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Abstract

The growth system of microalgae photobioreactors (PBRs) has drawn a lot of interest as a viable and sustainable
method for generating quality biomass for value-added products and biofuels. The objective of this research work
is to cultivate microalgae species Chlorella vulgaris in a photobioreactor that was designed, fabricated, and powered
by solar energy system. Three experimental conditions were compared with 1:4 ratios of microalgae culture (40L)
and fresh water (10L) having 100mL of media (nutrients) used in each experiment with control sample (ambient air
aeration) experiment # 1, injecting 200 g of CO; for 15 sec (experiment # 2), and 300g of CO, for 25 sec (experiment
# 3) on alternate days during the cultivation period. All experiments showed the reduction of nutrients concentra-
tion (orthophosphate and nitrate) and enhancement of biomass productivity with respect to 10 days of cultivation
period. Experiments 1, 2 and 3 showed removal of orthophosphate as 50 %, 41.74 % and 60.78 % respectively, whereas
nitrate removal was 22 %, 48 % and 58 %. Biomass productivity from experiments 1, 2 and 3 after 10 days of cultiva-
tion period were 196.63 mg/L, 203.43 mg/L, 318.76 mg/L respectively. Statistical analysis revealed that supplying
CO; from external source in experiment # 2 and experiment # 3 have same pattern of statistical significance with
co-relationship between two groups of means with p-value of 6.306 x 10~'4. The maximum microalgal biomass was
recovered from experiment # 3, with 7.98 % by weight protein content yield and lipid content yield 37.4% by weight
(1.87/ 5 g of dried biomass). Kinetic study showed volumetric mass transfer capacities of KO, and KCO, were found
to be 1.763x107"m? /s and 1.676x10~"m?3 /s, with better result of KCO, gas transfer capacity of the system. In the
extracted lipids favorable qualities of fatty acids for the production of microalgae biodiesel were found such as my-
ristic (C14:0), palmitic (C16:0), palmitoleic (C16:1), oleic (C18:1), linoleic (C18:1), and linolenic acids (C18:3). The use
of urban microalgae photobioreactors is an environmentally sustainable strategy that can contribute significantly to
the bio-based economy and reduce the negative effects of traditional fossil fuel usage on the environment.

Keywords: Carbon sequestration, Urban photobioreactor, Carbon capture, Biomass productivity, CO, bio-fixation,
Chlorella vulgaris, Biofuel production.
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Resumen

El sistema de crecimiento de fotobiorreactores (PBRs) de microalgas es de gran interés pues es un método viable
y sostenible para generar biomasa de calidad destinada a productos de valor agregado y biocombustibles. En este
estudio se cultivé la especie de microalga Chlorella vulgaris en un fotobiorreactor disefiado, fabricado y alimentado
por un sistema de energia solar. Se compararon tres condiciones experimentales con proporciones de 1:4 de cultivo
de microalgas (40 L) y agua fresca (10 L), utilizando 100 mL de medio (nutrientes) en cada experimento: un expe-
rimento control (aireacién con aire ambiente, experimento # 1), la inyeccion de 200 g de CO, durante 15 segundos
(experimento # 2), y la inyeccién de 300 g de CO, durante 25 segundos (experimento # 3) en dias alternos durante el
periodo de cultivo. Todos los experimentos mostraron una reduccién en la concentracién de nutrientes (ortofosfato
y nitrato) y un aumento en la productividad de biomasa tras un periodo de cultivo de 10 dias. Los experimentos 1,
2 y 3 mostraron remociones de ortofosfato del 50 %, 41,74 % y 60,78 %, respectivamente, mientras que la remocién de
nitrato fue del 22%, 48 % y 58 %. La productividad de biomasa en los experimentos 1, 2 y 3 tras 10 dias de cultivo fue
de 196,63 mg/L, 203,43 mg/L y 318,76 mg/L, respectivamente. El analisis estadistico revel6 que el suministro de CO,
desde una fuente externa en los experimentos # 2 y # 3 sigue un patrén similar de significancia estadistica, con una
correlacién entre ambos grupos de medias y un valor de p de 6 306 x 10~!4. La mayor biomasa de microalgas fue re-
cuperada del experimento # 3, con un contenido proteico del 7,98 % en peso y un contenido lipidico del 37,4 % en peso
(1,87 g/5 g de biomasa seca). El estudio cinético mostré que las capacidades de transferencia volumétrica de masa de
KO; y KCO, fueron de 1 763 x 107 m3/s y 1676x% 1077 m3/s, respectivamente, siendo maés eficiente la capacidad de
transferencia de KCO, del sistema. Los lipidos extraidos presentaron dcidos grasos favorables para la produccién de
biodiésel de microalgas, como dcido miristico (C14:0), palmitico (C16:0), palmitoleico (C16:1), oleico (C18:1), linolei-
co (C18:1) y linolénico (C18:3). El uso de fotobiorreactores urbanos de microalgas es una estrategia ambientalmente
sostenible que puede contribuir significativamente a la economia basada en recursos biolégicos y reducir los efectos
negativos del uso tradicional de combustibles fésiles sobre el medio ambiente.

Palabras clave: Secuestro de carbono, Fotobiorreactor urbano, Captura de carbono, Productividad de biomasa, Biofi-
jacién de CO,, Chlorella vulgaris, Producciéon de biocombustibles.
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1 Introduction

With over 75 % of all greenhouse gas emissions and
almost 90 % of all carbon dioxide emissions coming
from combustion of fossil fuels like coal, oil, and
natural gas are by far the biggest cause of climate
change. Greenhouse gas emissions cover the Earth,
trapping heat from the sun, thus causing climate
change and global warming. The world is now war-
ming faster than at any point in recorded history.
Over time, rising temperatures are altering weather
patterns and upsetting the natural equilibrium of
the environment. This poses many risks to human
beings and all other forms of life on Earth (United
Nations, 2024). Between 1900 and 2020, the Earth’s
atmosphere saw a temperature increase of around
1.1 °C, leading to changes in weather patterns and
global warming, the global average temperature ri-
ses to 2 °C above the level of pre-industrial times,
whilst pursuing efforts to limit the increase to 1.5
°C, was the stated objective in the Paris Agreement.
This will also help to achieve the UN Sustainable
Development Goal (SDG) goal 13 i.e., to combat cli-
mate action formulated in 2016.

The world’s energy consumption is mostly fue-
led by fossil fuels, which account for around 85 % of
all energy sources worldwide. Scientist have issued
warnings about the risk of running out of finite fos-
sil fuel supplies without creating a viable alternati-
ve energy source to take the place of the declining
oil reserves. Another issue that has not received
enough attention in many oil-producing nations
is the pollution and emissions that come from the
exploration and production of fossil fuels (Valava-
nidis, 2023). The challenges of depleting fossil fuel
reserves and environmental crisis emanating from
the use of fossil fuels, it is therefore increasingly
necessary to find environmentally sustainable and
clean fuels for future uses to mitigate climate chan-
ge and global warming (Mahapatra et al., 2021; Ro-
dionova et al., 2017). In order to reduce the impact
of GHG’s emissions from burning of fossil fuels,
biofuels are produced directly or by biological pro-
cesses or obtained via the chemical conversion of
biomass as a replacement to fossil fuels (Rodionova
et al., 2017). There are various types of biofuels, for
example, first-generation biofuels consist of etha-
nol derived from starch-rich food crops or biodiesel
created from residual animal fats like frying grease.
The second generation is composed of bioethanol
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derived from non-food cellulosic material and bio-
diesel produced from oil-rich plant seeds like pon-
gamia or jatropha. The most promising method to
fulfill the world’s energy demands is the third ge-
neration of biofuels, which are produced from mi-
croalgae, cyanobacteria, and other microorganisms
(Rodionova et al., 2017).

The threat posed by air pollution causing clima-
te change brought on by numerous human activi-
ties has gained attention from all around the world.
Though formerly thought to be a promising tech-
nological solution to lessen this alarming situation,
carbon capture and storage (CCS) techniques are
now regarded as not economically feasible, and it
is uncertain what effect they will have on the en-
vironment in the future (Sievert et al., 2023). As
an alternative, the use of microalgae for the bio-
logical capture of carbon dioxide (CO;) is seen to
be a promising method for recycling the surplus
CO; produced by vehicles, power plants, indus-
tries, volcanic eruptions, the breakdown of organic
materials, and forest fires. Moreover, CO, can be
taken up by microalgae and regenerated into bio-
mass, which can then be used as a carbon source to
make lipids for the synthesis of bioenergy and other
products with added value (Sievert et al., 2023). The
mass scale biomass can be achieved by microalgae
cultivation, using two major cultivation systems
such as open raceway pond and a photobioreac-
tor system. The higher biomass productivity can be
obtained through controlled environment using a
photobioreactor. Considering the microalgae me-
tabolism, it can be classified as photoautotrophic,
photoheterotrophic, heterotrophic and mixotrophic.
Sunlight, some basic inorganic elements like car-
bon dioxide (CO,), and metal salts are necessary
for the cell development or cultivation metabolism
process of microalgae. Heterotrophic microalgae,
on the other hand, require an additional source of
certain organic compounds and nutrients, such as
nitrogen (N) and phosphorus (P). Previous research
demonstrates that growing Chlorella on a mixo-
trophic medium increases photosynthesis efficiency
and provides exogenous organic resources. Further-
more, throughout the culture process, microalgal
farming significantly lowers greenhouse gas (CO,)
emissions in addition to producing biomass and
biofuels. On the other hand, wastewater from dif-
ferent sources can be used as a culture medium for
microalgae. Microalgal strains that are photohetero-

97



Scientific paper / Articulo cientifico
BIOTECHNOLOGY

Khan, S., Ali, A., Mustafa, A. and Igbal, A.

trophic, mixotrophic, or heterotrophic have grown
in both light and dark media (Saratale et al., 2022).

For the cultivation of microalgae, photo bioreac-
tor (PBR) is used having enclosed culture vessel
with adjustable operational settings to regulate bio-
mass. As a photosynthetic organism, microalgae
can be grown in both closed (photobioreactor) and
open (pond) systems. Better control over culture
settings is possible with photobioreactors, which
are being developed for maximum productivity,
economic effectiveness, and minimum maintenan-
ce. The microalgae growth, photosynthesis, and li-
pid accumulation are dependent on a number of va-
riables, including light, temperature, the medium’s
pH, the presence of CO,, and macronutrients inclu-
ding potassium, phosphates, and nitrates (Saratale
et al., 2022).

An urban photobioreactor is an alternative ap-
proach to greening that was created for urban envi-
ronment where traditional greening is impractical
because of space constraints, land values, and air
pollution. It is based on the high CO, fixation and
O, production efficiency of microalgae and photo-
bioreactor technology. It is equal to one mature tree
or 200 square meters of lawn, depending on the
rate of carbon fixation. Because of its multipurpo-
se nature, thoughtful design, and secure construc-
tion, it blends in with urban surroundings (Rehman
et al., 2022). The microalgae cultivation in a photo-
bioreactor includes number of factors such as mi-
croalgae species, photobioreactor design, choice of
light source, mixing mechanisms, nutrient supply,
temperature and pH control, and considerations for
harvesting and processing. Emphasizing a high sur-
face area to volume ratio is important in this design
process. Given the light-dependent nature of the
reaction, a greater surface area facilitates enhanced
light penetration, which is fundamental require-
ment for photosynthesis (Stojiljkovi¢ and Spasoje-
vi¢, 2023).

One sustainable method for capturing carbon
dioxide and utilizing it to produce renewable pro-
ducts and reduce emissions is the use of pho-
tosynthetic microalgae. Past research study has
mostly concentrated on the byproducts of microal-
gae, especially biofuels, rather than their capacity to
sequester CO,. Chlorella sp. was grown in an inves-
tigation at CO2 concentrations similar to those seen
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in the fuel gases from power plants. It was discove-
red that 5% de CO, was the ideal concentration for
the production of microalgae biomass. The cultures’
CO; removal efficiency was then continuously ob-
served using a nondispersive infrared sensor. Over
the course of 14 days, the average CO, removal ef-
fectiveness was 17.5 %, which is significantly greater
than the values reported in the literature when no
direct real-time monitoring system is used (Scheu-
fele et al., 2019). Microalgae have the ability to pro-
duce 10-20 times as much oil as vegetable oil seed
crops, they are regarded as a promising feedstock
for the production of third-generation biofuels (Le-
flay et al., 2021).

The cleaning of flue gas has generated a lot of
interest because of the growing concerns about CO,
emissions and environmental degradation. One
method of reducing CO, emissions from flue gas
that is seen to be promising is the use of microalgae
for photosynthesis. On the other hand, the flue gas
pollutants might prevent microalgal growth, which
would reduce the rate of CO, fixation by microal-
gae. A steady pH level can help mitigate the inhi-
bitory effects of SO,, which contribute to the low
pH, while NO, can be used as a source of nitrogen
to encourage the growth of microalgae once it dis-
solves and oxidizes in the culture medium. Fixing
CO; from flue gas and using NO; and SO, as nu-
trients would generate microalgal biomass, which
may be used as a suitable feedstock to make bio-
fuels and bio-based chemicals (Ali et al., 2021). Mi-
croalgae can be used as a sustainable feedstock for
the production of biodiesel by lipid extraction and
a transesterification process because of their high
lipid content and rapid growth rates. However, a
number of obstacles need to be removed in order
to produce biodiesel derived from microalgae, such
as high production costs, low lipid productivity,
and issues associated with large-scale growth and
harvesting. The production of biodiesel from mi-
croalgae appears to have a promising future with
possible uses in a number of sectors, including agri-
culture, energy, and transportation (Yen et al., 2015).

The current research study objectives are to de-
sign and fabricate a 250 L urban photobioreactor
operated by solar energy system to cultivate Chlore-
lla vulgaris in freshwater condition. The experiments
included the control sample provided with ambient
air aeration, while two experiments were conducted
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with introduction of intermittent CO, concentra-
tions to investigate the influence of CO, on biomass
productivity and its bio-fixation. On the alternate
day basis measurements of the microalgae cultiva-
tion growth parameters were monitored and mea-
sured such as removal of nutrients, biomass pro-
ductivity and CO, sequestration.

2 Materials and Methods

2.1 Microalgae culture and nutrient me-

dium

The microalgae culture of Chlorella vulgaris was ob-
tained from the Marine Resource Department, Pa-
kistan Council of Scientific and Industrial Research
(PCSIR) Laboratories Karachi, while the culture
media (F/2) Guillards was prepared per liter ha-
ving composition including 34g Sea salt, 84.15 mg
NaNOs3, 6 mg Na,Mo0O4.2H,0, 2.9 mg FeCl3.6H,0O,
10 mg Na,EDTA2H,0, 33 mg Na,5i03.9H,0,
1.96 mg CuSO4.5H,0, 4.4 mg ZnSO4.7H,0, 1.26
mg Ma;Mo0O4.2H,0, 36 mg MnCl,.4H,0, 2 mg
CoCl,.6H,0, 0.4 mg Vitamin B1, 0.002 mg Vitamin
B12, 0.1 mg Biotin.

2.2 Designing of a photobioreactor

A photobioreactor for microalgae cultivation inclu-
des number of factors such as microalgae species,
photobioreactor design, choice of light source, mi-
xing mechanisms, nutrient supply, temperature and
pH control, and considerations for harvesting and
processing. In this design procedure, a high surfa-
ce area to volume ratio is a critical factor. Given
the light-dependent nature of the reaction, a grea-
ter surface area facilitates enhanced light penetra-
tion, which is fundamental requirement for pho-
tosynthesis. To achieve an optimal balance, the sur-
face area to volume ratio can be heightened by em-
ploying geometrically efficient designs and confi-
gurations. This emphasis on optimizing the surfa-
ce area to volume ratio underscores the significan-
ce of efficient light exposure and nutrient distribu-
tion. For a rectangular photobioreactor, based on its
geometric specification, the surface area and volu-
me can be calculated by the following equations (1)
and (2):

Ay = 2HW +2HL ¢))
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Where W is the width, H is the height and L is
the length of the flat panel photobioreactor. Accor-
ding to Equation 3, the bubble rise rate u;, and the
mean bubble diameter d;, determine the shear ra-
te of bubble cultures, or y-aeration. The velocity of
bubbles depends on their size and the fluid’s cha-
racteristics, therefore for medium-sized bubbles in
water, 0.24 m/s is an acceptable value obtained by
Hadamard-Rybczynski equation The bubble dia-
meter can be estimated based on the fluid proper-
ties and conditions using the Calderbank Equation
(Gaurav et al., 2024). This equation indicates that
the smaller the bubble size, the larger the shear rate
and the resulting damage to the microalgae cultu-
res.

2- up
Yaeration = T
b

3)

Figure 1 shows the schematic diagram of an ur-
ban photobioreactor.

2.3 Experimental conditions of cultivating
microalgae in a photobioreactor

A rectangular glass photobioreactor having dimen-
sions height 90cm (35.43 inches), width 32cm (12.59
inches), length 121cm (47.63 inches) was designed
with volume capacity of approximately ~ 350 L,
while its top cover is 97 cm (38.18 inches) and 178
cm (70 inches) having 500 W solar PV panel with
size 58 inches x 26 inches x 1.5 inches (length x
width and height). The solar PV panel was posi-
tioned at an angle of 30° on the top of the photo-
bioreactor assembly to harnesses solar energy ef-
ficiently but also aligns with contemporary eco-
friendly practices, contributing to a reduced carbon
footprint. The photobioreactor was provided with a
metallic frame for housing a battery, inverter, and
an air pump. For microalgae species Chlorella vulga-
ris light source for photosynthesis being an essen-
tial component of the system; two LED of 7 W each
operated by solar energy system were installed. The
photobioreactor uses a combination of sunlight du-
ring the daytime and LED lights during the night-
time obtained from using solar energy obtained th-
rough a solar energy system. To maintain even dis-
persion of light and nutrients, air diffusers are pro-
vided for adequate aeration from the bottom of the
photobioreactor.
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MICROALGAE
PHOTOBIOREACTOR

SOLAR PANEL

PHOTOBIOREACTOR

BRICKS SUPPORT

S

CHAIR STOOL

ISOMETRIC VIEW

Figure 1. Showing an isometric view of design of an urban photobioreactor.

The microalgae cultivation had a working volu-
me of 100 L. The nutrient (F/2 standard medium)
were used as a growth additive for the experiments.
The microalgae culture was kept under solar as-
sisted light for 10 days cultivation time. The fa-
lling sunlight irradiance (Lux) on the photobioreac-
tor and the solar PV panel and LEDs during the
night were measured with a light intensity meter
(MS6612T, Mastech, China). Each experiment with
different ratios of culture, media (nutrients) and wa-
ter with/ without carbon dioxide (CO,), the para-
meters such as pH, TDS, temperature, and EC were
measured using a pH/ORP/EC/TDS/temperature
meter (EZ-9910, Multifunction, China).

Three experiments were conducted as per the
following protocol by varying the concentration of
carbon dioxide in the microalgae culture and water
(see Table 1). Carbon dioxide (CO,) with 98% pu-
rity concentration was dosed intermittently on al-
ternate days. The mixing is achieved using air dif-
fusers operated by an air pump (1780 GPH, Kulife
Aquarium Air Pump, China), which supplies air in
alternate hour for 15 min duration, powered by so-
lar energy system. The microalgae cultivation with
air aeration and with CO, (200 g y 300 g) enrich-
ment (200 g and 300 g) of intermittent CO, injection
were used in the subsequent runs of the experiment.
This study involves three sets of experiments to in-
vestigate the growth of microalgae at various CO,
concentration levels.

100

2.4 CO; bio-fixation by microalgae during
cultivation

The flow rate of CO, introduced into the photobio-
reactor was measured using the continuity equation
(4):
Q=AxV “)
Where flow rate (Q), area of the pipe (A), and
velocity of CO, gas (V) injected into the system th-
rough a rubber hose pipe having diameter (0.018 m)
used to inject CO; in the photobioreactor was mea-
sured by using a vernier caliper through which the
area was calculated. While the velocity of CO; in-
jected into the photobioreactor tank was measured
using a Weather Meter (Kestrel 4000NV, USA). The
CO; was dosed for 15 sec in Experiment # 1 and 25
sec in (Experiment # 2) on alternate days. The vo-
lume of CO; injected is calculated by multiplying
flow rate with dosing time, then the mass of CO is
computed by Density= Mass/ Volume.

The use of photosynthetic microalgae for carbon
capture offers the potential for a sustainable capture
system, which can both reduce emissions and pro-
duce renewable products (Borowitzka, 1999). The
bio-fixation rate of carbon, Rco, (gco, /L/ day) is
calculated using the following mathematical equa-
tion (5):

MW,
Rco, = %C x PB ( COZ)

MWe ®)
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Where, Rco, refer to CO, bio-fixation rate, % C
indicate total carbon content, PB is the biomass pro-
ductivity (mg of biomass produced per L per day),
MW¢o, denote the molecular weight of CO, and
MW is molecular weight of carbon.%C is the car-
bon content of the dry biomass, assumed at ~ 50
(Borowitzka, 1999).

2.5 Modelling of carbon dioxide (CO;) vo-
lumetric mass transfer capacity in a
photobioreactor

Mass transfer in a photobioreactor is the flow of
substances between the gas and liquid phases, in-
cluding gases (such carbon dioxide and oxygen)
and nutrients. Mass transfer is greatly aided by ae-
ration, which is usually accomplished by bubbling
ambient air through the liquid medium. The inter-
facial area between the liquid and gas phases is in-
creased as a result. The film theory is a common
method that is used to explain mass transfer at the
gas-liquid interface surface (Amaral et al., 2019).
This hypothesis states that mass transfer takes place
through a thin liquid coating that forms around gas
bubbles. The rate at which a substance transitions
from the gas phase to the liquid phase is measured
by the mass transfer coefficient (k) in Equation 6. Its
definition is the relationship between the thickness
of the boundary layer () at the gas-liquid interface
and the substance’s diffusion coefficient (D) in a li-
quid medium. The mass transfer coefficient for O,
in photobioreactor is given by (Faruque et al., 2021).

k= o
By taking into account the impact of photobio-
reactor dimensions on mass transfer rates by inclu-
ding its surface area in the calculations. The pho-
tobioreactor’s surface area directly impacts mass
transfer rates because it determines the gas-liquid
interface available for gas exchange. Considering
the unique geometry of the reactor, the computed
volumetric mass transfer capacity shows the rates
at which molecules of carbon dioxide and oxygen
can move from the gas phase to the liquid phase per
unit area of the gas-liquid interface. This is calcula-
ted by the Equation 7 (Faruque et al., 2021):

(6)

~ DxA
3

Surface area of a rectangular photobioreactor
was calculated by the Equation 8:

k

(7

A=2(LxW+LxH+W xH) (8)

2.6 Measurement of microalgae growth pa-
rameters

2.6.1 Solar irradiance and Temperature

The falling solar irradiance (Lux) on the photobio-
reactor and LEDs during the night time were mea-
sured with a light intensity meter (MS6612T, Mas-
tech, China).

Table 1. Water to media (nutrient) ratios utilized in the experimental study.

Experiment Experiment Experiment

#1* #2% # 3*
Water (L) 40 40 40
Microalgae
culture 10 10 10
@)
F/2 standard
nutrle.:nt media 100 100 100
solution
(mL)
Intermittent CO, 15 sec 25 sec
injection 0 (200 g of (300 g of
time CO») CO»)

*Each experiment was repeated twice, and the results of physical and
chemical parameters are presented as an average value.
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2.6.2 pH, TDS, TSS and Electrical conductivity

pH, TDS, TSS and electrical conductivity were
by multi-functional meter (EZ-9910, Multifunction,
China).

2.6.3 Nutrients removal (nitrates and orthophospha-
te)

Nitrate and orthophosphate concentrations were
measured using a DR-500 UV-Vis spectrophotome-
ter (Hach, USA). The nitrate amount was measu-
red by adding powdered aluminum nitrate (Hach,
USA) as a reagent to 10 mL of the sample to de-
tect nitrate concentration. In order to measure the
amount of nitrate at 425 nm, 10 mL of the prepa-
red solution was introduced to the sample cell, simi-
lar to how samples were added and properly mixed
by shaking with 8 mL of reagent solution combined
with conventional procedures for testing water and
wastewater in accordance with the proportions gi-
ven for the ascorbic acid method (4500-P. E) to de-
termine the concentration of orthophosphate (Ama-
ral et al., 2019). A sample of 10 mL of the solution
was added to the spectrophotometer’s sample cell
after 10 min, and the concentration was determined
at 880 nm.

2.6.4 Biomass productivity

The biomass productivity was measured with a UV-
Vis spectrophotometer (DR 5000, Hach, USA) at 680
nm from Hach (USA). According to the literature
(Leflay et al., 2021), microalgae biomass yields we-
re assessed alternately over the course of a 10-day
growing period by measuring the optical density.
Chlorella vulgaris standard dried biomass was used
to plot the standard plot between the known con-
centration of microalgal biomass (mg/mL) vs ab-
sorbance at 680 nm.

2.7 Protein Extraction

The liquid sample with the highest biomass produc-
tivity was selected for protein detection and fatty
acid analysis. For the protein detection, Lowry stan-
dard method was used to the extraction and quanti-
fication of proteins. Protein extraction analysis was
conducted at the Food and Marine Resources Re-
search Centre, PCSIR Laboratories, Karachi.
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2.8 Lipid Extraction and fatty acids com-
positional analysis

A sample of 250 mL cultivated microalgae suspen-
sion was centrifuged at 3000 rpm using multipurpo-
se centrifuge (1580 R, Lab-Tech, Italy) for 30 min to
separate the liquid phase from the organic biomass
content. Organic biomass was dried at 80 °C for 3
hrs in an oven (YCO-NO1, Gemmy Industrial cor-
poration, Taiwan), after drying the dried biomass
chips were pulverized in a mortar and pestle. The
Bligh and Dyer procedure was followed to extract
lipids from the dried microalgae biomass as per lite-
rature using n-hexane as an extraction organic sol-
vent (Leflay et al., 2021) and extracted lipid yield
by weight % was measured by weight using an elec-
tronic balance (AB 304-S, Mettler Tolendo, Switzer-
land).

3 Results and Discussion

3.1 Fabricated urban photobioreactor

An urban photobioreactor has been locally de-
signed and fabricated, with dimensions height x
width x length (35.43 x 12.59 x 47.63) inches, ha-
ving total volume of 350 L showcasing an innova-
tive structure tailored for efficient microalgae culti-
vation for climate change mitigation as depicted in
Figure 2.

3.2 Analysis of microalgae growth parame-
ters

3.2.1 Solar irradiance and temperature

In-depth research indicates that higher temperatu-
res can enhance enzymatic activities involved in nu-
trient assimilation and lipid accumulation, crucial
for biofuel production. However, there is an opti-
mal temperature range for each algae species as ex-
cessively high temperatures might lead to thermal
stress, disrupting cellular functions and impeding
growth. Understanding and controlling temperatu-
re conditions are crucial for optimizing algae-based
biofuel production systems. The results of experi-
ment # 1 showed solar irradiation and temperature
profile for the 10 days of cultivation time, measured
average values 22.02 °C and 362.5 W/m? respecti-
vely (see Table 2).
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Tables 3 and 4 show variation in temperature
during the cultivation period between 22.3 to 24.0
°C and 23.9 to 25.3 °C for experiment # 2 and ex-
periment # 3 respectively. The average solar irradia-
tion measured for experiment # 1 and experiment
# 2 were 391.9 and 430.4 W/m? respectively. Table

4 suggests that the optimal temperature range for
higher biomass production lies between 24 to 25 °C,
while solar irradiation of 430.4 W/m? yielding ma-
ximum 319.9 mg/L of microalgal biomass yield af-
ter 10 days of cultivation period.

Figure 2. Locally designed and fabricated urban photobioreactor.

3.2.2 pH, TDS, TSS and electrical conductivity

Algal growth and metabolism are influenced by pH
level for both the performance of photobioreactors
and the growth of microalgae. It plays a crucial
role in determining the availability of nutrients,
regulating metabolic activities, and overall health
of microalgae within the growing medium (Shuler
and Kargi, 2002). In addition to being dependent on
CO; solubility, the pH value of the culture media
appears to be influenced by nitrogen uptake, which
is necessary for the development of algal cells and
the subsequent consumption of nitrate by microal-
gae (Borowitzka, 1999).

The pH of the medium for experiment # 1 were
between 7.9 to 8.3 giving an average of 8.12 which
is greater than the desired value according to the
literature (APHA, 2005), resulting in lesser biomass
productivity. Whereas the average pH for the cour-
se of cultivation was determined to be 7.57 in ex-
periments # 2 and 3 and were found in accordance
with previous literature (APHA, 2005).

The growth medium’s levels of electrical con-
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ductivity (EC) and total dissolved solids (TDS) are
crucial in controlling the availability and solubility
of essential nutrients, including nitrogen, phospho-
rus, potassium, and micronutrients. Imbalances in
TDS and EC levels, either too high or too low, can
impact the nutrient uptake by algae, potentially im-
posing limitations on their growth. Moreover, ele-
vated TDS and EC levels may subject algae cells to
osmotic stress caused due to higher concentration
of solutes in the growth medium, differing from the
cell’s internal environment and affecting water ba-
lance and overall cell health.

Table 2 showed decreasing electrical conducti-
vity from 1.34 to 0.98, this is due to EC directly rela-
ted to the concentration of ions in the medium, in-
cluding essential nutrients like nitrogen, phospho-
rus, and micronutrients reduced during the cultiva-
tion period. However, adequate nutrient availabi-
lity is crucial for microalgae growth during its culti-
vation period (Brindhadevi et al., 2021). A conside-
rable decrease in EC was observed in experiment #
2 and experiment # 3 between 1.13 to 0.82 and 1.34
to 0.95 respectively (see Table 3 and Table 4).
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Table 2. Experiment # 1 (ratios used 80 % water and 20 % microalgae culture).

Duration of cultivation

Parameters Dayl Day3 Day5 Day7 Dayl0
Temperature (C) 21.8 22.7 21.9 21.3 224
Solar irradiation (W/m?)  365.9  342.6 383 397.1 3239
pH 8.1 8 8.3 7.9 8.3
EC (us/cm) 1.34 1.33 1.15 1.11 0.98
TDS (mg/L) 610 600 580 550 540
TSS (mg/L) 71 82 93 98 100
Orthophosphate (mg/L) 104 100 73 60 52
Nitrate (mg/L) 10 9.5 8.8 8.2 7.8
Absorbance (abs) 0.11 0.14 0.16 0.2 0.23
Biomass

productivity (me/L) 1133 1344 1484 1765 196.63

It has been observed that TDS content decrea-
ses drastically in all three experiments # 1, 2, and
3 during cultivation period. The absorbance (light
intensity) is found higher in experiment # 3 (with
300g of CO, introduced into the photobioreactor),
ranging between 0.12 to 0.49 absorbance which sub-
sequently decreases the electrical conductivity of
salts in the system. While light intensity itself does
not directly contribute to electrical conductivity, but
having impact on photosynthesis, biomass growth,
and metabolic activities can lead to changes in the
ion composition of the culture medium (Morales
et al., 2018; Nezammahalleh et al., 2016). Reduced
TDS and EC levels can be interpreted as a positive
outcome, indicating the utilization of nutrients by
the microalgae for their growth and metabolic pro-
cesses (Nezammabhalleh et al., 2016).

The Total Suspended Solids (TSS) demonstrated
a notable increasing trend, primarily attributed to
the formation of insoluble biomass within the sys-
tem as presented in Tables 2 to 4. This phenome-
non contributes to the heightened turbidity of the
system. Importantly, this observed increase in TSS
serves not only as a consequence of biomass for-
mation but also as a valuable indicator for quan-
tifying biomass productivity. The rising TSS levels
act as a tangible and easily measurable metric, of-
fering a direct means to gauge the effectiveness of
biomass production within the photobioreactor cul-
tivation system. The biomass production of micro-
organisms such as Chlorella vulgaris throughout the
cultivation phase can be significantly influenced by
the levels of total suspended solids (TSS) and total
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dissolved solids (TDS) in water. During testing, the
concentration of TSS increases from 71 to 100 mg/L
(experiment 1), 74 to 105 mg/L (experiment 2) and
81 to 110 mg/L (experiment 3), from day one to day
tenth during cultivation period. High levels of TSS
can affect the light penetration into the water, redu-
cing the availability of light for photosynthesis in
Chlorella vulgaris cells, which can hinder the growth
and biomass production (Morales et al., 2018).

3.2.3 Reduction of nutrients concentration during
cultivation time

Adequate nutrient supply promotes algal growth
and enhances biomass productivity. It is observed
that an external nutrient concentration, or the nu-
trient concentration in the culture medium, controls
the microalgae growth phase. Tables 2 to 4 showed
the pattern of orthophosphate and nitrate removal
by microalgae during its growth cycle. Experiment
1, 2 and 3 showed the % removal of orthophospha-
te from the water by microalgae was 50%, 41.74 %
and 60.78 % respectively, while the nitrate removal
was 22%, 48% and 58% respectively during the
growth cycle of 10 days. In the current study, this
variability in the percentage of removed phospho-
rus may result from variations in the initial amount
of phosphorus in the culture media and the culti-
vation conditions (Barghbani et al., 2012). The ove-
rall nitrogen content in the media gradually drops
during the course of the growth process for all en-
riched CO, feed concentrations. This might result
from Chlorella’s vulgaris rapid anabolism in the
initial few days of the cultivation phase (Barghba-
ni et al., 2012).
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Table 3. Experiment # 2 (ratios used 80 % water and 20 % culture with Intermittent 200 g CO;).

Duration of cultivation

Parameters Dayl Day3 Day5 Day7 Dayl0
Temperature (C) 23.8 22.5 22.9 22.3 24
Solar irradiation (W/m?) 4126 377.8 4109 3904 367.8
pH 7.8 8 7.5 7.1 7.37
EC (us/cm) 1.13 1.06 0.97 0.91 0.82
TDS (mg/L) 690 670 60 620 570
TSS (mg/L) 74 78 89 93 105
Orthophosphate (mg/L) 103 77 70 59 60
Nitrate (mg/L) 10 9.3 8.5 74 52
Absorbance (abs) 0.091 0.11 0.135 0.21 0.24
Biomass 1153 1424  163.1 1835 20343

productivity (mg/L)

Table 4. Experiment # 3 (ratios used 80 % water and 20 % culture with Intermittent 300 g CO;).

Duration of cultivation

Parameters Dayl Day3 Day5 Day7 Dayl0
Temperature (C) 24.1 24.3 23.9 25.3 24
Solar irradiation (W/m?)  426.5 428.6 3983 4639 434.7
pH 8.5 7.7 7.5 7.6 7.1
EC (us/cm) 1.34 1.27 1.35 0.99 0.95
TDS (mg/L) 740 720 690 60 580
TSS (mg/L) 81 87 102 99 110
Orthophosphate (mg/L) 102 89 85 65 40
Nitrate (mg/L) 10 8.1 7.3 5.8 4.2
Absorbance (abs) 0.12 0.25 0.27 0.38 0.49
Biomass 1203 2115 2256 3027 31876

productivity (mg/L)

The Chlorella vulgaris has consumed the ma-
ximum quantity of orthophosphates, which is an
essential nutrient for microalgae, and it is a cru-
cial component of nucleic acids, ATP (adenosi-
ne triphosphate), and phospholipids, playing a vi-
tal role in various cellular processes. Adequate
phosphorus availability supports the growth, meta-
bolism, and reproduction of Chlorella vulgaris cells
(Sriwiriyarat and Mukhthong, 2021). The results
highlight the dynamic interaction between nutrient
availability and microalgae intake consumption,
with substantial reduction in orthophosphate and
nitrate concentrations that underscore the success-
ful utilization of these nutrients by the microalgae,
demonstrating a positive nutrient supply that pro-
motes their growth and biomass productivity (Ta-
vares et al., 2023).
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3.2.4 Biomass productivity rate

Biomass productivity results presented in Tables 2,
3, and 4 showed that the biomass productivity in
the initial two experiments # 1 and 2 were having
gradual increasing; however, it was observed that
experiment # 3 with 300 g of intermittent CO, was
having drastically increasing pattern with respect to
cultivation period. The biomass increasing pattern
showed from first day of cultivation 113.3, 115.3
to 10th day of cultivation 120.3 to 196.6, 203.4 and
318.7 mg/L respectively.

Though the biomass productivity was not too
much, it can be improved by optimizing the micro-
algae culture’s exposure to sunlight and increasing
the supply of carbon dioxide, potentially from va-
rious exhaust emission sources. This strategic ap-
proach aligns with the research’s acknowledgment
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that photoautotrophic species require substantial
amounts of carbon to achieve optimal biomass out-
put (Razzak, 2019).

Tabulated results from Experiment # 1 shows
that biomass productivity increases over the culti-
vation time and maximum biomass concentration
was found to be 197.5 mg/L, which is significantly
lower than the findings of 2™ and 3" experiments
using CO; injections. Trial conducted at 200g CO,
showed a progressive increase in biomass concen-
tration during the cultivation phase.

The microalgae cultivated with ambient air and
atmospheric CO, enrichment (referred to as at-
mospheric 0.03% CO;,), showed that the biomass
concentration was slightly increased. Additionally,
with 300 g of CO;, the maximum concentration of
biomass was obtained, this might be the result of
the microalgae cultivated with higher concentration
of CO; i.e., 300 g (Faruque et al., 2021).

3.3 Statistical analysis on biomass produc-
tivity

Tukey’s Honest Significant Difference (HSD) test
was used in the statistical analysis to determine the
significance of differences between pairs of biomass
productivity means at day 10 of cultivation period
by using Minitab software (version 17) at a signifi-
cance level of (0=0.05). The statistical analysis was
conducted between control sample (experiment #
1) without CO, supplied from external source (x1),
experiment # 2 with 200 g of CO, supplied (x2) and
experiment # 3 with 300 g CO, supplied (x3) into
the photobioreactor cultivation system.

Table 5 showed that the p-value (6.306 x 10~14)
are highly significant and similar with difference
between x1 and x3, followed by %2 and x3 as
compared to control sample (experiment # 1) i.e.,
p=0.0001. Thus, it can be concluded that supplying
CO; from external source in experiment # 2 and ex-
periment # 3 have same pattern of statistical signi-
ficance with co-relationship between two groups of
means, having highly significant value with x2 and
x3.

Table 5. Tukey HSD test comparative statement of difference of biomass productivity means.

Pair Difference SE Q Lower CI Upper CI  Critical Mean p-value
x1-x2 6.8 0.4679  14.5344 4.7699 8.8301 2.0301 0.0001221
x1-x3 122.5 0.4679  261.833 120.4699  124.5301 2.0301 6.306 x 10714
x2-x3 115.7 0.4679 2472986 113.6699  117.7301 2.0301 6.306 x 10714

3.4 Protein and lipid extraction yields

The microalgal biomass sample for protein and li-
pid extraction was collected, exhibiting the highest
biomass productivity. The dried microalgal biomass
protein content of 7.98% by weight was obtained
using Lowrys method, and lipid yield of 1.87 g/
5 g of dry biomass was obtained using n-hexane
in solvent extraction method. The protein result
indicates a relatively lower protein content com-
pared to other studies conducted in the past. This
divergence in protein content could be attributed
to the experimental parameters employed in this
study using ambient air. Unlike most research focu-
sed on wastewater; the approach involved utilizing
exhaust gases from atmosphere contain substantial
quantities of nitrogen oxides. Microalgae’s biolo-
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gical elimination of nitrogen oxides is a potential
method for converting nitrogen oxides into protein
(Lam and Lee, 2012).

In the present case, the atmospheric nitrogen
was basically introduced into the photobioreactor
with low concentration, which is a macronutrient
for microalgae growth and thus lower production
of protein was observed. Studies utilizing synthe-
tic medium with the green microalga Scenedesmus
dimorphus in BG-11 under both indoor and outdoor
cultivation settings have been observed in earlier re-
search that S. dimorphus may produce cell biomass
in outdoor environments with up to 35% protein
and 37% total lipid under specific growing con-
ditions. It was successfully demonstrated that the
highest yields for protein and carbohydrates were
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0.2and 0.7 g/ L/ day, respectively, and could be ob-
tained in the early stages of cultivation. The highest
yield for lipids, 0.17 g /L/day, occurred in a late
stage of cultivation. These results were obtained th-
rough a combination of manipulating nitrogen avai-
lability, light intensity, and cell inoculation density
(Coban et al., 2021). The amount of nitrogen in a cul-
ture medium determines the microalgae’s cell de-
velopment rate and biochemical composition. Re-
search showed that nitrogen starvation in a culture
medium slows down the cell growth rate of micro-
algae and reduces protein synthesis by increasing
lipid or carbohydrate content (Razzak, 2019).

Table 6. Major fatty acids identified in the extracted lipids.

Name of g/100g Total
fatty acid fatty acids
Myristic (C14:0) 11.39
Palmitic (C16:0) 34.03
Palmitoleic (C16:1) 9.16
Stearic (C18:0) 5.38
Oleic (C18:1n9c¢) 16.58
Linoleic (C18:2n6c¢) 4.52
g-linolenic (C18:3n6) 13.23
Euric (C22:1n9) 5.66

3.5 Fatty acids compositional analysis

The microalgae lipids were extracted, and fatty
acids compositional analysis was conducted pre-
sented in Table 6. The lipid composition was iden-
tified to include myristic acid (C14:0), palmitic acid
(C16:0), palmitoleic acid (C16:1), oleic acid (C18:1),
linoleic acid (C18:1), and linolenic acid (C18:3).
This detailed fatty acid profile provides information
about the influence on biodiesel fuel properties. It is
observed that all the major fatty acids were present
in the extracted lipid, having favorable properties
to produce microalgal biodiesel.

The literature emphasizes that the presence of
long-chain saturated and monounsaturated fatty
acids, particularly C18:2 and C18:3, significantly in-
fluences biodiesel cetane number, oxidation stabi-
lity, and iodine content. It is commonly known that
the qualities of biodiesel are closely related to the
composition of free fatty acids. For example, oleic
acid (C18:1) improves cold flow properties, whe-
reas palmitic acid (C16:0) contributes to a lower io-
dine concentration and a larger cetane number. Ad-
ditionally, the presence of linoleic acid (C18:2) and
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linolenic acid (C18:3) is associated with improved
combustion properties, contributing to overall bet-
ter fuel quality. The iodine value, a critical parame-
ter for assessing biodiesel’s chemical stability and
susceptibility to oxidative rancidity, is significantly
influenced by the presence of double-bonded fatty
acids. A higher number of double bonds increa-
ses the polymerization potential, consequently re-
ducing oxidation stability. This nuanced understan-
ding of the fatty acid composition provides valuable
insights into the potential applications and qualities
of the biodiesel derived from the microalgae culture
(Qie et al., 2019).

3.6 CO:; injection into photobioreactor sys-
tem

The intermittent CO, injected into the photobio-
reactor system with a velocity of 25 m/s of CO, for
Experiment # 2 and Experiment # 3 represented 15
sec and 25 sec respectively. The area of the supply
hose pipe was calculated as 2.54 x 10~* m? and CO,
velocity 25m/s, and the flow rate found was 6.36
x 107° m3/s (using Q = AV). Now, this flow rate
(Q) is multiplied by dosing time () using equation
V =Qxt,ie., 15sec and 25 sec to get the volume of
CO; gas introduced into the photobioreactor culti-
vation system. The mass of CO, gas introduced in-
to the photobioreactor tank were 200 g and 300 g,
computed by (D = M /V) for Experiment # 2 and Ex-
periment # 3 respectively.

3.7 Carbon dioxide (CO,) bio-fixation by
microalgae cultivation

The CO, bio-fixation rates (Rco,) are calculated
using Equation 5 for all the three experiments con-
ducted at alternative days. Therefore, in order to
calculate the Rco,, the biomass productivity per day
was calculated using the following regression equa-
tion obtained from a standard curve:

y=0,7015x+0,0362 (R*=0,9987) 9)

The % C was assumed as 50 % by dry weight of al-
gal biomass as per literature (Scheufele et al., 2019)
molecular weight of CO; 44.01 g/mol and molecu-
lar weight of carbon is 12.01 g/mol.

Figure 3 showed that Experiment # 1 has a linear

increasing trend in bio-fixation rate during the culti-
vation days with highest level to 362.07 mg/L/day.

107



Scientific paper / Articulo cientifico
BIOTECHNOLOGY

Khan, S., Ali, A., Mustafa, A. and Igbal, A.

Similarly, experiment # 2 also showed more or less
a similar pattern but after 7" day of cultivation it
increased to highest level to 374.92mg/L/day until
9 day of cultivation time. This increased level was
due to introduction of intermittent CO, (200mg) in-
to the photobioreactor for microalgae cultivation.
Experiment # 3 showed a drastic increasing trend
from 1 to 9" day of cultivation with introduction
of 300mg of mass of CO, into the photobioreactor
system. The lowest and highest level of bio-fixation
rate were found to be 220.55 and 586.48 mg/L/day
with 1% day and 9" day respectively.

High concentrations of carbon dioxide (CO,) are
essential for photosynthesis and have a direct im-

pact on the growth rates at which microalgae is
cultivated. The availability of CO; significantly im-
pacts the efficiency of photosynthesis, thereby affec-
ting biomass productivity. As a critical component
of photosynthetic reactions, increased levels of CO,
can enhance the efficiency of this process, ultima-
tely leading to higher rates of biomass production
(Wang et al., 2013). In the current study, it was found
that introducing less CO, for a shorter amount of ti-
me causes it to dissolve completely due to the gas-
liquid absorption process, whereas introducing mo-
re CO; for a longer amount of time reduces its abi-
lity to dissolve completely because the gas molecu-
les cannot enter into the water molecules, reaching
the equilibrium state (Razzak et al., 2024).
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Figure 3. Microalgae CO; bio-fixation rate versus cultivation time.

3.8 Kinetic modelling of CO, volumetric
mass transfer capacity

Multiplying the mass transfer coefficient of oxygen
(k) by the surface area of the vessel in a photobio-
reactor provides an assessment of the system’s ca-
pacity for both oxygen and carbon dioxide trans-
fer. This combined product reflects the rate at which
these gases can efficiently move into the culture me-
dium within the photobioreactor, crucial for sup-
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porting the metabolic needs of the algae being cul-
tured. The surface area of a rectangular photobio-
reactor with dimensions length (47.63 inch), width
(12.6 inch) and height (35.43 inch) is calculated as
2734.08 inch? (1.763 m?).
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3.8.1 Volumetric Mass Transfer Capacity (k) for
Oxygen:

Diffusion coefficient of oxygen in water (Do,) was
2x107? m? /s and thickness of the boundary layer
(0) is 0.02 meters.

~2x1077x%1,763

ko, = 502 =1,763x 107" m?/s

(10)

3.8.2 Volumetric Mass Transfer Capacity (k) for
Carbon Dioxide:

Diffusion coefficient of carbon dioxide in water
(Dco,) is 1.9x107% m? /s and thickness of the boun-
dary layer (9) is 0.02 m.

1,9x 1077 x 1,763

_ -7 3
00 =1,676x 1077 m*/s (11)

kco, =

The rates at which oxygen and carbon dioxide
molecules can move from the gas phase to the li-
quid phase of the gas-liquid interface are represen-
ted by the computed volumetric mass transfer ca-
pacity. A greater value denotes a faster gas transfer
rate and higher quantity of gas transfer, which is ne-
cessary to sustain the algal metabolism, including
photosynthesis.

4 Conclusion

This research study included the design and fa-
brication of an urban photobioreactor operated by
solar energy system to cultivate microalgae species
of Chlorella vulgaris for nutrient removal, biomass
production, protein production and CO, seques-
tration. The research included monitoring of culti-
vation parameters for 10 days cultivation period.
Three experimental conditions were compared,
and it was found that experiment # 3 was having
higher biomass productivity of 318.76 mg/L when
introducing 300 g of intermittent CO, into cultiva-
tion system and nutrients removal efficiencies were
60.78% (orthophosphate) and 58 % (nitrate). Statis-
tical analysis found that introducing CO, from an
external source in experiments # 2 and # 3 resulted
in the same pattern of statistical significance, with
a co-relationship between two sets of means (p va-
lue = 6.306 x 10~'%). The protein and lipid content
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yields were 7.98% and 37.4% by weight respecti-
vely. The O, and CO, volumetric mass transfer ca-
pacities for KO, and KCO, were 1.763x1077 m3/s
and 1.676x10~7 m?/s respectively.

The average O, and CO, transfer capability is
improved by continuous agitation in a photobio-
reactor, essential for maintaining optimal condi-
tions for the cultivation of microalgae. The extracted
lipids contained favorable qualities of fatty acids
for the production of microalgae biodiesel, myristic
(C14:0), palmitic (C16:0), palmitoleic (C16:1), oleic
(C18:1), linoleic (C18:1), and linolenic acids (C18:3).
An urban microalgae photobioreactors is an envi-
ronmentally friendly strategy that can greatly ad-
vance the biobased economy and lessen the dama-
ging impacts of CO, produced by conventional fos-
sil fuel combustion on the environment.
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