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ABSTRACT

The CO2 accumulation in the atmosphere
requires sustainable biotechnological
mitigation strategies, such as biofixation by
microalgae. This study evaluated the effect of
CO2 concentration (0% - 20% v/v) on the
growth parameters, biomass productivity, and
CO: fixation efficiency of a Scenedesmus
consortium (S. quadricauda, S. obliquus, and
S. dimorphus). The cultures were carried out
in a bubble column photobioreactor, and
growth parameters were determined by fitting
the experimental data to the Gompertz model

(R = 0.988). The results showed that the
highest stationary phase biomass
concentration (X,,) was achieved at 15% CO:
(0.650 g L™), whereas the highest specific
growth rate (u = 0.548 d™") was observed in
the control without added CO2. The maximum
biomass productivity (0.054 gL™*d™")and COz2
fixation rate (0.102 g L™ d™") occurred within
the range of 10%-15% CO2. The carbon
balance indicated that the overall CO2 capture
efficiency was low, reaching a maximum of
0.131% at 10% COz2. The results indicate that
the principal limitation is not biological
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tolerance, but mass transfer. Therefore,
optimizing the system configuration is
essential to develop efficient phototrophic
technologies for biological CO2 capture.

Keywords: CO2 biofixation, Gompertz model,
mass transfer limitation, microalgae
consortium, Scenedesmus

RESUMEN

La acumulacion de CO:2 en la atmosfera
requiere estrategias biotecnologicas
sostenibles de mitigacidén, como la biofijacion
por microalgas. Este estudio evaluo el efecto
de la concentracion de CO2 (0% - 20% v/v)
sobre los parametros de crecimiento, la
productividad de biomasa y la eficiencia de
fijacion de CO2 de wun consorcio de
Scenedesmus (S. quadricauda, S. obliquus'y
S. dimorphus). Los cultivos se realizaron en
un fotobiorreactor de columna de burbujeo y
los parametros de crecimiento se
determinaron ajustando los datos
experimentales al modelo de Gompertz (R* 2
0.988). Los resultados mostraron que la
concentracion de biomasa en fase
estacionaria (X,,) mas alta se alcanz6 con
15% de CO2 (0.650 g L™"), mientras que la
tasa maxima de crecimiento especifico (u =

0.548 d™") se observo en el control sin CO2
afiadido. La productividad maxima de
biomasa (0.054 g L™" d™") y la tasa de fijacion
de CO2 (0.102 g L™ d™") ocurrieron en el
rango de 10%—-15% de CO2. El balance de
carbono indico que la eficiencia global de
captura de CO2 fue baja, alcanzando un
maximo de solo 0.131% a 10% de COz. Los
resultados indican que la limitacion principal
no es la tolerancia biologica, sino la
transferencia de masa. Por lo tanto, optimizar
la configuracion del sistema es esencial para
desarrollar tecnologias fototréficas eficientes
para la captura biolégica de COs..
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consorcio de microalgas, limitacion de
transferencia de masa, modelo Gompertz,
Scenedesmus.
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1. INTRODUCTION

According to the Scripps Institution of Oceanography, the atmosphere has reached alarming
COz2 levels (~420 ppm) due to anthropogenic activities that intensify global warming and the
greenhouse effect. As a result, various physical, chemical, and biological COz2 fixation methods
have been developed (Wang et al., 2008). Among these, biological methods stand out, with
microalgae considered important agents in CO:2 fixation, as they are estimated to fix
approximately 50% of the planet’s total CO2 (Jacob-Lopes et al., 2008; Mora Salguero et al.,
2018).

Among the main CO2-fixing microalgal species are Spirulina platensis (de Morais & Costa,
2007), Chlamydomonas reinhardtii (Mora Salguero et al., 2018), and Scenedesmus spp. (de
Morais & Costa, 2007; Wang et al., 2008; Tebbani et al., 2014). Species of Scenedesmus,
supports COz2 concentrations of up to 80%, positioning it as one of the most promising biofixers.
These species exhibit high biomass productivity, elevated lipid content, and broad tolerance to
high nitrogen and phosphate concentrations, making them suitable for biodiesel production and
wastewater treatment (Ho et al., 2010; Boonma et al., 2015; Assuncgao et al., 2017; Tapia-Lépez
et al., 2025).

Photobioreactors (PBRs) are the most widely used systems for cultivating microalgae, primarily
due to their ability to control key parameters and optimize growth conditions for specific
applications. For instance, in biofuel production, regulating temperature, pH, light intensity, and
nitrogen concentration are essential, as these factors significantly influence lipid accumulation
in microalgae (Robles-Heredia et al., 2016; Navarro-Peraza et al., 2017; Méndez et al., 2020).
Among PBR configurations, airlift and bubble column systems are the most employed due to
their efficient mixing, reduced shear stress on cells, and have a flexible design, which facilitates
effective biomass recovery without compromising productivity (Robles-Heredia et al., 2016).

A critical factor in PBR operation is the mass transfer and CO2 equilibrium in the aqueous
medium, as this directly affects photosynthesis and biomass production. When CO: is
introduced into water, it undergoes a series of equilibrium reactions that determine the
availability of inorganic carbon for microalgae (Equation 1):

COyg) + Ho0y & HyCO3 4 & Hiygy + HCO3 g (Eq. 1)

This equilibrium determines the partitioning of dissolved inorganic carbon and is influenced by
operational and environmental variables such as pH, temperature, CO2 concentration, mixing
intensity, and light availability. All these factors affect the speciation of dissolved inorganic
carbon and its assimilation by microalgae during cultivation (Ji et al., 2017; Fu et al., 2019;
Pruvost et al., 2022).

While bioprocesses involving microalgae are constantly evolving, culture systems at the
industrial level still face limitations, such as high costs and low productivity. These challenges
derive from an incomplete understanding of carbon assimilation pathways in photosynthesis and
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of the metabolic pathways involved in the biosynthesis of valuable products (Pignolet et al.,
2013; Sivakaminathan et al., 2018; Sun et al., 2018).

Therefore, the aim of this study was to evaluate the effect of CO2 concentrations on a mixed
Scenedesmus culture within a bubble column photobioreactor (BC-PBR). The evaluation
focused on quantifying key performance parameters, specifically biomass productivity, CO2
fixation rate, and the mathematical characterization of the culture’s growth responses using
kinetic models.

2. MATERIALS AND METHODS

2.1. Inoculum characterization and maintenance

A 50 mL water sample was obtained from a domestic freshwater aquarium (Hermosillo, Sonora,
México) and used as the initial inoculum to establish a mother culture. The culture was
maintained and adapted in a 1 L glass bubble column photobioreactor (BC-PBR) containing 750
mL of Guillard’s F/2 medium (Guillard, 1975). The maintenance conditions were 20°C (1 atm),
with continuous aeration and constant illumination provided by three 4.0 W LED lamps,
operating 24 h d".

Once the culture reached stability, morphological identification was performed using a Zeiss
PrimoStar optical microscope equipped with an AxioCam ERc5c and ZEISS software. The
analysis revealed that the culture was not a pure strain, but a stable consortium composed of
three Scenedesmus species: S. quadricauda, S. obliquus, and S. dimorphus. All subsequent
experiments were conducted using this characterized mixed culture as the inoculum.

Different concentrations of CO2-enriched air (0%—20% v/v) were supplied to evaluate the growth
performance, biomass productivity, and CO:z fixation rate of the culture. Unless otherwise stated,
growth, productivity, and COz fixation metrics refer to the mixed Scenedesmus culture at the
community level. For each reactor, samples were collected in triplicate at each time point, and
results were reported as the mean * standard deviation (SD) of technical replicates.

2.2. Experimental setup and operating conditions

The experiments were conducted in 4.5 L vertical glass bubble column photobioreactor (BC-
PBR) with a cylindrical geometry. The reactor was equipped with an acrylic cover fitted with ports
for aeration and sampling. It measured 32.5 cm in height and 14 cm in internal diameter. Each
reactor was inoculated with 5% (v/v) of the adapted Scenedesmus mixed culture described in
2.1.

Five experimental groups were established based on the CO2 concentration supplied: a control
(ambient air, ~0.04% CO2) and four enriched treatments (5, 10, 15, and 20% v/v). The gas
mixtures were prepared by mixing ambient air and high-purity CO2 using a mass flow controller
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(SHELDON) to ensure accurate and stable dosing, maintaining a total gas flow rate of 1.0 L min-
1

All cultures were operated under continuous illumination (24 h day'), provided by three 4.0 W
white LED lamps positioned externally and equidistantly around the reactor. The temperature
was maintained at 20 °C, consistent with the conditions used during the adaptation phase.

2.3. Sampling, biomass quantification, and statistical analysis

Culture samples (15 mL) were collected at 8-hour intervals to quantify biomass. Sampling at
each time point was performed in triplicate (technical replicates) to ensure measurement
precision. Samples were vacuum filtered through pre-dried and pre-weighed Millipore
membranes (0.45 ym pore size, 47 mm diameter). The retained biomass was dried in a
convection oven at 80 °C for 6 hours, and dry weight was determined gravimetrically.

Descriptive statistics were performed for the growth parameters. The results are expressed as
means + standard deviation (SD).

2.4. Determination of growth parameters

Kinetic parameters were determined using the modified Gompertz model (Eq. 2), with

experimental data fitted by non-linear least squares regression.
—u(t—tigg)
X =Xo+ Xoe—€ 10 (Eq. 2)

where: y, expresses the specific growth rate (d-'); Xo, dry weight biomass concentration in initial
phase (g L"); X, is the maximum dry weight biomass concentration in the stationary phase (g
L-"); ¢, time (d) and tiag, lag phase or adaptation time (d).

2.5. Analysis of CO2

Biomass productivity (Px) was calculated during the exponential phase using Equation 3:

AX

P :E (Eq 3)

where: AX, is the change in biomass concentration (g L") over culture period. At (d).

The CO, fixation rate (R co,) was then calculated from biomass productivity (P,) according to
Basu et al. (2015), using Equation 4:

RCOZ == 188 ' Px (Eq 4)

The factor 1.88 (g CO2 g biomass) is a stoichiometric coefficient derived from the semi-
empirical molecular formula of microalgal biomass, CH1.8300.4sNo.11Po.01 proposed by Chisti
(2007).

2.6. Carbon balance and efficiency
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The total mass of CO; fixed into biomass (mc, rix) Over the entire cultivation period was
calculated using Eq. 5:

Mo, fix = 1.88 - AX -V (Eq. 5)

where: AX, is the change in dry biomass concentration (g L") from the first to the last sampling
point, V is the working volume (L), and 1.88 is the stoichiometric factor (g CO2 g™' biomass)
(Chisti, 2007).
The total mass of COz supplied (mco, sup ) Was calculated based on the total gas flow rate, CO2
fraction, molar properties, and cultivation time, according to Eq. 6:
M
Mo, sup = @ Yeo, ( Coz) “t (Eq. 6)

Vi

where: @, is the total gas rate (1.0 L min'); Y¢,,, is the volumetric fraction of CO2 in the inlet gas
(0.05, 0.10, 0.15, 0.20); Mc,,, is the molar mass of CO2 (44.01 g mol ); V;,,, is the molar volume
of an ideal gas at operating conditions (20°C, 1 atm; approximately 24.06 | mol'); and ¢, is the
total cultivation time (minutes). Note: the ambient COz2 fraction (0.0004) was included in the Y¢,,
for the calculation.

The overall CO2 capture efficiency (n5;,) was calculated as the ratio of fixed to supplied COz,
using Eq. 7:

Npix (%) = =221 . 100 (Eq. 7)

mco,,sup

3. RESULTS

3.1 Identification of the mixed culture

It was observed an evident change in culture pigmentation and the formation of biofilm on the
inner walls in the photobioreactor (PBR) after four days of inoculation, indicating active biomass
accumulation. Microscopic analysis confirmed the presence of microalgae (Fig. 1), revealing
three distinct morphotypes. Two of these exhibited ellipsoidal unicellular forms measuring 15 to
40 ym in length, each containing a central pyrenoid.

The first morphology corresponded to a coenobium of four cells, each bearing outward spine-
like projections (Fig. 1A). The second morphology consisted of unicellular forms with a central
circular pyrenoid, and chloroplasts distributed toward the cell poles (Fig. 1B). The third
morphology comprised curved unicellular cells (~30 ym) with a partially straight ventral margin,
a central pyrenoid, and chloroplasts located at both ends (Fig. 1C).

These structural characteristics were consistent with members of the Scenedesmaceae family,
particularly the genus Scenedesmus, which includes species such as S. quadricauda, S.
obliquus, and S. dimorphus, as reported in AlgaeBase.org (Gour et al., 2016).
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A) B) 9}

Fig. 1. Original micrographs of the mixed consortium identified in the simple. The three dominant
morphologies were identified as: A) Scenedesmus quadricauda (coenobium), B) Scenedesmus
obliquus (unicellular), and C) Scenedesmus dimorphus (curved unicellular).

3.2. Growth curve analysis and Gompertz model parameters

The growth behavior of the mixed Scenedesmus culture was monitored under 0, 5, 10, 15 and
20% of COz2 concentrations, and the experimental data were successfully fitted to the modified
Gompertz model (Fig. 2). The model provided an excellent description of the sigmoidal growth
curves for all treatments, achieving a fit of R?> 2 0.988. The key kinetic parameters obtained from
this analysis are summarized in Table 1.
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Fig. 2. Growth curves of the mixed Scenedesmus culture at different CO2 concentrations: (e) air
+ CO2 0%, (x) air + CO2 5%, (A) air + CO2 10%, (@) air + CO215% and (m) air + CO220%. (-)
Solid lines represent fits to the experimental data (symbols) by the Gompertz model.
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Table 1. Growth parameters for the mixed Scenedesmus culture derived from the modified
Gompertz model.

Parameter CO2 concentration in air (v/iv%)
0 5 10 15 20
p(d™ 0.548 0.321 0.442 0.333 0.334
X (g L7) 0.193 0.275 0.489 0.650 0.647
tiag (d) 2.418 12.178 5.764 9.348 6.699
ta (d) 1.264 1.567 1.567 2.084 2.077
R? 0.994 0.988 0.996 0.990 0.993

The model parameters revealed that CO2 concentrations had a strong but complex influence on
the growth dynamics. The theoretical maximum biomass concentrations (X,,), or carrying
capacity, was directly and positively affected by the CO2 availability. X, increased progressively
as the CO2 concentration closed from 0% (0.193 g L") to its peak at 15% CO2 (0.650 g L"),
remaining nearly constant at 20% CO2 (0.647 g L ).

Conversely, the maximum specific growth rate (u) showed the opposite trend. The highest p
value was identified in carbon-limited control (0% COz2) at 0.548 d-'. All CO2-enriched cultures
exhibited lower specific growth rates, with the 5% CO:2 treatment showing the slowest modeled
rate (0.321 d).

These adaptation restrictions were also reflected in the lag phase (tiag), which was shortest in
control (2.418 d) but markedly prolonged at 5% CO2 (12.178 d). The longest doubling time (td)
calculated as 1/p was for the 15% and 20% COz2 treatments (approximately 2.08 d), which also
achieved the highest X values.

Therefore, the model parameters (Table 1) indicated that while CO2 supplementation was critical
for maximizing final biomass accumulation (X,,), this occurred at the expense of a reduced
specific growth rate (u) and extended doubling time (ta) compared with the control.

3.3. CO2 fixation rate and productivity

The effect of CO2 concentration on the culture’s performance was evaluated, revealing distinct
trends across growth rates, final biomass accumulation, and COz2 capture efficiency (Table 2).
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Table 2. Biomass concentration, productivity and CO: fixation rate of the mixed Scenedesmus
culture at different CO2 concentrations. Values represent the mean + SD of technical replicates.

Biomass Biomass ¢, fixation
% CO2  concentration SD productivity A a1
(g L") (g L™ d) rate (g L' d")
0 0.185 0.00105 0.027 0.052
5 0.259 0.02195 0.022 0.041
10 0.335 0.00000 0.054 0.102
15 0.578 0.03506 0.054 0.101
20 0.563 0.00191 0.050 0.093

The analysis of growth rates demonstrated a clear optimum concentration. The highest CO2
fixation rate (0.102 g L' d"') was detected at the 10% CO2 treatment. This concentration, along
with the 15% CO:2 treatment, also yielded the highest biomass productivity (0.054 g L' d-). At
20% COz2, both productivity (0.050 g L-' d"), and fixation rate (0.093 g L-'d"") began to decrease,
indicating the beginning of the inhibition or saturation effect in the growth culture.

In contrast to the rate parameters, the final biomass concentration continued to increase at
higher CO2 levels. The maximum final biomass (0.578 g L") was achieved at 15% COz, a value
significantly higher than that obtained at 10% CO2 (0.335 g L).

A key observation was the poor performance at 5% CO2. This treatment has the lowest
productivity (0.022 g L' d"'), even less than the ambient air control (0.027 g L-' d*").

The carbon balance further contextualized these findings. The highest overall CO2 capture
efficiency (0.131%) was observed at 10% CO2. At higher concentrations (15% and 20%),
capture efficiency declined markedly. This indicates that although high CO:2 levels (15 — 20%)
promoted greater final biomass accumulation, the process became less efficient because most
of the supplied CO2 was not assimilated into biomass.

4. DISCUSSION
4.1. Growth characteristics of the mixed consortium

The maximum biomass productivity achieved in this study, 0.054 g L™ d™ at 10% CO,
represents a fundamental result. This value aligns with those reported in the literature for
laboratory scale microalgal cultures under comparable conditions (de Morais & Costa, 2007;
Zhang et al., 2022; Pandey et al., 2023), although it differs from the benchmarks typically
observed in high-intensity or large-scale photobioreactor systems (0.2-0.4 g L™ d™") (Tang et
al., 2011; Xu et al., 2023). This distinction suggests that while the culture demonstrated strong
biological performance, the overall bioprocess efficiency was due to the operational
configuration of the bubble column reactor. Similar limitations have been reported in closed
systems with restricted gas—liquid mass transfer (Ho et al., 2011; Singh & Sharma, 2012).
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The Gompertz model parameters (Table 1) provided key insights into the biological response of
the consortium to CO, enrichment. A clear physiological trade-off was observed: the carbon-
limited control (0% CO,) achieved the highest specific growth rate (u = 0.548 d™"), but the lowest
stationary-phase biomass concentration (X, = 0.193 g L™"). Conversely, higher CO,
concentrations (15%) were required to reach maximum biomass accumulation (X,= 0.650 g
L™"), although this occurred at the expense of a slower specific growth rate. This pattern
illustrates a physiological trade-off, where an improvement in one performance trait (biomass
accumulation) occurs at the expense of another (growth rate). Similar compensatory effects
have been documented in microalgal cultures under carbon-rich or high-CO, stress conditions
(Hu et al., 2008; Zhang et al., 2022).

A distinctive aspect of this study is the use of a stable mixed consortium composed of S.
quadricauda, S. obliquus, and S. dimorphus. While monocultures are common in laboratory
experiments, mixed consortia are increasingly recognized for their ecological robustness and
higher stress tolerance (Lindehoff et al., 2024). Several studies have shown that multi-species
cultures can outperform axenic systems under dynamic or CO,-rich environments, providing a
more stable platform for carbon capture and biomass production (Farronan et al., 2021; Garrido
et al., 2025). This adaptive capacity represents a clear advantage for industrial applications,
where maintaining axenic cultures is typically impractical and economically demanding.

4.2. Implications of the mixed Scenedesmus culture

A central feature of this study is the use of a stable mixed consortium composed of S.
quadricauda, S. obliquus, and S. dimorphus. While monocultures are commonly employed in
laboratory studies, co-cultivation is emerging as a promising strategy, as mixed consortia often
display enhanced physiological resilience and can outperform monocultures in several key
performance metrics (Ramanan et al., 2016; Lindehoff et al., 2024).

The co-growth of these Scenedesmus species likely contributed to the observed robustness of
the culture. Mixed communities tend to exhibit greater tolerance to environmental fluctuations,
including elevated CO. concentrations, due to interspecific metabolic complementarity and
resource partitioning (Farronan et al., 2021). In this study, the high tolerance to CO, (up to 15%
before significant inhibition) may be directly attributed to cooperative interactions among the
constituent species within the consortium.

This resilience provides a distinct advantage for large-scale and industrial applications, where
maintaining axenic cultures is operationally challenging and economically demanding. Similar
findings have been reported in recent pilot scale studies employing multi-species
photobioreactors, where microbial diversity enhanced both process stability and carbon capture
efficiency (Singh & Sharma, 2012; Garrido et al., 2025). Therefore, the development and
optimization of stable mixed cultures could play a key role in the design of more robust, efficient,
and sustainable CO; biofixation systems.

4.3. CO2 captures efficiency and biotechnological relevance

While biomass productivity is a standard metric, the net CO, capture efficiency is the
fundamental parameter for evaluating the biotechnological relevance and viability of a mitigation
system. Therefore, a carbon balance analysis was performed using an empirical approach, since
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the carbon content of the biomass was not experimentally determined. This estimation was
applied to provide an approximate evaluation of the overall process efficiency.

This analysis revealed that the total capture efficiency was limited, reaching a maximum of
0.131% at the 10% CO: optimum, a key finding of this study. Although the culture biologically
tolerated elevated CO; levels (up to 20%), achieving its highest X, at 15% CO,, the net capture
efficiency derived from this empirical estimation decreased from 0.131% to 0.083% as CO,
increased from 10% to 15%. This clearly indicates that most of the supplied CO;, was not
biologically fixed.

The large discrepancy between tolerance and fixation efficiency demonstrates that the primary
process delay is not biological, but engineering-related, specifically, a gas-liquid mass transfer
limitation. In standard bubble column photobioreactors (BC-PBRs) without specialized spargers
or high-dispersion systems, increased gas flow rates can lead to poor CO. dissolution and
excessive stripping, preventing effective uptake and conversion by the microalgal consortium.

This finding holds strong implications for industrial applications focused on the mitigation of this
pollutant. Flue gases typically contain CO, concentrations within the 12-15% range
(Songolzadeh et al., 2014). The results of this study indicate that, although the mixed
Scenedesmus consortium demonstrates high biological tolerance up to 20% CO,, the practical
success of large-scale mitigation systems will depend primarily on bioprocess engineering
improvements, particularly those aimed at enhancing gas, liquid transfer efficiency and reactor
hydrodynamics (Ho et al., 2011; Singh & Sharma, 2012; Zhang et al., 2023).

5. CONCLUSION

This study highlights the strong adaptive capacity of a mixed Scenedesmus consortium exposed
to high COz2 levels, sustaining growth up to 20%. The consortium reached its highest biomass
productivity and CO:2 fixation rate within the 10-15% CO:2 range, confirming its suitability for
intensive carbon utilization systems. Although the biological performance was promising, the
overall CO2 capture efficiency revealed that the main limitation lies in gas-liquid mass transfer
rather than metabolic tolerance. These findings emphasize that further progress in
photobioreactor engineering and process optimization will be decisive for transforming this
robust biological system into a scalable technology for sustainable CO2 mitigation and
bioresource generation.
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