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Abstract

This study was based on the comparison for the cultivation of microalgae species Chlorella vulgaris in domestic wastewa-
ter and distilled water in order to reduce nutrients and simultaneously generate biomass to produce biodiesel. Microalgae
reduces concentration of inorganic pollutants (nutrients), and it was observed that 41% (nitrates) and 37% (orthophosphates)
were removed by cultivating microalgae in wastewater, while nitrate and orthophosphate removal efficiency was found to
be 36% and 23%, respectively, with its cultivation in distilled water. It is worth mentioning that maximum microalgae bio-
mass productivity was found to be higher at 6.768 mg/L with wastewater cultivation as compared to 3.308 mg/L in distilled
water. The lipid extraction from the microalgal biomass produced using wastewater was found to be 25.2% by dry weight.
The GC-MS fatty acids analysis of the microalgae lipids demonstrated the presence of myristic (C14:0), palmitic (C16:0),
palmitoleic (C16:1), oleic acid (C18:1), linoleic (C18:1) and linolenic acids (C18:3), which are favourable to produce bio-
diesel with better fuel characteristics. FTIR peaks at 1361 cm™' and another at 1639 cm™' revealed the presence of ester
linkages in microalgae, and a peak at 1000 cm™~! denotes strong polysaccharide (C—O) bonding. Thus, FTIR analysis revealed
well-formed microalgae with all characteristic peaks and distinct finger prints of lipid existence. The energy requirement
for microalgae cultivation per litre for a 10 day cultivation period showed higher value with distilled water (1.539 kWh)
as compared to its cultivation in wastewater (0.966 kWh). Current investigation suggests that microalgae cultivated using
domestic wastewater can produce more biomass as compared to its cultivation in distilled water, with a benefit of freshwater
conservation. It also treats wastewater by taking up the nutrients and helps in mitigating eutrophication if untreated waste-
water is discharged directly into water bodies.
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Introduction

Amidst excessive fossil fuel consumption, as carbon dioxide
(CO,) continues to accumulate in the environment, sustaina-
ble alternative sources of biofuels are being targeted towards
that can suffice the growing need for fuel and also leave the
lowest carbon footprint [1]. Microalgae oil production can
potentially be carried out more efficiently, leaving smaller
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carbon footprints and without competition with agricultural
land to cultivate edible crops [2]. Microalgae are considered
a favourable feedstock to produce third-generation biofuels
because they are potentially 10-20 times more oil producing
than vegetable oil seed crops [1]. Organic and inorganic pol-
lutants released into the environment as a result of domestic,
agricultural and industrial water activities lead to contami-
nation of wastewater [3]. During the wastewater treatments,
primary and secondary processes have been introduced in
order to eliminate the settleable solids and to decompose
organic materials, which results in treated effluent that can
be discharged into natural water bodies and has other appli-
cations such as for irrigational purposes. Therefore, waste-
water loaded with organic and inorganic pollutants such as
nitrogen (N) and phosphorus (P) can cause eutrophication in
lakes [4]. Microalgae cultures offer an extremely beneficial
source of wastewater treatment, providing tertiary biological
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treatment coupled with the production of potential feedstock
for a variety of products such as bio-methane, bio-hydro-
gen and biodiesel production, composting, as animal feed
or aquaculture for fishes. Furthermore, it provides us with
a range of other benefits such as reduction of biochemical
oxygen demand (BOD;), reducing nitrates/phosphates and
removing heavy metals [5].

The microalgae help in CO, sequestration through carbon
absorption from atmosphere for photosynthesis and give us
oil for biofuels production. In a previous study, the effect of
the removal of CO, from atmosphere and lipid productiv-
ity from microalgae biomass was studied. It was observed
that with ambient CO,, the additional 1% by volume CO,
enhanced the microalgae growth. The average growth rate
was 60% higher at the logarithmic growth phase with CO,
as driver of algal biomass and lipids production. Therefore,
it is an effective method to reduce the carbon emission with
producing biofuels and bioenergy from microalgae biomass
[6]. Previous research investigation showed microalgae cul-
tivation using an aquaculture wastewater as growth medium
with different levels of nutrients, showed that microalgae
cell density increased 8.9 times more than the initial level of
the microalgae species (Platymonas subcordiformis) while
the nutrients removal from wastewater was estimated to be
around 87-95% for nitrates and 98-99% phosphates, respec-
tively. Therefore, it was suggested to simultaneously couple
the reduction of nitrogen and phosphorus from wastewater
by cultivating microalgae and produce biofuels [7]. Research
work was conducted on green algae Chlorella sp. cultivated
with wastewater and its growth was monitored along with
the removal efficiency of nitrogen, phosphorus, chemical
oxygen demand (COD) and metal ions. The results showed
microalgae can be cultivated with wastewater and it can
simultaneously treat wastewater by removing nutrients and
other contaminants such as metal ions [8].

Wang et al., 2009 [9] assessed the growth of green algae
Chlorella sp. with wastewaters sampled from four different
collection points (before and after primary settling tanks,
after activated sludge tank and wastewater generated in
sludge centrifuge) during the treatment process and growth
was monitored with respect to the reduction of nutrients,
chemical oxygen demand and metal ions from wastewater.
Microalgae species Chlorella sp. showed good adaptation
in all of the four wastewater samples and showed significant
increase in growth rate in the wastewater generated in sludge
centrifuge because of its much higher levels of nitrogen,
phosphorus and COD concentrations than those in the other
three wastewaters. The ammonia nitrogen removal rates
were 82.4%, 74.7%, 0.5% and 78.3% for four wastewater
samples, respectively, while the phosphorus removal was
found as 83.2%, 90.6%, 4.70% and 85.6%, respectively.

Microalgae appear to be a significant source of biomass to
produce biodiesel that has the potential to replace fossil fuels
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such as mineral diesel. A comparative study was conducted
in Pakistan on Cladophora sp., Oedogonium sp., and Spiro-
gyra sp. that showed that Cladophora sp. produced a higher
yield of biodiesel than Spirogyra sp. and Oedogonium sp.
Moreover, the biomass after lipid extraction can be used as a
feedstock for potential industrial applications [10]. Advance-
ment in renewable energy can help Pakistan to tackle energy
crises. The indigenous microalgae species, such as Chlorella
vulgaris, Chaetoceros sp., Cyclotella sp., Scenedesmus sp.,
Chlamydomonas sp. and mixed blue microgreen algae were
found having favourable growth conditions in an open pond in
Pakistan [11]. A previous study showed that mixed microalgae
culture was cultivated using secondary treated domestic waste-
water for biodiesel production. The total lipid yield was found
to be 26.2% by weight of dry biomass and approximately 74%
of the lipids were contributed by total glycerides. Fatty Acid
Methyl Ester (FAME), i.e. biodiesel composition was mainly
composed of palmitic, palmitoleic, stearic, oleic, linoleic and
linolenic acid methyl esters. Thus, it was observed that micro-
algae biomass obtained from its cultivation with domestic
wastewater has beneficial properties for its conversion into
biodiesel [12].

The present research investigation basically looks into
comparing cultivation of microalgae species chlorella
vulgaris in distilled and domestic wastewater in photo-
bioreactors for sustainable development in the renewable
energy sector to produce biodiesel. The biomass productivity
yield, concentration of chlorophyll and removal of nutrients
(nitrates and orthophosphates) as a function of cultivation
time of microalgae were compared and measured. Moreover,
the cultivation of microalgae energy consumption analysis
based on scale-up factor was also being calculated to look
into biomass production feasibility.

Materials and methods

The methodology adopted for this study to microalgae cul-
tivation using wastewater and distilled water is shown in
Fig. 1. The experimental work was conducted at a room
temperature of 25+ 1 °C and relative humidity 65% in the
Water Testing Laboratory, Department of Environmental
Engineering, NED University of Engineering & Technology
(NEDUET), Karachi, Pakistan. Domestic wastewater from
residential staff colony coming into the NEDUET wastewa-
ter treatment plant with a treatment capacity of 56,781 L/
day (i.e. 15,000 gal/ day) was collected for experimental
analysis.

Tubular photo-bioreactors for microalgae
cultivation

The photo-bioreactor tubes were fabricated to cultivate
microalgae in a batch scale setup using wastewater for



International Journal of Energy and Environmental Engineering (2021) 12:475-485 477

Fig. 1 Flow chart showing the
methodology followed in this
research study
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its treatment by reducing the nutrients concentration
and simultaneously producing microalgae biomass for
10 days cultivation time. The tubular photo-bioreactors
were fabricated from acrylic transparent sheets with an
inner diameter 38.1 mm, outer diameter 40.64 mm, and
with a wall thickness of 2.54 mm. The length of each
tubular photo-bioreactor was 762 mm and had a vol-
ume capacity of 750 mL. The five tubular photo-bio-
reactors were mounted on a metal frame with dimen-
sions with 609.6 mm X 304.8 mm X 304.8 mm inches
(length X width X height). The air was provided to each
tubular photo-bioreactor through air diffusers (nozzles)
at the bottom of each tube connected to the air pump
(ACO-308, Hailea, China) having flow rate 60 L/min
divided into five tubular photo-bioreactor (i.e. 12 L/min)
through a steel nozzle of diameter 5 mm and transpar-
ent rubber pipes. The acrylic cylindrical tubes used for
photo-bioreactors, were clamped by connectors with a
metal frame holder.

Characteristics of domestic wastewater used
for microalgae cultivation

The physical and chemical characteristics of domestic
wastewater sample such as pH, Biochemical Oxygen
Demand (BODjs), Chemical Oxygen Demand (COD), and
dissolved oxygen, nitrate and orthophosphate were meas-
ured in the laboratory following the Standard Methods
for the Examination of Water and Wastewater [13], while
heavy metals such as Pb, Zn, Cd and Cu concentrations
were measured by Flame Atomic Absorption Spectropho-
tometry at Centralized Research Laboratory, University
of Peshawar, Pakistan.

Ratios of wastewater, culture and media used
in experimental work

The microalgae species (Chlorella vulgaris) culture and
Standard Guillard’s (F/2) nutrient solution was used as

media for microalgae growth procured from the Food and
Marine Resources Research Centre (FMRRC), Pakistan
Council for Scientific and Industrial Research (PCSIR)
Laboratories, Karachi, Pakistan. Wastewater sample (5 L)
collected from the wastewater treatment plant was filtered
with a filtration assembly having 47 mm microfiber glass
filter membrane (Whatman, England) attached with a vac-
uum pump (DOA-P504-BN, Gast High-Capacity Vacuum
Pump, USA). After filtration, the sample was autoclaved
(RTA 110, Robus Technologies, UK) to remove undesir-
able bacteria and germs from the wastewater. This process
was carried out at 121 °C at 20 psi pressure for 30 min,
sterilizing the wastewater sample and then storing the
sample at 4 °C in a closed cap sterilized bottle for exper-
imental work as per the previous study [14]. Different
ratios of culture and media were prepared to measure the
growth of microalgae with respect to nutrients removal in
distilled water (as control samples) and domestic waste-
water as shown in Table 1. Each photo-bioreactor was
introduced with 500 mL sample as per the ratios prepared.

Table 1 Ratios for domestic wastewater and distilled water used in
photo-bioreactors

Sample no. Culture % Media % Water %

Cultivation using wastewater

1 25 25 50
2 20 30 50
3 15 35 50
4 10 40 50
5 5 45 50
Cultivation using distilled water

6 25 25 50
7 20 30 50
8 15 35 50
9 10 40 50
10 5 45 50
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Measurement of light intensity, pH and electrical
conductivity

The intensity of sunlight (Lux) falling on the photo-bio-
reactor tubes was measured with a light intensity meter
(LM-120, Amprobe, Germany), while the pH of the sam-
ples was measured using a pH meter (pH Tester, Eutech,
USA) and electrical conductivity by (Lovibond, SensoDi-
rect Con 200, Germany).

Nutrients removal determination

For the measurement of nutrient concentrations, the liq-
uid samples were centrifuged using (MPW-2, Wirowka,
Germany) at 3000 rpm for 30 min and the supernatant
layer was collected. Then the nitrate and orthophosphate
concentrations were measured with spectrophotometer at
425 nm and 880 nm, respectively. Nitrate concentration
was measured by adding a 10 mL centrifuged liquid sam-
ple with powdered Nitrate Aluminium Foil Pillow (Hach,
USA) as a reagent to detect the nitrate concentration. The
prepared 10 mL solution was introduced into a sample cell
holder and the spectrophotometer was operated to measure
the concentration of nitrate at 425 nm. Similarly, to meas-
ure the amount of orthophosphate removal from the liquid
samples, 50 mL centrifuged liquid sample was added and
mixed thoroughly by shaking with 8 mL combined rea-
gent solution as per the ratios mentioned in the Standard
Methods for the Examination of Water and Wastewater
following ascorbic acid method (4500-P.E) [13]. After
approximately 10 min, the 10 mL prepared solution was
transferred into a sample cell holder of spectrophotometer
and its concentration was measured at 880 nm.

Microalgae biomass productivity determination

The microalgae biomass productivity was measured
through optical density at 680 nm (ODgg) using DR 5000,
UV-Vis Spectrophotometer, (Hach, USA) as a microalgae
density indicator on alternate days for 10 days cultiva-
tion period as per the literature [9]. The standard micro-
algae biomass concentration (mg/mL) with respect to
the absorbance (680 nm) was plotted using the standard
Chlorella vulgaris dried biomass obtained from Food and
Marine Resources Research Centre, PCSIR Laboratories,
Karachi. The dried biomass powder was dissolved in dis-
tilled water in the ratios of 1 mg/mL, 2 mg/mL, 3 mg/mL,
4 mg/mL, 5 mg/mL, 6 mg/mL, 7 mg/mL, 8 mg/mL, 9 mg/
mL and 10 mg/mL and their respective absorbance were
measured.
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Chlorophyll measurement

The concentration of chlorophyll (mg/L) was measured
on alternate days of microalgae cultivation. The chloro-
phyll concentration was determined by methanol extraction
method followed by using spectrophotometer at 660 nm and
642.5 nm with solvent as a blank as per the protocol men-
tioned in literature [15].

Lipid extraction and fatty acids methyl ester
analysis with GC-FID

The liquid sample with higher biomass productivity (i.e.
optical density) and nutrients removal was selected to extract
the total lipids from the biomass. For lipid extraction 50 mL
microalgae culture sample was centrifuged at 3000 rpm for
30 min and the biomass was separated from the liquid phase.
The microalgae biomass was dried in an oven (YCO-NOI,
Gemmy Industrial Corporation, Taiwan) at 80 °C for 4 h
and then the dried biomass crisps were powdered with mor-
tar and pestle. The total lipids were extracted following the
Bligh & Dyer method as mentioned in literature [12] and
the lipid yield (by weight) was obtained using an electronic
balance (AB 304-S, Mettler Tolendo, Switzerland). The
fatty acids methyl ester (FAME) content was measured by
GC-FID analyzer (7890B, GC systems, Agilent Technolo-
gies Inc., USA) fitted with a flame ionization detector at
the International Center for Chemical and Biological Sci-
ences, University of Karachi, Pakistan. The column length
30 m, 0.32 mm, 0.25 p, and 7 inch cage initial temperature
was 150 °C and temperature was ramped up by 8 °C/min to
190 °C and kept at 230 °C for 22 min with ramp of 3 °C/min.
The temperature of injector was maintained at 280 °C and
the temperature of detector was kept at 300 °C.

FTIR analysis of microalgae biomass

The dried microalgae biomass was analysed using Fourier-
transform infrared spectroscopy (FTIR) instrument used
from range of 500 to 4000 cm™! using IR Affinity-1S, Shi-
madzu Corporation, Japan at the Department of Biomedical
Engineering, NED University of Engineering and Technol-
ogy, Karachi, Pakistan to identify functional bonding pres-
ence in microalgae biomass at a resolution of 2 cm™'. The
microalgae biomass sample was grounded and placed in
sample holder for testing.

Microscopy of microalgae culture
The microscopic analysis of the microalgae cells produced

during the cultivation period was carried out using an opti-
cal stereo microscope (DMW-143, Motic, China) at 400 X
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magnification at the Department of Materials Engineering,
NED University of Engineering & Technology, Karachi,
Pakistan.

Statistical analysis

A paired sample t-test analysis was conducted at a signifi-
cance level 0.05 with two tailed hypothesis on the biomass
productivity as a function of cultivation day (10th day) for
both distilled water and wastewater samples.

Cultivation energy analysis

In order to evaluate the economic feasibility of microalgae
cultivation, requirement of energy need was determined. The
energy requirement for cultivation of microalgae per litre for
a duration of 10 days was calculated based on volume frac-
tion ratio [16] to get a more accurate value in order to scale
up the production of microalgae biomass. For the cultiva-
tion of microalgae in distilled water, energy requirement was
calculated incorporating the distillation unit and aeration
process, while in wastewater cultivation, the processes of
autoclaving and aeration were included for its calculation.

Results and discussion
Properties of raw wastewater

The physical and chemical properties of domestic waste-
water used in this research work were measured and are
presented in Table 2. The properties showed the pH was
within the permissible range of the National Environmental
Quality Standards (NEQS) for Municipal and Liquid Indus-
trial Effluents in Pakistan [17]. While the BODs was higher
than the permissible limit of the effluent into the sea and the

dissolved oxygen level was low as per the standard (5 mg/L
or more) in the sea for a healthy marine environment, the
amount of heavy metals present in the domestic wastewa-
ter samples were found to be negligible as compared to the
NEQS standard.

Light intensity and pH measurement

The sunlight intensity measured was found to be
1908.6+ 18.91 1x (35.30 pmol photons m%/s) for a sample
size n=3. The direct sunlight on the photo-bioreactors was
avoided to keep the microalgae culture broth healthy because
the direct sun rays may cause damage to the microalgae cell
walls with temperatures higher than its optimal conditions.
All samples with different ratios of culture broth and nutri-
ents with wastewater and distilled water, were having pH
values in the range between 7.1 and 7.8.

Microalgae cultivation for nutrients removal

Basically, wastewater contains different types of contami-
nants and microalgae have an ability to utilize both organic
and inorganic nutrients (i.e. nitrogen and phosphorus) from
wastewater for its growth. Therefore, in current research
work, 10 samples in total were prepared with microalgae
culture and media with wastewater and distilled water. The
analysis of wastewater sample shows that the concentrations
of physical and chemical properties are low as compared to
the effluent standard [17]. The initial samples were having
concentrations of nitrate and orthophosphate measured as
6.2 mg/L and 2.98 mg/L, respectively.

The concentration of nutrients removal from samples
with microalgae cultivation was found to be decreas-
ing with respect to the cultivation days, showing that it is
being taken up by the microalgae during its photosynthesis,
in both wastewater and distilled water. Higher nitrate and

Table 2 Characteristics of

; Parameter Measured values NEQS permis-
wasFewa}ter used for microalgae sible limits
cultivation [17]

pH 6.8-7.8 6-9
BODj (biochemical oxygen demand) mg/L 270 80
COD (chemical oxygen demand) mg/L 386 400
DO (dissolved oxygen) mg/L 3.1 -
Nitrate concentration (NO;™—N) mg/L 6.2 -
Orthophosphate concentration (PO, %) mg/L 2.98 -
Electrical conductivity (mS/cm) 3368 -
Cadmium Cd mg/L 0.00 0.1
Zinc Zn mg/L 0.039 5.0
Lead Pb mg/L 0.00 0.5
Copper Cu mg/L 0.006 1.0
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orthophosphate removal percentages were around 41.26%
and 37.80%, respectively, by cultivating microalgae in
wastewater, as shown in Fig. 2a and b. In contrast, nitrate
and orthophosphate removal % were roughly 36.54% and
22.48%, respectively, by cultivating microalgae in distilled
water as depicted in Fig. 3a and b. It was expected due to the
initial higher concentration of nutrients present in growth
media in wastewater, resulting in increased microalgae
growth rate, biomass yield [18] and also accelerated removal
of nutrients for carbon metabolism as compared to cultiva-
tion with distilled water [15].

The prepared samples of microalgae culture broth,
media (nutrients) and wastewater (samples 1 to 5) were
having nitrates concentration on day 1 as 52, 61, 63, 68
and 70 mg/L, respectively. They were reduced to 33, 39,
37, 66.3 and 68.5 mg/L, respectively, on day 10. Similarly,
the orthophosphate concentration as 5.65, 7.5, 8.2, 9.0 and
9.8 mg/L at day 1 and it was reduced to 4.38, 6.0, 5.1, 8.26
and 9 mg/L on day 10. The microalgae culture, media (nutri-
ents) and distilled water (samples 6 to 10) were having ini-
tial nitrates and orthophosphates concentrations on day 1
same as mentioned earlier, but nitrates concentration was
reduced to 33, 39, 57.3, 66.3 and 68.5 mg/L, respectively,
on day 10, while the orthophosphates concentration were
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Fig.3 Cultivation of microalgae in distilled water: (a) removal of
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reduced to 4.38, 6.22, 6.31, 8.26 and 9 mg/L, respectively,
on day 10. The results showed that microalgae directly con-
sume inorganic nitrogen compounds and ammonia from
samples [19]. The microalgae cultivated using wastewater
sample 3 was found better in terms of nutrients removal
from wastewater samples, i.e. 41.2% (nitrates) and 37.80%
(orthophosphates). These results indicate that a combination
of culture broth 15% and 35% media removed maximum
nutrients from wastewater. Sample 3, showed slightly higher
removal rate of nitrates in comparison with other samples
prepared. Therefore, it is pertinent to mention that increasing
the dose of chlorella vulgaris affects the removal of nitrates
and phosphates from wastewater samples for treatment, but
up to certain threshold levels. In present study, it was found
15% microalgae culture in wastewater and higher dosing of
microalgae culture will not affect the removal process after
its threshold limit because the uptake efficiency of nitrates
and orthophosphates from wastewater depends on media
composition, environmental factors such as nutrients con-
centration, light intensity light/dark cycle and microalgae
species [20]. It was observed that the change in reduction
of nitrates and orthophosphates concentrations occurred
mostly after 48 h of contact with chlorella vulgaris culture
and according to previous literature, it was observed that
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chlorella vulgaris speedup the removal process of nitrates
and phosphates for the treatment of the wastewater employed
[20]. Sample 3 in wastewater had optimum concentration
than other ratios for effective nutrients removal by chlorella
vulgaris in domestic wastewater, while Sample 6 cultivated
in distilled water were found better in nutrients removal;
36.54% (nitrates) and 22.48% (orthophosphates). It is inter-
esting to mention, that microalgae culture used in cultivation
of samples 4 and 9 was 5%, while, in samples 5 and 10 it
was 10%. Therefore, due to low concentration of microalgae
culture used for cultivation, the nitrates and orthophosphates
intake by microalgae was observed to be too low. However,
the cultivation of microalgae with distilled water showed
less uptake efficiency of nutrients as compared to its culti-
vation using domestic wastewater. This is because microal-
gae grow in water containing minerals and salts, whereas in
distilled water, salts and minerals are negligible, eventually
causing reduction in its growth.

Microalgae biomass productivity

The standard microalgae concentration graph was plot-
ted between known concentrations of microalgae biomass
and the absorbance noted at 680 nm. The linear regression
equation obtained was (y=0.058x —0.012) with R-square
value 0.995. Tables 3 and 4 show an increasing trend of con-
centration of microalgae biomass produced in all samples
with respect to different cultivation days in wastewater and
distilled water. However, it was interesting to note that the
biomass productivity with respect to time was higher in cul-
tivating microalgae with wastewater as compared to its culti-
vation in distilled water. The amount of biomass productivity
does not look viable in terms of energy cost but this issue
can be resolved in the future by providing more sunlight
and carbon dioxide from any exhaust emission source to the
microalgae culture. This is also mentioned in the literature
that photoautotrophic culture needs substantial amount of
carbon to attain high biomass production rate. The amount
of carbon dioxide in the ambient air is insufficient to sup-
port higher biomass yields that are biologically feasible [21].

The maximum biomass productivity concentrations were
found as 6.768 mg/L from wastewater prepared sample 3,
while 3.308 mg/L from sample 6, microalgae cultivating
in distilled water. The chlorophyll concentration of sam-
ple 1 and sample 6 were found higher, i.e. 0.689 mg/L and
0.421 mg/L, respectively, on the 10th day due to higher
inoculum concentrations of 25% by volume. Concentration
of microalgae biomass produced with respect to different
cultivation days using wastewater showed increasing trend
in values. While in concentration of microalgae biomass
produced in distilled water with respect to different cultiva-
tion days showed decreasing trends with sudden fluctuating
results in some cases such as in samples 7, 8, 9 and 10.

Table3 The concentration of microalgae biomass produced with
respect to different cultivation days using wastewater

Sample no. Cultivation Absorbance at Concentration of
days 680 nm microalgae biomass
(mg/L)
1 0 0.202 3.687
2 0.203 3.704
4 0.209 3.807
6 0.221 4.014
8 0.224 4.065
10 0.229 4.151
2 0 0.156 2.895
2 0.156 2.895
4 0.162 2.998
6 0.171 3.153
8 0.189 3.463
10 0.201 3.670
3 0 0.169 3.119
2 0.171 3.153
4 0.229 4.151
6 0.304 5.442
8 0.349 6.217
10 0.381 6.768
4 0 0.09 1.759
2 0.1 1.931
4 0.131 2.465
6 0.134 2.516
8 0.163 3.015
10 0.175 3.222
5 0 0.131 2.465
2 0.132 2.482
4 0.155 2.878
6 0.183 3.360
8 0.176 3.389
10 0.185 3.394

Microalgae biomass production decreases primarily due to
the denaturation of essential proteins and enzymes, as well
as inhibitory effects on cellular physiology. It was observed
that from day 6, microalgae cultivation in distilled water was
having nutrients exhausted to a level incapable of its growth
and microalgae cell density decreased rapidly with eventu-
ally collapsing microalgae culture.

Chlorophyll concentration results

The experimental results observed that chlorophyll concen-
tration of sample 1 and sample 6 was measured to be higher,
i.e. 0.689 mg/L and 0.421 mg/L, respectively, on day 10 due
to higher inoculum concentrations of 25% and 25% media by
volume as presented in Fig. 4. Basically, chlorophyll concen-
tration characterizes the growth pattern of the microalgae.
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Table4 The concentration of microalgae biomass produced with
respect to different cultivation days using distilled water

Sample no. Cultivation Absorbance at Concentration of
days 680 nm microalgae biomass
(mg/L)
6 0 0.050 1.071
2 0.070 1.415
4 0.070 1.415
6 0.075 1.501
8 0.160 2.964
10 0.180 3.308
7 0 0.022 0.589
2 0.028 0.692
4 0.039 0.881
6 0.098 1.897
8 0.082 1.621
10 0.087 1.707
8 0 0.041 0.898
2 0.041 0.916
4 0.043 0.950
6 0.046 1.002
8 0.049 1.053
10 0.047 1.019
9 0 0.044 0.967
2 0.048 1.036
4 0.059 1.225
6 0.096 1.862
8 0.156 2.895
10 0.156 2.895
10 0 0.098 1.897
2 0.098 1.897
4 0.133 2.499
6 0.156 2.895
8 0.078 1.552
10 0.098 1.897
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Fig.4 Comparison of chlorophyll concentration of samples between
day 1 and day 10
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The increasing concentration of pigments in the biomass is
attributing to the light harvesting role of these pigments but
it does not mean increase in the biomass pigments content
was not a linear function of the biomass concentration [22].
It was observed that equal concentrations of microalgae cul-
ture and media enhanced the chlorophyll concentration with
respect to time.

Lipids extraction yield and fatty acids analysis

The sample 3 with microalgae cultivation in wastewater
with highest biomass productivity and nutrients removal was
selected for lipid extraction and its fatty acids compositional
analysis. Therefore, the extracted lipids yield from biomass
harvested from sample 3 was found to be 0.252 g/g of dried
microalgae biomass (i.e. 25.2% by dry weight), while the
de-oiled cake was found to be 0.733 g/g of dried biomass.
Although the lipid yield was not too much from the experi-
ment, for future studies it is suggested to provide sufficient
sunlight and carbon dioxide concentration from an exter-
nal source to improve the microalgae growth rate and lipid
yields. The GC-MS fatty acids analysis of the microalgae
lipids showed in its composition the presence of myristic
(C14:0), palmitic (C16:0), palmitoleic (C16:1), oleic acid
(C18:1), linoleic (C18:1) and linolenic acid (C18:3) as
shown in Table 5.

The fatty acids profile showed that due to the appear-
ance of saturated and mono saturated fatty acids (C18:2,
C18:3) with long chain length, the biodiesel properties
such as oxidation stability, cetane number and the iodine
value are known to be affected as per the literature [9]. The
free fatty acids components having influence on the bio-
diesel fuel properties, such as palmitic (C16:0) results in
having higher cetane number and low iodine value, while
oleic acid (C18:1) improves cold flow properties. Linoleic
(C18:2) and linolenic acid (C18:3) have an influence on
better combustion characteristics in the formation of bio-
diesel with better fuel quality [23]. The iodine value (IV)
determined by fatty acid profile was 15.666 g 12/100 g
of oil. The iodine value is a useful parameter in inves-
tigating oxidative rancidification and chemical stability

Table 5 Amount of major fatty acids found in the extracted lipids

Concentration of
fatty acids (wt%)

Name of fatty acid

Myristic (C14:0) 2.175
Palmitic (C16:0) 2.553
Palmitoleic (C16:1) 8.306
Oleic (C18:1) 3.581
Linoleic (C18:2) 10.985
Linolenic (C18:3) 4.975
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of biodiesel derived from different vegetable oils. Higher
quantities of fatty acids with double bonds in the sample
have greater potential to polymerize and hence reducing
its oxidation stability. Therefore, lower IV results in bet-
ter quality of biodiesel fuel and it was observed in current
study the value is too low (15.666 g 12/100 g of oil). Bio-
diesel produced from vegetable oils with high amounts of
saturated fatty acids (i.e. having lower iodine values) will
have a higher cetane number (CN). lodine values more
than 50 can result in decreased engine life but gives better
lubricity and viscosity characteristics during cold weather
months [24]. The calculated value of saponification value
(SV) from the fatty acids profile was found 131.17 mg
KOH/g of oil. The higher saponification value indicates
more proportion of low molecular weight fatty acids in
the oil [24] with a possibility of soap formation and dif-
ficulty in separation of methyl ester from glycerol mol-
ecule during transesterification process. It is suggested that
using oils with higher saponification value for biodiesel
production would lead to very low yields in the methyl
esters. Therefore, two step transesterification is required
(i.e. acid-catalysed transesterification process followed by
base-catalysed transesterification process) to reduce acid
value for microalgae biodiesel production.

FTIR analysis of microalgae biomass

Characteristic peaks at 1000 cm™' and at 1361 cm™! denote
aliphatic and alcohol groups while Carboxyl groups were
observed at 1639 cm™!. FTIR analysis showed a peculiar
Hydroxyl group which is seen at 3357 cm™! to stretch-
ing vibration of O-H and N-H [25]. A weak band at
2923 cm™! is due to asymmetric C—H vibration. The peaks
at 1361 cm™' and another at 1639 cm™! reveal presence of
ester linkage in microalgae. A well pronounced peak at
1000 cm~! denotes strong polysaccharide (C—O) bonding
[26]. The FTIR analysis reveals well-formed microalgae
with all characteristic peaks and distinct finger print of
lipid existence.

Microscopic analysis results

The microscopic images showed that the number of cells
increased from day 1 to day 10, with an increasing trend
as shown in Fig. 5. The increased number of cells visible
under the microscopic images depicts the marked increase
in growth rates of microalgae over time. Because number of
cell counting under the microscope provides an estimate of
cell growth rate, therefore, under the current experimental
work, it was observed that number of cells growth pattern
increased with respect to time, showing better growth of
microalgae cells.

Statistical analysis results

Statistical analysis was conducted to compare between bio-
mass productivity with respect to cultivation day 10 for both
distilled water and wastewater, showing significant results.
The results showed that samples 2, 3 and 5 were having
statistically significant p values, with higher biomass pro-
duction yield (mg/L) with wastewater as compared to its
cultivation in distilled water with samples 7,8 and 10 with
the corresponding confidence level of 95% (Table 6).

Table 6 Statistical comparison between biomass productivity with
respect to microalgae cultivation till 10th day for both wastewater and
distilled water

Sample no. Biomass Sample no. Biomass t value p value

produced produced

mg/L mg/L
1 4.151 6 3.308 8.135 0.0012
2 3.670 7 1.708 21.124 0.0003
3 6.768 8 1.019 10.737 0.0004
4 3.222 9 2.895 2.139 0.0991
5 3.394 10 1.897 11.087 0.0003

Fig.5 Microalgae cells growth with microscopic images of (a) day 1, (b) day 5, and (c) day 10, respectively
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Table 7 Microalgae cultivation energy analysis

Microalgae cultivation energy consumption in distilled water

Microalgae cultivation energy consumption in wastewater

Operation Power consumption of equipment kWh Operation Power consumption of X operating  kWh
(kW) x operating time (h) X volume frac- time (kWh) X volume fraction
tion
Distiller 0.580x1x1 0.580 Autoclave 0.60x0.25x%0.05 0.007
Aeration pump (0.030/5) X240 % 0.666 0.959 Aeration pump (0.030/5) x 240 % 0.666 0.959
Total energy consumed in kWh per L 1.539 Total energy consumed in kWh per L 0.966

Energy requirement for microalgae cultivation

The energy consumption of microalgae cultivation in dis-
tilled water and wastewater was calculated and is depicted
in Table 7. For microalgae cultivation in distilled water, the
energy requirement for distillation unit was calculated by
its power consumption (0.580 kW) multiplied by its operat-
ing time (1 h) and volume fraction ratio, i.e. 1, because it
is a continuous flow system. Then, energy consumed by air
pump (kWh) used for aeration was calculated by multiply-
ing the wattage of pump, i.e. 30 W with 10 days (240 h)
and volume fraction ratio obtained by dividing volume of
sample (500 mL) with total volume of a photo-bioreactor
(750 mL). Volume fraction ratio was calculated based on
the previous literature [16] and then adding up the power
requirement of distillation unit (0.580 kWh) and aeration
pump (0.959 kWh) comes to 1.539 kWh.

Now for the microalgae cultivation in wastewater, energy
required for autoclaving and aeration was calculated in the
same manner as mentioned earlier in this section. The power
consumption of autoclave (0.60 kWh) was multiplied by
its operating time (0.25 h) and volume fraction ratio, i.e.
5 L sample in 100 L chamber of equipment (5/100=0.05).
The energy consumed by air pump (kWh) used for aeration
was calculated as mentioned above (0.959 kWh). The sum-
mation of autoclaving (0.0075 kWh) and aeration process
(0.959 kWh) gave total amount of energy required for culti-
vation of microalgae in wastewater as 0.966 kWh per litre.

Conclusion

Microalgae considered as the third-generation biofuels
feedstock that can be cultivated in wastewater to conserve
freshwater and also help in mitigating climate change by
capturing carbon dioxide from the atmosphere emitted
by fossil fuels combustion. Microalgae not only help in
CO, sequestration from the atmosphere alleviating cli-
mate change and reduction in greenhouse gases, but also
produces biomass for biofuels generation. The microalgae
species chlorella vulgaris was cultivated successfully in
the laboratory-scale photo-bioreactors (PBR) in waste-
water and distilled water. Present study demonstrated

* @ Springer

that microalgae cultivation simultaneously reduced the
nutrients concentration for wastewater remediation and
produced biomass for biodiesel production. Nitrates
and orthophosphates removal was around 41% and 37%,
respectively, by cultivating microalgae in wastewater,
while nitrate and orthophosphate removal rates were 36%
and 23%, respectively, by cultivating microalgae in dis-
tilled water. The maximum biomass productivity concen-
trations were found to be 6.768 mg/L and 3.308 mg/L from
microalgae cultivating in wastewater and distilled water,
respectively. The lipids extraction from the microalgal bio-
mass produced using wastewater was found to be 25.2%
by dry weight. The lipid yield was low; however, it is sug-
gested to feed microalgae with more sunlight and CO, to
increase the yield. The GC-MS fatty acids analysis of the
microalgae lipids showed in its composition the presence
of favourable myristic (C14:0), palmitic (C16:0), palmi-
toleic (C16:1), oleic acid (C18:1), linoleic (C18:1) and
linolenic acid (C18:3) having better effect on the quality
of biodiesel produced. The FTIR peaks at 1361 cm™~! and
another at 1639 cm™! revealed the presence of ester link-
ages in the microalgae, and a peak at 1000 cm~! denoted
strong polysaccharide (C—O) bonding. The FTIR analysis
revealed well-formed microalgae with all the characteris-
tic peaks and distinct finger prints of lipid existence. As
economic analysis is concerned, the microalgae cultivation
energy requirement per litre with distilled water (1.539
kWh) was found to be much higher than its cultivation
in wastewater (0.966 kWh) for 10-day cultivation period.
Therefore, it can be concluded that microalgae cultiva-
tion in wastewater produces higher microalgae biomass
in a cost-effective manner with respect to its cultivation
in distilled water as a feedstock to produce third-genera-
tion biofuels. The future work includes the comparison of
treatment of domestic wastewater with microalgae cultiva-
tion in a raceway pond and its biomass productivity with
photo-bioreactors.
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