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Abstract

Microalgae have received a lot of interest as a sustainable solution for carbon dioxide fixation due to their great
efficiency in capturing CO, and converting it into valuable biomass, making them a promising tool for mitigating
climate change and expanding carbon capture technology. This study examines the efficacy of fixed shaped
portable conical helix baffles (PCHB) in enhancing gas-liquid mixing to promote microalgal growth in column
photobioreactors (PBRs). Flat (90° angle from cone surface), round, and inclined (60° angle from cone surface)
baffles were compared for performance. Modeling the gas flow indicated that round PCHB produced more spiral
vortices and achieved better mixing performance than flat and inclined designs. Increasing the baffle size from 3
to 7 cm resulted in a 21% higher mass transfer coefficient. The simulation was verified by experiments. Notably,
the implementation of a PCHB with a round helix-shaped structure (5 cm) led to a 33% (2.102+0.08 g/L) and 17%
(2.419+0.07 g/L) dry mass increase of Limnospira fusiformis when compared to flat and incline-shaped baffles,
respectively. Our study revealed that using a round-shaped PCHB resulted to higher spiral movement, which in turn
increases CO, utilization and cell proliferation. Our approach demonstrates high potential to further optimize
industrial PBRs, thereby facilitating CO, sequestration during microalgal cultivation to combat global warming.
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Introduction

The increasing global population growth has fueled an
unprecedented demand for energy, leading to heavy
reliance on fossil fuels, which constitute approximately
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85% of the global energy structure [1]. Despite their
pivotal role in powering modern life and enhancing living
standards, fossil fuels pose significant environmental
challenges due to the emission of greenhouse gases,
notably carbon dioxide (CO,), exacerbating global
climate change [2]. Recognizing the urgency of mitigating
CO, emissions and addressing climate change, scientists
worldwide are actively exploring renewable energy
sources as alternatives to fossil fuels [3]. In this context,
microalgal biomass production emerges as a promising
solution, offering 2 to 10 times greater CO, fixation than
vascular plants [2]. Microalgae use light energy to build
up biomass, often with a high nutritional value and a rich
source of health-enhancing compounds. Microalgae-
based technologies have been tackled as a highly

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13068-025-02650-5&domain=pdf

Kumar et al. Biotechnology for Biofuels and Bioproducts (2025) 18:47

promising avenue for addressing carbon capture in the
context of environmental sustainability [4]. Because of
their quick growth, microalgae account for around 45%
of the global CO, sequestration [5].

Large-scale algal cultivation poses some challenges
due to technical complexity associated with the transfer
of gases, heat, light, and nutrients [6, 7]. The complex
processes involved in microalgae-based CO, fixation and
synthesis of bioactive compounds encompass cultivation,
harvesting, extraction, and subsequent processing into
valuable end products [8]. Microalgae can be grown
in either cost-effective open raceway ponds or more
productive closed PBRs, which reduce contamination
issues. Sustainable and reliable microalgal cultivation
within closed PBRs holds pivotal importance for the
development of various industries such as biofuels,
food, pharmaceuticals and cosmetics [9]. Closed PBRs,
including airlift, flat plate, column, horizontal, and
tubular designs, are widely employed in microalgal
production globally [10]. In comparison to horizontal
and tubular design systems, column PBRs (C-PBRs)
that incorporate bubble or airlift technologies exhibit
better features such as smaller physical footprint, which
permits cultivating environments to use their area more
effectively [11]. Furthermore, the continual mixing and
circulation of culture media made possible by the gas
lift or bubble injection leads to better mass transfer
and nutrient distribution in column PBRs, which also
show reduced fouling tendencies. Since biofilm buildup
is reduced in this dynamic environment, maintenance
and cleaning procedures are also made simpler.
Additionally, modular design of column PBRs improves
their scalability by making it simpler to adjust to
changing production sizes while preserving operational
effectiveness [4]. C-PBRs offer various advantages,
including a notable surface area-to-volume ratio, cost-
effectiveness in terms of capital investment, absence of
moving parts, establishment of a relatively homogeneous
culture environment, and mitigation of photoinhibition
and photo-oxidation phenomena [12]. The establishment
of proficient systems for maximum CO, fixation and
oxygen removal however poses a substantial challenge
in C-PBRs. Furthermore, efficient mixing and mass
transfer setups are imperative to facilitate the stirring up
microalgal solutions within C-PBRs.

The integration of baffles in C-PBRs represents a crucial
advancement in the field of bioprocess engineering and
microalgal-based processes [13]. Previous studies have
explored various aspects of the PBR design, yet the
specific impact of portable baffle installation in C-PBRs
remains a relatively underexplored avenue. Numerous
studies focused on increasing the gas-liquid mass
transfer, baffle design, microalgal productivity; also,
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internal lighting with optical fibers inside the C-PBR have
been developed to improve the light supply in C-PBRs
[14-16]. Ye et al. (2018a) developed the serial lantern
PBR which resulted in a 21% reduction in mixing time,
a 26% increase of the mass transfer coefficient, a 50%
increase in microalgal biomass output, and a greater
CO, bio-fixation rate of 0.87 g/L/d. The light supply
consists of eight lanterns positioned at the center of the
PBR, supported by stainless steel brackets. The fixed
baffle structure however limits large-scale applicability
by raising cleaning and maintenance costs [17]. Yang
et al. (2016) designed unique horizontal tubes and
triangular prism baffles, which significantly improved
the flashing light effect and raised the production of
microalgae biomass by 70%. The triangular prism baffles
and horizontal tubes were fixed to the walls to prevent
light from entering the PBR’s inner part, which makes
efficient cleaning a challenge [18]. Naira et al. (2020)
designed bubble-driven internal mixers which increased
the biodiesel and biomass productivity by 62% and 13%,
respectively, in comparison to controls run without
mixers. Also, this approach is applicable to limited
extent since the complicated mixer structure generates
flow resistance and the movement of wings at some
distance from bubble source was not clarified [19]. Cheng
et al. (2018) developed a double paddle wheeled PBR,
resulting in a reduction of average bubble size by 24%
and a decrease in bubble vertical velocity by 10%. These
alterations enabled enhanced mixing of CO, and mass
transfer within the microalgal solution. Consequently,
growth rate of Chlorella sp. in this C-PBR exhibited a
notable increase of 62% with 15% CO, aeration. The
problem was however that biomass was deposited
between the blades of paddle wheel [20]. Fu et al
(2021) designed airfoil-shaped deflectors that modified
hydrodynamic parameters. By this means, the mass
transfer coefficient increased by 11% and the mixing
time decreased by 21%. The maximum yield of algal
biomass and CO, fixation improved by 18% and 11%,
respectively. Nevertheless, rapid gas escape occurred due
to the limited effects observed in the bottom and middle
sections of the C-PBR, which consequently reduced the
efficiency of CO, fixation [21]. However, most of the
studies have a fixed design and complex structures of
baffles which limit their application in C-PBRs. This
portable baffle design is a novel advancement in C-PBRs,
as it has not been utilized before. Its innovative features
facilitate easy operation and cleaning, significantly
enhancing the efficiency of microalgal cultivation
processes.

In this study, 3D-printed portable conical helix baffle
(PCHB) with different sizes were installed in the center
of 0.08 m wide and 0.52 m long inner section of C-PBRs
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to generate spiral flow vortices. The introduction of a
PCHB in C-PBR resulted in spiral-rising CO, bubble
flow patterns, as validated by numerical simulation.
Furthermore, experiments focusing on mixing time and
mass transfer showed that using the PCHB improved
mass transfer and bubble retention time, which
subsequently raised microalgal growth, photochemical
efficiency and pigment concentration. The baffles
shape, size and aeration rate were optimized to enhance
the overall efficiency and productivity of microalgal
cultivation practices.

Materials and methods

Simulation of C-PBR modified with portable conical helix
baffle

To enhance the performance of C-PBRs, PCHBs were
utilized to increase the number of vortices in the culture
medium. The C-PBR was divided into two sections:
a central column (riser section) and an outer column
(downcomer section), with diameters of 0.08 m and
0.12 m, and heights of 0.52 m and 0.60 m, respectively.
The PCHB baffles underwent design modifications
with diverse parameters utilizing Rhino-7 (3D design
software), subsequently being fabricated through 3D
printing utilizing nylon material [22]. Nylon is durable,
flexible, and resistant to chemicals, which are essential
characteristics for C-PBR environments. Nylon is
typically non-toxic to microorganisms and regarded
as biocompatible, as it is frequently utilized in medical
devices and implants, including sutures and prosthetics.
Ansys-21 ICEM (Ansys, 64-bit Computational Fluid
Dynamics, CFD software, USA) was used to create a two-
dimensional mesh of the C-PBR. A CFD simulation was
then run using Ansys Fluent-21 R1. Boundary conditions
of the numerical model were as follows: both the PBR
walls and the channels were configured with no-slip wall
conditions, and the gas outlet was positioned in relation
to the degassing boundary. The RNG k-e turbulence
model and the volume of fluid (VOF) model were used
in the computational simulation. The time step number
was set to 10,000 and the transient time step size was set
to 0.002 s. To ensure grid independence, three-scale grids
13,835, 17,942, and 22,471 cells were taken. As we found
only marginal variations in the computed values, we
used the mesh of 17,942 cells for all situations [23]. The
C-PBR’s overall air-volume and velocity contours were
measured, and the computation was carried out twice in
quick succession on different machines for verification.

Experiments for solution mixing and determination

of the mass transfer coefficient

To enhance the C-PBR design, various PCHB baf-
fle sizes, ranging from 0.03 to 0.07 m, were designed.
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Additionally, three different baffle shapes were chosen
to aid in the optimization process. These variations are
flat (90° angle from cone surface), round, and an incline-
shaped (60° angle from cone surface) baffles as shown in
Fig. 1 A. Four lab-scale C-PBRs were constructed with 3
mm thick plexiglass, each with 3D-printed PCHB (fixed
shaped structures) placed in the inner section vertically
connected with a supportive rod holding baffles at 0.05
m equal intervals in the center (Fig. 1 B). The mixing time
defined as a period of time required to achieve homoge-
neous mixing of a fluid in a container, or the time neces-
sary for a tracer to achieve 95% uniform distribution in
the liquid after its introduction. To measure the mixing
time in the PBRs, a pH probe was fixed at the top of the
central column (length 0.52 m) and a tracer was intro-
duced from top of the outer column (length 0.60 m) as
shown in Fig. 1A. The C-PBRs were initially filled with
tap water and the bubbling started. The pH of the water
was adjusted to around 3.0 using hydrochloric acid (35%
w/v). Subsequently, an alkalinity tracer consisting of
5 mL of 12 M sodium hydroxide was introduced into the
medium. The mixing time was determined by the inter-
val between the adding the alkalinity tracer and measur-
ing the pH shift [24]. The mass transfer coefficient was
determined by aerating the solution with N, resulting in
a reduction of oxygen content to 4 mg/L. Subsequently,
air was introduced to elevate the dissolved oxygen (DO)
content to 5 mg/L. Data were recorded automatically at
intervals of 0.1 s using an oxygen probe; data acquisition
was conducted through dedicated software [25]. Means
and standard deviation of mixing time and mass transfer
coefficient were calculated based on three (n=3) inde-
pendent measurements.

Experimental verification—cultivation of Limnospira
fusiformis

Cultivation was conducted in four C-PBRs, each
consisting of inner and outer columns measuring
0.60 m and 0.52 m in length, respectively, with
diameters of 0.12 m and 0.08 m. The experiment was
conducted three times (n=3). In each C-PBR, five
identical (either flat, round or incline-shaped) PCHBs
with 0.05 m size were installed, one C-PBR was without
PCHBs to serve as a control for comparison. We
cultivated the cyanoprokaryote Limnospira fusiformis
(tradename Spirulina platensis), which is of high
commercial interest; cultivation was done in Zarrouk
medium [26]. The experiments were carried out in an
artificial greenhouse (for 120 h), maintaining a constant
temperature of 28+1 °C by utilizing a 15-W digital
quartz electric heating rod (diameter 0.02 m, length
0.06 m, temperature control range: 20-35 °C) within
each C-PBR. In order to maximize solution mixing and
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Fig. 1 Schematic of column PBR and installation of portable conical helix baffles in central column sections. A Five round-shaped baffles
connected with a supporting rod in vertical position. Three different shapes of helix: flat, round, and inclined, and their respective flow vortices
represented in the side small boxes. Red-dotted arrows represent upward flow, blue-dotted arrows represent downward flow of the medium.
B Three-dimensional printed 3 types of portable conical helix baffles, their vertical arrangement and installation in lab-scale column PBRs. (For
elucidation regarding the color references in this figure legend, readers are directed to consult the online version of this article.)

gas—liquid mass transfer to produce higher biomass,
the dimensions of PCHBs were thoroughly complied.
Installation of the PCHB markedly diverged the
bubble trajectory, thereby augmenting the mixing and
dissolution of CO, along the baffles as they ascended

beyond the surface. Additionally, a gas mixture
containing 15% CO, and 85% air was introduced
through aeration from the lower base-center. The
CO, fixation rate was measured via the dry weight
conversion method using following equation:
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_ (wa —w1) X P x Mcoz
(k2 — t1) x M,

COsfixation (gL_ld_l) ,
where w, is the biomass dry weight at time t, and w; is
the biomass dry weight at time t;, p represents carbon
content in microalgae cells (50%), M, represents the
molecular weight of CO,, and M denotes the molecular
weight of carbon [27-29].

Using 15% CO, provides a regulated environment
to promote growth while avoiding significant changes
in solution pH. The gas flow rate was consistently set
at 0.003 L/min through the use of mass flowmeters.
The cultures were grown under a 12-h light/dark cycle
(300 pmol/m?/s) with bright LED lamps providing a light
intensity of 5000 + 200 1x. Every day at 9:00 during batch
cultivation, samples were collected in order to measure
pH, optical density (OD), biomass, maximum quantum
efficiency of PSII (Fv/Fm), and pigments. A total of 0.01
L of sample was collected to measure the culture’s OD
and pH (LIDA pH meter). The relationship between OD
and cell density (C) was quantified by the fitting curve,
represented as C(‘%) = 0.505 x ODs60m — 0.034, with a
coefficient of determination (R?) of 0.996 [30].

The concentrations of carotenoids and chlorophyll-a in
microalgal cultures were determined over the course of
the culture. An 8-min centrifugation at 8,000 g at room
temperature was performed on 0.005 L of the collected
microalgal culture; the supernatant was discarded. After
being chilled to 4 °C, 0.005 L of methanol is added to
the microalgal pellet. To determine the concentrations
of carotenoids (480 nm) and chlorophyll-a (652 nm and
665 nm) a spectrophotometer (752-N Youke Instrument,
Shanghai, China) was used to measure absorbance at
480 nm, 652 nm, and 665 nm, with pure methanol used
as the blank [31].

In order to extract allophycocyanin and phycocyanin,
the culture was centrifuged at 5000 x g for 4 min. After
that, the supernatant was removed and the pellet mixed
for 2 min with a 0.005 L solution of CaCl, (1% calcium
chloride). These solutions were frozen and then thawed
three times before being incubated at 4 °C for the entire
night [32]. The absorption value of supernatant was
determined using a spectrophotometer at wavelengths of
652 nm for allophycocyanin and 620 nm for phycocyanin
subsequent to centrifugation of the sample for 12 min
at a rate of 8000 g. All measurements were repeated at
least three times (n=3). The mean value and standard
deviation were taken for statistical comparisons.

Results and discussion

PCHB baffles generate spiral flow field in the C-PBRs

The increase in hydraulic pressure associated with larger
bubble diameters, as described by the buoyancy lift force
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equation and the Young-Laplace equation, facilitates
the ascent of CO,-enriched bubbles [33]. Consequently,
bubbles spend less time in the microalgal suspension
at higher gas aeration rates [34]. Introducing a PCHB
significantly alters the flow pattern and trajectory of
bubbles within the C-PBRs. Unlike in control system
where bubbles detach and ascend directly to the surface,
the PCHB encourage bubble breakage, with liquid drag
playing a dominant role in their movement. This force
bubbles to circulate multiple times around the PCHB
before reaching the top of C-PBR, significantly prolonging
their pathway and enhancing gas-liquid contact time,
thereby promoting CO, dissolution. Moreover, reduced
bubble size has a greater specific surface area and
interfacial contact area between gas and liquid phases,
thereby enhancing the performance of gas-liquid mass
transfer [35]. Smaller bubble diameters correspond to
elevated CO, equilibrium concentrations between the gas
and liquid phases. This phenomenon can be attributed to
the rapid absorption of CO, by microalgal cells, resulting
in an augmented CO, concentration gradient, enhanced
diffusion and dissolution of CO, bubbles [36].

There is not enough gas—liquid mixing in the C-PBRs
for adequate CO, mass transfer, leading to an uneven
distribution of nutrients and cells [37]. In order to
enhance microalgal biomass production, agitation is
required to sustain a stable microalgal culture to circulate
fluids. Mixing serves to prevent the sedimentation of
cells on baffles and along the sides as well as on walls of
the PBR, also facilitating the removal of oxygen from the
culture medium [38]. Additionally, shear stress, induced
by baffles, represents a significant parameter during the
circulation of the culture. Shear stress, which is produced
by mixing, is considered significant as it can facilitate
mass and heat transmission as well as the flashlight effect
to augment microalgal photosynthetic activities [39].
The preceding discourse indicates that cellular rotation
induced by mixing may enhance the surface area exposed
to illumination, ensure uniform solution temperature,
and increase the rate of CO, fixation, facilitated by the
flow vortices along the PCHB.

In a C-PBR, PCHB produced a rotational and spiral
flow vortex along the central inner section as shown in
Fig. 2 A, B. Both vortexes along the PCHB were indicated
by CED simulation calculation. The creation of three-
dimensional flow patterns by a submerged object within
a uniform free-flowing medium of limited depth induces
shear stress [39]. The bubble drive to axially directed spi-
ral motion in x, y, and z directions was essential for gas—
liquid mixing, and it significantly extended the bubble
residence time [40]. Liquid mixing and bubble residence
are enhanced by the creation of rotational and spiral flow
vortex and the improvement of vorticity magnitude and
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Fig. 2 CFD simulation of flat, round and incline portable conical helix baffles in column PBR. A Velocity counter illustration. B Air. Volume contour

illustration

horizontal velocity in the horizontal direction, which
promotes microalgal productivity [34]. Simulation results
clearly indicated that PCHB encourage bubble spiral flow
movement on the vertical cross section along the main
stream. This implies that the PCHB has the capability to
generate a spiral flow field around baftles in the central
inner column section. Increasing the vorticity magnitude

and vertical velocity, coupled with the creation of spi-
ral flow vortices, increase mass transfer coefficient and
bubble retention, consequently stimulating microalgal
growth. The present work employed 2D simulations to
model impacts of different PCHB types. The 2D simula-
tions provided a simple approximation to the most effi-
cient type. For fine adjustment of PCHBs, 3D simulations
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will be performed to further optimize the design. 3D
simulation will help modeling important factors such as
bubble size, flow patterns, CO, movement, gas—liquid
interaction, and CO, fixation rates.

Improved bubble mixing and mass transfer by means

of PCHB

In order to optimize the C-PBR, we modified the shape of
PCHB. Additionally, the size, number of baffles and aera-
tion rate were the three main parameters to be investi-
gated to enhance the performance of the control C-PBR.
The relationship between bubble residence time and
mass transfer coefficients is acknowledged, revealing that
prolonged bubble residence in cultures contribute to ele-
vated mass transfer coefficients, thereby fostering favora-
ble conditions for microalgae growth [24]. We found an
extension in the mixing time of liquids due to the addi-
tion of PCHB, leading to enhanced nutrient supply. Mix-
ing time increased by 42%, 46%, 57% with flat, incline and
round PCHB when compared with control PBR under
optimized conditions as resulted in Fig. 3A-C, respec-
tively. The results demonstrate an increase in mixing
time from 20.65+0.3 to 23.02+0.2 s with an increase in
the size of PCHB from 0.03 to 0.07 m and increase from
21.40£0.3 to 23.67 £ 0.4 s with an increase the number of
PCHB from 3 to 7 as resulted in Fig. 3A, B. This phenom-
enon is attributed to the larger PCHB size hindering the
normal upward flow of the CO, bubbles from the bottom
to the surface. The larger size induces higher resistance
in the flow, facilitating the generation of vortices and spi-
ral movements in both horizontal and vertical directions
along the PCHB, restricting a direct flow to the top sur-
face within the C-PBR. The aeration rate raised from 0.01
to 0.05 L/min; the mixing time reduced from 23.42 + 0.4
to 21+0.1 s as shown in Fig. 3C. The enhanced aeration
rate increased the microalgal suspension circulation pro-
cess, shortening the mixing period and increasing flow
intensity, thus reducing mixing time [17].

The rotational and spiral flow field by the PCHB is the
primary factor that determines the inner mixing abil-
ity of the C-PBR. The microalgal suspension is directed
through PCHB baffles within the C-PBR configuration,
thereby extending the flow trajectory. This extension
enhances the mixing dynamics and promotes a homo-
geneous distribution of cells within microalgal sus-
pensions, facilitating vertical movement across central
and peripheral regions within the column [16]. Con-
versely, the control C-PBR demonstrates reduced mix-
ing efficiency attributable to the presence of relatively
wide inactive zones. In such areas, substance exchange
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predominantly relies on diffusion, thereby markedly
impeding the mixing kinetics [37].

To attain greater biomass output while cultivating L.
fusiformis, the mass transfer coefficient is an essential
measure that determines the baffle design within the
C-PBR. An increase in the gas—liquid mass transfer
coefficient was observed, leading to enhanced CO,
uptake by microalgal cells. Larger diameters of PCHB
from 0.03 m to 0.07 m led to a higher mass transfer
coefficient, as depicted in Fig. 3 D, E, F. Larger PCHBs
resulted in greater shear strength to the CO, bubbles,
rising liquid mixing and prolonging bubble residence.
This phenomenon facilitated the formation of flow
vortex and the enhancement of vorticity magnitude
and vertical velocity, ultimately resulting in higher
microalgal growth through improved solution mixing
[36]. In the optimized PCHB, a high mass transfer
coefficient of 4.95+0.1 h™ was observed when the size
of the baffle was 0.05 m and the aeration rate was 0.03
L/min, as shown in Fig. 3 E. In this scenario, optimal
bubble movement was achieved, and the flow path was
tailored to facilitate effective solubility of CO,. Further
increasing bubble retention time will no longer have a
positive influence on CO, transfer, while the negative
effect of increased flow resistance induced by the larger
bubble size combined with high aeration rate becomes
the primary factor thus reducing the mass transfer
coefficient. C-PBR characterized by a high mass transfer
capacity retain substantial quantities of inorganic
carbon within the column, thereby boosting facilitating
microalgal fixation and consequentially nurturing
robust microalgal production [25]. Furthermore,
C-PBR with high mass transfer coefficients effectively
remove accumulated dissolved oxygen, reducing
oxygen-induced stress and maintaining a high rate of
microalgal growth. It is understood that the formation
of spiral flow vortices, improvements in mass transfer
coefficient, optimize mixing time, and increased bubble
retention collectively enhance the microalgal growth.

For optimal biomass production of L. fusiformis,
the gas—liquid mass transfer coefficient is key in
determining the baffle design within a column
photobioreactor (C-PBR). Larger diameters of portable
conical helix baffles (PCHB) ranging from 0.03 m to
0.07 m increased CO, uptake by promoting better
liquid mixing and prolonged bubble retention. This
generated spiral flow vortices and higher vertical
velocity, improving microalgal growth. However,
excessive bubble retention increased resistance,
lowering mass transfer efficiency.
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Microalgal growth and photosynthetic fluorescence
improved with PCHB

The preceding literature demonstrates a direct correla-
tion between the CO, supply and productivity. Specifi-
cally, an increase in the utilization of CO, corresponds
to a commensurate rise in biomass growth [34]. We
measured the dry mass for three differently shaped
PCHB and one control C-PBR without PCHB installed.
We found the characteristic shape of a growth curve
with a lag-phase (acclimation phase) characterized by

—+— Biomass dry weight with Control
—=— Biomass dry weight with Flat PCHB
—— Biomass dry weight with Round PCHB
~—o— Biomass dry weight with Incline PCHB
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reduced growth rates, after around 36 h, the exp-phase
started with maximum growth rates. C-PBRs with PCHB
installed exhibited higher growth rates (Fig. 4A) due to
appropriate mixing and optimized CO, supply. Effec-
tive nutrient uptake is imperative for the proliferation of
microalgal cells [21]. The spiral flow vortices by means
of PCHB maintain homogenous distribution of cells and
nutrients and enhance the efficiency of chemical con-
version in microalgae. The exp-phase lasted for about
60 h and resulted a higher biomass growth from the

10.0 4 I
9.54
2
S 9.0
S
E
=4
@ Q5] —— pH with Control
o —=— pH with Flat PCHB
—— pH with Round PCHB
~—o— pH with Incline PCHB
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Fig. 4 Measurement of biomass, pH, ratio of variable to maximal fluorescence (Fv/Fm) and CO, fixation of microalgae in column PBRs modified
with portable conical helix baffles (PCHBs). A Effects of PCHBs on dry mass of Limnospira fusiformis. B Measurement of solution pH during cultivation
of Limnospira. C Effects of PCHBs on maximum quantum efficiency of PSII (Fv/Fm) of Limnospira. D Effects of PCHBs on CO?2 fixation rate

during cultivation of Limnospira
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modified C-PBRs compared to the control. After 96 h,
algae growth slowed down, which indicated the transi-
tion to the stat-phase. The experiment was finished after
120 h: round-shaped PCHB resulted in a 48%, 34% and
16% higher biomass yield comparison to control, flat and
inclined-shaped PCHB, respectively.

Several studies have focused on various baftle designs
to enhance microalgal biomass production in C-PBRs.
Huang et al. (2015) introduced inclined plate mixers in
the outer section of the C-PBRs resulting an increase in
biomass concentration by 32.8% (0.89 g/L) [41]. Ye et al.
(2018b) focusing on wastewater as a medium, proposed
a serial lantern-shaped inner structure, which improved
mixing and mass transfer, leading to a 50% (1.8 g/L)
increase in biomass concentration compared to controls
[23]. Fu et al. (2021) installed two airfoil-shaped arcs
at the top of the C-PBR, resulting in an 18.3% (2.1 g/L)
rise in biomass content [42]. Similarly, Yang et al. (2016)
designed circular baffles at the center along with a prism
structure at the wall, significantly boosting biomass
yield by 70% (1.2 g/L) [43]. These studies highlight the
effectiveness of various structural modifications in
improving biomass productivity. Similarly, the current
study with PCHBs in the inner section of the C-PBRs
resulted in an 48% increase (2.81+0.06 g/L) in dry mass.

shows that pH decreased initially and increased after
24 h of cultivation. The primary chemical reaction in the
microalgal solution during the first stage of cultivation
was the mixing of CO, with water, producing bicarbonate
ions (HCO;™) and hydrogen ions (H*). This caused the
pH to decrease from 9.23 + 0.06 to 8.51 + 0.07, as more H*
ions were produced. As L. fusiformis grew, the HCO;~
in the solution were absorbed by cells through active
transport. Inside the cells, HCO,~ was converted to CO,
and used in photosynthesis, during which hydroxide ions
(OH") were expelled from Limnospira cells. This led to a
gradual increase in the pH of the solution, which rose to
around 9.61 +0.05

Significant amounts of photochemical energy,
particularly ATP and NADPH, are required by microalgal
cells for biomass synthesis, CO, fixation, and active
transport mechanisms during cellular growth [44]. In
the context of L. fusiformis cultivation, improvements to
the PCHB setup within the C-PBR resulted in improved
solution mixing. In comparison to control C-PBR, the
round-shaped PCHB showed an 18% increase in the ratio
of variable to maximal fluorescence (Fv/Fm) as resulted
in Fig. 4C. The overall photosynthetic performance, as
indicated by the Fv/Fm ratio, may show lower values due
to interference of the fluorescence signal by phycobilin.
A reduced Fv/Fm ratio may not always indicate stress;
it can also result from increased phycobilin synthesis
within L. fusiformis cells [45]. Adequate mixing facilitated
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by PCHBs facilitated improved light distribution to
the cells. Initially, the Fv/Fm ratio exhibited an ascent
followed by a gradual decline after the 12 h of cultivation,
attributable to higher cell density within the C-PBRs,
wherein the increasing biomass dry weight rendered the
solution denser. Oversaturated Limnospira cell densities
generated a mutual shadowing effect, reducing light
use ability. Consequently, increased fluorescence was
required to achieve uniform photosynthetic activity. The
overall biomass production was improved by the higher
Fv/Fm values, which also led to improved light utilization
capacity per photon received by the cells and enhanced
photochemical efficiency. Limnospira cells accelerated
photosynthetic reaction was made possible by the
different vortex flow fields created throughout the C-PBR
[46]. Additionally, the increased flashing-light frequency
accelerated microalgal cell growth [47]. The enhanced
spiral flow and elevated vertical movement facilitated
the migration of microalgal cells from the central region,
characterized by reduced illumination, to the periphery
of the round-shaped PCHB. This quick movement
between areas of light and dark greatly decreased the
likelihood of photodamage or low light in microalgal
cells [42]. The PCHB improved flow field which promote
microalgal growth rate, leading to accelerated pigment
content and higher photosynthetic rates compared to
control C-BPR.

The PCHB C-PBRs demonstrated a higher rate of CO,
fixation than the control C-PBR, which is in line with a
higher level of CO, fixation by L. fusiformis, as illustrated
in Fig. 4D. The round-shaped PCHB allowed for efficient
mixing throughout the C-PBR, which improved the pace
at which CO, was fixed. After 72 h, the CO, fixation rate
of L. fusiformis peaked at 0.212+0.005 g/L in the C-PBR
with round-shaped PCHB and 0.097+0.002 g/L in the
control C-PBR. The CO, fixation rate of L. fusiformis in
flat and incline-shaped C-PBRs were also higher than
control C-PBR and peaked at 0.195+0.008 g/L and
0.204+0.006 g/L, respectively. However, at 120 h, the
CO, fixation efficiency declined as the growth rate of
L. fusiformis increased, attributed to the depletion of
nutrients in the culture medium.

Pigment content stimulated by the PCHB in the C-PBR

The carotenoids and chlorophyll-a concentrations were
considerably greater in PCHB-cultured cells compared
to control C-PBRs, as illustrated in Fig. 5A, B. The
photosynthetic apparatus underwent acclimatization
in response to variations in light spectra, resulting in
adjustments in the abundance of accessory pigments
and the chlorophyll-a content. Chlorophyll a, a cru-
cial pigment in organisms performing oxygenic pho-
tosynthesis, plays a vital role in photosynthesis by
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enabling cells to capture light energy and convert it
into ATP [48]. Higher cellular concentrations of chlo-
rophylls in plant cells enhance light utilization effi-
ciency. In cultures employing round-shaped PCHB,
chlorophyll-a concentrations were notably elevated by
31% (28.19+0.9 mg/L) when compared with control
(21.36£0.6 mg/L), highlighting the positive impact
of improved mixing. The synthesis of chlorophyll-a
demands substantial energy, primarily derived from
incident light photons and stored in microalgal cells.
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Among other factors, provided light conditions sig-
nificantly influence ATP production, thereby affect-
ing chlorophyll synthesis [49]. The optimized vertical
helix arrangement of the PCHB in C-PBRs enhanced
light absorption efficiency, which increased biochemi-
cal energy production during the light reactions and
resulted in higher average chlorophyll content. How-
ever, the influence of inclined and flat-shaped PCHB
on chlorophyll-a synthesis was limited due to insuf-
ficient mixing and extensive shaded area coverage.
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The carotenoids in Limnospira cells were also higher
in round-shaped PCHB (10.36 + 0.9 mg/L) when com-
pared with control (7.63 £ 0.8 mg/L) C-PBR as resulted
in Fig. 5B.

In the realm of commercial potential, L. fusiformis,
particularly its phycocyanin pigment, holds significant
potential [32]. The market valuation of C-phycocyanin
may vary between US$500 and 10,000 per kilogram,
contingent upon its degree of purity [50]. Increasing
the biomass yield of L. fusiformis presents a prospective
avenue for mitigating production expenses and
bolstering market competitiveness. It is essential to
optimize light supply to Limmnospira filaments to boost
productivity. Control C-PBRs frequently demonstrate
restricted vertical and turbulent mixing within the
central portion of the column, resulting in extensive
areas of laminar flow throughout the column, wherein
microalgae are deprived of illumination [51]. Cells
located near the center of column receive insufficient
illumination while cells along the walls experience
excess light resulting in photoinhibition, which
has negative effects on productivity [52]. A higher
concentration of allophycocyanin and phycocyanin
was observed in samples from the round-shaped PCHB
C-PBR, with the lowest concentrations measured
in the control C-PBR without PCHB. After 120 h of
cultivation, the phycocyanin concentration in the
round-shaped PCHB C-PBR was 154.17+2.6 mg/L,
while it reached 130.34+2.9 mg/L in the control
PBR, as shown in Fig. 5C. In contrast, the flat and
inclined PCHB configurations showed no significant

changes in phycocyanin content. Similarly, the
allophycocyanin content followed this pattern,
with the highest (48.12+1.5 mg/L) was found

under the round-shaped PCHB C-PBR, while the
lowest production (39.21+1.1 mg/L) observed in
microalgae cultivated under the control C-PBR, as
shown in Fig. 5D. Introducing PCHB represents a
significant breakthrough in enhancing both biomass
and phycocyanin contents. Through spiral flow
movement of the suspension an optimized light
supply is promoted, which is especially advantageous
for the cells in the central part of column. The PCHB
baffles offer a scalable and practical solution for large-
scale applications, providing an efficient alternative
to fixed baffles. They are removable, easy to install,
and maintain. The proposed C-PBR system with
PCHB is economically feasible because nylon material
is extensively utilized in 3D printing owing to its
cost-efficiency, robustness, fracture resistance, and
durability, rendering it a reliable and economical
material. These characteristics facilitate scalability of
the system, allowing easy up-scaling.
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Conclusions

To enhance CO, fixation and mass transfer, various
PCHBs were introduced into C-PBRs, which significantly
promoted microalgal growth. Round-shaped PCHB
increased mass transfer coefficient by 21%, yielding a
higher dry mass (2.81+g/L) compared to flat, inclined
PCHBs, and the control (1.57 g/L). Additionally, PCHB
boosted microalgal pigment content in C-PBRs. The
round-shaped PCHB increased chlorophyll-a content by
26% and phycocyanin content by 18% when compared
with control C-PBR. Results verified that round-shaped
PCHB generated stronger spiral vortices, producing
smaller CO, bubbles. The approach is highly promising
for maximizing industrial C-PBRs, with the positive
effect of efficiently advancing CO, sequestration.
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