www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Effect of hydrodynamics and mass
transfer processes on biomass
production of Synechococcus HS-9
cultivated using rectangular airlift
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Synechococcus HS-9 is being recognized as one of the potential strains for biodiesel production due to
its high levels of fatty acid methyl ester (FAME), which are around 70-78%. The first stage in producing
microalgae biodiesel involves the biomass production process through a photobioreactor cultivation
process. In addition to microalgae strains, the optimization of the photobioreactor’s performance is
essential for producing high biomass. In this case, biotic factors (microalgae inoculum) and abiotic
factors (nutrients, temperature, light, pH, carbon dioxide (CO,), fluid flow, hydrodynamic processes,
and mass transfer processes) are being regulated and optimized in the photobioreactor, which is
influencing the growth rate of microalgae. The main objective of this study is examining the effect of
hydrodynamics and mass transfer processes using the Rectangular Airlift Photobioreactor with Baffles
(RAPBR-Bs) to increase the growth of Synechococcus HS-9 during the cultivation process. The study

is consisting of two main parts: collecting bubble photography and video, and the cultivation process
of Synechococcus HS-9. During the cultivation of Synechococcus HS-9, hydrodynamics, mass transfer,
optical density (OD), and biomass weight data are being measured. The research results indicate that
hydrodynamic parameters, including bubble properties such as bubble velocity (0.0064 m/s), bubble
diameter (720 pm), non-dimensional numbers (Re 4.51; Eo 0.0126; Mo 8.87 x10712; We 6.85x107),
superficial gas velocity (0.0008 m/s), bubble rise velocity (0.117 m/s), gas holdup (0.0072), and the
mass transfer process (k a O, (oxygen) 0.114 s™%; k a CO, 0.099 s™) in RAPBR-Bs are influencing

and contributing to the growth of Synechococcus HS-9 during cultivation. The study found that
Synechococcus HS-9 cultivated in RAPBR-Bs exhibited significant growth because the mixing and
aeration processes are optimal. An optimal aeration process enhances the mass transfer coefficient,
which in turn improves the overall mass transfer capacity of the RAPBR-Bs. The results are showing
that the hydrodynamic and mass transfer properties of these RAPBR-Bs are being more efficient

than those that are reported for other PBRs. Optimal conditions for Synechococcus HS-9 cultivation
are occurring at day 13, as it is reaching the late exponential phase. The weight of the cultivated
Synechococcus HS-9 biomass is 3.226 g.
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Abbreviations

A Bubble diameter (um)

dy Bubble diameter (um)

dp Sauter mean bubble diameter (pm)
d, Bubble diameter i (pm)

dp Bubble diameter (um)

d, Bubble equivalent diameter (um)

Saturation concentration (mg/m?)
Concentration of liquid (mg/m?)

Initial concentration (mg/m?)

gas diffusivity (m%/s)

Gas diffusivity (m?/s)

Eotvos number (non-dimensional numbers)
Buoyancy force (N)

Momentum Flux (N)

Surface tension (N)

Inertial force (N)

Lift force (N)

Gravitational force (m/s?)

Mass transfer rate (mg/m?s)

Mass transfer coefficient (m/s)

Volumetric mass transfer coefficient (s7!)
Morton number (non-dimensional numbers)
Molecule weight of liquid (m?/mol)

Number of bubble sizes i (non-dimensional numbers)
Reynolds number (non-dimensional numbers)
Bubble radius (m)

Schmidt number (non-dimensional numbers)
Sherwood number (non-dimensional numbers)
Terminal Velocity (m/s)

Bubble rise velocity (m/s)

Gas superficial velocity m/s ()

Time (day)

initial time (day)

Temperature (°C)

Flow rate (m/s)

Molar volume of gas (m3/mol)

Average velocity (m/s)

Weber number (non-dimensional numbers)
Liquid density (kg/m?)

Gas density (kg/m?)

Liquid viscosity (Pa s)

Water surface tension (N/m)

Solubility parameters
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Microalgae is recognized as one of the potential feedstocks for biodiesel production due to its high levels of
fatty acid methyl ester (FAME), which are around 40-90%. Microalgae has higher oil content, oil yield, and
biodiesel productivity compared to corn, soybean, sunflower, castor, and palm oill. Microalgae biomass
production requires a fairly long process to produce biodiesel. In principle, there are five main processes in
producing microalgae biodiesel: cultivation, harvesting, drying, lipid extraction, and biodiesel synthesis. The
cultivation process is the first stage in producing microalgae biomass, which includes open-system cultivation
(open pond) and closed-system cultivation (closed pond). Microalgae include various strains that can serve as
potential biodiesel feedstock, and this study specifically utilized the Synechococcus HS-9 strain sourced from
the hot spring area in Banten, Indonesia®. And then, it was selected using a closed-system cultivation method
to reduce the risk of higher contamination compared to the open-system cultivation®?. Synechococcus HS-9 is a
potential biodiesel raw material because it has high levels of FAME, 70-78%. Its monoculture is susceptible to
contamination if contact with atmospheric air?.

A photobioreactor is a microalgae biomass production technology that uses a closed-system cultivation
process. As microalgae cultivation mediums, photobioreactors are important to research. To maximise
biomass, the photobioreactor must be optimised beyond microalgae strains. The photobioreactor allows for the
management and optimization of biotic (microalgae inoculum) and abiotic (nutrients, temperature, light, pH,
CO,, and fluid flow) factors that influence microalgae growth>®. Microalgae cultivation aims at producing as
much biomass as possible by optimizing the photobioreactor design and cultivation process’.

Microalgae carry out photosynthesis in a photobioreactor when the need for light and carbon dioxide (CO,)
as an energy source for growth is met. CO, influences photosynthesis as carbon is the basic element that forms
microalgae cells. Microalgae dry biomass is estimated to contain 50% carbon elements®. Microalgae absorb water-
soluble CO, content (medium) during photosynthesis in the photobioreactor through an air distribution process
(aeration). CO, can dissolve in the medium well if the air distribution has micro-sized bubbles. Microbubbles
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with a 50-200 pm diameter have a higher surface area to volume ratio and a slower rising speed, so more CO,
can dissolve in the medium®°.

Photobioreactors must be planned, manufactured, and operated to support and control microalgae
demands in phototrophic conditions (conditions that support photosynthesis). Photobioreactors, as a biomass
production technology, play an important role in research. The photobioreactor design should include key
parameters such as mixing, water, medium, CO, consumption, O, reduction, lighting, nutrition provision,
pH, and temperature control. Photobioreactor geometry must be maximized for biomass productivity. During
microalgae cultivation, many of the parameters in the photobioreactor interact with each other. These include
hydrodynamic parameters, heat/mass transfer, biological kinetics, and light supply. These interactions influence
the productivity of microalgae biomass in the photobioreactor!!. Research and development of photobioreactors
for microalgae cultivation has not been optimal. This is because microalgae are unique microorganisms and have
different characteristics. Several studies have been conducted on the influence of hydrodynamic parameters and
mass transfer on microalgae growth in photobioreactors.

Reyna et al., (2010) cultivated Spirulina sp. using a flat-plate airlift photobioreactor (FPA-PBR) with a volume
of 50 L. The study examined FPA-PBR hydrodynamics and mass transfer in a two-phase (air-water) or three-
phase (medium, Spirulina sp., and air) operating system with regulated air velocity under high light intensity.
Researchers examined the superficial gas velocity, gas hold-up, mixing time, and volumetric mass transfer
coefficient (k a). The research found that FPA-PBR had better hydrodynamics and mass transfer than tubular
and flat-plate PBRs!2. Furthermore, Jones et al., (2014) cultivated Scenedesmus sp. in an airlift photobioreactor.
The research parameters were net energy ratio (NER), superficial gas velocity, CO, concentration, mass transfer
coefficient, biomass productivity, and lipid production. The gas phase had the highest CO, content (5,400 — 10,400
ppm) and could reduce surface gas velocity four times from 0.02 m/s without affecting biomass concentration or
productivity. Lowering surface gas velocity below 0.005 m/s could reduce biomass. Lower CO, concentrations
(400-1,400 ppm) could reduce productivity and superficial gas velocity'?.

Zhao et al. (2018) cultivated Chlorella vulgaris(C. vulgaris) in a crossflow plate photobioreactor (CFP-PBR).
CFD simulations were used to improve gas-medium-microalgae mixing, mass transfer, and photosynthetic
rate at high culture density. Mixing time, gas hold-up, residence time, mass transfer coeflicient, and microalgae
culture baffle impact were studied. In the CFD simulation, crossed horizontal baffles increased mixing flow
and decreased dead zone flow. According to experiments, crossed horizontal baffles could increase gas hold-
up, residence time, mass transfer efficiency, and microalgae growth efficiency'®. Furthermore, Singh et al.
(2019) cultivated Chlorella pyrenoidosa in a bubble column photobioreactor (BC-PBR). The project aimed to
make lipids from CO,. The study compared experimental data to determine the CO, mass transfer coefficient,
microalgae extinction (death) coefficient, growth effect, lipid production, and model validation. The results
revealed that biomass productivity was 0.91 mg/L/day with sufficient urea, and lipid productivity was 410 mg/L/
day on the last two days of urea deficiency'”. Rahman et al. (2021) cultivated Synechococcus HS-9 using a
novel rectangular bubble column photobioreactor with a horizontal baftle. The study investigated how baffles
affect bubble size, distribution, speed, and coalescence phenomenon, and affect Synechococcus HS-9 growth.
This studied the growth curve of Synechococcus HS-9, Weber number, bubble coalescence phenomenon, pH
value, and the size, distribution, and velocity of bubbles. Synechococcus HS-9 grew better in photobioreactors
with baftles than in those without. The PBR contains baffles that affect bubble size, distribution, velocity, and
coalescence phenomena, which increase Synechococcus HS-9 growth!®. However, research on the cultivation
process of Synechococcus HS-9 using the novel rectangular bubble column photobioreactor with a horizontal
bubble was still not optimal, especially the size and shape of the sparger and baffle.

Another study, Shadpour et al. (2022) cultivated C. vulgaris in a triangular external loop airlift photobioreactor
(TELA-PBR). This study examined how geometry and operational parameters affect system performance and
how surface gas velocity affects hydrodynamic and mass transfer behaviour. Research indicates that superficial
gas velocity and hypotenuse angle (a) significantly impact hydrodynamic and mass transfer processes in the
TELA-PBR system!”. Zarei et al. (2023) cultivated Anabaena sp. in an internal loop airlift photobioreactor. This
study examined hydrodynamic processes for biohydrogen production from Anabaena sp. grown in an airlift
photobioreactor at 0.185 and 0.524 cm/s. With increasing inlet gas velocity, oxygen mass transfer coefficient, gas
holdup, gas velocity, and liquid circulation velocity increased without shear stress damaging cyanobacteria'®.

Previous studies examined various types of photobioreactor designs and configurations. Furthermore,
the results of previous studies show that airflow, distribution of nutrients (medium), pH, and light supply are
important factors that influence the growth process of microalgae. Photobioreactors with the airlift concept
carry out the process of mixing and mass transfer between gas and water with the help of spargers which form
micro-sized bubbles. It is known that the airlift photobioreactor has good gas-water mass transfer capabilities.
Moreover, the factors influencing increased mixing and mass transfer in airlift photobioreactors were geometric
design, aeration process, sparger type, and bubble distribution!®. Bubble distribution greatly influences
hydrodynamic parameters (bubble diameter and velocity) and non-dimensional numbers, superficial gas velocity,
bubble rise velocity, and gas hold-up, which are important parameters for knowing the mass transfer process
and performance of the photobioreactor. These parameters can influence the growth rate and productivity of
microalgae biomass. However, the optimization of geometric design, hydrodynamic processes, mass transfer,
and the influence of light in one type of photobioreactor have not been carried out optimally. More specifically,
the use of baffles and spargers in airlift photobioreactors, which can influence hydrodynamic parameters and
mass transfer, which can increase microalgae growth, has not been carried out optimally. Therefore, in this study,
the researchers are interested in cultivating Synechococcus HS-9 using a rectangular airlift photobioreactor using
baffles (RAPBR-Bs) with mushroom sparger.

The main objective of this research is the experimental study to determine the effect of hydrodynamic
processes and mass transfer in RAPBR-Bs on increasing the growth of Synechococcus HS-9 during cultivation.
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Optimally utilizing modifications to the sparger and baffle shape of RAPBR-Bs from previous research is
expected to increase the growth rate of Synechococcus HS-9. The mushroom sparger functions for aeration
and bubble generation, and the baffle in the RAPBR-Bs functions to inhibit the movement of bubbles, thereby
extending the residence time of the bubbles and CO, in the RAPBR-Bs. Baffles can also break large bubbles into
smaller bubbles due to turbulence. This is really needed by Synechococcus HS-9, whose cell size is very small
(0.9-2.5 um) to absorb CO, to carry out the photosynthesis process. With the modification of the sparger and
baffle shape in RAPBR-Bs, which is a novelty in this study, it is expected that the aeration process produced by
the mushroom sparger and the position of the baffle will be able to produce optimal hydrodynamic and mass
transfer parameters compared to other PBRs. In addition, the authors expect that the results reported here
will assist other researchers in analysing and understanding the influence of hydrodynamic processes and mass
transfer in RAPBR-Bs to increase the growth of Synechococcus HS-9 during cultivation.

Materials and methods

Research flowchart

This study is divided into two main parts: data collection of bubble photos and videos and the cultivation process
of the Synechococcus HS-9. During cultivation, data were collected for hydrodynamic analysis, mass transfer, and
microalgae cell density or optical density (OD). The research flowchart can be seen in Fig. 1 below. A and B show
stages in analyzing photos and videos of bubbles (hydrodynamic processes), while C shows stages in analyzing
mass transfer processes. This research involved numerous trials and errors to determine the appropriate
physicochemical parameters for cultivating Synechococcus HS-9. This paper presents the results of a single, non-
repeated experiment.

Data retrieval process of bubble photo and video

Data were collected by taking photos and recording videos of bubbles in the RAPBR-Bs, as shown in Fig. 2, using
a Fastec TS5 high-speed camera. The steps for capturing bubble photo and video data are as follows: 1) Prepare
and compile a series of RAPBR-Bs as presented in Figs. 2 and 3) Set the camera and the lighting to obtain focused
and clear bubble photo and video; 3) Turn on the compressor and adjust the inlet air speed through the flow
meter, i.e., 1-5 LPM; 4) Start capturing bubble photo and video; 5) Bubble photo and video data are stored in
the hard disk.
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Fig. 1. Research flowchart of the effects of hydrodynamics and mass transfer on the growth of Synechococcus
HS-9.
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Fig. 3. Scheme of Equipment for Bubble Photo and Video Data Capture Process (Description: (1) RAPBR-Bs;
(2) Compressor; (3) Flow meter; (4) Air filter; (5) Fastec TS5 high-speed camera; (6) Laptop; (7) LED Lights;
(8) Diffuser) (Figure by author).
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The quality of bubble photos and videos was greatly influenced by camera quality, experimental equipment
settings, and lighting. It had to be planned in detail and structured to achieve maximum results.

Experimental set up of Synechococcus HS-9 cultivation

The experiment is set up to cultivate Synechococcus HS-9 using RAPBR-Bs, as shown in Fig. 4. The experimental
setup consists of (1) outlets; (2) energy meters; (3) 23 W LED light; (4) CPUs; (5) computers; (6) National
Instruments (NI), (7) Power supplies; (8) Pressure gauge; (9) Flow meters; (10) Air filters; 11. Compressors; 12.
Box panels for pH, DO, and ORP sensors: 13. Sensors for temperature, pH, CO,, DO, ORP, and light intensity; 14.
Rectangular Airlift Photobioreactor using Baffles (RAPBR-Bs). All sensors used have been calibrated according
to the standards in the research.

Rectangular Airlift Photobioreactor using Baffle (RAPBR-Bs) was modified from previous research,
specifically by increasing the baffle width from 30 mm to 50 mm®®. This was done so that the baffle functioned
optimally to inhibit the movement of bubbles, thereby extending the residence time of the bubbles and CO, in
the RAPBR-Bs. Baffles also broke large bubbles into smaller bubbles due to turbulence. This had really helped
Synechococcus HS-9, which had a small cell size (0.9-2.5 pm) in absorbing CO to carry out the photosynthesis
process. Apart from that, the shape of the sparger changed from a tube sparger to a mushroom sparger. This was
done because mushroom spargers could produce smaller bubbles compared to tube spargers.

Cultivation of Synechococcus HS-9 procedures

The cultivation procedures for Synechococcus HS-9 included compiling an experimental setup that had already
been sterilized. The next stage was the inoculation process, that is, inserting Synechococcus HS-9 inoculum
and NPK medium 80 ppm (nitrogen (N), phosphoric acid (P,0,), Potassium (K,O) and other micronutrients)
into the RAPBR-Bs at a volume of 25 L and a ratio of 1:3.5 v/v. Thereafter, air flow entering the RAPBR-Bs,
which utilized airflow from the compressor (0.04% CO,) was set at 2 LPM using a flowmeter with a measuring
instrument accuracy of 0.5 LPM at a pressure of 2 bar. The selection of an inlet air flow of 2 LPM had been
based on trial and error as well as the results of previous research, which indicated that the Synechococcus HS-9
cultivation process could not be carried out if the inlet air flow had been too high or too low. This caused cell
damage, inhibited growth, and reduced the biomass productivity of Synechococcus HS-9.

Fig. 4. Schema of the RAPBR-Bs experimental setup (Figure by author).
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Lighting using an LED lamp with a light intensity of 300-450 pmol m~2s~! was then provided. The distance
between the lamp and RAPBR-Bs was 30 cm. Optimal light intensity was very important in the growth process
of microalgae to carry out the photosynthesis process. The lighting process for cultivating Synechococcus HS-9
involved 12 h of light and 12 h of darkness, utilizing a 23-watt white LED lamp'®. White LED lights had a
wavelength between 380 and 760 nm?*2!. Cyanobacteria, including Synechococcus HS-9, generally absorbed light
wavelengths between 380 and 780 nm?%%%. The ability of cyanobacteria to absorb light was greatly influenced
by the composition of photosynthetic pigments in the cells. Cyanobacteria cells contained chlorophyll a and
phycobilin, which were capable of absorbing photon energy at wavelengths of 430-663 nm?%.

Cultivation was conducted until Synechococcus HS-9 reached the end of the exponential phase or entered the
stationary phase. The growth process of Synechococcus HS-9 was identified using dry biomass weight by drying
the pellets in an Eppendorf tube using four 5-Watt incandescent lamps for a period of about 4-5 h at 38-40 °C.
The growth process of Synechococcus HS-9 can also be known through the growth curve by measuring optical
density (OD) for 14 days using a UV-VIS spectrophotometer with a measuring instrument accuracy of 0.001 A.

The final process involved weighing the biomass produced from Synechococcus HS-9 cultivation. In addition
to that, other important parameters were measured during the Synechococcus HS-9 cultivation process, namely
temperature (T), light intensity (I), pH, CO,, dissolved oxygen (DO), and oxidation-reduction potential (ORP).
These parameters are physico-chemical parameters that influence the growth process of Synechococcus HS-9
during the cultivation process. These parameters were measured using sensors connected to national instruments
that recorded data every second during cultivation. The parameters were optimal during the Synechococcus HS-9
cultivation process, ranging between 27 and 32 °C for T, pH 6-8, 439-325 pmol m~2s~! under bright conditions
and approximately 190-200 pmol m~2s™! on average under dark conditions for I, 82-84 ppm for CO,, under
7 mg/l for DO, and 145-180 mg/l for ORP. The important parameters (T, I, pH, CO,, DO, and ORP) are fully
described in our previous publication!’.

Analysis methods

Bubble video data processing

The video data processing to determine bubble speed utilized image] and PIVIab (Particle Tracking Velocimetry)
applications, which are open-source toolboxes from MATLAB. PIVlab is a computational tool that detects circular
image or video-based fluid movements using the Gaussian mask method?>~%’. Setting the video background to
black aims reducing noise which interferes with image accuracy in detecting bubbles?’.

Hydrodynamics and mass transfer data processing
The flow diagram for processing measurement data for mass transfer process analysis is shown in Fig. 5. The
sequence is interconnected to obtain measured values.

The following stages show the processing of measurement data.

(a) Knowing the area and number of bubbles using Image].

(b) Determining the original diameter from the image processing results using the circle area Eq. (1)%.
A=mr?
dps = =—— 1
B =S ey

(a) Determining the speed based on the PIVLab program.
(b) Determining the Reynolds number to examine the character of water flow and bubbles based on Egs. (2 and
3)%.

_ Inertial Force pV?/L _ pVL D)
"~ Viscous Force  uV/L2 o

pVdyp

Re

Rep = (3)

(c) Determining the Eotvos number to examine the character of water flow and bubbles as well as predict the
shape of the bubbles based on Eq. (4)*°.

B gApde2

o

E, (4)

(d) Determining the Morton number to examine the shape characteristics based on Eq. (5)*.

_gnipi—p,)
pi2o?

Mo (5)

(e) Determining the Weber number to examine the characteristics of bubble formation. This number can be
known based on the value of the Terminal Velocity variable from Eq. (6)%.
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Fig. 5. Flow diagram of measurement data processing for analysis of hydrodynamic and mass transfer
processes.

Ur =4 dfgi ” ®)
Therefore, the Weber equation can be known from Eq. (7)%.
We, = pciﬂ(no dimension) 7)
(f) Determining the diffusivity value of the gas to water obtained using the Wilke-Chang Eq. (8)%.
D, = A% 10*8N(fGM’l)1/2T ©

wVg

(g) Determining the value of the Schmidt number to examine the mass transfer occurring in RAPBR-Bs, the
Schmidt number is known from Eq. (9)%.
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(h) Calculating the Sherwood number from Eq. (10)%.

1 0.116
Shy, = FL% _ o Ly Re%™™ x Sc%5 x (@g;») (10)
cDy, D3
Y — 0.061 Single gas bubble
- 0.0187 Swarm gas bubble
(i) Determining the mass transfer coefficient from Eq. (11)%.
D,
Shr =2 Dap x Uy (11)
M X dB

(j) Determining the value of the mass transfer rate in RAPBR-Bs from Eq. (12)%.

J=kr(C*=C) (12)

Results and discussion

The research data were obtained from three analyses, namely hydrodynamic analysis, mass transfer analysis, and
analysis of the relationship between hydrodynamic parameters and mass transfer on the growth of Synechococcus
HS-9. This paper presents the results of a single, non-repeated experiment. The respective data are elaborated in
the following section.

Analysis of hydrodynamics in the cultivation of Synechococcus HS-9

Hydrodynamic parameters such as dynamic bubble properties (bubble diameter and velocity), gas hold-up,
and mass transfer are important parameters that influence microalgae growth in the photobioreactor. These
parameters are important in determining the design and development of photobioreactors for the microalgae
cultivation process. The hydrodynamic analysis processed the data by analyzing the diameter and speed of
bubbles, non-dimensional numbers such as Reynolds (Re), Eotvos (Eo), Morton (Mo), and Weber (We) numbers
were used as parameters in determining flow and bubble characteristics. Other non-dimensional numbers, such
as the Sherwood number (Sh) and Schmidt number (Sc), were used to determine the characteristics of mass
transfer in bubbles. This non-dimensional number analysis was used to determine the effectiveness of mass
transfer in the photobioreactor. Other parameters discussed in hydrodynamic analysis included gas hold-up,
bubble rise velocity, and gas superficial velocity. The data processing, results, and analysis are discussed in the
following section.

Bubble diameter and velocity in RAPBR-Bs

The diameter and speed of the bubbles produced by the mushroom sparger in the RAPBR-Bs can be determined
by processing the visual bubble data. Photos and videos were taken using a Fastec TS5 high-speed camera. The
results of the bubble photo are presented in Fig. 6. The photos were then processed using Image]J software to get
the average value of the bubble diameter.

Information about the bubble size distribution can be used to determine the average bubble diameter. The
average diameter is the main parameter used to investigate the bubble characteristics. The effect of airflow rate
on the average bubble diameter is shown in Table S1 and Fig. 7. In general, the diameter of the bubbles produced
by the mushroom sparger in the RAPBR-Bs at an inlet air flow rate of 1-5 LPM ranges from 400 to 1000 pum. This
data shows that the higher the inlet airflow, the higher the bubble diameter. This is caused by the influence of the
forces that work during the bubble formation process.

In general, eight forces influence the bubble formation process, namely momentum force (F,,), pressure
force (F;), buoyancy force (Fy), shear lift force (F), gravity force (F ), inertia force (F)), surface tension (F,),and
tensile force (FD). Among these forces, the dominant forces are surface tension and inertia forces, as shown in
Egs. (13) and (14)°.

Surface tension force(F )*.

Fs =07 Dn (13)

Inertia force (F))%.

d ds d ds
Fr= x (,0 dVBE) + X |:PCVBCAIC (E — ULS)} (14)

The surface tension force causes the resulting bubbles to remain attached to the inlet (sparger). This force is
proportional to the surface tension force (o) and the air inlet diameter of the sparger (D). The higher the surface
tension force, the larger the diameter of the bubbles produced®. Another factor, i.e., the inertia force, influenced
by the bubble volume (V) and the liquid flow rate ( %), triggers the bubbles to leave the inlet area. In the initial
bubble formation process, the inertia force is smaller than the surface tension force. This causes the bubbles to
remain on the sparger surface walls. The bubble expands until the inertia force is greater than the surface tension
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Fig. 6. Bubble photos produced by mushroom sparger in RAPBR-Bs (Points X, Y, Z are bubble sampling
points) (Figure by author).

force. Increasing the inflow air flow causes the bubbles to expand faster and their volume (V) to become larger.
Apart from this, the presence of a baffle in the middle of the RAPBR-Bs can affect the size and shape of the
bubble. This is caused by friction or collision between the bubble and the baftle, which causes the size and shape
of the bubble to change, and the bubble tends to get bigger.

Bubble videos were taken using a Fastec TS5 high-speed camera with 1000 fps so the movement of the
bubbles could be observed. Bubble video processing took 20 frames to represent the bubble speed in RAPBR-Bs.
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Fig. 7. Relationship between inlet air flow rate and bubble diameter.

For every 1 bubble frame, 3 points are taken, namely points X, Y and Z, as in Fig. 6, to analyze the average value
of the bubble speed at each point. Figure 8 shows an image of bubble speed processing using PIV Lab-MATLAB.

Based on the bubble speed values obtained from the three points in each video, the average value and standard
deviation of the bubble speed were calculated, as presented in Table S2. Meanwhile, the relationship between the
inlet air flow rate and the bubble speed is presented in Figure 9. The data shows that the bubble velocity value
increases linearly with an increase in inlet air flow rate. In this case, the bubble velocity value is always linear with
the bubble size and the inlet airflow [32].

Non-dimensional bubble numbers in RAPBR-Bs

Non-dimensional number analysis was carried out to determine the characteristics of the shape, flow, and
movement of bubbles. The results of data processing of the relationship between the numbers Re, Eo, and Mo
are presented in Fig. 10.

Figure 10 shows that the values of Re and Eo are directly proportional to the inlet air flow rate and bubble size.
This is caused by an increase in the inlet airflow, increasing the size and speed of the bubbles, so the values of
the numbers Re and Eo also increase. The relationship with this value is in accordance with Eq. (4) which shows
that the Re number uses a function of speed and bubble diameter. The Eo number uses a function of the bubble
diameter as presented in Eq. (5). Figure 10 shows the Re number value ranging from 3.94 to 5.54 at an airflow
rate of 1-5 LPM. This value shows the Re number <2000, included in the laminar flow category. The Re number,
which is too small, is caused by the relatively small diameter and velocity values of the bubbles, 685.75-774.64 pm
and 0.0058-0.0072 m/s respectively. Previous research shows that the value of the Re number obtained is also
very small, namely ranging from 0 < Re< 10, the value of the Re number (6—34)*, the value of the Re number
(12—25)%, the value of the Re number (10—135), and the value of the Re number (0 < Re < 1500)%.

Moreover, Fig. 10 shows the constant Mo number value at an air inflow rate of 1-5 LPM. The Mo number
is a constant, as it is only influenced by fluid properties, such as dynamic water viscosity, water density, and air
density’®. R Clift (1978) shows that the value of the Mo number is relatively the same (constant) with different
working conditions®. The Mo number can also affect the size and shape of the bubble because the higher the Mo
number, the greater the lifting force and inertia force required, which can affect the size and shape of the bubble.

Non-dimensional number values such as Re, Eo, and Mo obtained from the bubble diameter were used to
determine the characteristics of the bubble shape. Based on the Re number value, bubble shapes can be grouped
into 3 categories, namely spherical (Re<300), ellipsoidal (300 < Re<4000), and spherical cap (Re>4000). In
this case, the shape of the bubble obtained from the research corresponds to the value of the Re number, i.e.,
spherical. The bubble shapes can also be seen through the Clift diagram, as shown in Fig. 11. The spherical region
is dominated by surface tension and viscosity and has a small bubble size, usually less than 1300 um>*. High
surface tension tends to push bubbles towards a spherical shape, while bubbles in liquids with a high viscosity
value can maintain their spherical shape with a larger size. Figure 11 shows the yellow dot, which is a sign of
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Fig. 8. Bubble speed resulting from the processing using PIV Lab.
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the bubble shape value based on the Re, Eo, and Mo number values from the inlet air flow rate of 1 to 5 LPM.
The Clift diagram image shows that in the same fluid flow, increasing inlet airflow will affect the size and shape
of the bubbles produced. The size and shape of the bubbles can also influence the growth of microalgae. The
smaller and round shape of the bubbles is very suitable for the growth process of Synechococcus HS-9. This is due
to the very small size of Synechococcus HS-9 (0.9-2.5 um), making it easier for Synechococcus HS-9 to absorb
evenly distributed CO, through the aeration process with small, round-shaped bubbles. CO, is really needed by
Synechococcus HS-9 to carry out the photosynthesis process.

Figure 12 shows the relationship between bubble size, terminal velocity, and Weber number. In this case, the
value of the We number increases along with the increase in the inlet air discharge value. The value of the We
number was obtained by comparing the bubble inertia force and the water surface force. The larger the bubble’s
diameter, the greater the value of the inertial force generated against the surface tension of the water. This is
caused by the higher terminal velocity (U,) value due to the increase in bubble size as a function of U..

Gas hold-up

Figure 13 shows the relationship between the inlet air discharge and gas hold-up (Eg), bubble rise velocity (Ub),
and superficial gas velocity (Ugr). This data shows that the higher the inlet airflow, the higher the gas hold-up
and bubble rise velocity. In this case, with an increase of inlet airflow ranging from 1 to 5 LPM, the gas hold-
up and bubble rise velocity values increase linearly from 0.0048 to 0.0143 (non-dimensional) and from 0.0875
to 0.1472 m/s. Aziz Sadeg (2017) identified that with increasing inlet airflow, the gas hold-up and bubble rise
velocity increase, and the bubble rise time decreases®’. David Kuan (2013) shows that gas hold-up increases
linearly with airflow rate*!. The higher the gas hold-up value, the higher the driving force for the fluid circulation
process, so the driving force of mass transfer increases. Figure 13 shows that the higher the gas hold-up value,
the higher the gas superficial velocity value. The gas hold-up value is linearly proportional to the superficial gas
velocity and has been widely summarized in several literature sources*>~*°.

Mass transfer analysis of Synechococcus HS-9 cultivation process

Data processing of non-dimensional numbers such as the Sherwood number (Sh) and Schmidt number (Sc)
was used to determine mass transfer characteristics in bubbles. Analysis of Sh and Sc numbers was also used
to determine the effectiveness of mass transfer in RAPBR-Bs. The mass transfer process is closely related to the
diffusivity process. The mass transfer coefficient value can be known by determining the diffusivity value. The
equation for the diffusivity value of oxygen (O,) and CO, gases (Wilke Chang Equation) is shown in Eq. (15).

1
7421078 (q: Ml) °r

D, = (15)

;0.6
1Vo,
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From this equation, the average values of the diffusivity of O, and CO, gas were 0.002 m?/s and 0.005 m?/s,
respectively.
Equations of the values of Re, Sc, and Sh numbers are presented in Egs. (3), (16), and (17)

n

v
=D~ ,D
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The relationship between the bubble diameter and the Re, Sc, and Sh numbers is shown in Fig. 14. The figure
shows that the value of the Sh number increases as the Re number increases. This is caused by an increase in
bubble size along with an increase in inlet airflow. Based on Eq. (18), the Re number is a function of the Sh
number, it is expressed as the ratio of the speed of mass transfer by convection to the diffusivity of mass transfer.
The value of the Sh number, namely 2.00024-2.00032, corresponds to an increase in the intake airflow of 1-5
LPM. Even though the changes are small, the influence of the bubble’s movement can affect the bubble’s ability
to transfer mass. Meanwhile, the Sc number value is constant at 0.00022 at an inlet air flow rate of 1-5 LPM, as
presented in Fig. 14. The Sc number is only influenced by fluid properties such as dynamic water viscosity, water
density, and air diffusivity values. R Clift (1978) shows that the value of the Sc number is constant at 0.7 when
the Re number increases by 20 and 100%°.

After obtaining the CO,,0, diffusivity values, Sh and Sc numbers, then the mass transfer coefficient (kL) and
mass transfer rate (J) values are calculated. The mass transfer coefficient equation (k, ) is presented in Eq. (18).

kLozzzx,/M (18)
Tdp

Do, is the diffusivity of O, gas, U, is the bubble rise velocity, and d,, is the bubble diameter. Table 1 and Figure
S1 show the relationship between bubble diameter and mass transfer coefficient (k). The larger the d, size,
the higher the k; value. This is because the increasing bubble rise velocity (U,) will increase the gas superficial
velocity (U, ) at an inlet airflow of 1-5 LPM. The higher U, value causes the stirring process in RAPBR-Bs to be
better and the mass transfer process from the gas to the liquid phase to be higher. Apart from this, the increase
in U_ causes the aeration air pressure inside the RAPBR-Bs to become higher. This causes the resistance between
the gas and liquid interface to become smaller, so the mass transfer process from the gas phase to the liquid
phase becomes easier. Therefore, the value of the mass transfer coefficient (k) will increase along with increasing
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Fig. 14. Relationship between bubble diameter and the Reynolds, Sherwood, Schmidt number.
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Q[LPM] | d, [m] D, (30°C) [m?/s] U, [m/s] k; O, [m/s]
1 0.00069 +1.5E-05 | 0.006 0.088+0.01 | 0.99+0.04
2 0.00071+1.5E-05 | 0.006 0.117+0.01 | 1.12+0.04
3 0.00073+1.5E-05 | 0.006 0.132+0.01 | 1.17+0.04
4 0.00074+1.5E-05 | 0.006 0.141+0.01 | 1.20+0.04
5 0.00077 £1.5E-05 | 0.006 0.147+0.01 | 1.20+0.04

Table 1. Results of mass transfer coefficient values and standard deviation in the liquid phase.

Time [day] | C* [mg/m®] | C, [mg/m’] | C, [mg/m’] | D, [m?/s] | D, [m%s] | ka0, [s'] | k;aCO,[s']
7 7630 6613.75 5809.0 0.006 0.005 0.083 0.072
8 7630 6613.75 4979.5 0.006 0.005 0.120 0.104
9 7630 6613.75 4457.8 0.006 0.005 0.126 0.110
10 7630 6613.75 4067.2 0.006 0.005 0.125 0.109
11 7630 6613.75 3800.0 0.006 0.005 0.121 0.105
12 7630 6613.75 3524.3 0.006 0.005 0.116 0.101
13 7630 6613.75 3224.0 0.006 0.005 0.113 0.098
14 7630 6613.75 2967.8 0.006 0.005 0.109 0.094

Table 2. Results of k;a O, and CO, during the cultivation of Synechococcus HS-9 in RAPBR-Bs.

gas superficial velocity (U, ). This is in line with Ce Wei, et al., (2014), stating that the higher the superficial
gas velocity value, the h1gf1er the mass transfer coefficient value. Meanwhile, Aastha Ozha., et al., (2016) and
Basar Uyar, et al., (2024) show that the higher the superficial gas velocity, the higher the mass transfer and mass
transfer coefficient64". Hydrodynamic analysis up to this part (mass transfer coeflicient values) has not used
microalgae culture.

Another important parameter is the volumetric mass transfer coeflicient (k a). Determination of the

L
volumetric mass transfer coeflicient value in the photobioreactor is presented in Eq. (19).

dc «

s =kra(C*-C) (19)

The volumetric mass transfer coefficient uses a function of time to change, so the k;a value for oxygen can be

determined using Eq. (20)*.
Cc*—C
In <C* CZ) = kLa(tfto) (20)

Where C*is the DO saturation concentration at an average temperature of 30 °C, C is the DO concentration at
time t), and C,is the DO concentration at time t. Meanwhile, the value of the Volumetrlc mass transfer coefficient
(kpa)i 1s determlned for carbon dioxide, as presented in Eq. (21) using a relativity approach?®4°.

Dco,

kLa COQ = D02

x kra O (21)

Research on Synechococcus HS-9 cultivation was carried out for 14 days. The intake airflow used was 2 LPM and
the average temperature was 30°C. Table 2 shows the volumetric mass transfer coefficient (k,a) values of O, and
CO, recorded during the cultivation process of Synechococcus HS-9, with the standard deviation of k;a O, and
CO, being 0.0049 and 0.0042. It shows that the DO(C,) concentration was quite high from the first day (t,) to
the sixth day (t,) of the cultivation process. This causes the k; a O, and CO, values to be undefined on days t, to
t, because the C, value is higher than the DO saturation concentration value (C*). The k; a values of O, and CO,
begun to be detected on the seventh day (t,) and the graphic trend continued to decrease from the eighth day (t,)
to the last day of the cultivation process (t,,). This is because the DO concentration continues to decrease from
t, to t,,, which shows that the mass transfer process in RAPBR-Bs during the Synechococcus HS-9 cultivation
process is going well. The k; a values can also decrease due to an increase in the optical density (OD) value of
microalgae, a decrease in interfacial area caused by a decrease in the number and size of bubbles, and a decrease
in gas holdup during microalgae growth*®. Other research indicates that the decrease in k; a values is due to high
biomass content during the cultivation process, which reduces light penetration into the microalgae culture and
photosynthetic CO, fixation®. This is in accordance with the results of this research, which show that the OD
and dry biomass values increased until the end of the cultivation process, paralleling the continued decrease in
light intensity values®®.
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Another parameter analyzed is the volumetric mass transfer rate (J). The value of the volumetric mass transfer
rate (J) can be determined using Eq. (22)?%. The volumetric mass transfer coefficient value is obtained from the
average value during the cultivation process. The average value of the volumetric mass transfer coefficient (k; a)
of O, is 0.114/s.

J=kpa(C* —Cp) (22)

Table S3 shows data on the volumetric mass transfer rate during the cultivation of Synechococcus HS-9. These data
show that the volumetric mass transfer rate experienced a positive trend, which is continuing to increase during
the cultivation process. The higher the rate of volumetric mass transfer in RAPBR-Bs during the cultivation of
Synechococcus HS-9, the higher the contribution to the process of distributing CO, into cells, this is effective in
reducing or even eliminating O, from RAPBR-Bs.

Relationship between hydrodynamic parameters and mass transfer on the growth of
Synechococcus HS-9

The characteristics of hydrodynamic parameters and mass transfer which include bubble diameter and
velocity, bubble rise velocity, gas hold-up, and volumetric mass transfer coefficient are important parameters
in the cultivation of Synechococcus HS-9. These parameters can influence the growth rate and productivity of
Synechococcus HS-9 biomass during cultivation. Research on cultivating Synechococcus HS-9 to produce biomass
used Rectangular Airlift Photobioreactor using Baffle (RAPBR-Bs). RAPBR-Bs has a content volume (medium
and Synechococcus HS-9) of 25 L and is equipped with a mushroom sparger which functions as an aeration and
bubble generator. In addition, RAPBR-Bs have a baffle that inhibits the movement of bubbles, thereby extending
the residence time of the bubbles and CO, in the RAPBR-Bs. Baffles can also break up large bubbles into smaller
ones due to turbulence. The cultivation process was carried out for 14 days with a constant intake airflow of 2
LPM, air pressure of 2 bar, and room temperature of 27-32°C.

The cultivation of Synechococcus HS-9 is relatively new, carried out on a large scale and using RAPBR-Bs.
Previous studies have shown that Synechococcus HS-9 cannot be cultivated under conditions with too high or
too low intake airflow. Too high intake airflow increases superficial gas velocity, causing high turbulence in the
RAPBR-Bs and increasing the shear stress on Synechococcus HS-9 cells. This can potentially damage cells and
inhibit the growth of Synechococcus HS-9%2. Meanwhile, too low airflow can cause a decrease in bubble rise
velocity and gas hold-up which results in a decrease in the mass transfer process. This causes the distribution of
CO,, nutrients, and light in RAPBR-Bs which are important parameters in the Synechococcus HS-9 photosynthesis
to decrease, thereby reducing the growth rate and biomass productivity of Synechococcus HS-9. Therefore, the
intake airflow (aeration process) as a mixing process parameter in RAPBR-Bs is an important component in the
growth of Synechococcus HS-9. The aeration process can increase productivity, control the frequency of cell light/
dark rotation, maintain a uniform temperature, avoid cell settling, supply CO, into the medium (nutrients), and
remove O, from the medium by increasing the mass transfer rate®'. Another thing that must be considered is the
increase in Synechococcus HS-9 cell density, which can affect the mixing (aeration) and mass transfer processes.
The higher density of Synechococcus HS-9 cells in RAPBR-Bs can affect the uneven distribution of light/dark cell
rotation and the uneven supply of nutrients and co,, which can inhibit the rate of mass transfer. Therefore, this
research must use an optimal aeration process.

Another factor that can influence the mixing process that occurs in RAPBR-Bs is the increasing density of
microalgae cells, which is directly proportional to the increasing viscosity of the culture medium. High media
viscosity can make it more difficult for liquids to mix homogeneously. This is because the internal friction
force in the fluid increases, so it requires greater energy to produce turbulent flow. This condition can affect
the hydrodynamic processes that occur in RAPBR-Bs, causing the mixing process to be not optimal, namely
inhibiting the movement of air bubbles so that the distribution of nutrients, CO,, and light to carry out
photosynthetic and metabolic activities is uneven, which can cause the growth of Synechococcus HS-9 to be not
optimal. High viscosity can also reduce the mass transfer coefficient between the medium and Synechococcus
HS-9 cells, which can inhibit the rate of absorption of nutrients and gases by the cells.

The results of this study show that the cultivation of Synechococcus HS-9 using RAPBR-Bs experienced
significant growth because the aeration process (mixing process) was optimal, as shown in Fig. 16. The mixing
process is very important to ensure homogeneous growth in all areas within the RAPBR-Bs. An optimal aeration
process can increase the mass transfer coeflicient, so the mass transfer capacity in the RAPBR-Bs increased. This
causes more CO, to dissolve in the medium to increase biomass productivity. Installation of baffles in the middle
of RAPBR-Bs affected the mass transfer process. The turbulence process with baffles caused the bubbles to burst
and increased the number of bubbles. This caused the turbulence intensity to increase, reduced the bubble size,
and increased the amount of gas in the bubble. This phenomenon holds the potential to improve the mass
transfer properties of RAPBR-Bs. Table S4 shows the hydrodynamic parameters and mass transfer during the
cultivation process of Synechococcus HS-9 compared with other studies. The volumetric mass transfer coefficient
value in the cultivation of Synechococcus HS-9 using RAPBR-Bs was higher compared to photobioreactors from
other studies. The results show that the hydrodynamic and mass transfer properties of these RAPBR-Bs are more
efficient than those reported for other PBRs. This finding suggests the potential for using RAPBR-Bs with larger
volumes than previously proposed.

Cultivation of Synechococcus HS-9

The cultivation of Synechococcus HS-9 used RAPBR-Bs with a volume of 25 L to produce biomass. The cultivation
was carried out for 14 days using 80 ppm NPK medium and a 2-LPM aeration speed at a bar pressure of 2,
room temperature of 27-32 °C, culture pH of 8-6, and light intensity of 300-450 pmol m~2s~!. Cultivation was
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conducted at the Plant Taxonomy Laboratory, Department of Biology and Makara Energy Labeling Laboratory
(Integrated Laboratory Research Center/ILRC) at the University of Indonesia.

Cultivation ended when the growth of Synechococcus HS-9 reached the end of the exponential phase towards
the stationary phase. During the exponential phase, Synechococcus HS-9 rapidly increases the number of cells,
which is characterized by cell division, rapid biomass growth, and balanced growth between the increased
biomass and nutrient supply in RAPBR-Bs™. During the stationary phase, the growth rate of Synechococcus
HS-9 was greatly influenced by the medium, pH, nutrient content, humidity, and temperature. Synechococcus
HS-9 was harvested at the end of the exponential growth phase, which was marked by a decrease in the growth
curve. This phase showed that the cell structure was still in a normal condition, and there was a balance between
the nutrient content in the cells and that in the medium®. In addition, Synechococcus HS-9 was under optimum
conditions, with high fat and protein contents; therefore, they can be used as raw materials for biodiesel and as
inoculum for the subsequent cultivation process™*.

During cultivation, macroscopic observations of the starter and culture of Synechococcus HS-9 were performed
by comparing the color with that of the Fable-Castell color standard. Figure 15 shows the macroscopic appearance
of the Synechococcus HS-9 starter culture in moss green. Figure S2 shows the macroscopic appearance of the
Synechococcus HS-9 culture during the cultivation process from the first day (t,) to days (t,,) of the cultivation.

The results of macroscopic observations, as shown in Figure. S2, indicated a color change of the Synechococcus
HS-9 culture in the RAPBR-Bs during cultivation. The color changes observed at t, and t, were light green, t, was
true green, t, was grass green, t,—t, were apple green, t,, was moss green, t,, and t , were leaf green, and t,, and t ,
were moss green. The culture results during cultivation showed a significant color change from predominantly
light green with a fainter green color to moss green with a more intense green color. The color changes from
fainter green at t; to darker green at t,, t ,, and t, indicated a higher density of Synechococcus HS-9 cells.
However, the Synechococcus HS-9 cells at t,, were still in the exponential growth phase. The Synechococcus HS-9
culture showed a slight decrease in the green color from moss green to leaf green at t;, and t,,. This showed a
decrease in the density of the Synechococcus HS-9 cells and a stationary growth phase towards the death phase.
Other important parameters used to determine growth during the cultivation process of Synechococcus HS-9
included dry biomass weight. It was measured to determine the density of Synechococcus HS-9 cells in the
RAPBR-Bs. The biomass weight was used as an indicator of harvesting time, as shown in the growth curve of
Synechococcus HS-9 (Fig. 16). Dry biomass weight was obtained by drying the pellets in an Eppendorf tube
using four 5-Watt incandescent lamps for 4-5 h at 38-40 °C. The higher the dry biomass weight, the higher the
Synechococcus HS-9 cell density. This showed that Synechococcus HS-9 was growing well.

Figure 16 shows the dry biomass weight on the growth curve of Synechococcus HS-9 during cultivation. The
first and second days (t,-t,) comprised of the lag phase, and the third to tenth days (t,~t,)) comprised of the

168 moss green

Fig. 15. Macroscopic appearance of the Synechococcus HS-9 starter culture (Figure by author).
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Fig. 16. Growth curve of Synechococcus HS-9 during cultivation.

exponential phase. The growth curve showed that the dry biomass weight values continued to increase from the
beginning of cultivation (t,) to the tenth day (t, ), with values of 4.17 x 107> and 4.83 x 10~* gr/mL, respectively.
The higher the dry biomass weight, the higher the cell density in the RAPBR-Bs. This indicates the important
parameters affecting the growth of Synechococcus HS-9 under both fulfilled and adequate conditions. These
parameters included room temperature, which was stable at 27-32 °C; pH 7-8 which was the optimum value
for the cultivation of Synechococcus HS-9; and aeration for the even distribution of nutrients and CO, in the
RAPBR-Bs. Another important factor was the correct ratio of inoculum to medium during inoculation, so that
the availability of nutrients and the number of Synechococcus HS-9 cells during cultivation were sufficient. The
ratio of inoculum to medium used was 1:3.5.

The degree of acidity (pH) greatly influences cell structure and metabolic processes. Low pH changes the
solubility of nutrients in the medium, disrupting the absorption of nutrients by metabolic processes®>>®. One
factor affecting the pH is the formation of bicarbonate compounds (HCO,") and carbonic acid, which originate
from the reaction between the CO, dissolved in the medium and water. HCO,™ is absorbed by cells for growth
activity and causes the pH value to decrease. Synechococcus HS-9 cultivation resulted in relatively stable pH
values ranging from 7 to 8 to. This was due to the increased number of Synechococcus HS-9 cells in the RAPBR-
Bs, which tended to increase the pH value and was relatively stable during cultivation. Stable pH facilitates the
absorption of CO, in the form of HCO,~ for photosynthesis and cell growth (Fig. 17).

During the cultivation of Synechococcus HS-9, there were two exponential phases: the first phase (t,-t,)
and the second (t,,). Cultivation at t,; was optimum for the growth process (the second exponential phase) of
Synechococcus HS-9, with the dry biomass weight of 5.1 x 10~ g/ml. This is because the growth curve decreased
twice, at t, | and t,,. The dry biomass weight at t, and t,, was 4.58 x 10~* g/ml and 4.72 x 10~* g/ml, respectively.
Therefore, t,, was the right time for harvesting because the death phase began, and the exponential phase had just
ended. The death phase was marked by an increase in the rate of cell death, which was higher than the rate of cell
growth. Therefore, the weight of the dry biomass also decreased. This was influenced by the reduced availability
of nutrients, resulting in competition among Synechococcus HS-9 cells for nutrients. Other influencing factors
included reduced CO, availability, changes in the media pH, decreased Synechococcus HS-9 cell metabolism due
to old age, and low light penetration into the RAPBR-Bs due to a high cell density®>. The Synechococcus HS-9
biomass weight obtained during cultivation was 3.226 g as shown in Figure. 17.

CO, fixation of Synechococcus HS-9 cultivation
CO; fixation is an estimate from the perspective of CO, consumption by microalgae during the cultivation
process. Microalgae absorb CO, to carry out the photosynthesis process with the help of light and water, which
can produce oxygen and organic compounds to increase growth and biomass production. CO, consumption rate
(RCO,, mg/L/day) can be calculated using Eq. (23)*7->%
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Fig. 17. Synechococcus HS-9 dry biomass.

Rco, =1.88x Pp (23)

P, is biomass productivity (mg/L/day), which is calculated using Eq. 24; Xn is the biomass concentration (mg/L)
during the cultivation time, and X, is the biomass concentration at the initial stage of cultivation®?:
X — Xo

Pr = J 24
5= (24)

The research results indicated that the average RCO, carried out by Synechococcus HS-9 during the cultivation
process, which utilized airflow from the compressor (0.04% CO,), was 76 mg/L/day. These results exceeded the
research conducted by Chen et al., (2021), which reported an average RCO, of 55 mg/L/day for 0.04% CO,,
67 mg/L/day for 6% CO,, and 16 mg/L/day for 20% CO,%. Other research showed high average RCO, values
using 0.04% CO,, namely 239 mg/L/day” and 141.1 mg/L/day™. These findings show that Synechococcus HS-9
and other strain could be used for CO, fixation as an alternative way to capture and reduce CO,, which is
becoming more and more of a problem every year. However, this related research must continue to be improved
and developed in the future.

CO, fixation greatly influenced the growth process of microalgae; among other things, it increased the
efficiency of utilization of nutrients such as phosphorus and nitrogen. Sufficient CO, availability helped
microalgae in forming organic compounds such as lipids, carbohydrates, and proteins. Apart from that, CO,
fixation affected the pH conditions of the medium because CO, reacted with water to form carbonic acid, which
lowered the pH. Lowering the pH proved to be beneficial under certain conditions, but if it became too drastic, it
inhibited the growth of microalgae!®. Therefore, it was very important to regulate optimal CO; levels according
to the characteristics of the microalgae strain.

Challenges and recommendation for biomass production of Synechococcus HS-9

Synechococcus HS-9 is a type of monoculture microalgae strain that is very sensitive to direct contact with
outside air. This can cause Synechococcus HS-9 to be contaminated. Therefore, one of the challenges in this
research is that everything needed to support this research, such as researchers, rooms, experimental setup
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equipment, and other supporting materials, must be kept in a sterile condition to avoid contamination. This
requires a lot of time and effort. In addition, Synechococcus HS-9 is also very sensitive to changes in temperature,
pH, salinity, and nutrient concentration. Therefore, another challenge is preparing a photobioreactor design
that pays attention to and considers physicochemical parameters, hydrodynamic parameters, and mass transfer,
which can influence the growth and productivity of Synechococcus HS-9 biomass. This research uses RAPBR-
Bs, which are capable of producing better hydrodynamic parameters and mass transfer so that the growth and
productivity of Synechococcus HS-9 biomass is also better compared to other photobioreactors. However, the
results of this research are still not perfect and optimal if the cultivation process is carried out with a larger
capacity. Therefore, this research must continue to be carried out and developed in the future.

Based on the challenges that have been described, research and development on the Synechococcus HS-9
strain must continue to be carried out so that it can be resistant to contaminants so that cultivation processes can
be carried out with greater capacity using both closed and open systems. Apart from that, it is necessary to carry
out a simulation process using computational fluid dynamics (CFD) with three phases (microalgae, medium,
and air) with various types of baffles and sparger configuration during the cultivation process using RAPBR-
Bs. This can help reduce the experimental process of trial and error, which takes a long time, and can also help
determine the optimum parameters that influence the growth and productivity of Synechococcus HS-9 biomass
using various cultivation methods both on a small and large scale.

Conclusion
This paper presents the results of a single, non-repeated experiment. The research results show that hydrodynamic
parameters such as bubble properties, namely bubble velocity, bubble diameter, non-dimensional number (Re,
Eo, Mo, We), superficial gas velocity, bubble rise velocity, gas hold-up, and mass transfer process (kLa 0, kLa
CO,) in RAPBR-Bs, were influential and can increase the growth of Synechococcus HS-9 during cultivation.
The hydrodynamic and mass transfer processes were optimal in RAPBR-Bs during the cultivation process. The
mixing step is critical to ensuring homogenous growth in all areas of the RAPBR-Bs. An appropriate aeration
method can increase the mass transfer coefficient, hence increasing the mass transfer capacity in the RAPBR-Bs.
This can cause more CO, to dissolve in the medium, increasing biomass production. The installation of baffles
in the center of RAPBR-Bs influences the mass transfer process. The turbulence generated by the baffles caused
the bubbles to break, increasing the quantity of bubbles. This raised the turbulence severity, decreased the bubble
size, and increased the volume of gas in the bubble. This effect could improve the mass transfer capabilities
of RAPBR-Bs. The data obtained can be used as a reference for further research. The results show that the
hydrodynamic and mass transfer properties of these RAPBR-Bs are more efficient than those reported for other
PBRs. This finding suggests the potential for using RAPBR-Bs with larger volumes than previously proposed.
The optimum condition for the growth process of Synechococcus HS-9 during cultivation was at day 13,
which reached the late exponential phase. The higher the dry biomass weight, the higher the cell density in the
RAPBR-Bs. This indicated the important parameters affecting the growth of Synechococcus HS-9 under both
fulfilled and adequate conditions. These parameters included room temperature, which was stable at 27-32 °C;
pH 7-8, which was the optimum value for the cultivation of Synechococcus HS-9; and aeration for the even
distribution of nutrients and CO, in the RAPBR-Bs. The Synechococcus HS-9 biomass weight obtained during
cultivation was 3.226 g.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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