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Abstract 

Cyanobacteria induced biomineralization of atmospheric CO2 is a natural process leading to the 

formation of carbonates by spontaneous precipitation or through the presence of nucleation 

sites, under supersaturated conditions.  . Basaltic glass was chosen in this study to test its ability 

to release cations needed for carbonate formation in presence of Synechococcus sp. 

cyanobacteria. Active cyanobacteria were expected to generate an alkaline environment 

through photosynthesic metabolism. This process produces oxygen and hydroxide ions as waste 

products, raising the pH of the immediate cell surface vicinity and indirectly enhancing the 

carbonate CO3
2-

 concentration and providing the a degree of saturation that can lead to the 

formation of calcite CaCO3 or magnesite MgCO3. In presence of active cells, the saturation 

index (SI) increased from -10.56 to -9.48 for calcite and from -13.6 to -12.5 for magnesite, 

however they remained negative due to the low Ca2+ and Mg2+ activities. Dead cells were 

expected to act as nucleation sites by the stepwise binding of carbonate and Ca2+ and Mg2+ on 

their surface. In the presence of inactive cells, SI values were closer to 0 but still negative due 

to the low pH and cation concentrations.  
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1. Introduction 

 

The raise of CO2 concentration in the atmosphere is one of the most important 

environmental problems on Earth today arising from anthropic activity (Gerlach, 2011). Carbon 

storage methods, or carbon concentration mechanisms (CCM), need to be developed urgently 

in order to reduce the CO2 impact on Earth’s terrestrial and aquatic environments. The ability 

of cyanobacteria to induce the biomineralization of CO2 is an option which is still in its infancy 

and could possibly be used in the near-future to decrease atmospheric CO2 levels. Previous 

studies have proved that the link between cyanobacteria photosynthesis and the presence of 

metallic cations could lead to carbonate precipitation in the presence of atmospheric CO2 and 

under suitable solution conditions (Jansson and Northen, 2010; Martinez et al., 2016; Obst et 

al., 2009).  

 

Photosynthesis and CCM are the first steps to biomineralization of CO2. Cyanobacteria 

are autophototrophic microorganisms. They are primary producers, which generate their own 

nutrients by carrying out the oxygenic photosynthesis (Martinez et al., 2016). This metabolism 

needs carbon a source of inorganic carbon in the form of dissolved CO2, natural light as source 

of energy and water to provide electrons needed in the redox transformation of carbon (Schubert 

et al., 1997). The Calvin-Benson cycle permits the assimilation of the inorganic carbon thanks 

to the initial CO2-fixing-enzyme of photosynthesis: RuBisCO (Ribulose Biphosphate 

Carbolxylase Oxygenase) (Fridlyand and Scheibe, 1999; Spreitzer and Salvucci, 2002). 

Chemical and photochemical reactions take place in photosystems located on the thylakoid 

membrane of the cyanobacteria cell. ATP (Adenosine triphosphate) and NADPH 

(Nicotinamide adenine dinucleotide phosphate) are chemical substances which permit CO2 

assimilation. A constant supply of inorganic carbon (Ci) is required to carry out photosynthesis. 
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Dissolved CO2, in the form of bicarbonate HCO3
- is the inorganic form of carbon used by 

cyanobacteria as a source of Ci. A metabolic system is used to attain inorganic carbon from the 

aqueous environment. The CCM is an environmental adaptation of cyanobacteria which 

permits to attract Ci inside the cell in the form of HCO3
- and convert it to CO2 (Price et al., 

2008). Molecules are attracted and stocked inside the cell with the help of Ci transporters 

located in both plasma and outer membranes. HCO3
- transport is enhanced by the extra-ATP 

generated during photosynthesis. The inorganic carbon is transported into the micro-

compartment carboxysome where the bicarbonate molecules are transformed into CO2 by the 

enzyme carbonic anhydrase. The remaining CO2 is then assimilated by the enzyme RuBisCO 

for photosynthesis. A proton H+ is consumed by each of these reactions, leading to the release 

of a hydroxide ion (OH-) outside the cell as a waste product along with O2. This allows the 

generation of an alkaline pH within the micro-environment around the cyanobacteria cell. This 

alkaline pH permits the deprotonation of the external bicarbonate HCO3
- to carbonate ions CO3

2. 

The presence of both metal cations (e.g. Ca2+/Mg2+) and carbonate (CO3
2-) permits the 

nucleation of carbonates in the form of calcite (CaCO3) and magnesite (MgCO3) (Martinez et 

al., 2016; Riding, 2006). However, the amount of metal cations and carbonate has to be high 

sufficient to reach supersaturation with respect to these carbonate minerals.  

In this study, basaltic glass was chosen as a source of metallic cations due to its 

composition and abundance on the Earth’s surface. Its importance in the carbon cycle has been 

proven on several previous studies (Dessert et al., 2003; Grimm et al., 2019; Schlesinger and 

Bernhardt, 2013; Schott et al., 2012)(. A high rate of dissolution of basaltic glass would be 

required to release significant metallic cation concentrations to achieve supersaturation with 

respect to carbonate phases. Varying an electrolyte NaNO3 background concentration has been 

shown to affect the process of simple silicate mineral dissolution and the rate of release of 

metallic cations as well as their activity (Martinez et al., 2014; Martinez et al., 2016). An 
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optimal concentration is needed in order to reach Ca2+ and Mg2+ activities, which together with 

carbonate ion activities would lead to precipitation of carbonates. The Synechococcus 

cyanobacteria species chosen for this study is representative of seawater cyanobacteria as along 

with Prochloroccocculs sp., it is responsible for approximately 30% of the photosynthesis on 

Earth. Synechococcus sp. is a unicellular coccoid cyanobacteria containing outermost surface 

layers but no cell covering sheath (Martinez et al., 2010; Martinez et al., 2008)(). The goal of 

this study is to determine whether basaltic glass is an efficient source of metal cations needed 

for CO2 mineralization and then to quantify the rates of carbonate precipitation in presence of 

this primary silicate and Synechococcus cyanobacteria species so that optimal conditions in 

terms of basaltic glass dissolution and cyanobacteria biomass can be found.  

 

2. Material and methods 

 

A 20 mL aliquot of active Synechococcus sp. cyanobacteria stock at the stationary phase was 

placed in a 5 L Schott® bottle. Synechococcus sp. cultures were grown in Cyanobacteria BG-

11 Freshwater Medium (Sigma-Aldrich C3061) for three weeks to the stationary growth phase 

(Martinez et al., 2010). Active cyanobacteria stocks were prepared in order to achieve 

photosynthesis in presence of basaltic glass, in order to quantify the influence of cyanobacteria 

on the dissolution of the mineral could be observed and the supersaturation conditions reached. 

Stock cultures of cyanobacteria were kept at room temperature (23±1°C) under constant cool 

white fluorescent light illumination (5000 lx) and a constant filtered air injection (3 L/min) in 

order to provide cyanobacteria with needed inorganic carbon. The air inflow was used to keep 

the culture in a constant movement needed for optimal growth. For each experiment, 5 L of 

1/500 diluted cyanobacteria growth medium inoculated with a 20 mL aliquot of regular 1/50 

BG-11 (Table 1) cyanobacteria stock was placed on a rotary shaker at 250 rpm (Martinez et al., 
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2008). Dead cyanobacteria were prepared by autoclaving an aliquot of active stock at 121°C 

for 20 min. To measure the exact cyanobacteria mass, a 25 mL sample was collected. Vacuum 

filtration was used to filter the sample through a 0.2 µm pore size cellulose nitrate filter 

(Whatman®). The filtered sample was placed in an oven at 60°C for 30 min and then weighed. 

 

2.1. Flow Through open reactors system experimental design 

Basaltic glass dissolution experiments were performed at 23±1°C by mixing two 

different stock solutions in flow through reactors with a peristaltic pump with a fixed inflow 

rate of 1.4 µL/min. The active cyanobacteria and inorganic stocks solutions used are described 

in Tables 1 and 2.  

To quantify the rates of basaltic glass and carbonate precipitation in presence of Synechococcus 

sp. cyanobacteria, duplicate flow through reactors were used, each connected to the inorganic 

and active cyanobacteria stocks by a peristaltic pump (Active cyanobacteria Flow Through open 

reactor, AFT; Table 1). 

Table 1 Composition of flow through reactors initial solution for AFT experiment. 

5L of active cyanobacteria stock 

Reagent                                          Quantity 

aliquot BG-11                                             10 mL 

Synechococcus sp.  

at the stationary phase                             20 mL 

NaNO3                                                0.04 mol/L 

MgSO4                                           0.003 mol/L 
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"Inorganic" stock 

Basaltic glass                                                  20 g 

NaNO3                                                0.04 mol/L  

MgSO4                                           0.003 mol/L 

 

 

To assess the role of bio-mineralization by dead cells a calcium chloride stock solution was 

used instead of basaltic glass as the source of metal cations (e.g. Ca2+). For these experiments, 

a flow through reactor was connected through the peristaltic pump to both the calcium chloride 

and dead cyanobacteria stocks previously washed by centrifuging at 10,000 rpm for 20 min 

(Calcium Flow Through reactor, CFT; Table 2). 

Table 2 Composition of flow through reactors initial solution for CFT experiment. 

5 L dead cyanobacteria "autoclaved" stock 

Reagent                                             Quantity 

Active cyanobacteria "autoclaved" 

(20 min at 121°C)                                        60 mL 

NaNO3                                                0.04 mol/L  

MgSO4                                            0.003 mol/L 

 

Calcium chloride stock 

CaCl                                                            0.09 mol/L                        

NaNO3                                                0.04 mol/L  

MgSO4                                            0.003 mol/L 
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Figure 1 AFT experimental set up  

 

Figure 2 CFT experimental set up. 
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For all experiments, Tygon R 3603 tubes were used to link both stocks to 200 mL flow through 

reactors with the help of a 4 channel peristaltic pump with a low flow rate of 1.4 µL/min.  

 

2.2. Sample analysis  

 

In order to monitor the chemical evolution and the cyanobacteria biomass concentration 

of the solution inside the flow through reactor, the pH, conductivity, alkalinity, optical density, 

and Ca2+ and Mg2+ concentrations were measured from samples collected in 50 mL 

polypropylene Falcon® tubes from the output of the flow through reactors, once daily. Time 

zero was taken to be the time of this first sampling of the flow through reactor solution 

(Martinez et al., 2016). Reactors were placed in a water bath at 22°C in order to keep their 

contents solutions at a constant temperature. A 20 mL sample was taken from each reactor for 

all experiments. An aliquot of 7 mL of sample was used to measure the optical density of the 

solution at 750 nm wavelength, to approximate the concentration of cyanobacteria biomass over 

time. The remaining 13 mL were used to measure pH, total alkalinity and conductivity. The pH 

and alkalinity were measured with an automatic titration system (Metrohm® 719 Titrino 

automatic titrator). In this study, dominated by the presence of dissolved CO2, the total 

alkalinity (TA) provides an estimate of the concentrations of bicarbonate and carbonate species 

in solution. The TA is determined through an acid titration (alkalinity titration) where the final 

concentration of the acid, at the second end-point of the carbonate system, pH = 4.3, represents 

the total alkalinity of the solution. Carbonate alkalinity (CA) is determined by driving the 

alkalinity titration to the first end-point for the carbonate system at pH = 8.3. From the carbonate 

alkalinity, the CO3²
- concentration in solution, which is part of total alkalinity, can be 

determined:  
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      TA = [HCO3
-] + 2 [CO3²

-] + [OH-] – [H+]   (1a) 

                   CA = 2 [CO3²
-] + [OH-]   (1b)  

As [CO3
2-], [H+] and [OH-] are negligible for neutral pH conditions, total alkalinity can be re-

defined to: 

 

TA = [HCO3
-]                     (2) 

 

Ca2+ and Mg2+ concentrations were measured by flame atomic adsorption spectroscopy (F-

AAS) with an Analytik Jena Vario 6 flame atomic adsorption spectrometer. The conductivity 

of sample aliquots was measured using a conductivity meter where conductivity is measured in 

mS/cm(Harris, 2010). Conductivity measurements for a particular solution allow calculation of 

the ionic strength (IS). The IS is proportional to the concentration of all dissolved salts in a 

solution. The ionic strength is required to calculate cation activity (ac) as shown below:  

                                         aC = [C].γC                                 (3) 

where [C] is the species concentration and γC is the activity coefficient. The log10 of γC can be 

calculated as per the Debye-Hückel equation Eq. 4 as a function of the solution IS determined 

from conductivity measurements:  

log γC = (-0.51*z²*√IS)/(1+(α*√IS/305))           (4) 

where z represents the charge of the ion (e.g. for Mg2+, z=2), α the radius of the ion in picometers 

(e.g. for Ca2+, rCa2+ = 600 pm) (Harris, 2010; Stumm and Morgan, 1996). 

To predict the formation of carbonate phases in this study, it is first necessary to quantify the 

degree of solution supersaturation with respect to Ca or Mg carbonates. This requires 

knowledge of the saturation index for each of these mineral phases. However, calculation of 
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saturation state is first necessary. The saturation state (Ω) represents the degree of saturation of 

a solution with respect to a particular mineral phase (Langdon et al., 2000) and is defined as 

follows: 

             Ω = (aCa2+*aCO3
2-)/Ksp                (5)  

Where Ksp is the solubility product of the mineral phase that can potentially form in solution 

(e.g. for calcite, Ksp=10-8.48) and, aCa2+ and aCO3
2- are the activities of Ca2+ and CO3

2- 

respectively. The saturation index (SI) is then defined as:  

                                  SI = log10(Ω)                                          (6) 

A positive value of SI would indicates supersaturation with respect to a mineral phase and 

suggests that precipitation of the mineral would occur. However this depends further on solution 

conditions (e.g. mineral nucleation, spontaneous nucleation/precipitation) (Langdon et al., 

2000). 

In the case of precipitation, the rate (R) of calcite and magnesite formation in the experiments 

with cyanobacteria can be measured as a function of the saturation state (Pechukas, 1981): 

                     R = k+ (Ω-1)n                            (7) 

where k⁺ and n represent the kinetic constant and reaction order respectively, and are regression 

parameters.  
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3. Results 

 

Temporal evolution of the pH, the total alkalinity and the cations concentrations has been 

measured. These values were used to calculate saturation index with respect to calcite and 

magnesite. Related values for AFT and CFT are presented in Figures 3 and 4 and Figures 5 and 

6, respectively. For all conditions, experiments were carried out in duplicates. 

 

 

 

 

 

 

 

 

 

Figure 3 Evolution of pH and total alkalinity through time experiment (0.04 mol/L NaNO3; 

AFT2 experiment). 
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Figure 4 Evolution of saturation index through time experiment (0.04 mol/L NaNO3; AFT2 

experiment). 

 

 

 

 

 

 

 

 

Figure 5  Evolution of pH and total alkalinity through time experiment (0.004 mmol/L 

NaNO3; CFT experiment). 

 

 

 

 

 

 

 

 

Figure 6  Evolution of Saturation index through time experiment (0.004 mmol/L NaNO3; 

CFT experiment) 
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3.1. AFT experiment results 

 

In this experiments, the pH remained alkaline, starting at 10.9 ±1 and declining until a pH 

of 10.1 at 150 h. Total alkalinity increased from 1 mmol/L to 1.8 mmol/L in 242 h for both 

reactors. [Ca2+] and [Mg2+] remained constant for the duration  of the experiments at an average 

of 3.5 mg/L for [Ca2+] and 1.4x10-4 mg/L for [Mg2]. A slight decrease in these concentrations 

was observed for the experiment in the first reactor. SI values for both calcite and magnesite 

remained negative for the time of the experiment. The SI(calcite) increased from -10.6 to -9.4 over 

a period of 145 h whereas the SI(magnesite) raised from -13.6 to -12.5. Both SI curves reached a 

constant threshold at 150 h.  

 

3.2. CFT experiment results 

 

The pH and the total alkalinity increased through the 300 h of the experiments. A total 

alkalinity of 0.2 mmol/L was recorded at the start of experiments to reach a final value of 0.75 

mmol/L. The pH was for the most part neutral but raised from 6.3 to a last value of 6.75. The 

calcium chloride used permitted to obtain a rather constant [Ca2+] concentration at an average 

of 280 mg/L. The calculated SI(calcite) is negative but close to the solution supersaturation with 

respect to calcite. These values are remained within the range of -4.6 to -4.9 for the duration of 

the experiment.  
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4. Discussion  

 

None of both experiments could achieve supersaturation state with respect to calcite or 

magnesite. The SI remain negative but fluctuate as a function of the pH, the cation concentration 

and the total alkalinity. This confirms that saturation index depends on metal cations and CO3
2- 

activities and further suggests the inability of basaltic glass dissolution to provide the necessary 

amount of cations required for solution supersaturation with respect to carbonates. The AFT 

experiment shows constant [Ca2+] and [Mg2] concentrations. In this case an increase in the 

CO3
2- activity would be required to achieve supersaturated conditions with respect to carbonate, 

this would be reflected in a positive value of the SI for these mineral phases. As the 

concentration of cations remained constant, a higher concentration of carbonate or a higher 

degree of bicarbonate deprotonation from a higher pH would be required. This means an 

enhanced deprotonation of bicarbonate HCO3
- and the consumption of of hydroxide ion (OH-). 

This then explains the decreasing pH and the increasing total alkalinity as per eq.1. According 

to the previously mentioned definition of the carbonate alkalinity a pH higher than 8.3 would 

be required in order to induce bicarbonate ion deprotonation for production of CO3
2- in 

significant concentrations. A higher pH could be reached by active cyanobacteria. Indeed, 

cyanobacteria consume bicarbonate ions by photosynthesis which leads to the higher pH values, 

the formation of carbonate (CO3
2-) and a raising SI in the presence of sufficient metal cations 

for supersaturation In the CFT case, increasing pH rates can be explained by the presence of 

dead cyanobacteria mass and their interaction of their deprotonated cell surface groups with 

dissolving CO2 from air injection (Weber and Martinez, 2017). However, SI remains negative 

because of the near-neutral pH which prevents calcite precipitation as bio-mineralization needs 

a pH higher than 8.3 to commence the generation of carbonate ions.  
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It has been shown that active cyanobacteria have a protective mechanism against carbonate 

precipitation on their surface, which is missing for dead cyanobacteria implying that this is the 

consequence of the metabolic activity of these primary producers (Martinez et al., 2010; 

Martinez et al., 2008). Dead cyanobacteria cells or cellular debris may act as nucleation sites 

by binding Ca2+ and Mg2+ cations on their surface. This could explain why the SI results become 

less negative in the CFT experiment in presence of dead cells. Therefore, the presence of both 

active and dead cyanobacteria, as in the natural environment, contributes to controlling the 

mode of carbonate mineral precipitation, through the generation of an alkaline pH or due to the 

efficient sorption of metal cations leading to the nucleation of mineral phases (Martinez et al., 

2010; Martinez et al., 2016; Weber and Martinez, 2017). 

Another important factor which is needed for supersaturation is the metal cations 

concentrations. CFT results proved that high metal cations concentrations from an efficiently 

dissolving source, such as calcium chloride, lead to SI values which are closer to solution 

supersaturation with respect to carbonates. AFT [Ca2+] and [Mg2+] concentrations from basaltic 

glass dissolution were sufficient to achieve carbonate precipitation. This implies that the use of 

basaltic glass for carbonation and CO2 mineralization would be inefficient if employed at large 

scale, requiring the use faster dissolving simple silicate minerals such as olivine, or finding a 

way to enhance the release of metal cations from simple and more complicated alumino-silicate 

minerals. The slight decrease in metal cation concentrations in these experiments, occasionally 

observed, can be explained by the need for more testing and development of the flow through 

reactor used, where a fast flow rate would cause dilution of metal cations. A slower pump rate 

would have to be used. Moreover, higher metal cations dissolution rates would have to be 

reached, however, another silicate mineral would need to be tested which can release metal 

cations at a faster rate. The background electrolyte concentration of 0.04 mol/L NaNO3 could 

be modified in order to find the optimal concentration and optimize the dissolution rate and the 
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metal cation activities. Smaller basaltic glass particles can be used, this would produce and 

increase in mineral surface area which would lead to an increase in the basaltic glass dissolution 

rate.  

 

Figure 7 Schematic interpretation of optimal conditions leading to cyanobacteria induced bio-

mineralization in presence of basaltic glass. 

 

Figure 7 presents all the parameters which could contribute to achieving supersaturation 

state with respect to carbonates and subsequent precipitation in the presence of cyanobacteria. 

Several points have to be improved in order to achieve carbonate nucleation and precipitation. 

Synechococcus cyanobacteria have to be grown in proper conditions with enough space and 

time to get to cell population saturation (at least 2 weeks). Active cells lead to an alkaline (high 

pH) environment by the photosynthesis process, and indirectly to the formation of carbonate 

CO3
2-. The “flow through reactor” open system permits a constant CO2 supply and other 

nutrients required for photosynthesis and cell growth.  On another hand, basaltic glass has to be 

dissolved in optimal conditions so as to reach high aqueous [Ca2+] and [Mg2+] concentrations.  
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Providing all these conditions, calcite or magnesite precipitation could be expected in the flow 

through reactors. Using the rate model in Eq.11 an approximation of the total carbonate 

precipitation amount could be calculated for potential implementation of these systems at the 

larger scale. SEM and EDX analyses could then help to the analysis and identification of 

carbonates to confirm the presence of calcite or aragonite polymorphs or that of magnesite. By 

finding optimal conditions for cyanobacteria induced bio-mineralization, this method could be 

used to stock significant quantities of CO2 at a large scale.  
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