on the tlight path, dissolved oxygen 

concentration and panel configurations. They can be implemented horizontally, 

vertical or inclined according to the best illumination surface area. For outdoor 

setups, temperature controlling is crucial, and it can be carried out by heat 

exchangers or water spraying. Due to short light path and no chance to 

light dilution, there is a risk of photo-inhibition and light oversaturation which lead 

collapsing the cultivation prosses. 
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Figure 2.4 : Flat panel photobioreactor setup (Lindblad et al., 2019). 

2.2.5 Other innovative photobioreactors 

Plastic bag photobioreactors are a cost-effective solution for commercial-scale 

production. They offer initial sterility due to high film extrusion temperatures. When 

equipped with aeration systems, these reactors can improve yields. While large 

polyethylene bag photobioreactors, with capacities up to 2000 liters, were once 

widely used in aquaculture for algae feed, their usage has decreased but they are still 

employed to a certain extent (Qin et al., 2019). 

 

Figure 2.5 : MBPR flow diagram (Theepharaksapan et al.,2023). 

Membrane photobioreactors (MBPRs) are used for the further treatment of 

membrane bioreactor (MBR) effluent water. The main aim is treated to nutrients 

such as N and P which remain in MBR effluent. Efficient operating condition is 

determined as 7.7-7.8 days of hydraulic retention time and 60-80 days of solids 

retention time, by adding bicarbonate as additional carbon source to MBPR. By those 

retention time 39.3% of NO3-N and 43.8 PO4 treatment could be achieved. In 
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addition, not only monoculture of algae, but also coculturing with bacteria provides 

similar treatment efficiencies. Although lab scale experiments result in successful 

treatment ratios, scaling up the system comes with the economic problems which 

needs to be examined deeply in further experiments (Theepharaksapan et al., 2023). 

2.2.6 Comparison of the closed photobioreactors  

Major closed photobioreactor types are listed above and their most important 

differentiated features are given in Table 2.1. 

Table 2.1 : Comparison between closed type photobioreactors (Qin et al., 2019). 

Criteria VC-PBRs 

Bubble 

column 

VC-PBRs 

Airlift 

columns 

HT-PBRs FP-PBRs 

S/V ratio Low (2-8 

m2 per m3) 

Low (2-8 

m2 per m3) 

High (up to 

100 m2) 

High (20-

80 m2 per 

m3) 

Mixing mechanisms Airlift Airlift Airlift or 

pump 

Airlift or 

pump 

Mixing efficiency High Very high Low Low 

Degassing efficiency High High Medium Low 

Risk of photo-

inhibition 

Low Low Medium High 

Risk of biofouling Low Low High High 

Space requirement Low Low Medium Medium 

Capital cost Low Medium Medium to 

high 

Medium to 

high 

Scalability Difficult Difficult Easy Medium 
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2.3 Importance of carbonic anhydrase (CA) enzyme 

CAs are mostly zinc-containing metalloenzymes and hydrate CO2 to HCO3
- 

according to 2 step reaction as given in Equations 2.1 and 2.2, respectively: 

                              (2.1) 

                                (2.2) 

CAs can be found everywhere both in prokaryotes and eukaryotes. There are eight 

differentiated roles regarding physiological processes, amino acid sequences and 3D 

tertiary structures (Steger et al., 2022).  

One of the major hardships in using enzymes for large-scale industrial applications is 

maintaining the protein catalysts' thermochemical stability under harsh conditions, 

such as high temperatures and acid gas contaminants. To figure out this, researchers 

have isolated carbonic anhydrases (CAs) from thermophiles and immobilized these 

enzymes on solid support substrates. Other concerns in enzyme management include 

absorption kinetics over time and the potential for enzyme recovery and reuse. 

However, it was proved that CA activity is strong against contaminating gases, 

including H2S and propane, and industrially relevant concentrations of NO and SO2. 

High concentration of NO and SO2 results in activity loss, but the enzyme shows 

high levels of activity retention at lower concentrations which are mosy likely to 

encounter in industrial effluents (Sharma et al., 2023). 

2.4 Coculture Applications 

Microalgae often grow with bacteria in natural environments and lab cultures. 

Heterotrophic bacteria benefit from the oxygen and substances produced by 

microalgae and provide them with carbon dioxide and vitamins. This synergy has led 

to an efficient co-culturing mode, which strengthens as the densities of both increase 

(Han et al, 2016). 

Mutualistic symbiosis can arise from exchanging primary metabolites, cofactors and 

hormones, or creating unique niches within a microbial ecosystem. In algal-bacterial 

systems, carbon dioxide-oxygen exchange is common. Heterotrophic bacteria 
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degrade organic material in wastewater, producing carbon dioxide for photosynthetic 

algae, which in turn provides dissolved oxygen to enhance bacterial degradation of 

organic material. Co-cultures consume substrates faster than individual organisms. 

The presence of E. coli nearly doubled the neutral lipid and fatty acid content in A. 

protothecoides, enhancing substrate uptake and nitrogen removal. This shift in the 

fatty acid profile could improve biodiesel's oxidative stability from algal lipids. 

These findings indicate that co-culturing can boost water treatment performance and 

biofuel production in algae (Higgins et al., 2016). 

Furthermore, vitamin B12 (cobalamin), which is , 

requiring at least 19 separate enzymatic steps for its synthesis from 

uroporphyrinogen III, is crucial benefit of the symbiotic environment. In their natural 

environment, vitamin B12-dependent algae must be able to obtain the vitamin from 

an external source. Reported levels of free cobalamin are usually about 2 6 ng.L-1 in 

fresh water and up to 3 ng.L-1 in sea water. The growth studies suggested that this 

could be insufficient to boost algal growth. Thus, coculturing with bacteria can 

increase the vitamin B12 levels to encourage algal growth (Croft et al., 2005). 

2.5 Effects of Flue Gas Input 

Flue gas can serve as a carbon and nutrient source for microalgal cultivation, offering 

sustainable environmental benefits. However, using flue gas is more challenging than 

normal CO2. Factors like water and oxygen impact growth similarly with both 

sources, but many aspects of flue gas significantly affect microalgae growth. 

Therefore, strategic use is crucial to maximize benefits. The following factors 

presents the positive and negative effects of flue gas components on microalgae 

(Choi et al., 2019): 

- CO2 : Industrial flue gas contains high levels of CO2, depending on the 

process and feedstocks. CO2 provides inorganic carbon for microalgae 

during photosynthesis. In fact, if the CO2 level get higher uncontrollably, it 

could have toxic effects on culture because of acidification.  

- NOx  : NOx compounds are utilized as a source of nitrogen for 

microalgae growth, hence greater growth removes NOx through uptake form 

flue gas effectively. Dissolution of NOx compounds stabilize the rise in pH 
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which occurred through microbial growth. High NOx concentrations like 

CO2 could inhibit the cultivation. 

- SOx  : In low concentrations it can serve the culture as sulphure 

source by its oxidized form as sulfate. 

- CO  : After oxidizing CO to CO2, it could be consumed by algae. 

- Heavy metals: Many heavy metals provide essential trace elements and can 

alter algal metabolism, affecting carbonic anhydrase activity. High 

concentrations found in flue gas and their strategic use can enhance 

microalgae growth and lipid accumulation. If the concentration exceeds the 

design parameters, then the inhibition will be unavoidable. 

- Hydrocarbons: They also can serve as carbon source to algae species. 

- O2  : Oxygen served as an electron acceptor for photorespiration 

and microalgal cell membranes likely to be damaged by various toxic 

oxygen radicals and oxygen also decreases CO2 uptake by competing for 

RuBisCO. 

- Water: Water acts as an electron donor during the photosynthesis of 

microalgae. It is a crucial compound for various metabolic activities essential 

for survival and is extensively utilized by microalgae during the process of 

photosynthesis. 

2.6 Calcite Recovery by Precipitation 

Stromatolites like those existing in Lake Michigan and the Great Bahama Bank are 

CaCO3 formations caused by collaborative actions by microalgae and bacteria 

(Jansson&Northen, 2010). Thus, not only algae monocultures, but also algae-bacteria 

co-cultures can reveal more realistic and efficient CaCO3 precipitation results. Many 

of these co-culture systems are used in wastewater treatment systems efficiently. It is 

claimed that Chlorella minutissima grows faster when co-cultured with Escherichia 

coli. Furthermore, triglyceride production can be increased under the mixed culture 

of Chlorella vulgaris and Pseudomonas sp. which points to another efficiency 

increment. According to study conducted with Chlorella sp. with Sporosaricina 

pasteurii (S.pasteurii) shows that 3:2 (v:v) inoculation volume ratio (IVR) 

respectively results in maximum chlorophyll-a concentration. Under this IVR 

condition, the growth of Chlorella sp. increased up to 37.74% (Xu et al., 2020). 
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In order to generate CaCO3, using carbonic anhydrase enzyme-producing bacteria is 

more logical than using urease enzyme-producing bacteria. This is due to the 

efficiency of transforming the gaseous form into a soluble form without causing 

excessive ammonia. Bacillus mucilaginosus was used as a microorganism, and 

maximum cultivation was observed when the pH was 9 10 and the temperature was 

CaCO3 was obtained successfully (Zheng, 

2021). CO2 sequestration can be enhanced by carbonic anhydrase enzyme function 

(de oliveira Maciel et al., 2022). 

It is common practice in many cases to convert calcium carbonate into calcium oxide 

(limestone). As part of mineral carbonation processes, microorganisms can 

contribute carbon dioxide, which can influence these processes, and carbon dioxide 

can be utilized by these microorganisms for the formation of carbonate minerals. 

Microorganisms use a natural mineralization mechanism for producing carbonate 

minerals; however, the feasibility of these processes on a commercial scale remains 

in the research phase. According to recent studies, biomineralization is a very niche 

technology, and there is a long way to go to determine the efficiencies of this 

technology. It can be settled near coal-fired power plants, natural gas systems, 

municipal solid waste combustion, and other CO2-emitting industries (Jansson & 

Northen, 2010). 

 

 

 

 

  



 

 
 

16 
 

  



 

 
 

17 
 

3. MATERIAL AND METHODS 

3.1 Experiments with Algae Species  

To identify the most effective culture in an alkaline settling, several experiments 

were performed using strains from the Cukurova University Algal Biotechnology 

Laboratory (Chlamydomonas reinhardtii, Arthrospira platensis (Spirulina), and 

Chlorella vulgaris). These results were then compared to those from strains isolated 

from Salda Lake (coccus-type and filamentous-type), which is alkaline (0.015-0.041 

mol/L) and rich in magnesium (Balci et al., 2020). Algae, growth durations and used 

specific culture media are given in Table 3.1.  

Table 3.1 : Growth durations and studied culture media. 

Species Growth duration (Day) Culture Media 

C. reinhardtii 5 
Tris-Acetate Phosphate 

(TAP) 

A. platensis (Spirulina) 36 Spirulina medium* 

C. vulgaris 20 
Blue-Green Medium 

(BG11) 
Coccus-type cyanobacteria 

from Salda Lake 
34 BG11 

Filamentous-type 
cyanobacteria 

from Salda Lake 
14 BG11 

*The ingredients of this medium consists of the following composition (g/L): 18.6 NaHCO3, 
8.06 Na2CO3, 1.00 K2HPO4 5.00 NaNO3, 2.00 K2SO4, 2.00 NaCI, 0.40 MgSO4.7H2O, 0.02 
CaCI2.2H2O, 0.02 FeSO4.7H2O, 0.16 EDTANa2 and micronutrient elements (0.001 
ZnSO4.7H2O, 0.002 MnSO4.7H2O, 0.01 H3BO3, 0.001 Na2MoO4.2H2O, 0.001 
Co(NO3)2.6H2O, 0.00005 CuSO4.5H2O, 0.7 FeSO4.7H2O, 0.8 EDTANa2) were added 10 mL 
to 1 L (Zarrouk, 1966). 

(MP Biomedicals, Santa Ana, CA). A Bio-Rad MyCycler System was used to 

amplify the selected regions. The used primers are listed in Table 3.2.  

A 1% (w/v) TAE agarose gel stained with ethidium bromide was used to visualize 

dPCR products. Evolutionary relationships in taxa history were inferred using the 

UPGMA method (Corliss et al., 1973). The optimal tree is shown in Figure 3.1.  
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Table 3.2 : The primers used for sequencing the strains. 

Primerb -  Region 
8F* AGAGTTTGATCCTGGCTCAG  16S rRNA 
1492R GGTTACCTTGTTACGACTT 16S rRNA 
518R GTATTACCGCGGCTGCTGG 16S rRNA 
515F GTGCCAGCMGCCGCGGTAA 16S rRNA 
1100R GGGTTGCGCTCGTTG 16S rRNA 
18SEUKF (6F) ACCTGGTTGATCCTGCCAG 18S rRNA 
18SEUKR (5R) TGATCCTTCYGCAGGTTCAC 18S rRNA 
Euk515R ACCAGACTTGCCCTCC 18S rRNA 
Ami6F1 CCAGCTCCAATAGCGTATATT 18S rRNA 
 

 

Figure 3.1 : Evolutionary relationship of the strains. 

3.1.1 Growth conditions 

Twelve flasks per species were prepared, each containing 200 mL of medium and 

minutes. The pH levels were adjusted from 8.5 to 11 in 0.5 intervals by adding 

sterilized 20% KOH solution until the pH indicator strips matched the corresponding 

color on the box. MQuant pH indicator strips with a range of 7.5 14 were used in the 

experiment. Species grown in high alkalinity environments experience stress 
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(Alkhamis et al., 2022), and high light intensity can add additional stress, causing 

photoinhibition. Although the optimal light intensity for the strains was found to be 

30

Optical density (OD) was measured at 540 nm, 690 nm, and 750 nm wavelengths 

(Akca et al., 2023). OD was monitored daily for C. reinhardtii, every four days for C. 

vulgaris, and every other day for the other species. 

 

Figure 3.2 : 8th day of incubation - Spirulina sp. 

3.1.2 Biomass, total chlorophyll and carotenoid 

At the end of each growth cycle, measurements of biomass, total chlorophyll, and 

carotenoid levels were taken. For dry cell weight (DCW) measurements, microalgae 

cultures were filtered through pre-

constant weight was achieved (Visentin et al., 2023). Biomass was evaluated based 

on the correlation between optical density (OD) and DCW. For the analysis of total 

chlorophyll and carotenoid contents, 10 mL samples were placed in 15 mL Falcon 

tubes and centrifuged for 7 minutes at 3,000 rpm. After centrifugation, the water 

layer was removed, a pinch of CaCO3 was added, and the mixture was vortexed. 

Next, 1.8 mL of 90% acetone solution was added, and the mixture was incubated at 

wavelength measurements were taken at 466, 632, 

649, 665, and 696 nm. The total chlorophyll and carotenoid contents were calculated 

using Equations 3.1 and 3.2 (Polat et al., 2020; Ritchie, 2006). 
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Figure 3.3 : Suspended solid measurement of coccus culture from Lake Salda. 

3.1.3 Biochemical structure 

2019). In order to extract the samples, 1 mL of 0.1 M NaOH solution was added, and 

the samples were frozen at -

solution was added to the bottom part, and the same freeze-thaw process was applied 

again. Citric acid was added to the collected upper parts to adjust the pH to 5. Rapid 

part is used for protein extraction measurements. Spectrophotometric measurement 

of total protein was performed using the Lowry method against a BSA standard 

(Lowry et al., 1951). 

Lipid measurement was performed using a sulpho-phospho-vanillin (SPV) assay 

(Khaligh et al., 2023). The main stock was prepared as 1 mg/mL for calibration. Five 

mg of vegetable oil was dissolved in a hexane solution. Then it was vortexed to get a 

homogenous solution. Then eight glass tubes were prepared, and the solution was 

of biomass from each sample were collected, and their weights were noted. 2 mL of 

sulfuric acid was added to the samples and the calibration solutions. All samples 
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each sample and vortexed again. 

they were measured at 530 nm, 540 nm, and 750 nm wavelengths in a 

spectrophotometer. 

In glass tubes, 25 mg of biomass from each sample is added to extract carbohydrates 

(Polat et al., 2020)

hour. During incubation, samples were vortexed for 30 seconds every 5 minutes. The 

sulfuric acid concentration decreased to 4% after incubation with 7 mL of dH2O 

added to the samples. Samples were vortexed again. The glass tubes were capped and 

autoclave, samples were filtered through 0.22 

nm filters. Carbohydrate quantification is done via the modified anthrone method 

(Ludwig & Goldberg, 1956). Ice baths were used to prepare samples and solutions. 

glucose solutions at different concentrations were prepared. 1 mL of sample was put 

into a glass tube, 2 mL of 75% sulfuric acid was added, and the mixture was 

vortexed. 4 mL of anthrone solution was added to the sample and vortexed again. 

temperature. At the end, samples were measured at 630 nm against distilled water in 

a spectrophotometer. 

3.1.4 Amino acid extraction and measurements 

10 mL of homogenized 6 N HCl solution was added to a 50 mg sample and 

 (Lee at al., 2022). After cooling down to room 

reactive) was prepared by mixing 100 mL ACN with 1.2 mL of phenylisothiocyanate 

(PITC). 0.5 mL of ACN (acetonitrile): MeOH (methanol): TEA (triethylamine) 

mixture and 0.1 mL of derivatization solution were added to the samples and then 

 (Sanchez-Machado et al., 2003). High-performance 

liquid chromatographic analysis of amino acids in edible seaweeds after 

derivatization with phenyl isothiocyanate (Sanchez-Machado et al., 2003). 5 mL of 

2O was added to 100 mg of biomass and 



 

 
 

22 
 

After the pH adjustment, the volume was set to 100 mL by adding distilled water. 

The tryptophan standard was prepared by dissolving 50 mg of tryptophan in 50 mL 

of 0.1 N HCl. After derivatization, HPLC measurements were conducted. 

The amino acid contents were measured by HPLC (High-Performance Liquid 

Chromatography, Shimadzu Prominence 20, Riverwood Drive Columbia, MD, USA) 

equipped with a PDA detector and an ODS-

GL Sciences Inc., Tokyo, Japan). The mobile phase for tryptophan analysis consisted 

of an aqueous solution of sodium acetate (AcNa) (5 mM) and acetonitrile (Pinhati et 

al., 2012). The mobile phase for other amino acid analysis consisted of mobile phase 

A (0.78 g of sodium dihydrogen phosphate dihydrate and 0.88 g of disodium 

hydrogen phosphate dihydrate in 1 liter of water) and mobile phase B (ACN) in 

gradient elution. 

3.1.5 Fatty acid methyl ester (FAME) measurement 

In situ transesterification of microalgal biomass was performed using hydrochloric 

acid in methanol as a catalyst (Polat et al., 2020). Lipid composition was determined 

by gas chromatography (Shimadzu GC-2010) equipped with a flame ionization 

detector and a TR-CN100 capillary column with a 0.2 m film thickness 

(Teknokroma, Barcelona, Spain). During the analysis, the oven temperature was first 

-

set to flow at 30 mL/min, with hydrogen at 40 mL/min and air at 400 mL/min, using 

a 100:1 split ratio. 

3.1.6 Carbonic anhydrase activity measurement 

For measuring carbonic anhydrase enzyme activity, the Carbonic Anhydrase Activity 

Assay Kit (colorimetric) protocol was followed (Sigma-Aldrich, n.d.). Initially, the 

cells were lysed by adding 5 mL of cold lysis solution (containing 0.13 g Tris, pH 8) 

to 50 mg of algal biomass and vortexing the mixture. The sample was then frozen at -

mixture. This freeze-thaw process was repeated three times. To prepare the cells for 
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the enzyme activity assay, the mixture was centrifuged at 3,500 rpm for 15 minutes 

For carbonic anhydrase enzyme activity, a 2 mM Nitrophenol standard, 3 mM 

Nitrophenyl Acetate substrate, and CA activity buffer were prepared. To make a 

calibration standard, 2 mM Nitrophenol standard was aliquoted onto 96-well plates 

solutions were obtained at 0, 8, 16, 24, 32, 40, 80, 120, 160, and 200 nmol/well 

Figure 3.4.

Figure 3.4 : Calibration equation for Nitrophenol standard.

samples. Measurements were conducted in a 405 nm wavelength kinetic mode for 1 

h at room temperature. Equations 3.3 and 3.4 were used to perform the calculations 

(Sigma-Aldrich, n.d.).

                                        (3.3)

                                     (3.4)

Where; 

y = 0,0173x + 0,0198
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B = Release Nitrophenol in the sample based on the Standard Curve 

slope (nmol) 

D = Dilution Factor (D = 1 when samples are undiluted) 

 

t = Reaction time (min) 

 

 

3.1.7 Statistical analysis 

To investigate the correlation between pH changes and the biochemical components 

of microalgae, the Pearson Product correlation test was conducted using Minitab 

16.0. Principal component analysis (PCA) was utilized for dimensional reduction and 

structural modeling of multidimensional data. OriginPro software (OriginLab, 

version 10.0.0.154) was used for both PCA and hierarchical cluster analysis (HCA). 

To test for statistically significant differences, one-way analysis of variance 

(ANOVA) was performed, followed by the post-hoc Tukey Honestly Significant 

Difference (HSD) test to determine if differences were statistically significant (p < 

0.05). 

3.2 Coculture Experiments with Algae and Bacteria 

Coculture experiments were based on Spirulina and Bacillus pasteurii and they were 

mixed in different inoculum volume ratios (IVR) such as 0%, 25%, 50%, 75% and 

100% respectively. LED lights were mounted 

 

120 rpm. Light intensity was measured between 90 -2.s-1 in 

different points from the bottom of the shaker. To increase light penetration via 

reflection the bottom material was covered with aluminum foil. 

In the first attempt, 10 small flasks with 50 ml volume each were used, they filled up 

with Zarrouk medium. Name tags of flasks produced according to algae content, so 

bacteria content was planned to be remaining part. Each IVR was studied with 

 In the first hand starting OD600 
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value was determined for 100% algae flask as 0.3 nm. Then to obtain 0.3 nm, 2.33 

ml algae from stock medium added to flask. For 75%, 50% and 25% flasks, 1.75 ml, 

1.165 ml and 0.58 ml of algae were added, respectively. There were no algae in 0% 

flask like there was no bacteria in 100% flask. Then reversely, bacteria additions 

were conducted. To obtain 0.3 nm value in OD600, 1.89 ml of bacteria was added. For 

25%, 50% and 75% flasks, 1.42 ml, 0.94 ml and 0.47 ml of bacteria were added, 

respectively.  

 

Figure 3.5 : Day zero of the coculture setup - first attempt. 

Because there was an excessive heat due to setup configuration, the first attempt 

failed. Thus, there was another experiment with similar IVRs and also with the 

developed system. 

In the second attempt 250 ml flasks were used with 100 ml filled by the medium. The 

same IVR sequence was preserved. The most important change was that the cover 

 on purpose. Fresh air could enter the system, so the interior 

long. All of the further analysis was conducted from the samples of the second 

attempt. 
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Figure 3.6 : Day zero of the coculture setup - second attempt. 

3.2.1 Algal growth, total chlorophyll and carotenoid analysis 

OD was monitored every other day for all of the flasks. As the experiment was 

conducted in sterile conditions, all of the samples were taken in laminar flow cabinet. 

UV lights and flames were turned on during the uncapping, sampling and recapping. 

To determine which wavelength is more representative for coculture components 

their peak points were executed by the spectrophotometer itself. While the peak point 

was measured for A. platensis as OD680, it was OD600 for B. pasteurii. However, both 

OD values were read during the experiment, OD600 was selected when the common 

um

much higher. 

 

Figure 3.7 : Optical density peak points of (a) A. platensis and (b) B. pasteurii. 



 

 
 

27 
 

At the end of 12 days growth cycle, measurements of biomass, total chlorophyll, and 

carotenoid levels were taken. For Dry Cell Weight (DCW) measurements, 

microalgae cultures were filtered through pre-weighed filter papers, then dried at 105 

evaluated based on the correlation between Optical Density (OD) and DCW. For the 

analysis of total chlorophyll and carotenoid contents, 10 mL samples were placed in 

15 mL Falcon tubes and centrifuged for 7 minutes at 3,000 rpm. After centrifugation, 

the water layer was removed, a pinch of CaCO3 was added, and the mixture was 

vortexed. Next, 1.8 mL of 90% acetone solution was added, and the mixture was 

649, 665, and 696 nm. The total chlorophyll and carotenoid contents were calculated 

using Equations 3.1 (Polat et al., 2020) and 3.2 ( Ritchie, 2006) as same as 

monoculture experiments. 

3.2.2 EPS analysis 

EPS analysis was carried out on samples before and after cultivation. Analyses were 

carried out by taking into account multiple methods (Choi et al., 2020; Dizge et al., 

2011; Mahata et al., 2021). For EPS analysis, 5 mL of sample in Erlenmeyer flask is 

the upper phase is taken into a sterile tube and centrifuged again at 13,200 rpm at 

Dissolved protein and polysaccharide analyses were performed in this upper phase 

obtained by physical extraction. Dissolved protein and polysaccharide give the value 

of Soluble Microbial Products (SMP) in the medium. In order to detect bounded 

EPS, the sediment remaining from the first centrifugation was resuspended in 5 mL 

was added to this suspension 

hours. This suspension was ed 

protein and polysaccharide analysis was also performed on this supernatant obtained 

by chemical extraction. These values also gave the value of bounded or extracted 

EPS. The modified Lowry method for protein analysis and the Antrone method for 

polysaccharide analysis were carried out. 
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3.2.3 Enzyme activity analysis 

For measuring carbonic anhydrase enzyme activity, the Carbonic Anhydrase Activity 

Assay Kit (colorimetric) protocol was followed (Sigma-Aldrich, n.d.) again. Initially, 

the cells were lysed by adding 5 mL of cold lysis solution (containing 0.13 g Tris, pH 

8) to 50 mg of algal biomass and vortexing the mixture. The sample was then frozen 

at -

mixture. This freeze-thaw process was repeated three times. To prepare the cells for 

the enzyme activity assay, the mixture was centrifuged at 3,500 rpm for 15 minutes 

 

For carbonic anhydrase enzyme activity, a 2 mM Nitrophenol standard, 3 mM 

Nitrophenyl Acetate substrate, and CA activity buffer were prepared. For preparing a 

calibration standard, 0 nmol, 2.5 nmol, 5 nmol, 7.5 nmol, 10 nmol, 20 nmol, 40 

nmol, 60 nmol, 80 nmol and 100 nmol solutions measured in spectrophotometry 

equipment with OD348 and OD405. Then each sample measured in every 10 minutes 

figure out velocity change by time until 60th minute. 

3.2.4 Microbial community analysis viq qPCR method 

The 410 bp region- - 

GGACAGAAAGACCCTATGAA - - 

TCAGCCTGTTATCCCTAGAG -

photosynthetic microorganisms, and the 466 bp region-specific primer pair Uni331F 

- TCCTACGGGAGGCAGCAGT - - 

GGACTACCAGGGTATCTAATCCTGTT -

synthesized (Lee at al., 2015). Each qPCR mixture was prepared in a total volume of 

- -mix and 400 nM 

primer pairs. PCR cycling conditions first provide degradation in different chambers 

with gradient technique to activate DNA polymerization. DNAse/RNase distributions 

water was used as negative control. All measurements are performed with Bio-Rad 

Real-time PCR detector. 
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3.2.5 Calcium ion analysis 

After cultivation, experiments re-started with fresh inoculums to see CaCO3 

precipitation potential. 1 flask contained only Zarrouk medium without any of 

organisms and the rest was settled with same IVRs. There was 6 flasks in total. 

It has been experimented that the the concentration of Ca2+ was as 0 mM, 20 mM, 40 

mM, 60 mM, 80 mM, 100 mM, 120 mM, 140 mM, 160 mM, 180 mM, 200 mM and 

250 mM, 300 mM. 60 mM concentration has been founded as the one which 

provides maximum enzyme activity 600, 

respectively (Zheng & Qian, 2019). Hence, this experiment was conducted directly 

to obtain 60mM Ca2+. According to that 0.8821 g of CaCL2 2H20 was added to each 

flask with 100 ml of media. After retention time passed 10 ml sample have been 

taken from each flask and filtered through 0.22 mikron filters. 

3.2.6 Alkalinity analysis by measuring carbonate and bicarbonate ions 

HCO3  and CO3  concentrations were measured using double indicator 

neutralization titration. phenolphthalein and methyl orange indicators were used, 

respectively. 0.5 g phenolphthalein was dissolved in 100 ml of 50% ethanol to make 

ready the phenolphthalein indicator. On the other hand, 0.1 g methyl orange was 

dissolved in 100 ml of distilled water. 

1 ml of liquid phase of each sample was diluted to 100 ml with distilled water. Then 

means that the absence of CO3  at all. If it was red, titrate with standard HCl 

solution until the removal of red color after shaking the mixture and the added HCl 

volumes (V1) were saved. On the other hand, 4 drops of methyl orange were added 

to the samples and then titrated with HCl solution again until its color turned from 

yellow to jacinth. These added volumes (V2) were saved too. HCO3  and CO3  

concentrations were revealed by Equations 3.5 and 3.6 (Zheng & Qian, 2019): 

    C (mol/L) = CHCl.V1 / 0.2                           (3.5) 

           C (mol/L) = CHCl.(V2-V1) / 0.1               (3.6) 

The same method was used for open raceway pond and PBR samples. 
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3.2.7 XRD and SEM Analysis 

Precipitated and mineralized products were washed to eliminate microorganism 

residues and then it dried. Then polymorphs of formations were monitored by XRD. 

The element species and morphologies of precipitated yield could be analyzed by 

Scanning Electron Microscope (SEM). 

3.3 Design of Pilot Scale Experiment 

After the lab-scale experiments carried out, sufficient data were collected for the 

pilot scale experiments. In order to figure out more realistic solutions, pilot scale 

experiments will be more effective. Since calcium ion, carbonate and bicarbonate 

analysis methods were identical with the lab scale coculture samples, they are not 

mentioned in the context additionally. 

3.3.1 Open raceway  

Their volume are 

both 200 L, One of them was chosen for monoculture and the other one for the 

coculture. 

volumes were filled by 100 L each. 

Spirulina cultures were growing in one of those ponds when the kickoff decision was 

made and its OD600 value was 0.638. To avoid making mistakes by complex mixture 

rates, it is decided to start with the half of it which is 0.319

volume was decreased 50 L and filled with distilled water until capacity reached to 

100 L. 

Next pond needs to be prepared for coculture and IVR was selected as 1/3 which 

means 75 L of it consist of algae and 25 L bacteria. The mixing principle was the 

same as lab-scale experiment. To achieve starting OD600 value 0.319, firstly it was 

assumed that 100% of algae required and found necessary algae amount. Then it was 

multiplied by 0.75 and also same processes for bacteria but the coefficient is 0.25 

that time. At the end, 42 L of algae media, 1,5 L of bacteria media and 56,5 L of 

distilled water calculated to reach 100 L. 
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Figure 3.8 : Open Raceway Setup. 1. Coculture media, 2. Monoculture media. 

3.3.1.1 Light intensity, pH, aquatic temperature and growth 

Light intensity was measured every 30 minutes for the entire study. The measuring 

device placed near the raceways and to avoid storm damage it was covered with 

transparent foil. 

In every 2 days the samples about 0.25 mL were taken from raceways. While the 

samples were collecting, in the meantime aquatic temperature was measured also. pH 

and optical density measurements were carried out from those samples right after 

collection. 

3.3.1.2 Total chlorophyll and carotenoid 

Not from all of the samples, but only the samples from 6th, 13th, 22nd, 26th and 30th 

days were considered for the analysis. For total chlorophyll and carotenoid 

measurements, 10 mL samples were put into 15 mL Falcon tubes and centrifuged for 

7 minutes at 3,000 rpm. After centrifugation, a layer of water was poured and then a 

pinch of CaCO3 was added and vortexed. Then 1.8 mL of 90% acetone solution was 

measurements were conducted at 466, 632, 649, 665, and 696 nm. To calculate the 
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total chlorophyll and carotenoid contents, Equations 3.1 and 3.2 were used as same 

as previous ones. 

3.3.1.3 Suspended solids and volatile suspended solids 

The samples from raceways from day zero, 22nd day and 32nd days were used in 

this experiment in order to increase representation quality of the results. First, 0.45 

 

desiccator for half an hour. After the filters were ready, their weights were measured 

via scale. Then 10 ml of well mixed samples passed through filters, and they put into 

Then their second weight measurement carried out to find suspended solid (SS) 

desiccator for half an hour again. At the end final weight analysis was conducted to 

find out volatile suspended solids (VSS). 

3.3.1.4 CA enzyme activity 

For measuring carbonic anhydrase enzyme activity, the Carbonic Anhydrase Activity 

Assay Kit (colorimetric) protocol was followed (Sigma-Aldrich, n.d.) again. Initially, 

the cells were lysed by adding 5 mL of cold lysis solution (containing 0.13 g Tris, pH 

8) to 50 mg of algal biomass and vortexing the mixture. The sample was then frozen 

at -

mixture. This freeze-thaw process was repeated three times. To prepare the cells for 

the enzyme activity assay, the mixture was centrifuged at 3,500 rpm for 15 minutes 

 

For carbonic anhydrase enzyme activity, a 2 mM Nitrophenol standard, 3 mM 

Nitrophenyl Acetate substrate, and CA activity buffer were prepared. To make a 

calibration standard, 0 nmol, 2.5 nmol, 5 nmol, 7.5 nmol, 10 nmol, 20 nmol, 40 

nmol, 60 nmol, 80 nmol and 100 nmol solutions measured in spectrophotometry 

equipment with OD348 and OD405. Then each sample measured in every 10 minutes 

figure out velocity change by time until 60th minute. 

3.3.1.5 Dominance of Algae in Coculture via qPCR 

The 410 bp region- - 

GGACAGAAAGACCCTATGAA - - 
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TCAGCCTGTTATCCCTAGAG -

photosynthetic microorganisms, and the 466 bp region-specific primer pair Uni331F 

- TCCTACGGGAGGCAGCAGT - - 

GGACTACCAGGGTATCTAATCCTGTT -

synthesized (Lee at al., 2015). Each qPCR mixture was prepared in a total volume of 

- -mix and 400 nM 

primer pairs. PCR cycling conditions first provide degradation in different chambers 

with gradient technique to activate DNA polymerization. DNAse/RNase distributions 

water was used as negative control. All measurements are performed with Bio-Rad 

Real-time PCR detector. 

3.3.2 Bubble column photobioreactor 

Bubble column PBR was chosen as photobioreactor type to achieve maximum gas 

contact by the microorganisms. Firstly, Spirulina sp. as monoculture was cultivated 

for 8 days and after that new set of experiment was started with coculture which last 

for 12 days.  The initial conditions for both 

experiments are given below: 

 Spirulina sp. monoculture: 

o Temperature :   

o pH  : 10,55 

o OD680  : 0,312 

 Spirulina sp.& Bacillus pasteurii coculture: 

o Temperature  

o pH  : 10,56 

o OD600  : 0,577 

o OD680  : 0,563 
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Figure 3.9 : Bubble column PBR, monoculture, day 0. 

3.3.2.1 Total chlorophyll and carotenoid 

For total chlorophyll and carotenoid measurements, unlike before experiments, 1 mL 

samples were put into 15 mL Falcon tubes and centrifuged for 7 minutes at 3,000 

rpm. After centrifugation, a layer of water was poured and then a pinch of CaCO3 

was added and vortexed. Then 1.8 mL of 90% acetone solution was added, and the 

conducted at 466, 632, 649, 665, and 696 nm. To calculate the total chlorophyll and 

carotenoid contents, Equations 3.1 and 3.2 were used as same as previous. 

3.3.2.2 Suspended solids and volatile suspended solids 

The samples from each PBR from the day just before CaCl2 addition (A), 2nd day 

after CaCl2 addition (B) and 4th as last day after CaCl2 addition (C) were used in this 

experiment in order to follow change in suspended solids  filters were 

hour. After the filters were ready, their weights were measured by scale. Then 10 ml 

of well mixed sample A and 5 ml of each of well mixed sample B and C passed 

desiccator for half an hour again. For sample B and C, because of increasing 
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concentration of the media, lower media volume was passed through the filters to 

prevent any clogging. Then their second weight measurement carried out to find 

an hour and then desiccator for half an hour again. At the end final weight analysis 

was conducted to find out volatile suspended solids (VSS). In order to find fixed 

solids, VSS values were extracted from the total SS values. 

3.3.2.3 CA enzyme activity 

Exactly same measuring method of enzyme activity which conducted for raceway 
ponds was applied again. 
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4. RESULTS AND DISCUSSION 

4.1 Assessment of Alkaline pH Effects on Algae Species 

4.1.1 Growth, chlorophyll, and carotenoid production 

The growth of microalgae is highly sensitive to pH levels, leading to significant 

variations in their growth rates and biomass production under different pH 

conditions. This study examined these changes for each species at various pH levels. 

Due to the heterotrophic nature of TAP media, C. reinhardtii grew for 5 days, with 

the highest growth observed at a pH of 9.5, yielding a biomass of 923 mg/L. In 

contrast, the biomass at pH 11 was less than half. It was found that C. reinhardtii's 

with light/dark cycles significantly affecting growth (Zheng et al., 2022). 

Spirulina was monitored for 32 days, with the highest biomass of 1,986 mg/L 

achieved at pH 8.5 (Figure 4.1). Biomass at pH 9 and 9.5 was 1.4 times lower, and at 

pH 10 and 10.5, it was 1.5 times lower. Chen et al. reported nearly 6 g/L growth in 6 

10.0, attributing differences to light intensity in 2016. Also the highest biomass (4.12 

g/L) at pH 9 for Spirulina maxima, likely due to different strains (Sornchai & 

Iamtham, 2013). 

C. vulgaris achieved a maximum biomass of 469.9 mg/L at pH 10.5. Its ability to 

grow at alkaline pH values without significant biomass loss suggests high pH 

tolerance. Previous studies observed around 4 g/L biomass in 26 days in BG11 

medium (Silva et al., 2022), linked to initial cell density differences. Higher biomass 

was seen in BG11 medium at pH 8 (Adam et al., 2022), and in poultry 

slaughterhouse conditions (pH 9.5-11.5), the highest biomass was at pH 10.5 

, aligning with this study's results. 

For Salda Lake coccus-type cyanobacteria, the highest biomass (674 mg/L) was at 

pH 8.5 after 26 days. Biomass was slightly lower (0.86 to 0.99 times) at other pH 
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levels, indicating high pH tolerance. Conversely, filamentous-type cyanobacteria 

from Salda Lake showed the highest biomass (273 mg/L) at pH 11, with a significant 

decrease at lower pH, reflecting high pH tolerance comparable to C. vulgaris, despite 

lower biomass production. 

 

Figure 4.1 : Growth durations of different species such as: (a) Chlamydomonas 
reinhardtii, (b) Arthrospira platensis, (c) Chlorella vulgaris, (d) Filamentous-type 
cyanobacteria from Salda Lake, (e) Coccus-type cyanobacteria from Lake Salda. 

In order to find out the best-growing biomass by comparing 5 samples, A. platensis, 

C. vulgaris, and coccus-type from Salda Lake cultures were added to a shortlist, and 

for the proper comparison, 20 days of growth were noted for each sample. C. 
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reinhardtii was excluded due to heterotrophic media, whereas the rest are 

autotrophic. Furthermore, the filamentous-type cyanobacteria from Salda Lake were 

excluded due to their considerably low biomass yields. pH levels of three shortlisted 

individual cultures and biomass levels on the twentieth day of growth are given in 

Table 4.1. Comparing the growth levels of three samples on the twentieth day 

indicates the potential use of A. platensis for advanced research, despite its relatively 

high standard deviation. 

Table 4.1 : The pH levels at which the highest growth was observed, combined with 
correspondent biomass and incubation time. 

  Optimum pH Biomass 
(mg/L) 

Incubation 
Time (Day) 

A. platensis pH 8.5  20 
C. vulgaris pH 10.5  20 

Coccus-type cyanobacteria 
from Salda Lake 

pH 10.5  20 

The chlorophyll and carotenoid contents of microalgae are essential for determining 

their carbon capture capability. Chlorophyll is a pigment central to photosynthesis 

(Gerotto et al., 2020). Carotenoids are essential for light harvesting and energy 

transfer during photosynthesis; examining their amounts with chlorophyll is critical 

understanding the photosynthetic capacities (Varela et al., 2015). In Table 4.2, the 

total concentrations of chlorophyll and carotenoids produced by microalgae species 

at various pH levels are presented. The highest chlorophyll content was observed 

with C. reinhardtii at a pH of 9.5, whereas the lowest chlorophyll content was 

observed with filamentous-type cyanobacteria at a pH of 10.5. Similar results were 

observed for carotenoid production. High levels of chlorophyll and carotenoids 

indicate that microalgae can capture more carbon by absorbing more sunlight. 

ANOVA analysis has been performed to maintain the relationship between samples, 

and Pearson correlation has been used to analyze the correlation between pH and 

chlorophyll and carotenoid contents. As well as total carotenoids and total 

chlorophyll, the results were examined as a ratio. For filamentous-type cyanobacteria 

from Salda Lake, there was a positive correlation between the total chlorophyll and 
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carotenoid content (r =.888, p =.018). For Spirulina, there was a positive correlation 

between the total chlorophyll and carotenoid content (r =.894, p =.016). For C. 

reinhardtii, there was a positive correlation between the total chlorophyll and 

carotenoid content (r =.957, p =.003). The carotenoid-to-chlorophyll ratio (Car/Chl), 

an indicator of carotenogenesis, was also evaluated for each species (Chen et al., 

2017). The increase in this ratio for Coccus-type cyanobacteria from Salda Lake can 

be due to the increase in oxidative stress and the change in photosystem II (PSII) 

activity and photosynthesis (Polat et al., 2020). As carotenoids can form a protective 

layer to prevent reactive radicals (Shi et al., 2020), the change in the Car/Chl ratio 

can be due to the adapted culture of Coccus-type cyanobacteria. The original pH of 

Lake Salda is between 9 and 9.5, and this species showed the lowest Car/Chl ratio at 

pH in this range. 

Table 4.2 : Total chlorophyll and total carotenoids amount with total carotenoids to 
 

pH 
C. 

reinhardtii 

A. 

platensis 

C. 

vulgaris 

Coccus-type 

cyanobacteria 

from Salda Lake 

Filamentous-type 

cyanobacteria 

from Salda Lake 

 

8.5  a,b    

9   a,b    

9.5   b    

10   b    

10.5   a,b    

11   a,b    

 

8.5     a,b   

9     a   

9.5    a,b   

10     a   

10.5     b   

11     b   
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Table 4.2 (continued) : Total chlorophyll and total carotenoids amount with total 
 

Total carotenoids / Total chlorophyll, w/w 

8.5 0.41  0.48  0.50  0.72 d 0.37 e 

9 0.31  0.33  1.2  0.63 e 0.43 c 

9.5 0.45  0.30  0.9  0.48 f 0.47 b 

10 0.54  0.45  1.00  1.00 b 0.40 d 

10.5 0.43  0.63  0.17  1.12  a 0.51 a 

11 0.28  0.37  0.09  0.87 c 0.52 a 

*means that do not share letters are significantly different 

4.1.2 Biochemical Contents 

Microalgae capture carbon in the form of proteins, starches, and lipids within their 

cells (Mondal et al., 2017). Measuring these compounds in microalgae is crucial for 

assessing their environmental benefits. Determining the amount of carbon converted 

into biomass is important for evaluating the effectiveness of carbon emission 

reduction strategies (Lin et al., 2018). As a source of proteins, fats, carbohydrates, 

and vitamins, microalgae biomass is considered a promising raw material for high-

value product recovery. Lipid production performance depends on lipid composition 

and productivity, which is the amount of lipid produced per liter of working volume 

per day (Udayan et al., 2022). Under stress conditions, oils tend to accumulate in 

microalgal cells, reducing their growth rate, which is significant when focusing on 

lipid production. 

Figure 4.2 shows the changes in the lipid, protein, and carbohydrate contents of each 

species. The variation in these contents under different pH conditions reflects the 

cells' adaptation mechanisms to environmental stress and the reorganization of their 

metabolic pathways (Sun et al., 2018). High pH conditions cause cells to alter their 

energy and resource use to survive and grow. pH levels can affect all biochemical 

processes in algae cells, including protein synthesis and carbohydrate and lipid 

metabolism (Xia et al., 2015). For C. reinhardtii, there was a positive correlation 

between pH and lipid content (r =.781, p =.038). For Spirulina, there was a negative 

correlation between pH and protein content (r = -.878, p =.009) and between pH and 

lipid content (r = -.841, p =.018). In Salda Lake coccus-type cyanobacteria, there was 
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a tendency to accumulate carbohydrates with increasing pH, as pH changes can 

affect the photosynthesis rate of microalgae, leading to increased carbohydrate 

production due to higher photosynthesis rates (Cheng et al., 2022). 

C. vulgaris had the highest protein content at pH 9, but the highest lipid and 

carbohydrate contents at pH 11, indicating defense mechanisms against pH stress, 

observed by decreased protein and increased lipid and carbohydrate stores (Gauthier 

et al., 2020). Filamentous-type cyanobacteria from Salda Lake showed no significant 

changes in these molecules. Previous studies showed Chlorella sp. achieved the 

highest lipid yield (167.5 mg/L) at pH 7.0 (Zhang et al., 2014). It was found that C. 

vulgaris accumulated 49% carbohydrates at pH 8, with a carbohydrate content 

ranging from 16 to 44% of dry cell weight (Cheng et al., 2022). Another study found 

that Spirulina accumulates lipids and proteins between pH 8 and 10 (Mufidatun et al., 

2023). C. reinhardtii showed 30% lipid accumulation at pH 9.5 in previous studies, 

while our study observed over 25% at that pH (Zheng et al., 2022). 
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Figure 4.2 : The protein-lipid and carbohydrate contents of the cultures: (a) 
Chlamydomonas reinhardtii, (b) Arthrospira platensis, (c) Chlorella vulgaris, (d) 
Filamentous-type cyanobacteria from Salda Lake, (e) Coccus-type cyanobacteria 

from Lake Salda. 

4.1.3 Amino acids contents 

Amino acid content is important to be measured to investigate the potential of 

cultivated microalgae biomass as a protein source for humans, farm animals, or 

farmed fish (Michelon et al., 2021). So, the amino acid contents of different species 

and pHs have been defined with HCA analysis. Amino acid data were obtained, and 
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HCA analysis with dendrograms was shown in Figure 4.3. Dendrograms are tree 

structures that demonstrate similarities and differences between clusters based on 

hierarchical clustering. The length of branches reflects the differences between 

clusters, while the length of branches represents the similarities between clusters. 

Clusters with short branches have a high degree of similarity, while clusters with 

long branches have a low degree of similarity. Additionally, positive and negative 

values obtained from Euclidean geometry indicate that the data set is similar or 

different. Euclidean geometry calculates the distance between two points represented 

by straight lines. By using the mean and standard deviation for each data point, 

normalized data (z-scores) allow the distribution of data points to be standardized. 

When the Z-score is positive (e.g., 1.11), the data point is deemed to be above the 

mean. The data point falls below the mean when Z-Scores are negative (e.g., -2.22). 

By the time coccus-type cyanobacteria from Salda Lake, filamentous-type 

cyanobacteria from Salda Lake and C. vulgaris at different growth pHs (8 11), C. 

reinhardtii at pHs of 8, 9, and 10.5, and Spirulina at pH of 10.5, do not share the lines 

it has with other pH values within its group, they are not closely related. Considering 

the protein composition, the biomass of species grown at alkaline pH can be 

recovered, and this can provide a cost-effective biorefinery.

Glutamic acid, tyrosine, and valine are the most abundant amino acids for all species, 

whereas valine is also counted as essential. There is good agreement between the 

results of this study and those of previous studies (Andreeva et al., 2021). Glutamic 

acid is also the most abundant amino acid in Cyanobacteria, Plantae, Cryptophyta, 

and Bacillariophyta (Leon-Vaz et al., 2023). In the form of glutamate, it acts as an 

important neurotransmitter in the central nervous system and is involved in ammonia 

assimilation (Ingrisano et al., 2023). The results show that amino acid distribution 

varies in different pH environments. pH is a key factor affecting the activity of 

enzymes in the cell. Each enzyme works most efficiently in its optimum pH range. 

The activity of enzymes involved in the synthesis and degradation of amino acids 

may differ at different pH levels, affecting the composition of amino acids. On the 

other hand, amino acid concentrations of coccus-type species from Lake Salda were 

found to be significantly different. 
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Figure 4.3 : Heat map of the amino acid measurements. 

Tryptophane, serine, glycine, and cystine existed less than others. For coccus-type 

cyanobacteria from Salda Lake, there was a positive correlation between the total 

phenylalanine content and amino acid amount (r =.834, p =.039). For filamentous-

type cyanobacteria from Salda Lake, there was a positive correlation between the 

total chlorophyll and glutamic acid content (r =.891, p =.017). In high concentrations 

of glutamic acid, chlorophyll biosynthesis is supported, which results in greater 

photosynthetic efficiency. The reason for this correlation is that glutamate is the 

essential precursor used to synthesize protoporphyrin IX, which is a structural 

component of chlorophyll (Weinstein & Castelfranco, 1977). For Spirulina, there 

was a positive correlation between the total amino acid amount and lysine content (r 

=.951, p =.001); leucine content (r =.984, p =.000); and methionine content (r =.916, 

p =.004). Curiously, there was a negative correlation for Spirulina between 

tryptophan content and carbohydrate content (r = -.757, p =.049). This situation can 

be explained by using carbohydrates as an energy source in cells. It is possible that 

carbohydrates contributed to synthesizing amino acids such as tryptophan by limiting 

tryptophan degradation (Gao et al., 2019). It may also indicate that the synthesis of 

other precursor molecules (serotonin) related to metabolic activity is promoted 
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(Correa & Vale, 2022). For C. reinhardtii, there was a positive correlation between 

the total amino acid and glutamic acid content (r =.893, p =.007). 

4.1.4 Fatty Acid Methyl Ester Contents 

An important source of essential and bioactive lipids is microalgal biomass. As 

microalgae are quite diverse in terms of their size and diversity, they possess lots of 

potential, as some of them are the main sources of omega-3 fatty acids (FA) and are 

the main producers of nutrients that can be used to replace fish oils (Conde et al., 

2021). It is important to note that microalgae provide essential FAs that can be 

-3; EPA) and 

-3; DHA) (Conde et al., 2021). Many studies discuss 

the saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and 

polyunsaturated fatty acid (PUFA) contents of microalgae under different growth 

conditions. This study investigates how FA contents change under alkaline pH 

conditions. 

In this study, except for coccus-type cyanobacteria from Salda Lake grown at a pH of 

8.5, all microalgae species contain saturated fatty acids exceeding 60% of total FA 

(Figure 4.4). Statistical significance has been considered when analyzing the change 

in FA type. Compared to previous studies, the unsaturated fatty acid/total fatty acid 

(UFA/TFA) ratio of autotrophic C. vulgaris cultured in BG-11 was lower, except for 

the pH of 9.5 culture. In a study with a CA complex added to C. vulgaris, due to the 

influence of the CA complex, SFA content decreased from 35.8% to 15.6%, while 

UFA content increased from 64.2% to 84.4% in a BBM medium. The higher SFAs in 

our study can be attributed to differences in growth medium and cultivation 

conditions. 

Additionally, previous studies with Spirulina have shown 45-56 % SFA (Ennaji et 

al., 2021). But, in this study, the SFA content of Spirulina was approximately 70% 

for all pH treatments. As well, C. reinhardtii showed 28% SFA accumulation under 

the TAP medium (Zhu et al., 2021). For C. reinhardtii, there was a negative 

correlation between the PUFA and SFA content (r =-.783, p =.037). As a result, this 

provides essential information regarding the culture's energy storage strategies under 

alkaline stress conditions. 
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Figure 4.4 : SFA, MUFA and PUFA contents of the cultures changing with pHs: (a) 
Chlamydomonas reinhardtii, (b) Arthrospira platensis, (c) Chlorella vulgaris, (d) 
Filamentous-type cyanobacteria from Salda Lake, (e) Coccus-type cyanobacteria 

from Lake Salda. 

The detailed C16-C18 contents of the FAMEs are shown in Figure 4.5. The results 

obtained from this study will provide information about which microalgae species 

and pH conditions are suitable for extracting lipids for biodiesel or food. Microalgae 

species FA values must be interpreted following biodiesel standards if they are to be 

used for bioenergy and carbon capture. In this study, most of the species had PUFA 
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values lower than 10%, suggesting that the use of these species in lipid production 

may also be a crucial biomass valorization stage (Hawrot-Paw et al., 2021). 

 

Figure 4.5 : C16-C18 contents of the FAMEs (a) C. reinhardtii, (b) S. Platensis (c) 
C. vulgaris, (d) Coccus-type cyanobacteria, (e) Filamentous-type cyanobacteria. 

4.1.5 Carbonic anhydrase enzyme activity 

Carbon fixation performance in microalgae photosynthesis can be evaluated by 

considering carbonic anhydrase (CA) activity (Yao et al., 2024). Carbonic anhydrase 

capture more carbon and convert it into biomass, and for this purpose, CA activity in 

varied species and pH conditions was investigated in this study. According to the 

analyses, all species and strains of algae have carbonic anhydrase activity ranging 

from 0.10 to 3.60 mU/mg dry matter, depending on strain and cultivation conditions. 

Minimum enzyme activity was previously observed in C. reinhardtii under 

laboratory conditions grown in glass vessels. According to our measurements, C. 

reinhardtii showed carbonic anhydrase activity between 2.31 to 4.68 mU/mg 

biomass, and the highest activity was observed under a pH of 10 (Table 4). This 

organism grows photosynthetically using CO2 or, when in the dark, using acetate as 

the carbon source. In the light, the CO2 concentrating mechanism (CCM) of C. 

reinhardtii accumulates CO2, enhancing photosynthesis.  
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Carbonic anhydrases (CAs) and bicarbonate transporters in the chloroplast pyrenoid 

of C. reinhardtii increase the concentration of CO2 at Ribulose 1,5-bisphosphate 

carboxylase oxygenase (RuBisCO) (Rai et al., 2021).  

The results of carbonic anhydrase enzyme activity in Spirulina are consistent with 

previous studies. For instance, Spirulina has been reported to have high bicarbonate 

utilization efficiency and strong CA activity (Zhang et al., 2023). According to a 

similar study, the maximum CA activity of Spirulina cultures was 6.2-8.7 mU/mg 

using the freeze-thaw method, while 2.5 mU/mg was obtained with homogenization 

(Ores et al., 2016). Among our results, the highest activity was 4.51 at pH 9. The 

difference can be attributed to extraction methods and cultivation conditions. CA 

activity was 2.38-3.40 mU/mg in C. vulgaris. The results of this study differ from 

those of previous studies in some aspects. C. vulgaris showed a maximum specific 

activity of 17 mU/mg after 37 days of cultivation in the BG11 medium. The 

difference might be attributed to the CA extraction method, which ultrasonic 

treatment used. Comparing CA activities with other results yields important 

outcomes. For C. vulgaris, there was a positive correlation between total amino acid 

amount and CA activity (r =.897, p =.015). Interestingly, for Spirulina, there was a 

positive correlation between isoleucine content and CA activity (r =.931, p =.002). 

Coccus-type cyanobacteria from Salda Lake showed varying levels of carbonic 

anhydrase activity, with the lowest activity at pH 11 and the highest at pH 9. A 

previous study of the properties and function of carbonic anhydrase enzymes 

involved in microalgae's carbon metabolism was conducted to determine how the 

activity of various forms of such enzyme varies in response to CO2 and nitrogen 

concentrations, and it was shown that CA activity is in the range of 0.10-3.60 per mg. 

In a previous study, Bacillus mucilaginosus was used as a microorganism, maximum 

cultivation was observed when the pH was 9 10, and biotic CaCO3 was successfully 

obtained by this microorganism (Zheng, 2021). The formation of CaCO3 in co-

culture systems involving microalgae may have a positive impact on carbon 

sequestration. Using carbonic anhydrase enzyme-producing bacteria might be logical 

for further research.  
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Stromatolites like those existing in Lake Salda, Lake Michigan, and the Great 

Bahama Bank are CaCO3 formations caused by collaborative actions by microalgae 

and bacteria (Frantz et al., 2015). It is, so, possible to achieve better results for 

CaCO3 precipitation by not only growing microalgae monocultures but also growing 

co-cultures of microalgae and bacteria. 

Table 4.3 : Carbonic Anhydrase enzyme activity per biomass in different pH 
conditions (mU/mg biomass). 

pH C. reinhardtii 
A. 

platensis 
C. 

vulgaris 

Coccus-type 
cyanobacteria 

from Salda 
Lake 

Filamentous-
type 

cyanobacteria 
from Salda 

Lake 
8.5      
9      

9.5      
10      

10.5      
11      

4.2 Principal Component Analysis to Evaluate the Results 

One of the most popular ways to analyze multivariate data is by performing principal 

component analysis (PCA). PCA extracts fundamental information from the input 

data into new orthogonal variables, known as principal components, and then 

analyzes them as a multivariate result . As PC1 represents the 

greatest degree of variability in the data, PC2 represents the second highest degree of 

variability. This allows for the discovery of previously unknown relationships 

between samples. Over the last few years, numerous PCA studies have evaluated 

biomass and metabolites, as well as the biostimulatory effects of microalgae 

(Rugnini et al., 2022). The data points of this study are projected as sample 

projections in Figure 4.6. 



 

 
 

51 
 

 

Figure 4.6 : Principal component analysis (PCA). Sample projection of 
Chlamydomonas reinhardtii, Arthrospira platensis (Spirulina), Chlorella vulgaris, 
Filamentous-type cyanobacteria from Salda Lake (Salda filamentous), Coccus-type 

cyanobacteria from Salda Lake (Salda coccus). 

In this analysis, the data set was represented in a bivariate plot as a result of principal 

component analysis. Based on the overall data, it has been determined that the two 

principal axes, PC1 and PC2, account for 49.07% of the variance (26.92% and 

22.15%, respectively) (Figure 4.7). The data set should be considered in light of 

other components that explain a greater portion of the variance. With 67.12% of the 

cumulative covariance percentage, a 3D PCA was constructed. Consequently, 3D 

PCA has been used to analyze the PCA of each strain individually. 

In the case of C. reinhardtii, PCA plots of PC1 versus PC2 explained 28.28% and 

40.26% of the total variance, respectively. Since PC1 and PC2 are responsible for 

only 68.54% of total variance, other factors shall be examined to explain a higher 

proportion of variance. Therefore, a 3D PCA was constructed based on 81.23% of 

the cumulative covariance percentage. As noted, pH, CA activity, MUFAs, total 

AAs, and lipids are negatively correlated with the first component.  



 

 
 

52 
 

The cumulative percentage of covariance of C. vulgaris was found to be 82.38% by 

using 3D PCA plotting. The first component of C. vulgaris has a positive correlation 

with protein, MUFA, PUFA, total chlorophyll, and total carotenoids. In the case of 

Spirulina, the cumulative percentage of covariance was found to be 83.53% on a 3D 

PCA plot. A negative correlation exists between the first component of Spirulina and 

pH, SFAs, total AA, and carbohydrates. 

According to PCA plotting of PC1 versus PC2 for filamentous-type cyanobacteria 

from Salda Lake, PC1 explained 42.91% and PC2 explained 30.90% of the total 

variance, respectively. Considering that PC1 and PC2 account for only 73.81% of the 

total variance, it is essential to identify other factors that may account for additional 

variance. Thus, a three-dimensional PCA was constructed based on 91.14% of the 

cumulative covariance percentage. A positive association exists between the first 

component and MUFA, CA activity, total chlorophyll, total carotenoids, 

carbohydrates, and lipids. In addition, 87.85% of the cumulative percentage of 

covariance was found for coccus-type cyanobacteria from Salda Lake using 3D PCA. 

All of these variables are positively correlated with the first component, including 

pH, PUFA, total AA, CA activity, total carotenoids, and carbohydrates. 

 

 

 

 

  



 

 
 

53 
 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 4.7 : 3D PCA plot of (a) Chlamydomonas reinhardtii, (b) Arthrospira 
platensis (Spirulina), (c) Chlorella vulgaris, (d) Filamentous-type cyanobacteria 
from Salda Lake (Salda filamentous), (e) Coccus-type cyanobacteria from Salda 

Lake (Salda coccus) and (f) overall data. 
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4.3 Analytic Hierarchy Process Method to Determine Algae Species

Analytic Hierarchy Process (AHP) is a method used in decision-making, especially 

in complex and multi-criteria decision problems, allowing the determination of the 

importance levels of preferences or criteria between different options. This method 

performs comparative analysis to make systematic and consistent decisions, 

calculating the relative weight of each option or criterion as a result of this analysis. 

The multiple data obtained from our lab experiments point out that the most effective 

microalgae type cannot be easily declared. On the other hand, with the Analytic 

Hierarchy Process (AHP) method, all the parameters and their values can be defined. 

The main parameters were determined by growth rate, pigment content, enzyme 

activity, and persistency against impurities. Concentration, cultivation time, and 

media type were selected as subparameters of growth rate. Lastly, chlorophyll and 

carotenoids were selected as subparameters of pigment content. 

Figure 4.8 : Hierarchy of the Criteria.

After determining the parameters, matrixes were produced, and each parameter could 

be compared individually by assigning

scores were determined and multiplied by their importance coefficient. For score 

inputs, actual experiment results were used. The actual values have been scaled 

accordingly since the scale ranges from 1 to 10. Media and persistence to impurities 

data were only the ones determined by knowledge. According to the AHP method, A. 

platensis obtained the highest score, and C. vulgaris came in second. Cultures from 

Lake Salda had the lowest scores, so they will not be included in further experiments.

Determination of 
most effective 

microalgae type

Growth

Concentration Time Media

Pigment

Chlorophyll-
A Carotenoid

Enzyme 
activity

Persistancy 
to impurities
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Table 4.4 : Selection of microalgae species for carbon capture using the AHP 
method. 

FACTOR 
C. 

reinhardtii 
A. 

platensis 
C. 

vulgaris 

Filamentous-
type 

cyanobacteria 
from Salda 

Lake 

Coccus-type 
cyanobacteria 

from Salda 
Lake 

Importance 
Score 

Multiplier 

Concentration 4.2 9.85 2.14 1.25 4.18 0.21 

Time 10 1.39 2.5 3.57 1.47 0.1 

Media 2 7 7 7 7 0.22 
Total 

chlorophyll 
9.43 1.31 1.45 1.05 3.22 0.07 

Total 
carotenoids 

9.69 1.03 0.6 2.08 3.73 0.03 

Enzyme activity 8.23 7.69 7.14 3.97 5.1 0.13 
Persistency to 

impurities 
5 6 10 4 4 0.24 

TOTAL 
SCORE 

5.53 6.31 5.71 3.79 4.54  

4.4 Coculture Experiments with Algae and Bacteria 

The first attempt was carried out via 50 ml flasks. Despite the shaking speed and the 

light intensity were applied as planned in the beginning of the experiment, the 

temperature was increased to highr than 40  unpredictably. The experiment 

ended due to early decay phase of the algae species. The change in color can be seen 

in Figure 4.9. pH was decreased similarly in all flasks to around 9.5. 

 

Figure 4.9 : Coculture experiment set (first attempt with failure end). (1) Picture 
from day 0, (2) Picture from day 1, (3) Picture from Day 2, (4) Picture from Day 3. 
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4.4.1 Growth, total chlorophyll and carotenoid

However the first attempt was failed due to high temperatures, growing conditions 

were controlled much more adequately in the second attempt. The cover of the 

remained turn off position, the only heat source were the LED lights. The growing 

phase lasted in 12th day and Figure 4.10 represents the picure from that day.

Figure 4.10 : Coculture experiment setup (second attempt) - photos from the 12th 
day.

In order to obtain 6 point and 5 point calibration curves for algae and bacteria 

biomass concentration calculations respectively, TSS analysis was carried out. 

Calibration curve for algae with OD680 is given Figure 4.11 and for bacteria with 

OD600 is given in Figure 4.12. By the higher R2

applied to optical density measurements by time.

Figure 4.11 : Algae TSS correlation graphic by OD680 nm.
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Figure 4.12 : Bacteria TSS correlation graphic by OD600 nm.

There was no considerable growth observed in 100% bacteria and 75% bacteria-25% 

algae medias. On the other hand, biomass concentrations were measured almost the 

same for the 50%, 75% and 100% algae medias such as 2.328 mg/L, 2.325 mg/L, 

2.345 mg/L respectively. It can be examined in Figure 4.13. It was 2.200 mg/L in 36 

days during the monoculture experiments and the highest growth rates were achieved 

by this experiment thanks to improved growing conditions. Coculture growth rates 

too. So further experiments were conducted to make a comprehensive decision.

Figure 4.13 : Coculture suspended solid change in time (mg/L).
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After measuring the total chlorophyll and carotenoid contents of individual sample, 

50%, 75% and 100% algae media samples represented these pigments. As the 25% 

color color was white, it can be 

clearly claimed that there are no pigments such as chlorophyll and carotenoids. In 

Figure 4.14, due to measuring method it looks like the pigments exist; however, they 

need to be neglected.

Figure 4.14 : Total chlorophyll and carotenoid pigment contents in different IVRs.

4.4.2 EPS analysis result

EPS was analyzed as both fixed, soluble and total. Like the pigment analysis 

high against to 25% and 0% of algae samples. In all of the samples soluble EPS 

appears 10 times higher than the fixed EPS.

Figure 4.15 : EPS results of different IVRs such as; (1) 100% algae, (2) 75% algae-
25% bacteria, (3) 50% algae-50% bacteria, (4) 25% algae-75% bacteria, 100% 

bacteria.
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EPS are promising in biotechnology due to their structures and properties and are 

used in industries (Sutherland, 2001; Poli et al., 2010; Lordan et al., 2011; Raza et 

al., 2012). Although the polysaccharide yield in microalgae is lower than in bacteria 

and fungi, the composition of algal EPS gains importance with its different properties 

from other polysaccharides (Angelaalincy et al., 2017). FTIR technique can be used 

to monitor changes in biomass composition of organic compounds such as 

shows the 

distribution of macromolecules; lipid band (approximately 1740 cm-1), amide I and 

amide II bands representing proteins (approximately 1660 and approximately 1540 

cm-1) and carbohydrate region (1200 900 cm-1

FTIR spectra of EPS from monocultures and cocultures are examined in terms of 

molecular components, bonding types and functional groups, it is seen that there are 

significant differences between bacterial monoculture and algae monoculture. 

 

Figure 4.16 : FTIR analysis of EPS samples. 

EDS is used during SEM analysis and helps determine the chemical composition of 

EPS. The basic elements (such as C, O, N, P, S) contained in EPS can be detected. 

This provides an understanding of the organic and inorganic components of EPS. 
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The detection of heavy metals or trace elements contained in EPS is important in 

processes such as bioremediation or biosorption. 

Table 4.5 : Band assignments for FTIR of EPS. 

Peak (cm-1) Functional group Macromolecule Peak 

688  EPS, ribose 
aromatic 

Algae monoculture, 
coculture 

851 
861 
873 

Bending C=O Inorganic carbonate Bacteria monoculture 
Algae monoculture 
Coculture 

1116 -O- , 
-O-C 

Carbohydrate 
 
 

Algae monoculture > 
Bacteria monoculture > 
Coculture 

1420 as(CH2), as(CH3) 
CH aliphatic 
CH2, CH3 

Protein, Lipid 
 

Algae monoculture = 
Coculture > Bacteria 
monoculture  

1582 -H), v(C-N)  
amide I 
 

Protein 
 

Algae monoculture > 
Bacteria monoculture > 
Coculture 

2953  Lipid Algae monoculture 

3000-3600 O-H Water stretching Algae monoculture, 
Bacteria monoculture, 
Coculture 

asymmetrical deformation, WN= wavenumber 

As a result of EDS analysis, elements such as sodium (Na), carbon (C), oxygen (O), 

sulfur (S) and potassium (K) were observed. However, In the study of (Cheah et al., 

2022), metal cations such as Cu, Pb, Zn, Cd and Cr were also detected by EDS and 

this situation can be explained by the biosorption of metals. Potassium (K) plays an 

important role in cells of bacteria, especially in activating enzymes and enzyme 

transport systems and is known to play a role in metal bioaccumulation and can be an 

indicator of enzyme activities in microbial culture. Sodium (Na) detected in our EPS 

sample is also found in high amounts in the study (Thakur & Yadav, 2024). This 

situation was explained by EPS retaining sodium etc. ions as an indicator of the 

increase in environmental salinity. 
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Figure 4.17 : SEM image of EPS. 

 

Figure 4.18 : EDS spectrum of mineralized products of EPS. 

4.4.3 CA enzyme activity results 

Before analyzing the kinetics of CA enzyme activity, standard solution was prepared 

characteristic wavelength was illuminated as 348  in terms of providing a linear 

graphic which is given in Figure 4.19.   
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Figure 4.19 : Calibration curves of P-nitrophenol standard solution for CA activity test.

By selecting the wavelength to be used, the concentration values could be calculated 

accordingly. It was found that the enzyme activity in Bacillus pasteurii shows great 

results both potentially and kinetically as monoculture. On the other hand, 25% 

algae-75% bacteria sample was the poorest one. Thus, it can be stated that enzyme 

activity does not change proportionally by the bacteria content decreasing. 100%, 

75% and 50% algae content samples took place in the middle range.

However the concentration values different at the end of 1 hour, enzyme activity is 

measured by the gap with the highest acceleration rate. By checking the Figure 4.20, 

the highest acceleration rate is started from 0 to 10 min. At this point again the 

monoculture of bacteria shows the highest value, however due to lack of 

photosynthesis ability, the second highest value needs to be selected which is 75% 

algae-25% bacteria sample. By this study the coculturing bacteria as Bacillus 

pasteurii was an excellent choice for the experiment.
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Figure 4.20 : CA concentration change in 1 hour by 10 min intervals.

CA activity measurements are based on the highest acceleration interval. Thus, we 

were focused on the first 10 minutes. Bacteria monoculture had around 20% higher 

yield of enzyme activity than algae monoculture in the first 10 minutes. On the other 

hand, we require photosynthesis pathways more than enzyme activity. Hence, algae 

must be involved. In terms of cocultures of algae and bacteria, 75% algae content 

media (IVR:3/1) showed the best performance of enzyme activity by reaching almost 

1.5 mU/mg. IVR:1 and IVR 1/3 results were considerably lower than the IVR:3/1, so 

this option was picked for further experiments.

Figure 4.21 : CA activity between 0 to 10 minutes as mU/mg.
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Moreover, obtained enzyme activity results of this experiment set was lower than the 

previous experiment results. It could be happened because of the different incubator 

usage, lower incubation duration and different ambient temperatures. 

4.4.4 qPCR analysis results

In addition to 5 samples algae control and bacteria control samples were included in 

this measurement. The samples which constitute chlorophyll genes presented a line 

graphic, and their gene expression numbers are given in Figure 4.22 and Figure 4.23, 

respectively.

Figure 4.22 : Chlorophyll gene measurement of the samples via qPCR.

Figure 4.23 : Gene quantification for chlorophyll area.
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Similar to chlorophyll area gene analysis, the samples which constitute bacteria

genes presented a line graphic and their gene expression numbers are given in Figure 

4.24 and Figure 4.25, respectively. 

Figure 4.24 : Bacteria gene measurement of the samples via qPCR.

Figure 4.25 : Gene quantification for bacteria area.

4.4.5 Calcium ion content

Zheng and Qian (2019) conducted an experiment to achieve the most effective Ca2+

concentration with bacteria. They analyzed the Ca2+ concentrations from 0 to 300 

mM and found that 60 mM was the one which had maximum growth and enzyme 

activity. Both growth and enzyme activity values were mostly correlated together 

and decreased dramatically after 100 mM.
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Figure 4.26 : Calcium ion concentration on OD600 and CA activity (Zheng & Qian, 
2019)

In this experiment, to prevent any inhibition and boost the growth of 

microorganisms, 60 mM concentration was selected. The minimum concentration of 

Ca2+ was found in IVR: 3/1 sample which points out the rest amount was precipitated

as CaCO3, and the system was very effective. CaCl2 conversion rate was 99.3%.  

However, Spirulina monoculture and IVR :1/1 option were less effective to obtain 

that much calcite yield. In control sample, due to not consuming any minerals by 

microorganisms, they are assumed to interact with the added CaCl2.

Figure 4.27 : Calcium and magnesium ion contents.
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Furthermore, sodium and potassium ions were measured as the lowest value for IVR: 

3/1 in comparison to other samples which indicates high salt formation tendency.

4.4.6 Carbonate and bicarbonate ions content

In addition to the calcium ion, the other component of calcite is carbonate. Unlike 

calcium, carbonate concentrations do not refer to exact results. The results are all 

distributed. Maximum bicarbonate concentration was observed in IVR: 1/1 sample 

and the minimum one in Spirulina monoculture. On the other hand, maximum 

carbonate concentration was observed in monoculture Spirulina and the minimum 

one in IVR: 3/1 sample. There is a negative correlation between the carbonate and 

concentration was high, bicarbonate concentration was low, relatively to others.

Figure 4.28 : Concentration of carbonate and bicarbonate ions.
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4.4.7 XRD and SEM analysis 

All the IVRs and the Zarrouk media without any microorganisms were analyzed via 

XRD. Zarrouk media was analyzed especially in order to find out if the media itself 

causes calcite formations. According to results achieved from analysis, only the 75% 

algae composition results in the pure calcite formations. All other coculture IVRs, 

monocultures and the Zarrouk media resulted in a magnesian calcite which means 

impurities exist in the precipitated materials. The peak points of XRD analysis are 

given in Figure 4.29 for 75% algae sample and the others are given in Appendices. 

 

Figure 4.29 : XRD analysis - peak points of 75% algae sample. 

Alga monoculture, bacterium monoculture, coculture IVR 3:1 and Zarrouk media as 

a control group was examined via scanning electron microscope (SEM). The 

morphologies of the precipitated and mineralized products are given in Figure 4.30. 

Because the samples were washed with acid beforehand the analysis, there is no 

microorganism morphology in the images. In the bacteria monoculture and coculture 

samples fine spherical particles cling on each other and their sizes look alike. 

group of spherical particles in one image and that is the reason why the community 

algae monoculture nor control sample. There is only irregular shaped small particles 
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were exist and they are dispersed all around the area. As a result, it can be clearly 

said that bacteria contribution is vital for producing fine spherical particles.  

 

Figure 4.30 : SEM micrographs of mineralized products of samples as a. Control 
(only Zarrouk media), b. bacteria monoculture, c. IVR 3:1 coculture, d. algae 

monoculture. 

The EDS spectrum of precipitated products points out the major elements were Ca, C 

and O exist there, given in Figure 4.31. The most important difference of coculture 

from others was that there were not any impurities, confirming the precipitation in 

compounds. 
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Figure 4.31 : EDS spectrums of mineralized precipitation samples, a. Control 
(Zarrouk media only), b. bacteria monoculture, c. coculture IVR 3:1, d. algae 

monoculture.  
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4.5 Open Raceway Ponds

4.5.1 Light intensity, pH, aquatic temperature and growth

According to recorded real time data, the average sunlight duration during the 

experiment is 11 hours per day. The remaining time was darkness, and no additional 

lighting apparatus was used. During the day time maximum light intensity value was 
-2.s-1 in 25th of October, 2024. In addition the average light 

intensity was 159 -2.s-1.

Although pH was set to 10.5, it did not remain same for the experiment time. It 

started to decrease right after the kickoff until 9.5 in both raceways. It was monitored 

for a while to observe if there would be any further change. The value remained the 

same after 9.5 for almost 10 days. As the main purpose was proceeding the 

experiment at 10.5, alkalinity was added to the raceways on the 12th day. As a result,

pH could be increased. At the end, pH was 9.8 in monoculture and 9.7 in coculture.

Figure 4.32 : pH and aquatic temperature changes by time.

As the season was autumn, aquatic temperature 

and aquatic temperature are given in Figure 4.32.

For OD measurements, due to an error in calculating the volume of monoculture 

media, its OD600
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correct as 0.296. the densities of the media were equalized in 12th day and then 

moved together mostly. In 22nd day, there was CaCl2 addition to medias to stimulate 

chemical reaction and precipitate CaCO3.

Then both media 

equalized again in 4 days. 

Figure 4.33 : OD600 value change by time.

After 32nd day of incubation, coculture pond was inhibited somehow. Although its 

pH and temperature values remained the same, OD value started to decrease 

dramatically. At the last day, this situation resulted in the color change in the last day 

of experiment, given in Figure 4.34.

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

0

100

200

300

400

500

600

0 4 8 12 16 20 24 28 32 36

Time (Days)

OD 600 Value Change by Time

Light Intensity OD600 - monoculture OD600 - coculture



 

 
 

73 
 

 

Figure 4.34 : Last day of the 35-day cultivation experiment. Coculture and 
monoculture, respectively. 

4.5.2 Total chlorophyll and carotenoid 

Total chlorophyll and the carotenoid pigments were measured by the samples that 

were obtained on 6th, 13th, 22nd, 27th and 31st days. By measuring the different 

change by time. Total chlorophyll and carotenoid concentration changes are given in 

Figure 4.35 and Figure 4.36, respectively.  

The crucial point is that the Spirulina monoculture had already been growth in one of 

those raceways and the coculture pond was fed by it. This is the reason why initial 

pigment content is the highest at the beginning and then it decrease. Furthermore, 

the cultivation period. Yang et al. also claims that chlorophyll-a, chlorophyll-b and 

carotenoid contents can be increased between 5th and 8th days of incubation. Thus, in 

the early phases it was measured as expected (2024). 
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Figure 4.35 : Total chlorophyll concentration change in raceway by time. 

However, in previous coculture experiments, carotenoid values were measured as 

lower than total chlorophyll value of same sample, in this experiment results are 

changed by the time passed. It was stated that the carotenoid and chlorophyll 

extractions from A. platensis by using acetone, ethanol and different ionic liquids 

resulted with the much higher carotenoid pigment concentrations rather than total 

chlorophyll measurements (Fernandes et al., 2024).  

 

Figure 4.36 : Total carotenoid concentration change in raceway by time. 
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4.5.3 Suspended solids and volatile suspended solids

density values at initial point. However suspended solids were increasing in time, 

after 24th day, a slight decrease was observed. The situation was related to decay 

phase of algae, especially in coculture raceway.

solids rates were still tending to increase which lead us to calcification still 

continues.

Figure 4.37 : TSS and VSS change of both monoculture and coculture experiments.

Initial concentration of monoculture is nearly 2 times greater than the coculture 

concentration. However, there was a

increased 1.

was 1.4. Coculturing with bacteria resulted in great biomass yield. On the other hand, 

reached 1.07 g/L, lower than the lab scale coculture 

experiments due to cold water temperature basically. It is mentioned that the 

can be presented (Chaiklahan et al., 2021).

4.5.4 CaCO3 mass balance

To produce CaCO3, CaCl2 was added to the system after 22 days of cultivation 

period. 882.1 g CaCl2 was needed to obtain 60 mM Ca2+ concentration in each 

media. On the other hand, the initial idea was to maximize CaCO3 sedimentation 
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yield, 1.5 times more gram of CaCl2 was added to monoculture. Despite the extra 

addition, the excess amount was participated directly as CaCl2 salt. In conclusion, 

calcium source amount calculation according to achieve 60mM Ca2+ was approved 

by the experiment set. Mass balance equations are given in Table 4.6 and Table 4.7. 

Table 4.6 : Mass balance in raceway pond - Spirulina monoculture. 

Monoculture - Spirulina Just Before CaCl2 
Addition (g) 

End of Cultivation 
(g) 

CaCl2 2H2O solved part (Ca mass) 241,73 - 

CaCl2 2H2O unsolved part (CaCl2 mass) 174,50 - 

Sediment Harvest (dry weight) - 654,70 

Fixed solids  98,00 151,00 

VSS 107,00 77,00 

CO2 capture (CO3 equivalent) 262,64  

Balance 883,35 883,87 

Due to narrow spaces and hard to reach points approximately 85% of the 

sedimentation could be collected by hand. So, 553.22 g weighted by scale, however 

it counted as 654.7 g in mass balance. Whole sediments were dried by oven which 

was set to 50  for 10 days. 

calcite precipitation in monoculture, but also the massive amount of CaCl2, by 

extracting unsolved CaCl2 from harvested sediment amount lead us to figure out the 

calcite production. Fixed solids was found by extracting VSS values from TSS 

values, thus their values are exact thanks to quantitative measurement by scale. CO2 

capture rate was assumed as 1.8 times from 1 g biomass. 

Table 4.7 : Mass balance in raceway pond - Coculture. 

Coculture Just Before CaCl2 
Addition (g) 

End of Cultivation 
(g) 

fully solved (Ca mass) 240,53 - 

Sediment Harvest (dry weight) - 252,21 

Fixed solids  70,00 84,00 

VSS  77,00 51,00 

CO2 capture (CO3 equivalent) 66,00  

Balance 387,53 387,21 
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Unlike monoculture pond, in the coculture pond CaCl2 addition was mixed well, 

hence all the sediment amount was counted as calcite production. In this pond, there 

was less amount of sediment, hard-to-reach points. As a 

result, approximately 90% of the sediment could be collected by hand. CO2 capture 

rate was assumed as 0,6 times from 1 g biomass.

4.5.5 CA enzyme activity

Samples from 5 different days were picked according to sample availability and their 

activity in different days could be measured by this method. Because the calibration 

For Spirulina monoculture, CA activity was steady between 0,4 and 0,6 mU/mg until 

the CaCl2 addition. After calcium addition there was a dramatic decrease in the 

enzyme activity.

On the other hand, for coculture enzyme activity was steady between 0,2 and 0,35 

mU/mg. In contrast, enzyme activity boosted after calcium addition to above 1 

mU/mg. This value corresponded to the value in IVR determination experiments. 

The rest values are relatively lower than IVR determination experiment results 

because of the negative correlation between enzyme activity and temperature 

between 15-25 . It was also stated that the carbonic anhydrase enzyme 

activity was measured around 0,3 mU/mg at 15 (Zheng&Qian, 2019).

Figure 4.38 : Enzyme activity change in raceways by time.
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4.5.6 EPS analysis

In lab scale experiments, total EPS for Spirulina monoculture was measured as 0.79 

mg/L at the end of 15 days of incubation while it is measured as 0.46 maximum in 

raceway pond. In addition, coculture IVR 3:1 was measured as 0.92 mg/L, but it was 

0.43 in raceway pond. This dramatic decrease is mainly based on the temperature 

concentration changes of monoculture and coculture are given in Figure 4.39 and 

Figure 4.40, respectively.

Figure 4.39 : EPS concentration in algae monoculture raceway pond (1) 18.10.2024, 
(2) 25.10.2024, (3) 03.11.2024, (4) 07.11.2024, (5) 11.11.2024.

Figure 4.40 : EPS concentration in coculture raceway pond (1) 18.10.2024, (2) 
25.10.2024, (3) 03.11.2024, (4) 07.11.2024, (5) 11.11.2024.
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4.5.7 Carbonate and bicarbonate ions content

According to a similar experiment conducted by Zheng & Qian, bicarbonate ion 

concentration was inclined from 0 to around 45 mM and carbonate ion concentration 

was inclined from 0 to around 2 mM (2019). The concentrations were increased 

because of the enzyme activity triggers the hydration process of carbon dioxide. 

Thus, bicarbonate and carbonate ion concentration increase in time. However, the 

main difference between that experiment and ours is the aquatic temperature. That 

experiment was carried out on a lab scale and conducted at 30 , however

our experiment was pilot scale and conducted in October and November months 

which can be considered as cold session obviously. Low enzyme activity resulted in 

decreasing trend of carbonate and bicarbonate ions. In Table 4.30, the measurement 

started from Day 0 which was the date of CaCl2 addition (03.11.2024), until the end 

of the cultivation period (16.11.2024).

Figure 4.41 : Carbonate and bicarbonate ion concentrations change in time.

In monoculture, carbonate ion concentration started from 20 mM and ended at 10 

mM while it was 145 to 150 mM for bicarbonate. For coculture, carbonate ion 

concentration ended as same as its starting point as 10 mM while bicarbonate ion 

concentration decreased to 90 from 140 mM.
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4.6 Closed Photobioreactor Outcomes

4.6.1 Growth, suspended solids and volatile suspended solids 

Spirulina monoculture could grow more than 10 times in only 4 days, hence CaCl2

addition was made as no significant growth was expected. On the other hand, 

coculture grew exponentially for the first

growth rates yet. On the 8th day, data was obtained and the culture seemed like it 

was passing to stationary phase due to very low increase in last 2 days. Then its 

CaCl2 was added. CaCl2 contact periods were the same as 4 days for both 

experiments.

Total suspended solids and volatile suspended solids concentrations are given in 

Figure 4.42.

Figure 4.42 : SS and VSS Change by Time for Entire Cultivation.
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the color of the PBR turned grayish color. OD levels were getting to stationary phase 

on 8th decreased, 

bacterium was become an abundant microorganism in the media. It could be said that 

there is a competition to grow in the media and bacteria fed on the algae.

Figure 4.43 : Total chlorophyll content of PBR experiments.

Carotenoid pigment concentration was higher just before the CaCl2 addition in 

coculture than the monoculture set unlike all other measurements. Total chlorophyll 

and carotenoid concentration changes by 2 days interval are provided in Figure 4.43

and Figure 4.44, respectively.

Figure 4.44 : Total carotenoid content of PBR experiments.

0,000

0,500

1,000

1,500

2,000

2,500

3,000

1 2 3

Days

Algae monoculture

Coculture

0 2 4

0,000

0,100

0,200

0,300

0,400

0,500

0,600

0,700

0,800

0,900

1,000

1 2 3

Days

Algae monoculture

Coculture

0 2 4



 

 
 

82 
 

4.6.3 Suspended solids and volatile suspended solids 

After 4th day, 100 ml sample was taken from the PBR and the total volume decreased 

to 1.9 L. Also 50 ml samples were obtained from the PBR on 6th and 8th days. At the 

end of the experiment, there was 1.8 L of media collected and all of the calculations 

are based on this volume. 

 
 

Figure 4.45 : VSS and mineral content in algae monoculture bubble type 
photobioreactor for calcification period. 

The initial suspended solid amounts were differentiated due to different starting IVR. 

But their total suspended solid amounts became almost similar just before CaCl2 

addition. Also, total suspended solid increased proportionally together and came to 

same level on 4th day of calcification. The major difference between monoculture 

and coculture is the calcite yield. In coculture fixed solids concentration is 1.2 times 

greater than monoculture. However, there was lower biomass amount, approximately 

0.6 times of monoculture, coculture achieved to produce calcite more efficiently. 

Biomass to calcite transformation ratio for monoculture and coculture are measured 

as 2.9 and 5.8 by weight, respectively. 
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Figure 4.46 : VSS and mineral content in coculture bubble type photobioreactor for 
calcification period. 

4.6.4 CaCO3 mass balance 

After adding the calcium mass, initial fixed solids and the initial VSS each other, 

result was equal to 8.98 g. On the other hand last measured fixed solids and VSS 

solids in the system. However, air compressor was also working during the 

experiment and due to enzymatic activities carbon dioxide was reduced to CO3 

which can explain the gap between input and output. CO2 capture rate was assumed 

as 1.8 times from 1 g biomass. Table 4.8.  

Table 4.8 : Mass balance in BPR - Monoculture. 

Monoculture Just Before CaCl2 
Addition (g) 

End of Cultivation 
(g) 

CaCl2 2H2O fully solved (Ca mass) 4,57 - 

Fixed solids  1,82 20,75 

VSS  2,58 7,07 

Semi Total 8,98 27,82 

CO3 from CO2 reduction 17,35  

CaCl2 2H2O unsolved part (CaCl2 mass) 1,49 - 

Balance 27,82 27,82 
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Despite the calcification rate of coculture was greater than the monoculture, their 

total suspended solid increased parallel to each other. CO2 capture rate was 

calculated as 3.1 times from 1 g biomass in coculture media. Mass balance belong to 

coculture experiment set is given in Table 4.9. 

Table 4.9 : Mass balance in BPR - Coculture. 

Coculture Just Before CaCl2 
Addition (g) 

End of Cultivation 
(g) 

CaCl2 2H2O fully solved (Ca mass) 4,57 - 

Fixed solids  2,21 23,37 

VSS  2,02 4,03 

Semi Total 8,81 27,40 

CO3 from CO2 reduction 17,10  

CaCl2 2H2O unsolved part (CaCl2 mass) 1,49 - 

Balance 27,40 27,40 

4.6.5 CA enzyme activity 

Enzyme activity was changed between 0.05-0.2 mU/mg during the calcification 

process which indicates very low activity results. During the IVR determination 

, on the other hand this 

. The difference in the temperature explains 

relatively low activity results. 

Enzyme activity in coculture media was higher than monoculture just before CaCl2 

calcification while there was an incline in monoculture. The change can be seen in 

Figure 4.47. 
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Figure 4.47 : Enzyme activity change in PBR by time.

4.6.6 EPS analysis

Unlike raceway pond experiments, EPS concentration was increased again when the 

aquatic temperature increased to 25 . Total EPS concentration was more 

than 1 mg/L and steady during calcification process. EPS concentration change in 

algae monoculture is given in Figure 4.48.

Figure 4.48 : EPS concentration in algae monoculture PBR (1) before calcium 
addition, (2) after 2 days of calcium addition, (3) after 4 days of calcium addition.
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during the calcification and the highest concentration rate could be obtained via PBR. 

EPS concentration change in coculture is given in Figure 4.49.

Figure 4.49 : EPS concentration in coculture PBR (1) before calcium addition, (2) 
after 2 days of calcium addition, (3) after 4 days of calcium addition.

4.6.7 Carbonate and bicarbonate ions content

done successfully. Except for the slight increase in bicarbonate ions in monoculture, 

all the values decreased. In order to prevent such a decrease, increasing the 

temperature will provide more enzyme activity and more carbonate and bicarbonate 

ions in the media.

Figure 4.50 : Carbonate and bicarbonate ion changes in PBR.
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5. CONCLUSIONS AND RECOMMENDATIONS 

In conclusion, the comprehensive analyses and experiments conducted in this study 

have explained the versatility potential of microalgae, specifically Spirulina sp., in 

diverse biotechnological applications. From the initial characterization of CaCO3 to 

the enzyme activity of CA and EPS analysis, our findings provide critical insights 

into optimizing conditions for enhanced biomass productivity and efficient CO2 

utilization. 

The outcomes derived from the closed photobioreactor experiments further 

substantiate the advantages of regulating environmental parameters to maximize 

algal growth and productivity. Notably, the evaluation of suspended solids and 

volatile suspended solids has yielded critical data on the overall efficiency and 

sustainability of the cultivation processes.  

Our investigation into the structural and compositional attributes of CaCO3 has 

revealed essential information pertinent to its application in various industrial 

processes. The enzyme activity studies have highlighted the pivotal role of CA in 

facilitating CO2 capture and conversion, thereby underscoring its potential in 

mitigating greenhouse gas emissions. The EPS analysis has illuminated the complex 

nature of the extracellular matrix, offering avenues for further research into its 

implications for biofilm formation and stability. 

These findings are supported by a robust body of literature. The effects of pH, light 

and temperature were examined in detail throughout the study. Furthermore, 

biochemical structures, enzyme activities and at the end developing the mass 

balances were the crucial milestones of this experiment series. Collectively, these 

studies underscore the pivotal role of microalgae in addressing global challenges 

such as sustainable energy production and environmental management (Anwar et al., 

2020). 

Although lab-scale and pilot scale experiments were conducted within this scope, 

there are still concerns regarding industrial scale applications of algae and coculture 

with bacteria. Comparing carbon capture via algae with conventional CCS 
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technologies such as physical absorption, chemical absorption and adsorption-based 

processes for factories that have multiple combustion units, there are advantages and 

disadvantages that arise. Despite carbon dioxide capture via algae and coculture 

providing plenty of benefits, there are still hardnesses with scaling it up in energy 

intensive sectors. On the other hand, absorption and adsorption are widely regarded 

as the most economical and advanced methods for capturing substantial quantities of 

carbon dioxide (Chang et al., 2024).

To introduce a more realistic comparison, the AHP method is applied to this clause. 

Thus, it could be claimed that the most logical and feasible technology for industrial 

scale-up is after scoring all the criteria. The efficiency of unit amount of the system 

is vital, and it can be named as carbon capture capacity. Total cost, operational 

difficulties, scalability & flexibility and space & infrastructure requirement are 

determined as other parameters. Total cost consists of both capital and operational 

expenditures. Furthermore, turnaround frequency, energy requirement and competent 

personnel need are sub-criteria of operational difficulties. Hierarchy is given in 

Figure 5.1.

Figure 5.1 : Hierarchy for feasibility of carbon capture technologies.

While the efficiency and cost factors are based on the article of Chang et al. (2024), 

algal bioreactor factors are gathered from Acien et al. (2012) and the values are 

proportioned each other based on CO2 load. The economic costs are a significant

challenge for microalgae cultivating projects. Current algae-based capture and CO2

mitigation technologies range from 702,00 USD to 1.585,00 USD per ton of CO2

captured. On the other hand, the average global cost of existing conventional CCS 

technologies to be between 15,00 USD and 340,00 USD per ton, depending on the 

emission source, technology, and approach. Given that the carbon mitigation

efficiency of novel algae-based CCS technology is between 51% and 73%, there is 
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considerable potential for further development in this area (Environmental, 2023). In 

addition to the cost factor, space requirement is one of the major hardships to apply 

PBR technologies on site.   

Table 5.1 : Selection of the most feasible CCS technology for industrial applications 
using the AHP method. 

FACTOR 
Algae & 

Coculture 
PBR 

Physical 
Absorption with 
Dimethyl ether 

Chemical 
Absorption 
with MEA 

Adsorption 
with silica 

gel 

Importance 
Score 

Multiplier 

CO2 Capture 
Capacity 

6,50 9,50 9,00 9,20 0,118 

Capital Cost 2,00 3,13 8,62 3,90 0,116 

Operation Cost 1,33 4,20 8,93 8,51 0,175 

Replacements/ 
Turnaround 
Frequency 

6,00 7,50 7,00 7,00 0,027 

Corrosion Risk 9,00 5,00 5,00 8,00 0,040 

Competent 
Personnel Need 

5,00 9,00 7,00 7,00 0,080 

Scalability and 
Flexibility 

9,00 9,00 5,00 7,00 0,162 

Space and 
Infrastructure 
Requirement 

4,00 10,00 6,00 6,00 0,282 

TOTAL SCORE 4,74 7,62 7,07 6,92  

 

AHP study also supports that the carbon capture via microalgae needs more research 

and development to be more desirable by industries. Unless there is a legal 

imposition for using microorganisms to mitigate emitted carbon, there will be less 

chance to take place on an industrial scale.   

To sum up, this research stresses the transformative potential of microalgae in 

biotechnological applications both in lab scale and pilot scale. By harnessing the 

unique properties of these microorganisms, innovative solutions to some of the most 

pressing environmental and energy challenges of our time can be achieved. 

Continued research and collaboration will advance the field of microalgal 

biotechnology, fostering sustainable development. 
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APPENDICES 

APPENDIX A: XRD results of entire sample set. 
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APPENDIX A : XRD results of entire sample set.  

 

Figure A.1 : Control sample (Zarrouk media only). 

 

Figure A.2 : IVR:1/1 sample. 



 

 
 

103 
 

 

Figure A.3 : Spirulina monoculture sample. 

 

Figure A.4 : Bacillus monoculture sample. 
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Figure A.5 : IVR: 1/3 sample. 
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