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Production of biodiesel together with wastewater treatment and CO,
sequestration is a promising technology. The growing levels of carbon
dioxide in the atmosphere increase the amount of dissolved CO, in natural
watercourses, triggering the increase in concentrations of bicarbonate and
hydrogen ions while dropping those of carbonate and hydroxyl ions. The active
carbon cycling in coastal areas, which can result in periodic and daily
fluctuations in pH and CO, concentrations that may surpass those
anticipated for the extensive marine ecosystems, is regarded as one of the
consequences of climate change. Studies were conducted to examine the
effects of various pH levels on algal growth and lipid production in order to
better understand how the growth of algae may be influenced in such
conditions. In the present study, the influence of three different pH levels (6,
8, and 10) was studied to evaluate microalgae’s carbohydrate utilisation and lipid
accumulation during the operation’s starvation phase (SP). Microalgae, in the
study, were cultivated in two modes, namely mixotrophic [growth phase (GP)]
and autotrophic [pH-induced (SP)] conditions. Enhancement in biomass
formation, and intracellular carbohydrate accumulation were recorded
during the GP operation, while noticeable lipid productivities (Total/neutral,
26.93/10.3%) were observed during SP operation at pH 8. Pigment analysis
showed variations in both the procedures where higher Chl a concentration
was noticed in GP, and higher Chl b was detected during SP. Nile red fluorescent
staining strongly supports the existence of intracellular lipid bodies (LB). GC
analysis of fatty acid methyl esters (FAME) showed the existence of a substantial
amount of saturated fatty acids (SFA) compared with unsaturated fatty acids
(USFA). Efficient wastewater treatment with nutrient assimilation was reported
during the GP operation, demonstrating the phyco-remediation.
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1 Introduction

Owing to the favourable potentiality for the treatment of
wastewater, reduction of CO,, as well as production of biofuel,
biochemical, and biomaterial, microalgae have been of great
interest over the last few decades (Srimongkol et al., 2022;
Venkata Subhash et al., 2022). Microalgae absorb nutrients
such as N and P from wastewater and build up organic
compounds intracellularly as

they develop

photosynthetically utilizing CO, as a carbon source
(Bhuyar et al, 2021). The high cost of nutrients provided
as chemical salts, which is a key problem for large-scale
microalgae production, can be reduced by growing
microalgae using wastewater (Venkata Subhash et al., 2017;
Li et al,, 2019). In order to produce microalgal biomass for
biorefineries as well as remediate wastewater, substantial
research has been carried out to yield microalgae utilizing
various wastewaters. (Chai et al., 2021; Mustafa et al., 2021).
The rising worldwide scarcity of water and resources shows
the potential of wastewater-based microalgae production for
sustainability, yet, particularly concerning long-term stability,
further study is required for its practical implementation (Li
et al.,, 2019).

The buildup of lipids in microalgae is a sign of their
adaptability to varied and challenging environmental
circumstances (Sato et al., 2000). With regard to the
environmental variations, certain microalgae are able to
effectively alter their lipid metabolism (Kirrolia et al., 2013).
Large amounts of algal biomass are generated during algal
development under ideal circumstances, and their dry cell
weight (DCW) has comparably modest lipid (5%-20%)
contents (Ahmad et al, 2022). Microalgae, under stress
conditions, change their lipid biosynthetic pathways to
produce and accumulate neutral lipids, primarily appearing
as triacylglycerides (TAG) (Venkata et al., 2011; Devi et al,
2013). Under ideal growth conditions, various microalgae
naturally yield lipids (Venkata et al., 2011; Devi et al,, 2012;
Devi and Venkata, 2012). However, many species may promote
the synthesis of neutral lipids in the form of TAG during stress,
and these lipids are potential precursors for the manufacture of
biodiesel (Hu et al., 2008; Moheimani and Parlevliet, 2013).
Under some chemical or physical environmental stress
conditions, microalgae can synthesize and accumulate
greater levels of TAGs (Renaud et al., 2002; Hu et al., 2008;
Jusoh et al., 2020; Zarrinmehr et al.,, 2020). Numerous studies
have been performed on lipid induction strategies of various
stressors on microalgae, including nutrient (Devi et al., 2012),
carbon (Abou-Shanab et al., 2011), salinity (Venkata and Devi,
2014), heavy metals, as well as further chemical stresses
(Richards and Mullins, 2013; Xia et al., 2014). Nitrogen
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deficiency is the utmost crucial nutrient impacting lipid
metabolism in algae amongst the examined stress situations.
(Venkata et al., 2011; Devi et al., 2012). It was observed in
numerous species of microalgae and mixed microalgae
(Venkata and Devi, 2014). In order to increase the synthesis
of lipids, Hu et al. (2008) investigated the effects of nitrogen
stress on a variety of green microalgae, cyanobacteria, and
diatoms. In order to increase the synthesis of lipids, Hu
et al. (2008) investigated the effects of nitrogen stress on a
variety of green microalgae, cyanobacteria, and diatoms. To
promote lipid biosynthesis and build up enough biomass, ideal
pH values are also required in addition to determining the
growth factors for microalgae biomass needed for biofuel
generation (Blankenship, 2021).

The development of microorganisms, such as microalgae, is
greatly influenced by pH because of its direct impact on NH3/
NH4" balance and nitrogen accessibility (Devi et al., 2012;
Mathew et al., 2021). For optimum development, separate
micro-organisms require separate pH ranges, and variations
in ambient pH have an impact on the functionality of
the process
enzymes and proteins (Li et al., 2020). Despite the fact that

microorganisms, particularly of activating
the bulk of microalgae are known to prefer neutral pH, various
species of microalgae have been shown to thrive in very acidic
(pH < 5) or alkaline (pH > 9) circumstances (Gatamaneni et al.,
2018). The pH of the medium can be altered by the growth of
microalgae, which consequently has an impact on microalgal
development (Yu et al., 2022). According to an investigation on
the proton imbalance during microalgae culture, alkalinity was
formed or used up determined by the nitrogen supply and its
metabolic procedure, which caused a higher impact on the
pH of the medium than CO, absorption, (Wang and Curtis,
2016).

Since no additional harvesting processes are required and
better growth may be sustained until producing stress
conditions, a pH-based stress strategy could probably be
simpler to scale up than nutritional stress. Little research has
been performed on the use of pH as a stressor to cause lipid
accumulation in algae. Therefore, employing mixed microalgae
as biocatalysts, the current work was carried out to assess the
impact of varied pH (6, 8, and 10) throughout the starvation
phase (SP) of the operation. During the study, all the
experimental setups were prepared with a light regime of 12/
12 light:dark conditions to better understand the pH stress on
lipid productivity. Biomass growth, pigment analysis, diversity
changes, as well as the effectiveness in wastewater treatment
were assessed all through the growth phase (GP), whereas lipid
production was analyzed during the operation phases. In
addition fatty
pH variation was also evaluated.

acid composition concerning defined
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FIGURE 1
Schematic representation of the experimental methodology

2 Materials and methods

2.1 Mixed microalgae collection,
identification, and cultivation

In this work, a mixed microalgae culture that was taken from the
Alasfar lake outflow channel (Alhasa, Eastern Province, Saudi Arabia)
was employed as a biocatalyst. Prior to the experiment, the obtained
culture was cleaned two times using distilled water and pelletized by
centrifuging three times at 3,000 rpm for 10 min at 30°C to eliminate
the allied debris. Domestic sewage was used as a growth medium to
rebuild the microalgae biomass in 36 cm x 24 cm X 12 cm oblong
tubes made of plastic without exposing to sunlight. The biomass was
sporadically mixed throughout the early phase of culture management
to prevent settling and consistent circulation of sunlight to the cells.
This culture served as the parent inoculum for the trial investigation
after consistent biomass and cell density were established.

2.1.1 Experimental Design

The experiment was set up and carried out in two different stages,
the first being a growth phase (GP; biomass enhancement; 8 days)
under a mixotrophic mode of nourishment, and the second being a
starvation phase (SP) induced by pH stress (Figure 1). The growth
phase was carried out with the mixotrophic method and used
domestic sewage as a substrate including extra carbon (500 mg
glucose/l), nutrients (500 mg NaNOs/l; 500 mg Na2POy/1), an
antibiotic solution (ampicillin, 25 mg/L) at a pH of 8.2 keeping the
temperature at 28 (+3) °C in a shady area. The cultures were collected
by discharging the effluent from the tub-small scale open cultivation

Frontiers in Energy Research

03

10.3389/fenrg.2022.1033068

practice (1 m* pond) after the 8-day growing period. The dewatered
culture served as the SP’s inoculum of the experimentation.

There were three distinct pH levels used in the SP experiment:
6, 8, and 10. Prior to the operation, 20 ml of microalgal biomass
was added to 160 ml of tap water and the container was then sealed
with cotton plugs. The entire experimental procedure was reserved
in a heat regulated shaking incubator (120 rpm). Estimates of
biomass, cell density, pigment analysis (chlorophyll a and b), and
the total cellular carbohydrate contents were made every other day
while the GP and SP were in operation. Lipid analysis was
performed at the beginning (prior to GP), at the end of GP,
and SP. Following SP, the biomass was detached by centrifugation
(5,000 rpm; 5 min at 28°C), and the algal biomass pellet was dried
using the sunlight before being blended into powder. By use of a
sonicator (20 kHz) for 30 min (Power-Sonic 410), the blended
powder was then interrupted, and the lipid extracted was utilized
for analysis. The data provided here are the outcome of an average
of three separate experiments, each conducted in triplicate.

2.1.2 Lipid extraction

Solvent extraction using a mixture of chloroform, methanol
for total lipids (Venkata and Devi, 2014) and n-hexane for
neutral lipids (Devi et al., 2012) were employed to extract the
total and neutral lipids from dried algal biomass. On the basis of
the proportion of total lipid extracted to dry weight of algae, the
following formula was applied to calculate lipid productivity (%):

Lipid productivity (%) = gof oil/dry weight of biomass (1)

2.1.3 Conversion of lipids to FAME

Algal lipid (100 mg) was refluxed with a combination of 100:
1 ml methanol and sulfuric acid for 4 h while the reaction was
being monitored by thin-layer chromatography (TLC) with a
mobile phase made up of a 90:10 mixture of n-hexane and ethyl
acetate (EA). The feedback was kept up until the oil stain on the
TLC plate vanished. As the reaction period (4 h) was over, the
contents were rinsed with 25 ml of distilled water, and the
aqueous layer was pulled out with EA (2 x 25ml) and
collected. The essence was concentrated in a vacuum after
being dried on anhydrous Na,SO,. The resulting lipid
underwent transesterification to FAME before being GC-FID
examined. The resultant FAME composition was compared to
the standard FAME mix, C8-C22 (SUPELCO) (Subhash and
Venkata, 2011; Devi et al., 2012; Venkata and Devi, 2014).

2.2 Analysis
2.2.1 Assessment of algal biomass and pigments
(chlorophyll a and b)

Total wet biomass was calculated using a spectrophotometer
by measuring the OD ;57 (Yeh and Chang, 2011). Algal cell
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density (D) was calculated by optical density (OD) at 750 nm
employing the following equation. (He et al., 2019).

D (cells/ml) = 9.52 x 10°0Dys + 70957 )

Total chlorophyll content of the cultured algae was (Chl a and b)
measured by calorimetrically (Jeffrey and Humphrey, 1975). Briefly,
Algal cells (2 ml) were washed with distilled water and concentrated
by centrifugation (7,000 rpm; 5 min), and the reconstituted pellet
was then resuspended and washed in 1 ml of phosphate buffer
solution (PBS) at a similar speed. The resultant algal shoot was
extracted using 2 ml of acetone after being disturbed in an ultrasonic
water immersion for 7 min at 20 kHz. The supernatant’s OD was
calculated at 647 nm and 664 nm after the extract had been
centrifuged at 3,000 rpm for 5min. Considering the OD
readings, the following formulas were used to compute
chlorophyll a and chlorophyll b concentrations (Ig/ml):

Chla = -1.93 x OD647+112 93 x OD664
Chlb = 20: 36 X ODgy7—5: 50 x ODggy

3)
(4)

2.2.2 Determination of intracellular lipid bodies

In order to reveal Nile red fluorescence staining, intracellular
lipid bodies (LBs) in the algal biomass were examined (Kimura
et al., 2004; Katre et al., 2012; Debowski et al., 2013). Acquired
from Aldrich Chemical, Nile red (9-diethylamino-5-benzo [a]
hexazinone) was diluted in 0.1 mg/ml of acetone. The algal
biomass was mixed with 10 uL of Nile red (0.1 mg/ml) to
measure the intracellular lipids. After thoroughly blending, the
combination of 50-100 uL algal culture and 2 ml PBS was stored
for 5min in a dark area. A Nikon Eclipse 80i epifluorescent
built-in  digital (YIM-smt,
5.5 megapixels) was used for the microscopy. NIS-elements

microscope with a camera
(D3.0) software program along with Cy3 and Fluorescein
Isothiocyanate (FITC) fluorescent filters was used to shoot

photos.

2.2.3 Determination of cellular carbohydrate

The Anthrone method was utilized to determine the total
soluble carbohydrate content (TSCC) in the cells of algae (wet
weight) (Morris, 1948). 2 ml of algal cells were washed with
distilled water and centrifuged (7,000 rpm; 5 min), and then the
resultant pellet was resuspended in 2 ml of phosphate buffer
solution (PBS) and centrifuged at the same speed. The pellet of
algae was disturbed in an ultrasonic water immersion up to 7 min
(20 kHz) and homogenized to make a slurry. 1 ml of distilled
water was added to the slurry and used for analysis. The amount
of carbohydrate present in the algal cell was estimated by taking
the OD 4y4.

2.2.4 Determination of fatty acid methyl esters

The produced lipid was converted to FAME and then
examined utilizing GC-FID. The resultant FAME composition
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was juxtaposed with the standard FAME mix, C8-C22
(SUPELCO) (Subhash and Venkata, 2011; Devi et al., 2012;
Venkata and Devi, 2014).

3 Results and discussion

3.1 Changes in biomass during growth and
stress phases

The growth of biomass, pigment profile, carbohydrate
synthesis, and lipid consumption were all significantly
influenced by the dual-mode [mixotrophic (GP); autotrophic
(SP)] culture of microalgae. Mixotrophic mode of operation
during the GP led to a considerable increase in the biomass,
(chlorophyll)

intracellular carbohydrate accumulation (Figure 2). Following

cell density, pigment concentration and
the starting concentration on day Oth (0.42 g/L), the biomass
increased to 0.7 g/L (3rd day), and then 1.1 g/L during the
operation (5th day).”Maximum biomass concentration was
noticed at the end of GP operation (1.49 g/L; 8th day). Cell
concentration at the end of GP operation was 2.5 x 10° cell/ml;
this was higher than the 1** day (1.2 x 10°) followed by 3rd day
(1.6 x 10°) and 5th day (2.0x 10°). Considerable rise in all growth
parameters might be due to wastewater containing different
elements such as soluble organic, inorganic, insoluble
inorganic materials, macro solids, and so on. (Abou-Shanab
et al, 2011). During the growth, the microalgae have utilized
the soluble fraction (carbon, nitrogen and phosphate) for
biomass enhancement. Along with the wastewater nutrients,
algae could sequester the atmospheric CO, (Molazadeh et al,
2019). The data confirmed that microalgae could utilize glucose
and CO, as organic and inorganic carbon sources by following
the combined photosynthetic and heterotrophic metabolism; it
was clear that microalgae used CO, as a carbon source while
growing in wastewater under the provision of light. Considerably
higher biomass could be achieved with mixotrophic growth,
which would be advantageous for biomass enhancement.
Throughout SP, the batch experiments with varied
pH conditions revealed variation in biomass survivability and
cell density. Among all the pH driven conditions, pH at 6 (1.1 g/
L; 1.9 x 10° cells/ml) and 10 (1.2 g/L; 2.1 x 10° cells/ml)
conditions showed more influence on the biomass (algal cells)
and cell density. On the contrary, pH 8 (1.4 g/L; 2.5 x 10° cells/
ml) showed an insignificant drop compared with the initial
concentration (1.49 g/L) of SP. During day 1, a sudden drop
in the biomass was noticed in pH 6 (1.22 g/L; 2.3 x 10° cells/ml)
and pH 10 (1.27 g/L; 2.5 x 10° cells/ml), and a negligible drop was
noticed in pH 8 (147g/L; 2.6 x 10° cells/ml). At the
pH 6 operated condition during the 5th day (1.19 g/L; 2.0 x
10° cells/ml), a biomass drop was noticed and continued to the
end of SP, but in the case of pH 10, the drop was stabilized (5"

day, 1.21 g/L, 2.2 x 10° cells/ml; end of SP, 1.20 g/L, 2.1 x 10°
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cells/ml), maintained in constant level and followed by pH 8,
where a very negligible drop in the biomass was observed during
SP (5th day, 1.41 g/L, 2.58 x 10° cells/ml; 1.40 g/L, 2.53 x 10°
cells/ml).
concentrations might be due to the pH levels being less than
7.5 and higher than 8, which could adversely affect the growth of
microalgae. The development of microalgae was repressed by
alkaline pH, which diverted the energy to create TAG (Subhash

Variations in the biomass and cell density

and Venkata, 2011). The low biomass concentration and cell
density might be due to the cell damage. These results indicated
that pH levels being lower and higher than these ranges could
inhibit photosynthesis and affect the morphology of algae.

3.1.1 Algal pigment changes

Pigment analysis (Chl a and b) revealed clear variations
throughout  the Higher
concentration of chlorophyll a than b was observed during

course of the investigation.
the GP. A rise in the Chl a concentration of algal culture
reflected higher biomass production (Figure 3). At the end of
GP, chlorophyll a and b concentrations were discovered at
5.3 ug/ml and 4.4 pg/ml, successively, and the concentrations
were higher than the initial phase (1.6 ug/ml; 1.4 ug/ml). Higher
Chl a concentration directly supports the new biomass formation

Frontiers in Energy Research

leading to the growth in the cell density (Venkata and Devi,
2012). This is because of the ratio of Chl a to biomass that can
vary among algal cultures, and the measurement of Chl a
concentration is considered a reasonable estimate of algal
concentrations.

In contrast, greater concentration of Chl b and lower
concentration of Chl a became evident at the final stage of SP.
During the SP operation, the pH 8 operated condition showed
higher Chl b than a concentration compared with the other
pH operated conditions. At the end of SP, Chl b and a under pH 8
(4.7 ug/ml, 3.9 pg/ml) were observed followed by pH 10 (3.9 ug/
ml, 3.7 pg/ml) and pH 6 (3.6 pg/ml, 2.5 pug/ml) in comparison
with the initial condition (5.38 pg/ml; 4.46 ug/ml). The results for
chlorophyll changed during the GP and SP phases showing
variations in both Chl a and b concentrations, and there was
a specific increase of Chl a related to pH variation. Under stress
condition, Chlorophyll’s methyl groups may have been replaced
by formyl groups, resulting in higher Chl b concentrations during
the SP (Venkata and Devi, 2012). The SP operation demonstrated
biomass development in response to lower Chl a concentration,
indicating the impact of pH on growth instead of on chlorophyll.
Chlorophyll loss was observed by visual colour differences in the
algal cells, and the same observations were made in pH at 6 and
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10 conditions of SP. Under pH 6 condition, the magnesium
molecule (Mg'*) was lost, and the colour changed to the
characteristic pheophytin olive green colour. In pH 10
(alkaline) condition, the methyl and phytyl esters were
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removed by producing chlorophyll in which there showed a
bright green colour. Chl a concentration rapidly dropped, which
might be due to its less stability than chlorophyll b in the
operated pH conditions (Rai et al,, 2015). At the end of the
experiments, the chlorophyll concentration decreased due to the
susceptibility to chemical or enzymatic (enzymes, weak acids,
oxygen, light, pH and heat) degradation reactions (Hynstova
et al., 2018). Throughout the SP, hydrogen ions can convert
chlorophylls to their corresponding pheophytins by replacing the
magnesium ion in the porphyrin ring. This reaction can cause
discoloration, which may be caused by the chlorophylls’
pheophytins the effect of pH.
Chlorophyll was converted to pheophytin and pheophorbide,

conversion  to under
which change the color from brilliant green to a mild olive green
or olive yellow.

3.1.2 Lipid profile

Data on lipid profiles revealed changes in lipid production in
relation to the GP and SP experiments. Total lipid (TL) and
neutral lipid (NL) profiles showed significant variations in all the
conditions and were found to be uniform (6.3% and 2.1%) which
were later increased during the experimental study (Figure 4).
Lipid productivity profiles noticed after SP operation was two-
fold higher than GP (Venkata and Devi, 2012; Vasistha et al,
2021). Comparatively, higher lipid productivity (total and neutral
lipid) was noticed in pH at 8 operated conditions (26.93% and
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Changes in intracellular carbohydrate concentration during
the growth phase and pH-induced stress phase.

9.3%) followed by pH 10 (14.4% and 5.2%) and pH 6 (13.8% and
4.6%). In this condition, higher lipid productivity was observed at
pH 8 (15.4% and 5.2%) followed by pH 10 (10.3% and 3.8%) and
pH 6 (8.8% and 2.8%). The yields of lipid productivities were well
correlated with the intracellular carbohydrate utilization, as well
as higher lipid productivity was proportional to the more
utilization of intracellular carbohydrate content. Higher lipid
production in various operating conditions were noticed among
all conditions in the pH eight operating condition. Maximum
lipid productivity in all conditions might be due to the nutrient-
deprived (nitrogen, carbon, phosphorous etc.) conditions and the
pH stress on microalgae (Venkata and Devi, 2012). The nutrient-
deprived condition at this pH range stimulates all the enzymatic
activities (fatty acid acyl Co-A and activate diacylglycerol
acyltransferase) to arrest protein synthesis (nitrogen deprived
condition) resulting in feedback inhibition of the citric acid cycle
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and inhibiting the photosynthetic efficiency to carbon fixation,
which leads to the utilization of intermediate carbohydrate
metabolites created by the process to yield triacylglycerols
(TAGs) through the Kennedy pathway (Skrupski et al., 2013).

3.1.3 Intracellular carbohydrate levels Vs. lipid
productivity

At the final state of GP and SP, the
carbohydrate that microalgae had accumulated during GP

intracellular

was assessed. The detected lipid production patterns were
carbohydrate
carbohydrate

interrelated  with
that
concentrations tend to accumulate less lipids. (Figure 5).

consistent and  well

concentrations, indicating greater
Similarly, lower carbohydrate concentration reflects higher
lipid productivity (Venkata and Devi, 2014). Intracellular
carbohydrate concentration after the mixotrophic operation
showed higher concentrations (223.4 mg/g algae), higher than
the initial concentrations (29.2 mg/g algae), depicting the
higher carbohydrate accumulation using organic carbon
sources. The observed pattern of CHO accumulation in the
algal cells is mainly due to the efficient utilization of available
carbon and CO, sequestration. The intracellular carbohydrate
levels decreased during the SP experimentation, but the
abatement differed regarding the defined conditions. The
decline in the intracellular CHO indicates the intracellular
conversion of CHO to lipids. The pattern of CHO utilization
was related to lipid productivities noticed after SP operation.
During SP, a higher amount of carbohydrate was utilized at
pH 8, and it was well correlated with the lipid profiles. A
significantly lesser intracellular carbohydrate utilization was
noticed in the pH 6 operated condition. The leftover
carbohydrate concentration in the cell was significantly
higher (183.4 mg/g algae) than other used conditions. This
was followed by pH 10 (163.5mg/g algae) and pH 8
(108.3 mg/g algae). Comparatively, a higher amount of
intracellular carbohydrate was utilized at pH 8 condition,
which was well correlated with the lipid production profile.
The documented results depict that the conditions with higher
carbohydrate concentrations showed lesser production of lipid
that the
carbohydrates to lipids and vice-versa.

can be connected with non-conversion of

3.1.4 FAME composition with the function of
pH condition

The total and neutral lipid fractions underwent the fatty acid
composition (after GP and SP). Seventeen fatty acids were
included in the fatty acid profile, of which 11 were saturated
fatty acids (SFA) and 8 were unsaturated fatty acids (USFA).
Table 1 shows the fatty acid concentrations and changes that
were observed. Higher SFA than USFA was registered during the
compositional analysis. A higher concentration of SFA than
USFA in the algal-based lipid will favour biofuel production
with less combustion characteristic (Subhash and Venkata,
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TABLE 1 GC analysis for FAME composition at operating conditions.

S.No Standard FAME

mix
1 Lauric Acid Methyl Ester (C12:0)
2 Myristic Acid Methyl Ester (C14:0)
3 Myristoleic Acid Methyl Ester (C14:1n9¢c)
4 Heptadecanoic Acid Methyl Ester (C17:0)
5 Stearic Acid Methyl Ester (C18:0)
6 Elaidic Acid Methyl Ester (C18:1n9t)
7 Oleic Acid Methyl Ester (C18:1n9c¢)
8 Arachidic Acid Methyl Ester (C20:0)
9 Cis-11-Eicosenoic Acid Methyl Ester (C20:1)
10 Behenic Acid Methyl Ester (C22:0)
11 Capric Acid Methyl Ester (C10:0)
12 Caprylic Acid Methyl Ester (C8:0)
13 Pentadecanoic Acid Methyl Ester (C15:0)
14 Palmitic Acid Methyl Ester (C16:0)
15 Palmitoleic Acid Methyl Ester (C16:1n9¢)
16 Linoleic Acid Methyl Ester (C18:2n6c¢)
17 Linolenic Acid Methyl Ester (C18:3n3)
18 Erucic Acid Methyl Ester (C22:1n9)

TABLE 2 Microalgal diversity during the experimental study.

Microalgal composition

Chlorella vulgaris
Scenedesmus dimorphus
Scenedesmus quadricauda
Scenedesmus obliquus
Pediastrum boryanum
Cyclotella bodanica
Cosmarium sp
Oedogonium
Anbkistrodesmus sp
Euglena sp

Nageliella sp
Meismopedia sp

Euglena acus

2014). During the experimental study, a higher amount
(number) of SFA than USFA composition was noticed at
pH 8 (9:4), followed by pH 10 (5:2) and pH 6 (6:3). The
composition of SFA favoured the use of algal lipid as a biofuel
due to the inclusion of caprylic acid, methyl ester, capric acid,
lauric acid, stearic acids, and palmitic acid. The operating
condition at optimal pH showed a good total fatty acid profile
depicting the storage of total lipids in neutral lipids. Alkaline
pH stress leads to tri acyl glyceride (TAG) accumulation and
declines membrane lipids.

Frontiers in Energy Research

pH 6

X

X 2= = X

X 2 <2 X

X

08

10.3389/fenrg.2022.1033068

pH 8 pH 10 Fatty acid

nature

SFA
SFA
USFA
SFA
SFA
USFA
USFA
SFA
USFA
SFA
X SFA
x SFA
SFA
SFA
USFA
USFA
USFA
USFA

X X X 22 2 X X 2 X 2

X0 X 2 X

X

<= X

3.1.5 Evaluation of mixed microalgal diversity
In the present studies, different microalgal species were
observed in the culture collected during GP. Microalgae viz.,
Scenedesmus sp., centric (Coscinodiscophyceae) and pinnate
diatoms (Bacillariophyceae), Pediastrum boryanum, Cyclotella
bodanica, Cosmarium sp., Chlorella vulgaris, Oedogonium,
Ankistrodesmus, Euglena and Nageliella were observed in the
experimental study (Table 2). Microalgae have a lipid
accumulation trait that varies by species. The microalgal range
was varied according to the defined condition during the SP
operation. A comparatively higher microalgal population was
survived in LPP, pH 8 operated condition. In this defined
the
Scenedesmus quadricauda, Scenedesmus obliquus, diatoms and

condition, survivability of Scenedesmus dimorphus,
C. vulgaris was more than the other species. All the survived
species were reported for higher lipid productivity (Devi et al,,
2012). pH 10 operated condition documented the survivability of
P. boryanum, centric and pinnate diatoms and C. vulgaris. A
significantly less diversity profile was recorded in pH 6, where the
C. vulgaris sp. Was dominant over others, and this is because of
the survivability nature of such species under pH 6 conditions.
The changes in lipid productions and the diversity of species seen
under various operating situations were analogous and generally
agreed upon.

3.1.6 Nile red staining for neutral lipids

While carbon is accessible, and vital elements like nitrogen
are limited, oleaginous microorganisms (algae, bacteria, and
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fungus) accumulate significant quantities of lipids (Subhash and
Venkata, 2014). In single-cell organisms, these accumulated
lipids are stored in the form of intracellular lipid bodies (LBs)
that are clearly noticed by Nile red fluorescence stains. (Kimura
et al., 2004; Jusoh et al., 2020). In the present study by using Nile
red fluorescence, at pH 8 operating conditions during the SP, the
algal culture showed more LBs than other operating states at
pH 10 and 6. Between day 1 and day 8, the stress phase saw an
increase in lipid bodies within the algal cells. Fluorescence
microscopy revealed that the LBs were ellipsoidal and circular
in shape. The increased concentration of lipid bodies may be the
result of the effective use of intracellular CHO and nitrogen
limiting circumstances. Neutral lipids are kept in exclusive
booths known as LB in eukaryotes (algae). They are
in the ER’s technical which
accommodates the majority of structural and biosynthetic

accumulated subdomain,
enzymes (Wiltermann et al, 2005). The neutral lipids are
placed between the two leaflets of the membrane bilayer as
they cannot fit among the phospholipids. TAG makes up the
majority (up to 90% and even more) of the neutral lipids in LB,
and a phospholipid monolayer surrounds the neutral lipid core of
the LB.

3.1.7 Wastewater treatment

COD removal efficiency (projected in the final state of BGP
and LIP) presented efficient substrate degradation during GP.
The mixotrophic operation showed maximum removal efficiency
of 82% due to the availability of nutrients in the wastewater
biomass. The application of such elements may be as a
consequence of the system pH (8.2-9.0), one of the variables
that can impact the use and buildup of organic compounds by
aquatic organisms throughout numerous processes triggering the
development in biomass concentration. The pH of the system can
change the chemical characteristics of pollutants, particularly
their water solubility (Venkata and Devi, 2012; Venkata and
Devi, 2014). The pH of the system should, therefore, have an
impact on how substances are transported from the water and
how they interact with algal surfaces, influencing the way
intracellular carbohydrates are accumulated by algae.
Collecting a higher amount of carbohydrates during GP was

one of the positive results obtained during this study.

4 Conclusion

Mixotrophic mode of operation during GP influenced higher
biomass and carbohydrate accumulation by remediating
wastewater. pH-induced stress during SP documented high
elevated LBs

lipid productivity. ~Accumulating under
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pH 8 induced stress conditions is positive evidence for
converting intracellular carbohydrates to lipids. After GC
analysis of FAME at the end of SP, a greater SFA proportion
than USFA was recorded. Microalgae can be used to produce
biofuel, which is a least expensive experimental strategy that may
be used as a substitute stage to focus on the upcoming energy

issue.
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