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Abstract

Microalgae technology is a viable solution for environmental conservation (carbon capture and wastewater treat-
ment) and energy production. However, the nutrient cost, slow-kinetics, and low biosorption capacity of microalgae
hindered its application. To overcome them, algal-biochar (BC) can be integrated with microalgae to treat textile
wastewater (TWW) due to its low cost, its ability to rapidly adsorb pollutants, and its ability to serve as a nutrient
source for microalgal-growth to capture CO, and biodiesel production. Chlorella vulgaris (CV) and algal-BC were
combined in this work to assess microalgal growth, carbon capture, TWW bioremediation, and biodiesel produc-
tion. Results showed the highest optical density (3.70 +0.07 OD,g), biomass productivity (42.31+050 mg L™ d™),
and dry weight biomass production (255.11+6.01 mg L") in an integrated system of CV-BC-TWW by capturing
atmospheric CO, (77.57+2.52 mg L™ d™"). More than 99% bioremediation (removal of MB-pollutant, COD, nitrates,
and phosphates) of TWW was achieved in CV-BC-TWW system due to biosorption and biodegradation processes. The
addition of algal-BC and CV microalgae to TWW not only enhanced the algal growth but also increased the biore-
mediation of TWW and biodiesel content. The highest fatty acid methylesters (biodiesel) were also produced,

upto 76.79+2.01 mg g~ from CV-BC-TWW cultivated-biomass. Biodiesel's oxidative stability and low-temperature
characteristics are enhanced by the presence of palmitoleic (C16:1) and linolenic (C18:3) acids. Hence, this study
revealed that the integration of algal-biochar, as a biosorbent and source of nutrients, with living-microalgae offers
an efficient, economical, and sustainable approach for microalgae growth, CO, fixation, TWW treatment, and biodiesel
production.
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1 Introduction

As a consequences of rapid growth in urbanization and
industrialization, the atmospheric and aqueous environ-
ments received a huge amount of greenhouse gases and
pollutant-laden wastewater, respectively (Abdelfattah
et al. 2023; Fazal et al. 2021a). Fossil fuels are burned to
meet the energy needs of domestic and industrial pur-
poses, which contributes to climate change by releas-
ing greenhouse gases, especially CO, up to 419 ppm, in
atmosphere (Tarafdar et al. 2023). The industrial sec-
tors, including pharmaceuticals, paper printing, color
photography, food, textile dyeing, and cosmetics indus-
tries, utilize a huge amount of freshwater and synthetic
chemicals during their industrial processes (Leonardo
et al. 2022). Among them, textile industry consumes
freshwater every day and releases a large volume of tex-
tile wastewater (TWW) (Javed et al. 2022; Christian et al.
2023). This wastewater, containing excessive levels of
auxiliary chemicals (synthetic dyes (i.e. methylene blue),
nitrates, phosphates, and heavy metals), poses a great
threat to receiving ecosystems (Fazal et al. 2018), as they

are responsible to create aesthetic, eutrophication, car-
cinogenic, mutagenic, and teratogenic problems to the
aquatic life and human health due to their direct disposal
into water bodies (Motitswe et al. 2022). Therefore, it is a
need of hour to control climate change and remove pol-
lutants from wastewater streams for the sustainability of
our ecosystem.

Several conventional (physical and chemical) technolo-
gies have been used for the carbon capture (Rodas-Zul-
uaga et al. 2021) and wastewater treatment (Abdelfattah
et al. 2023; Mushtagq et al. 2022, 2019). However, none of
these technologies are able to remove all the aforemen-
tioned pollutants/chemicals from environment single-
handedly due to their high operation and maintenance
costs, slow kinetics, lower efficiencies, extensive use of
chemicals, and sludge production (Rafique et al. 2022;
Satya et al. 2023). Microalga technology is considered
as a promising approach due to its green, effective, and
environment-friendly nature for the removal of CO, and
pollutants from wastewater during photosynthesis pro-
cess (Devi et al. 2023). Microalgae technology consists
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of two processes including microalgae cultivation/bio-
conversion (living algae) and biosorption (dead algae)
(Onen et al. 2023). The living microalgae cultivation has
been proven an efficient process for the carbon capture
and bioremediation of wastewater (Debeni Devi et al.
2023). Microalgae, as low-spore crypto-sporous plants
with chlorophyll, have an ability to perform photosynthe-
sis process under source of light, freshwater, and nutri-
ents (carbon, nitrates, phosphates, and minerals) for
its cultivation (Ahmad and Ashraf 2023). However, the
costs of freshwater and nutrients-supply mark this pro-
cess expensive and create a challenge to its commercial
application.

To overcome them, Chlorella vulgaris was culti-
vated (1.7 g L™) to treat industrial textile wastewater by
removing COD (91.12%), nitrate (98.03%), and phosphate
(95.83%), where TWW was used as a nutrient source for
microalgae growth along with CO, supply through air
bubbling (Javed et al. 2023a). In addition, the real tex-
tile wastewater was diluted with other industrial (juice)
wastewater to minimize the freshwater requirement for
microalgae-mediated bioremediation process and it
resulted in an increase in biomass yield up to 2.83 g L™*
in 75% diluted TWW with juicy wastewater (25%) (Javed
et al. 2023b). Meanwhile, the dead-algae derived biosorp-
tion process has also been used to remove organic dyes
and heavy metal pollutants from wastewaters (Georgin
et al. 2019). However, the limited biosorption capacity of
algae biomass, slow kinetics, and high energy constraint
for the regeneration of biosorbent make this process less
efficient for the treatment of TWW (Ord et al. 2023).
The synthesis of algal-derived biochar can provide high
removal efficiency and fast biosorption rate to remove
dyes from TWW. For instance, macroalgae-derived bio-
char was synthesized to remove MB dye. More than 90%
MB removal (48 mg g~!) was achieved in only 10 min as
compared to simple algal biomass (74% and 37 mg g ™)
due to the large surface area and electrostatic attractions
to bind/adsorb dye molecules on the surface of BC (Fazal
et al. 2019). Therefore, a microalgae-mediated technol-
ogy can be useful for the development of sustainable
approach to CO, capture and bioremediation of TWW.

The integration of microalgae cultivation and dead
algal-biosorption processes along with TWW provide a
viable solution to removing atmospheric carbon (CO,)
and all toxic pollutants from TWW. The utilization of
pollutants-laden TWW can make the microalgae cultiva-
tion process more efficient, cost-effective, and sustainable
due to the supply of organic carbon (dyes), nitrates, phos-
phates, and heavy metals (Jiang et al. 2023). On the con-
trary, algal biomass-derived biochar, as a biosorbent, can
be used due to its high adsorption capacity, large surface
area with higher binding (functional groups) sites, and
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fast adsorption rate to remove dyes from TWW (Nguyen
et al. 2023). Biochar (BC) can also be used as a source
of nutrients to grow microalgae due to the presence
of micronutrients (i.e. Na, K, Ca, Mg, Cu, Zn, and Mn
metals) in stable and available forms (Law et al. 2022).
Depending on these properties (as biosorbent and nutri-
ent source), BC can be integrated along with microalgae
for the removal of organic dyes, nitrates, and phosphates
from TWW and the microalgae growth during the biore-
mediation process (Khan et al. 2022). The obtained
microalgal biomass (containing lipids, carbohydrates,
and proteins) can be served as a feedstock for the pro-
duction of biodiesel, biofertilizer, and animal feed, which
makes this technology more economical and sustainable
for the implementation on an industrial scale for CO,
capture and wastewater treatment (Chettri et al. 2023).
Thus, microalgae-mediated wastewater treatment tech-
nique (microalgae cultivation and biosorption) can be
integrated to exploit the advantages of both technologies
for the CO, capture, nutrients recovery, and biodiesel
production and the addition of algae-derived biochar
improved the rate of adsorption and acted as nutrient
source for microalgae growth by providing minerals.

The aim of this study was to evaluate the potential of
microalgae cultivation in TWW and the use of biochar
as an active green biosorbent for the removal of pollut-
ants and as a nutrient source for the growth of micro-
algae in TWW. The integrated processes of microalgae
cultivation and biochar-based biosorption were investi-
gated under four experimental set-ups: (PBR-1) micro-
algae (Chlorella vulgaris, CV) cultivation in BG-11 as a
control (CV-BG-11); (PBR-2) CV cultivation in TWW
(CV-TWW); (PBR-3) biochar based biosorption of
TWW (BC-TWW); and (PBR-4) hybrid system of CV
microalgae and BC in TWW (CV-BC-TWW) for the
capturing of CO,, bioremediation of TWW, and bioen-
ergy production. The microalgae growth, carbon captur-
ing, and removal of dye, COD, N-NO,™!, and P-PO, 3
from TWW were evaluated in all set-ups. The collected
biomass was used to produce biodiesel through a trans-
esterification process, prior to the determination of their
fatty acid profiles. The experimental results showed that
microalgae can efficiently capture CO, during cultiva-
tion in an integrated system of CV-BC-TWW and pro-
duce biodiesel; meanwhile, biochar can also act as a good
biosorbent and nutrient source for bioremediation pro-
cess and microalgae cultivation, respectively.

2 Material and methods

2.1 Raw materials

The stored (at 4 °C) inoculum of Chlorella vulgaris was
obtained from COMSATS University Islamabad, Lahore
Campus Pakistan. BG-11 media chemicals were bought
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from PENTA Chemicals, Singapore. Methylene Blue
(MB) dye was procured from Sigma Aldrich (Germany).
Distilled water was obtained from Double Water Distill-
ing Apparatus (WD-ADS5, Biobase, China). This distilled
water was passed through a filter paper using filtration
assembly for further use.

2.2 Pre-culture growth

Microalgae pre-culture was cultivated in BG-11 media to
obtain fresh culture of Chlorella vulgaris. BG-11 media
was composed using two stock solutions. The stock
solution A consisted of NaNO, (1.5 g~! L), K,HPO,
(0.04 g L™, MgSO,-7H,0 (0.075 g L"), CaCl,2H,0
(0036 g L7!), Na,~EDTA (0.001 g L7!), Na,CO,
(0.02 g L™Y), citric acid (0.006 g L"), and ferric alum cit-
rate (0.006 g L™'). The composition of stock solution B
(trace metal solution) was comprised of MnCl-4H,0O
(181 mg L"), ZnSO,-7H,0 (222 mg L), NaMoO,-2H,0
(390 mg L), CuSO,-5H,0 (79 mg L '), Co(NO,),"6H,0
(49.4 mg L1, and boric acid (2.86 g L™') (Fazal et al.
2021a). The only one ml of solution B was mixed with
solution A to obtain the BG-11 media. The BG-11 media
was autoclaved (BKQ-B50 II, Biobase, China 2019) at
121 °C for 20 min, and then cooled down under UV light
in a biosafety cabinet (JSCB-1200SB, JSR, Korea). Then,
an inoculum of CV was added in a BG-11 media for
fresh-culture preparation under the illumination of two
LED lights (5W for each) at 25 °C in a shaking incubator
(Jeio Tech ISS-3075).

2.3 Photobioreactor design

The microalgae cells were cultivated in an assembly of
four photobioreactors (PBRs), as shown in Fig. 1. The cir-
cular-shaped plexiglass chambers (H-32.5 cm X D-14 c¢m,

Page 4 of 16

5 L) were used as PBR. An air pump-line was con-
nected with the air filters to provide the ambient air
(200 mL min™) through diffuser (for CO, supply), which
was placed at the bottom of PBRs. Each PBR was tightly
closed with the silicon cork, containing three transparent
lines of pipes for air supply, emission of extra gases, and
the collection of samples. All PBRs were placed in a bio-
logical safety cabinet at 27—-30 °C under the illumination
of two LED lights (50 W) having luminous intensity of
4000-4200 Ix. All required accessories of PBR including
air filters, sampling syringes, pipes, diffusers, and all glass
wares were sterilized in an autoclave at 121 °C for 20 min
before use. The microalgae growth (optical density) was
observed at 680 nm wavelength on daily basis using UV-
Spectrophotometry (BK D560, BIOBASE China).

2.4 Preparation of simulated textile wastewater

The synthetic textile wastewater with the similar com-
position of real TWW [Methylene Blue (10 mg L),
NaNO, (247 mg L™!), K,HPO, (22 mg L), and glucose
(1000 mg L™')] was prepared for the experiments. The
composition of textile wastewater was kept similar to the
real textile wastewater, as reported in literature (Wu et al.
2017; Fazal et al. 2021a). The as-prepared TWW was
sterilized in an autoclave at 121 °C for 20 min. After cool-
ing, TWW media was immediately placed in a biological
safety cabinet under UV light before use.

2.5 Preparation of biochar

Macroalgae biomass was used for the preparation of
biochar (BC) using pyrolysis method (Fazal et al. 2019;
Sufiana et al. 2023). Macroalgae mix culture biomass
was obtained from a freshwater pond prior to wash-
ing with distilled water. The washed biomass was
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Fig. 1 Experimental set ups of BG-11 and TWW mediums for microalgae cultivation
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dried under sunlight. Then, it was crushed into fine
particles using pestle and mortar and stored for fur-
ther use. The fine powder of macroalgae biomass was
placed into muffle furnace (Power=2.5 KW, with the
dimensions (Depth=200 mm, Width=150 mm, and
Height=150 mm) of heating chamber) to prepare bio-
char through pyrolysis process at 650 °C for 2 h in the
absence of oxygen with a continuous supply of nitrogen
(2000 ml min~!) to avoid combustion (Fazal et al. 2020).
The pyrolysis temperature of 650 °C was selected to pro-
duce high porosity in biochar, which can provide high
adsorption ability to dyes as compared to low tempera-
ture-pyrolyzed biochar (i.e., 450 and 550 °C), as reported
in literature (Fazal et al. 2019). The obtained BC was
grinded before passing through the sieves (120 US stand-
ard mesh size) to obtain fine particles (>125 pm). Before
using BC in PBRs, algal-BC was kept under UV light to
kill the microbes and/or to avoid microbial contamina-
tion in PBR. The functional groups, morphology, surface
area, and elemental characteristics of algal-BC at 650 °C
were reported in previous studies (Fazal et al. 2020,
2019). See supplementary data.

2.6 Experimental design

For experiments, four set-ups of photobioreactors (PBR)
were installed to cultivate microalgae, as shown in Fig. 1.
In PBR-1 set-up, pure BG-11 media along with Chlo-
rella vulgaris microalgae (CV-BG-11) was employed as
a controlled media for microalgae growth. In PBR-2, CV
microalgae in TWW (denoted as CV-TWW) was used to
check the potential of microalgae growth and bioremedi-
ation of TWW. In PBR-3 set-up, biochar biosorbent was
used in TWW (denoted as BC-TWW) to determine the
biosorption effect of biochar. In PBR-4, both CV micro-
algae and biochar were employed in TWW (denoted as
CV-BC-TWW) to observe the combined effect of both
on microalgae growth and bioremediation/biosorp-
tion of TWW. A fixed volume (2 L) of media (BG-11 or
TWW) was used in each PBR along with Chlorella vul-
garis inoculum (20 mL L™") and biochar (1 g L ™) in their
respective PBRs. The air, as a source of CO, (0.04%), was
provided by air pump (20 L min™?), which is connected
with diffuser to generate air bubbles for mixing. All PBRs
were illuminated under two LED lights (50 W each and
4000-4200 Ix intensity).

Light is the source of energy for the photosynthesis pro-
cess to maximize algal growth and lipid production. It was
reported that light intensity has a significant effect on the
growth of biomass, specific growth rate, and lipid produc-
tivity (Montoya-Vallejo et al. 2023). Temperature is also
considered as one of the physical parameters that regulates
the growth of microalgae and affects metabolism through
the facilitation of enzymatic processes. The denaturation
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of metabolic and life-sustaining enzymes would occur at
high temperatures (Devi et al. 2023; Min Woon et al. 2023).
The pH of the solution has an impact on the biosorbent
(biochar) surface charge and/or degree of ionization. The
positively and negatively charged accessible sites increase
and decrease in response to any change in pH in the solu-
tion. Therefore, moderate temperature (27-30 °C) and
light intensity (4000—4200 Lux) in a light: dark (16:8) ratio
were selected to cultivate microalgae at natural pH (6.9)
of TWW (Chin et al. 2023). The position of each PBR was
shuffled on daily basis to provide uniform light illumina-
tion/exposure. Each PBR was shaken manually for three to
four times on daily basis to avoid the attachment of micro-
algae cells with PBR walls. The attachment of cells to the
PBR walls can lead to biofilm formation, inadequate sup-
ply of light, clogging, algal-fouling, and nutrient uptake
challenge, which can affect the cell growth and harvesting
challenges. All PBRs were installed in duplicates and placed
in a biological safety cabinet to maintain the temperature.
The biological safety cabinet was cleaned with 70% ethanol
on daily basis to avoid any contamination. The cultivation
experiment work was carried out for 14 days to examine
the microalgae growth and bioremediation of TWW using
C. vulgaris and BC in TWW.

2.7 Microalgae growth analysis

To observe microalgae growth, 10 mL of sample was with-
drawn from each PBRs and stored in a test tube on daily
basis until 14 days. The microalgae growth in the presence
of nutrient mediums (BG-11 or TWW and BC) was exam-
ined by measuring of OD at 680 nm wavelength (Wu et al.
2017) using UV-Vis spectrophotometer (Biobase, China).
The ODgg, of BC was subtracted to examine the ODgg, of
microalgae in PBR-4 (CV-BC-TWW). Then, a rearranged
calibration equation (Eq. 1) was used to determine bio-
mass concentration (X, mg L) prior to measuring the
specific growth rate (day™) and biomass productivity (P,
mg L™! d7) according to the Eq. 2 and Eq. 3, respectively
(Behl et al. 2019). Where, X; and X, present the biomass
concentrations at time t; and t, (day), respectively. The
CO, fixation rate (mg L™ d™') was calculated using Eq. 4;
whereas C,_ is carbon content (as considered 50%) in micro-
algae biomass, M, and M. are molecular mass of CO,
and carbon (Leflay et al. 2021).

Yopeso = 0.0141X + 0.0228 (1)
LnXy — LnX
Specific growth rate = 2T L )
th —
X2 —X1

Biomass productivity(P) =

h—1nh
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P x Cc * Mco,

CO; fixation rate =
2 fi 7

(4)

After 14 days of experiment, cultivated biomass was
filtered from each PBR to determine dry weight biomass
(DWB, g L™1). To collect biomass, remaining culture from
each PBR was filtered through the 0.22 pm filter paper
using vacuum filtration assembly. Then, the collected bio-
mass was placed in an oven (BOV-V65F Biobase, China)
at 90 °C for overnight drying. The DWB from each PBR
was calculated using gravimetrical method prior to the
storage in air-tight tube for further use in biodiesel pro-
duction. The mass of BC was neglected to measure the
DWB in PBR-4.

2.8 Bioremediation analysis

In this study, different physiochemical analyses have
been performed to investigate the effect of microalgae
cultivation on bioremediation of TWW. The change in
pH of solution during algal growth was determined on
daily basis using a pH meter (pH meter, WA-2015). The
removal rates (%) of MB dye, COD, nitrates, and phos-
phates were measured to observe the bioremediation and
biosorption potential of Chlorella vulgaris and BC from
TWW. All collected solution samples were centrifuged
(CE202-Orto Alresa, Spain) at 8000 rpm for 5 min. The
supernatant of each sample was used to determine the
initial and final absorbance of MB at 664 nm wavelength
using a UV-Vis spectrophotometer prior to measuring
MB removal (%) according to the Eq. 5. The COD analy-
ses of samples were performed at 150 °C for 2 h using a
Photometer apparatus (Aqualytic-AL200, Germany).
The initial and final values of COD were calculated on
selective days (0, 4, 8, 12, and 14th day) from each PBR.
The nitrates (NO;~, Hach, NI-11, USA) and phosphates
(PO43_, Hach, PO-23, USA) test kits were utilized to
examine their initial and final values. The removal
rates (%) of COD, NO,~, and PO,*" were measured using
Eq. 6 (Nezbrytska et al. 2022). All of these values were
taken in duplicates and then their average values were
presented with standard deviation. The statistical analysis
using ANOVA T-Test was carried out to observe the sig-
nificant difference (p <0.05) between all systems.

Initial Absorbance — Final Absorbance

B L) — 100
removal (%) Intial Absorbance )
(5)
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2.9 Lipid extraction and biodiesel analysis

Dried biomass of microalgae was used to extract algal
oil/lipids using a modified Folch method, as reported
in a previous study (Fazal et al. 2021a). An amount of
10 mg biomass was mixed at 200 rpm in the solution
of methanol and chloroform (15 mL, 1:2 v/v) (Vasistha
et al. 2023). Under acidic transesterification process,
extracted algal oil was processed to produce fatty acid
methyl esters (FAME, known as biodiesel) in the pres-
ence of sulfuric acid catalyst and methanol. The FAME
sample was centrifuged and washed with distilled water
to remove unreacted methanol and sulfuric acid before
drying. Afterwards, the qualitative analysis and charac-
terization of FAME were carried out using a Shimadzu-
gas chromatograph coupled with flame ionization
detector (FID) at 140 °C (held for 2 min) to 250 °C
with the heating rate of 2.3 °C min™ and injector
temperature (240 °C). An EN14103-capillary column
(0.25 pmx 30 mXx0.32 mm) with nitrogen carrier gas
(1.5 mL min~') was used to determine FAMEs yield.

3 Results and discussions

3.1 Microalgae growth analysis

Microalgae specie i.e. Chlorella vulgaris (CV) is widely
used for the treatment of wastewater because it has
a high tolerance and survival in the presence of toxic
pollutants (Abdelfattah et al. 2023). It also has higher
biomass and oil content than other algal species (Here-
dia-arroyo et al. 2011). Therefore, this green microal-
gae (CV) specie was selected in this experiment for the
bioremediation of TWW and energy production dur-
ing cultivation. The growth or cultivation of microalgae
in TWW was observed using optical density, biomass
concentration, specific growth rate, biomass productiv-
ity, and dry weight biomass.

3.1.1 Optical density and cell concentration

The optical density (ODgg,) of cultures was measured
at 680 nm to investigate the growth of microalgae in
PBR-1 (CV-BG-11), PBR-2 (CV-TWW), and PBR-4
(CV-BC-TWW), except PBR-3 (BC-TWW) due to
unavailability of CV inoculum in culture. The highest
ODygg, was achieved in a PBR-4 having CV-BC-TWW
culture as compared to other PBR cultures (CV-BG-11

Initial value — Final value

x 100 (6)

Removal(%) of COD,NOj, and PO~ =

Intial value
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Fig. 2 Optical density (a); cell concentration (b); and DWB (c
was not reported due to the absence of microalgae)

and CV-TWW), as shown in Fig. 2a. The value of OD g,
in CV-BC-TWW culture was gradually increased from
0.17+0.04 to 3.70+£0.07 with the cultivation time
(0-9th day) because of the higher availability of nutri-
ents in TWW (glucose, nitrates, phosphates, and MB
dye) and BC (minerals) (Oyebamiji et al. 2019). The
nutrients of BC and TWW are responsible to grow
more microalgae in this system. Meanwhile, the low-
est ODgq, was observed in a PBR-2 having CV-TWW
culture, as it was raised from 0.12+0.02 to 2.34+0.05
during the cultivation period (0-12th day). In a PBR-4
having CV-BC-TWW culture, the algal growth entered
the exponential stage just after the second day of lag
phase as compared to the CV-TWW (entered the
exponential phase after three days of lag phase). In
lag phases of both cultures (CV-TWW and CV-BCC-
TWW), microalgae growth might be slower due to the
slow uptake of inorganic (CO,) and organic (glucose
and dye) carbon in initial stages of mixotrophic culti-
vation mode. Afterwards, the utilization of inorganic

) of microalgae in CV-BG-11, CV-TWW and CV-BC-TWW cultures (BC-TWW

carbon and organic carbon under photosynthetic
(Calvin cycle and tricarboxylic acid cycle, TCA) and
dark reaction (catabolism) processes is increased
during exponential phase of cultivation (Shan et al
2023). Meanwhile, the controlled PBR-1 of BG-11 cul-
ture showed higher ODgg, than CV-TWW but lower
than CV-BC-TWW culture, as it was increased from
0.18+0.01 to 3.32+0.07 during cultivation phase from
0-10th day. The growth rate in BG-11 culture was ini-
tially higher than that in other cultures and entered
the exponential phase just after one day of lag phase
because microalgae are more capable or faster to con-
vert the inorganic carbon (CO,) into essential substrates
(HCO;~«<CO;7 %) under photoautotrophic cultiva-
tion mode rather than mixotrophic mode in other PBR
cultures, which indicates that essential substances are
more suitable to enhancing a Calvin-Benson-Bassham
(CBB) cycle to accumulate higher biomass (Castillo
et al. 2021) in BG-11 culture. The microalgal growth in
CV-BC-TWW and CV-TWW cultures slowed down
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after the 9th and 12th days, respectively, and entered
the stationary phase, followed a decline or death of cells
until the 14th day, which might be due to the unavail-
ability of nutrients (which had been already consumed)
in the culture. Meanwhile, stationary growth phase
in BG-11 culture started after the 10th day, followed
by a decline in microalgae growth due to the nitrogen
starvation conditions, which facilitated the conversion
of the accumulated carbon (carbohydrates) into lipids
during stationary/decline phase of microalgae growth
(Vasistha et al. 2023). However, the overall growth rate
in CV-BC-TWW was higher because of nitrates, phos-
phates, and carbon fixation by assimilating inorganic
(CO,)-organic carbon and BC minerals as compared to
the other two systems (CV-BG-11 and CV-TWW).

To investigate the biomass production, the concen-
tration of microalgae cells (X, mg L™!) was measured
using value of ODgg, in Eq. 1 for all PBRs. Similar to
ODygg, results, it can be seen that the highest bio-
mass cell concentration was also observed in CV-
BC-TWW around 262.26+3.02 mg L™}, followed by
BG-11 with 235.13+3.01 mg L™! and CV-TWW with
165.62+1.01 mg L~! during exponential growth, as
shown in Fig. 2b. The higher cell concentration in CV-
BC-TWW culture might be obtained in the presence
of two nutrient sources such as TWW and BC, which
improves the growth of microalgae cells due to the
assimilation of nitrates, phosphates, and glucose from
TWW as well as micronutrients (minerals/metals)
from BC into essential substances like NADPH, ATP,
phosphoglycerate (i.e. glyceraldehyde-3-phosphate),
pigments, and lipids (triglycerides) through CBB cycle,
TCA cycle, glycolysis, and pentose phosphate processes,
respectively (Castillo et al. 2021). As mentioned above,
CV-TWW culture only contains organic and inorganic
substrates or pollutants in the absence of BC, which
was attributed to lower growth and lower concentra-
tion of cells as compared to CV-BC-TWW and con-
trolled CV-BG-11 cultures. The composition of BG-11
media, having essential nutrients (inorganic CO,,
nitrates and phosphates), is more suitable for microal-
gae growth under photoautotrophic cultivation, which
enables Chlorella vulgaris to uptake these nutrients and
increase the biomass cell concentration during cultiva-
tion period (Javed et al. 2023b). The highest dry weight
biomass (DWB) was also measured in an integrated
CV-BC-TWW culture up to 255.11+6.01 mg L™, fol-
lowed by BG-11 (234.12+3.77 mg L) and CV-TWW
(164.36 +4.02 mg L), see Fig. 2c. The values of DWB
were close enough to the highest wet biomass cell con-
centrations of all PBRs, which represent that microal-
gae is growing properly in all PBR cultures. Hence, both
algal-BC and TWW can be used to provide essential
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nutrients (organic-carbon, nitrates, phosphates, and
mineral-metals) for microalgae-growth due to its abil-
ity to carbon capture, biosorption, and biodegradation
processes.

3.1.2 Biomass productivity and specific growth rate

The biomass productivity and specific growth rates of
microalgae were determined to observe the kinetics
rate of microalgae growth during 14 days of cultivation
experiment (Tambat et al. 2023). In CV-BC-TWW, bio-
mass productivity gradually increased from 5.11+0.03
to 42.31+0.50 mg L' d™! in the exponential phase of
cultivation (0—4th days), as shown in the Fig. 3a. The
highest productivity of hybrid system was achieved due
to the presence of nutrients in excess amount compared
to other systems as biochar continuously supplied cru-
cial metals with TWW nutrients for good microalgae
growth (Ashour and Omran 2022). The CV-BG-11 sys-
tem showed second highest biomass productivity, as it
was increased from 7.94+0.84 to 32.63+0.71 mg L™' d~!
on the 5th day of cultivation. The lowest productivity in
comparison with other two PBRs (CV-BC-TWW and
BG-11) was observed in CV-TWW system, as it was
increased from 3.62 +0.03 to 21.92+0.07 mg L™ d™! dur-
ing exponential growth phase of cultivation (0-7th day).
Afterwards, biomass productivities in all PBR cultures
were decreased, showing that the growth of microal-
gae slowed down even in the exponential phases due to
the limitation of nutrients in the surrounding environ-
ment. Meanwhile, the values of ODg, or cell concentra-
tions (see Fig. 2a, b) increased during exponential phase
of cultivation, because microalgae were still consuming
available nutrients at a slower rate, before going into sta-
tionary and decline phases. Similar results can be seen
in terms of specific growth rates (see Fig. 3b), where
the specific growth rates were higher at initial stages of
exponential phase during all PBR cultures. The highest
specific growth rate was found up to 0.76+0.02 day*
on the 2nd day of cultivation in CV-BC-TWW as com-
pared to CV-BG-11 (0.64+0.01 day ™! on the 2nd day of
cultivation) and CV-TWW (0.44+0.05 day ' on the 4th
day of cultivation) prior to decline due to the consump-
tion (lower concentration) of nutrients during growth, as
shown in Fig. 3b. Hence, it can be assumed that microal-
gae productivity and growth rates are higher in the pres-
ence of higher concentration of nutrients. In addition, the
lower concentration or limitation of essential substances
can hinder the growth rate of microalgae. On the basis of
biomass productivity, the highest CO, fixation was also
determined in an integrated system, and CV-BC-TWW
system was able to fix 77.57 +2.52 mg L™ CO, per day
as compared to CV-TWW (59.82+1.03 mg L' d™!) and
CV-BG-11 (37 +1.34 mg L' d™!) systems. See Fig. 3c.
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3.1.3 pH variations during microalgae cultivation

The pH of solution/culture plays a vital role in the micro-
algae growth and vice versa, because microalgae growth
is hindered in a very high acidic or basic pH mediums.
Most of microalgae strains like C. vulgaris preferred
to grow in the the pH range of 5-9 (Wang et al. 2023;
Zhang et al. 2023). In this study, a significant variation
in solution pH was observed on a daily basis during the
cultivation of C. vulgaris, varying from weakly acidic to
basic (6-9), as seen in Fig. 3d. The pH slightly increased
from acidic (6.89 pH on zero day) to basic region (8.49
pH on the 11th day) during cultivation of microalgae
in CV-BC-TWW culture as compare to CV-TWW
(6.95-8.26 pH), which represents that microalgae cells
are adjusting the solution pH to enhance the growth by
consuming bicarbonates/carbonates and other nutrients
during different metabolic reactions (Zaini and Kasmuri
2023). In CV-BG-11 culture, pH increased from 7.79
towards the basic region (9.73 on the 5th day) at initial
stages of growth. During cultivation, microalgae cells are

responsible to convert the inorganic CO, into essential
substrates (HCO;™ < CO;*>") under the phototrophic
process and enhance the pH of culture to basic region
(Kupriyanova et al. 2023). After the 6th day, microalgae
cells again maintained the pH towards neutral or slightly
basic (7-8 pH range) to support microalgae cells growth
during metabolic reactions. Hence, it can be conclude
that microalgae cells have an ability to adjust their sur-
roundings pH to support or improve the growth. Mean-
while, a change in pH directly affects the surface charge
of microalgae cells and adsorbent like BC, which can be
helpful to adsorb cationic MB dye molecules through
electrostatic attraction forces (Sireesha et al. 2022), (see
3.2.1 section).

3.2 Bioremediation of textile wastewater

3.2.1 Removal of dye and COD

Microalgae biomass has an ability to break down the
azo bonds of dye molecules and remove its color from
TWW via biosorption followed by bioaccumulation/
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biodegradation processes (Sriphirom et al. 2019). In this
study, C. vulgaris and algal biochar were used to biode-
grade and adsorb dye molecules from TWW, respec-
tively, during cultivation period. The highest dye removal
(%) of about 99.90 + 0.71% was achieved on the 14th
day of cultivation in a hybrid culture of CV-BC-TWW,
which indicates that biochar and microalgal cells undergo
biosorption and bioaccumulation processes, respectively.
On the contrary, CV-TWW and BC-TWW systems also
showed a significant dye removal up to 88.61+0.31%
and 43.5+0.04% respectively, as shown in Fig. 4a. In
CV-TWW system, dye removal was slower in the begin-
ning as microalgae cells were adjusting themselves into
a surrounding environment, as shown in Fig. 2. The dye
molecules were removed due to bioaccumulation or bio-
degradation in CV-TWW system during exponential
growth phase of microalgae. However, the dye removal
rate is slower in CV-TWW than hybrid CV-BC-TWW
system because it only causes biodegradation rather than
biosorption-biodegradation processes of hybrid systems
due to the presence of microalgae cells and algal biochar
active sites (which provide pores and functional groups
such as carboxyl and hydroxyl at biochar surface to
adsorb dye molecules) (Jagaba et al. 2022). Meanwhile in
BC-TWW culture, the dye removal (due to biosorption
only) was rapidly increased in initial days due to the avail-
ability of active sites on BC surface. It can be seen that
the dye removal significantly slowed down after the 5th
day due to the saturation of all active sites or pores with
MB molecules (Danouche et al. 2022). The biosorption of
dye molecules using algal BC might occur due to electro-
static force of attraction, hydrogen bonding, m—m stack-
ing, diffusion, and chemisorption between dye molecules
and BC (Qiu et al. 2022). Thus, it can be concluded that

algal BC has an ability to adsorb organic dye molecules
on the surface of BC and C. vulgaris microalgae cells
uptake dye molecules for bioaccumulation/biodegrada-
tion due to the metabolic reactions of extracellular pol-
ymeric substances and/or enzymatic catalysis process
(Fazal et al. 2018). Therefore, the integration of algal BC
with C. vulgaris improves the bioremediation rate of dyes
from TWW as compared to individual systems.

As mentioned above, the bioremediation of TWW
using microalgae involves different mechanisms such as
biosorption, bioaccumulation, and/or biodegradation,
as shown Fig. 5. The biosorption process is considered
a passive process, where pollutants can bind on the sur-
face or transfer to the pores of biosorbent. Methylene
blue, as a cationic dye, has a positive charge and micro-
algae C. vulgaris has a net negative charge on the surface
of its cell membrane. Firstly, microalgae cells attract MB
molecules towards their negatively charged surface. The
membrane of microalgal cells possesses anionic func-
tional groups (-OH, -PO,, and —COOH, etc.), which
act as active sites to attract positively charged methyl-
ene blue molecules on its surface by electrostatic attrac-
tion (Chin et al. 2020). Secondly, microalgae cells are
responsible for bioaccumulation or biodegradation of
dye molecules into algal biomass by metabolic reactions.
The adsorbed dye molecules, due to their hydrophobic
nature, are penetrated or bioaccumulated inside the cell
membrane through passive diffusion, passive-facilitated
diffusion, and energy-dependent/active uptake (Herndan-
dez-zamora et al. 2015). Then, microalgae cell degrades
these dye molecules extracellularly or intracellularly or in
a combination of both through the excretion of extracel-
lular polymeric substances and specific enzymes (such as
azo-dye reductase) and converts them into simple and
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nontoxic compounds (i.e. CO,, H,O, and NH,) during
metabolic reactions. These nontoxic compounds, along
with other contaminants like nitrates and phosphates,
are bioconverted into ATP, ADP, NADPH, and phospho-
glycerate metabolites by nitrate reductase and glutamine
synthetase. Then, these metabolic substances are used
to produce carbohydrates, proteins, pigments, and lipid
compounds through Calvin-Benson cycle, TCA cycle,
and TAG synthesis processes. These energy compounds
are stored into microalgae cells as algal biomass (Abdel-
fattah et al. 2023). For instance, microalgae C. vulgaris
cultivation shows a significant dye removal efficiency
from 76.3 to 99.0% from TWW due to biosorption and
bioaccumulation/biodegradation processes (Chin et al.
2020; Khan et al. 2023).

The COD analyses of samples were also conducted
to confirm the degradation or removal of MB from
TWW at specific time intervals (0, 8, 12, and 14 days).
The highest COD removal on the 14th day was found
in CV-BC-TWW around 99.9+1.14% as compared to
the CV-TWW (92.2+1.45%), BC-TWW (16.2+1.53%),
and CV-BG-11 (89.1+1.28%), as shown in Fig. 4b. The
COD removal pattern in all PBRs indicates that COD
removal was higher during exponential phase of growth.
As microalgae cultivation entered their exponential
growth phase (4—12 days), the consumption/bioconver-
sion of organic carbon (MB dye and glucose) increased
due to the photosynthesis-Calvin-Benson processes

of microalgae cells, which resulted in an increase in
COD removal from 29.0+£2.12 to 99.8+2.01% in CV-
BC-TWW, 17.6+1.28 to 86.9+1.85% in CV-TWW, and
20.76 £1.55 to 87.37+1.54% in CV-BG-11 culture. This
high COD removal during exponential growth phases
indicates that microalgae cells are responsible to break-
down or bioconversion of MB molecules into metabo-
lites during bioaccumulation process/metabolic reactions
(Fazal et al. 2021a; Hashmi et al. 2023). Meanwhile, the
lowest COD removal was observed in BC-TWW sys-
tem due to the presence of organic carbon (glucose) in
TWW, as only BC is not able to breakdown glucose into
simple substances through biosorption process, unlike
microalgae processes of bioaccumulation or biodegrada-
tion (Jagaba et al. 2022).

3.2.2 Removal of nitrates and phosphates

During microalgae growth, the source of nitrogen
and phosphorus plays a key role in increasing the cell
growth of C. vulgaris. Therefore, these nutrients can be
reduced from TWW effluents by C. vulgaris cultiva-
tion. The results of this study showed that the uptake of
nitrogen (nitrates, NO;~) and phosphorus (phosphates,
PO,*") increased slowly during lag phase of growth
prior to going into exponential growth phase (the 4th to
12th day), where the removal of both NO,~ and PO,*"
increased exponentially from 40.28 + 0.70 to 96.76 + 1.41%
and 43.75+198 to 96.25+1.71%, respectively, in
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CV-BC-TWW system. See Fig. 6. Afterwards, the
removal of NO;~ and PO,*~ did not increase significantly
due to stationary/decline phases of microalgae growth
with the highest removal of NO;~ and PO,*" reaching
up to 99.62+£0.17% and 99.27 + 1.01%, respectively, on the
14th day of cultivation in CV-BC-TWW system, followed
by CV-BG-11 system (93.39+1.41% and 93.75+1.42%)
and CV-TWW (89.47+142% and 78.75+1.01%).
The lowest removal of NO;~ and PO,*" content was
observed in BC-TWW system up to 10.32+0.71% and
13.74+1.07%, respectively. It can be seen from Figs. 4b,
and 6a, b that the removal of these nutrients is directly
proportional to the COD removal efficiency, as microal-
gae cells consume organic carbon (MB/glucose), NO; ™,
and PO,>" nutrients during their metabolic reactions
to form chlorophyll, phycocyanin, amino acids, nucleic
acids (DNA, RNA), and triglycerides (Castillo et al. 2021;
Hsieh-Lo et al. 2019). The formation of these substances
is attributed to the bioremediation of COD, nitrates, and
phosphates from TWW during microalgae cultivation
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(Kumar et al. 2020). Hence, it can be concluded that inte-
gration of algal BC with C. vulgaris is a more efficient way
to reduce/consume the NO,~ and PO,*~ from TWW
effluents and convert them into value added products
during cultivation process.

3.3 Biodiesel production

The biodiesel production is associated with the pres-
ence of free fatty acids, which help to enhance the quan-
tity and quality of biodiesel during transesterification
process (Ahmad et al. 2019). The quantity and qual-
ity of microalgae-derived biodiesel are influenced by
the nutrients availability. For this purpose, C. vulgaris
derived algal oil/lipids from different cultures were used
to produce biodiesel (fatty acids methyl ester, FAMEs)
before the assessment of FAME yield and FAME pro-
files. The total FAME vyields were found 43.32+1.77,
38.86+1.02, and 76.79+2.01 mg g~* in CV-BG-11, CV-
TWW, and CV-BC-TWW cultures, respectively, as
shown in Fig. 7a. The highest FAME yield was achieved
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in an integrated system (CV-BC-TWW) due to the early
starvation of nutrients, as microalgae growth reached
stationary phase after the 9th day as compared to other
CV-BG-11 (the 10th day) and CV-TWW (the 12th day)
cultures. Mostly, microalgae cells switch their metabolic
reactions from biomass generation to cell maintenance
and lipid-based energy storage under nutrient starvation
conditions (Peng et al. 2020; Angelaalincy et al. 2023).
A significant FAME was yielded from extracted lipids of
CV-BC-TWW microalgae biomass due to the deficiency/
starvation of nitrogen (nitrates) content during sta-
tionary-decline phases (9—14th day), as shown in Fig. 7.
On the contrary, microalgae cells in CV-TWW culture
were engaged in growing phase until the 12th day and
produced low lipids content during stationary-decline
phases (only two days), which lead them to produce low
FAME vyield. It can be concluded that fast/rapid micro-
algae growth is responsible to create nutrient starvation
conditions, which led the cells to change their growth
processes (protein production) to cell maintenance, lipid
production/aggregation, and the conversion of excess
carbon buildup through the photosynthetic system into
triglycerides (Vasistha et al. 2023; Mulgund 2022).

FAME profiles showed that different FAME com-
pounds, with C16:0, Cl6:1, C18:0, C18:2, C18:3, C22:0,
and C22:1 chain lengths, were present in biodiesel in dif-
ferent concentrations, as shown in Fig. 7b. Similar com-
position of C. vulgaris derived FAME compounds was
reported in literature (Fazal et al. 2021a; Vasistha et al.
2023). In CV-BC-TWW cultivated C. vulgaris, the total
FAMEs were composed of 15.66 mg g~! saturated fatty
acids (SFAs), 34.82 mg g~ ' monounsaturated fatty acids
(MUFASs), and 26.31 mg g~' polyunsaturated fatty acids
(PUFAs), as shown in Table 1. Meanwhile, FAME pro-
files of microalgal-derived biodiesel in CV-BG-11 and

Page 13 of 16

CV-TWW cultures indicated that different FAME com-
pounds were also present in biodiesel in terms of SFAs
(6.92 and 7.84 mg g~!), MUFAs (16.94 and 15.05 mg g~ %),
and PUFAs up to 19.46 mg g~ and 15.97 mg g™}, respec-
tively. The dominant fatty acid compounds such as pal-
mitoleic acid (C16:1, MUFA) and linolenic acid (C18:3,
PUFA) improve the oxidative stability of biodiesel, reduce
its freezing point, and intensify its low temperature prop-
erties (Fazal et al. 2021a). The lower components of SFAs
in biodiesel are responsible to provide a stability and
higher cetane number and/or better fuel quality (Mul-
gund 2022). On the other aspect, the FAME components
of linoleic acid (C18:2) and linolenic acid (C18:3) also
play an important role in making membrane structures
of microalgae cells (Russell and Rodriguez 2023). The
characteristics of algal biodiesel derived from CV-BC-
TWW biomass such as relative density, kinematic vis-
cosity, cloud point, flash point, and pour point were also
measured up to 0.856 g mL™}, 3.994 mm? s™! at 70 °C,
4.983 °C, 98.626 °C, and —4.994 °C, respectively.

4 Conclusion

In this study, the addition of algal-BC and TWW pro-
vides essential nutrients such as organic carbon,
dyes, nitrates, phosphates, and minerals for micro-
algae cultivation. Therefore, the integrated system of
CV-BC-TWW showed highest microalgae biomass
production (255.11+6.01 mg g~'), CO, fixation rate
(77.57£2.52 mg L' d7!), bioremediation of TWW
(>99%), and biodiesel production (76.79 mg g') as
compare to individual systems. The algal growth, biore-
mediation of TWW in terms of MB and COD removal,
and biodiesel content were increased up to 1.55, 1.15,
and 1.97 fold in CV-BC-TWW system as compare to
CV-TWW system. It indicated that the addition of

Table 1 Concentration of FAME compounds in microalgal-derived biodiesel

FAME profile CV-BG-11 CV-TWW CV-BC-TWW
Lipids chain FAMEs Concentration (mg g~")

C16:0 Methyl palmitate 1.15 1.75 263
clen Methyl palmitoleate 15.68 13.95 29.01
C180 Methyl octadeanoate 0.00 1.56 293
C182 Methyl linoleate 259 1.51 4.12
C183 Methyl linolenate 16.87 14.46 22.19
220 Methyl decosanoate 576 4.54 10.10
C22:1 Methyl erucate 1.26 1.1 582
2SFAs Saturated fatty acids 6.92 7.84 15.66
YMUFAs Monounsaturated fatty acids 16.94 15.05 34.82
2PUFAs Polyunsaturated fatty acids 19.46 15.97 26.31
Total FAME yield (mg g™") 4332 38.86 76.79
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algal-BC in integrated system not only enhanced the
algal-growth but also increased the bioremediation of
TWW (due to biosorption and biodegradation) and
biodiesel content (i.e. C16:1, C18:3, and C22:0), as they
improve the oxidative stability and low temperature
properties of biodiesel. Hence, this study demonstrated
that microalgae Chlorella vulgaris and algal-BC can be
integrated to develop a fast, green, efficient, economical,
and sustainable approach for the microalgae-growth,
carbon capture, bioremediation of TWW, and biodiesel
production.
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