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Abstract
In this study, Scenedesmus sp. ASK22’s growth, lipid productivity and nutrient removal capacity were examined in indoor 
bench-scale and outdoor pilot-scale experiments using different culture media. The possibility of producing biodiesel from 
Scenedesmus sp. ASK22 was explored, and the physicochemical parameters of the biodiesel produced were compared to those 
of Indian petro-diesel. The findings revealed that in an indoor bench-scale culture, the maximal biomass concentration can 
approach 3.44 g L−1, when compared to the outdoor pilot-scale (2.09 g L−1), using nutrients supplemented simulated dairy 
effluent (NSDE) as a culture medium. Moreover, as compared to the BG11 medium, the cost of NSDE medium was ~3–4.7-
fold lower. Maximum N-NO3

−1, P-PO4
−3 and chemical oxygen demand (COD) removal efficiency obtained in indoor culture 

conditions was 99.19%, 95.78% and 95.00%, respectively, compared to that of 95.10%, 84.87% and 92.50%, respectively, 
for outdoor conditions using NSDE as Scenedesmus sp. ASK22 culture medium. C16/C18 methyl esters make up most of 
the Scenedesmus sp. ASK22–derived biodiesel. Finally, the qualities of the produced biodiesel and blends were within the 
approved biodiesel standard specification, showing that Scenedesmus sp. ASK22 culture in dairy effluent has a lot of potential 
for scaling up for high-quality biodiesel production and dairy effluent treatment. The results demonstrated the potential of 
Scenedesmus sp. ASK22 to become feedstock of an integrated wastewater treatment and superior quality biodiesel production.

Keywords  Airlift reactor and open pond · Biodiesel production · Nutrient remediation · Scenedesmus sp. ASK22 · 
Simulated dairy effluent

1  Introduction

Algae biomass has the potential to become a major biofuel 
crop in the future, but lower production costs are required to 
make the product financially viable. Microalgae biofuel has 
as an alternative energy source, as microalgae cells contain 
carbohydrate (30–60%) and lipid (10–70%) that can be used 
for bioethanol and biodiesel production, respectively [1–4]. 
Additional research and development of algal production 
systems using wastewater as a nutrient source is required to 
establish a commercially viable algae biofuel. The waste-
water is considered a sustainable and suitable medium for 
microalgae cultivation [5–8]. Using wastewater for micro-
algal cultivation serves the dual purpose of supplying nutri-
ents and minimizing the requirements for fresh water along 
with wastewater treatment [6–8]. In this context, the Indian 
dairy industry generates a significant amount of nutrient-
rich wastewater. Milk consumption and the number of dairy 
industries in India have expanded in recent years; as a result, 
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dairy wastewater generation in India is increasing accord-
ingly [8–10]. The dairy industry, like others, is struggling 
to keep up with rising wastewater handling and disposal 
expenses. Existing traditional water treatment systems, on 
the other hand, are frequently overloaded beyond design 
flows, resulting in inadequate operation and an undue finan-
cial drain that impacts the company’s bottom line [9, 11]. 
Microalgae are exceptionally useful to reduce the amounts of 
inorganic and organic ingredients in dairy wastewater as they 
can use both wastewater contaminants for their growth [6]. 
Many research groups use different microalgae for treating 
dairy wastewater to accomplish both wastewater treatment 
and biomass production [2, 6–18].

The wastewater is considered a sustainable and suitable 
medium for microalgae cultivation [5–8]. Using wastewater 
for microalgal cultivation serves the dual purpose of supplying 
nutrients and minimizing the requirements for freshwater 
along with wastewater treatment [2, 8, 9]. Microalgae culture 
in wastewater is becoming more popular. The majority of this 
research is done in a lab setting with artificial light, skilled 
technicians and carefully monitored growing conditions. 
Furthermore, the transfer of outcomes from laboratory study 
to outdoor production requires more research [2, 8–13]. 
The literatures on the combination of nutrient removal and 
microalgae cultivation in raw dairy wastewater (RDW) in 
outdoor pond level (without sterilizing or disinfecting) are 
scarce. Moreover, very few reports were available and they 
used pre-treated RDW viz. supplementation of nutrients 
and initial pH adjustment, which enhance not only the 
microalgal growth but also nutrient remediation too. This 
is particularly essential because the development of cost-
effective production techniques is critical for industrial-
scale production of microalgae-based biofuel feedstock [19, 
20]. In this study, authors assess the scale-up potential of 
Scenedesmus sp. ASK22 cultivation in RDW for cost-effective 
production system to facilitating industrial-scale production of 
microalgae biomass for algal-based biodiesel and wastewater 
treatment. Finally, for cost-effective microalgae-based 
biodiesel commercialization, it is required to determine 
the difference in growth characteristics, nutrient removal 
capability between indoor bench-scale and outdoor pilot-scale 
cultures. Moreover, it is also important to reveal the properties 
of biodiesel derived from microalgal biomass. However, there 
is currently a lack of information from the literature.

The objective of this study is to is to evaluate the feasi-
bility of simultaneous treatment of DWW and production 
microalgae-based biodiesel at an outdoor pilot scale using 
various culture media (viz. standard BG11, simulated dairy 
wastewater (SDE) and nutrient-supplemented simulated 
dairy effluent (NSDE)), site without disinfection, chemical 
pre-treatment, extra carbon source addition or pH control, 
make a distinction in microalgae growth characteristics and 
contaminant removal efficacy between indoor bench-scale 

and outdoor pilot-scale cultivations, elucidate the relative 
proportion fatty acid profile of Scenedesmus sp. ASK22 cul-
tivated in different media (standard blue green algae medium 
(BG11), SDE and NSDE) grown under outdoor condition 
and also reveal the fuel properties of the Scenedesmus sp. 
ASK22 derived biodiesel.

2 � Materials and methods

2.1 � Microalgae strain, maintenance, cultivation 
and characterization of different media

The eukaryotic unicellular green algae Scenedesmus sp. ASK22 
(isolated from dairy effluent treatment plant Allahabad) was 
used during this study [8]. The microalgae were maintained 
in sterilized BG11 medium in 1-L Erlenmeyer flask [21]. The 
culture conditions of Scenedesmus sp. ASK22 were as follows: 
continuous illumination ~ 55 μmol m−2 s−1 (light intensity) 
and 28 ± 2 °C (temperature) in recurrent stirring to prevent the 
settling of culture [2, 8, 9]. The exponentially grown culture 
inoculated into four indoor bench-scale air lift reactors (iALR, 
3L working volume) containing three different sterile media 
viz. BG11, SDE and NSDE and a control experiment run 
short of inoculation. The standard BG11 medium composed 
of (g L−1) NaNO3 (1.5), MgSO4·7H2O (0.075), K2HPO4 
(0.04), CaCl2·2H2O (0.036), Na2CO3 (0.02), C6H8O7 (0.006), 
C6H8FeNO7 (0.006) and EDTA (0.001) and micronutrient 
solution (1 mL L−1 that consists of (g L−1) H3BO3 2.86, 
MnCl2·H2O 1.81, ZnSO4·7H2O 0.222, CuSO4·5H2O 0.079, 
Na2MoO4·2H2O 0.39 and Co(NO3)2·6H2O 0.049). The 
SDE and NSDE were prepared as per Pandey et al. [2]. The 
culture medium’s pH was set to 7.18 ± 02 at the start of each 
experiment [2]. The initial physicochemical characteristics of 
BG11, SDE and NSDE were taken as per our previous study 
Pandey et al. [2] as shown in Table 1. After inoculation, the 
Scenedesmus sp. ASK22 culture broth  was continuously 
blown with air via the bottom of the iPBRs (Fig. 1A) and the 
temperature (28 ± 2 °C) and illumination (55 μmol m−2 s−1) 
were kept constant [2, 8, 9].

For outdoor cultivation, the seed culture was prepared 
and transferred to outdoor pilot-scale open ponds in Praya-
graj (UP) India. The experiments were performed during 
Autumn. The open pond contained 300 L (working vol-
ume) of different microalgal culture media (BG11, SDE 
and NSDE). The inoculum size (~0.208 g L−1) was kept 
constants for all outdoor treatment. All the trials were car-
ried out in triplicate, one after the other.

2.2 � Scenedesmus sp. ASK22 growth analysis

The dry cell weight (DCW) of microalgae is shown to have 
correlated with optical density (OD) of an algal cell suspension 
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recorded at a wavelength of 680 nm, which would be cor-
related with chlorophyll adsorption [2]. A linear relationship 
between DCW and OD680, as shown in Eqs. (1–3), was used 
to determine Scenedesmus sp. ASK22 DCW in BG11, SDE 
and NSDE, respectively. The following equation was used to 
calculate the growth rate (μ, day−1), doubling time (Td, day) 
and biomass productivity (BP) (Eqs. (4–6)) [8, 22].

(1)DCW
(

gL−1
)

= 0.3276 × OD
680

− 0.0099

(2)DCW
(

gL−1
)

= 0.4918 × OD
680

− 0.0221

(3)DCW
(

gL−1
)

= 0.5276 × OD680 − 0.0421

(4)μ(day−1) =
ln

(

Xt

X0

)

Δt

(5)Td(day) =
ln2

μ

where Xt is the DCW at time t (day); X0 is the DCW at time 
0 (day); ∆t is the time interval (day) and BP is the biomass 
productivity (mg L−1 day−1).

2.3 � Determination of physiochemical 
characterization and nutrient remediation

Twenty millilitres of Scenedesmus sp. ASK22 suspension 
was withdrawn from each iPBRs and open ponds for the 
determination of residual COD (chemical oxygen demand), 
N-NO3

−1 (nitrogen) and TP (phosphorus) as per experi-
ment design. The algal suspension was first centrifuged at 
5000 rpm for 10 min, and the filtrates were kept for future 
analysis. Finally, COD, N-NO3

−1 and TP concentrations of 
the supernatant were measured as per standard analytical 
procedure [23]. Nutrient’s removal rate (mg L−1 day−1) and 
nutrients removal percentage were calculated using Eqs. 
(7–8), respectively [8].

(6)Biomass productivity (gL−1d−1) =

(

X
t
− X

0

)

Δt

Table 1   Physicochemical 
characteristics of culture media 
used in this study [2]

Characteristics BG11 medium Simulated dairy efflu-
ent (SDE)

Nutrients supple-
mented dairy effluent 
(NSDE)

pH 7.4 ± 0.0 6.80 ± 0.12 7.18 ± 0.01
COD (mg L−1) 1100 ± 96 4000 ± 112 4800 ± 160
Nitrogen (NO3

−1, mg L−1) 146.78 ± 3.22 108.49 ± 2.36 236.11 ± 12.4
TP (PO4

−3, mg L−1) 64.79 ± 3.50 82.88 ± 1.89 148.13 ± 8.96

Figure 1   Schematic diagram of A indoor photobioreactor pilot-scale 
(iPBR) and B outdoor pond photobioreactor (not drawn to scale) used 
for Scenedesmus sp. ASK22 cultivation. Key: 1, air; 2, air pump; 3, 

air filter; 4, sampling port; 5, valve; 6, air sparger; 7, white fluores-
cent tubes; 8, sunlight; 9, air filter; 10, air pump
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where N0, Nt and ∆t are the initial nutrients load at time 0 
(day), nutrients load at time t (day) and time interval (day), 
respectively.

2.4 � Lipid content and FAME analysis

Scenedesmus sp. ASK22 cells were collected and freeze dried 
at the end of the experiment after centrifugation (10,000 rpm, 
10 min), for further characterizations. A modified technique 
based on Pandey et al. was used to calculate total lipid con-
tent. In a clean screw-top glass tube, freeze-dried algae bio-
mass (100 mg) was weighed, and a 1:2 chloroform-methanol 
(v/v) combination (10 mL) was added [8]. The tube was incu-
bated overnight at 27 °C with 100 rpm shaking after being 
ultrasonicated for 1 h. The extraction mixture was sonicated 
again for 30 minutes the next day with an additional aliquot 
of chloroform (2 mL) added. The algal biomass leftover resi-
dues were removed by passing the suspension through glass 
fibre filter. To separate the chloroform and aqueous methanol 
layers, the filtrate was transferred to another clean screw-top 
glass tube containing 2 mL of water. Following centrifuga-
tion, a clear biphasic system was built, and the lower lipid 
containing organic layer was carefully removed, washed with 
NaCl solution (5 mL, 5% w/w), evaporated in a drying oven 
at 50 °C and the lipid gravimetrically measured. The follow-
ing equations were used to compute the lipid content, lipid 
yield and lipid productivity (Eqs. 9–11).

Fatty acid compositional analysis was performed in 
two steps, including the preparation of fatty acid methyl 
esters (FAMEs) and gas chromatography-mass spectrom-
etry (GCMS) analysis. The FAMEs were made using 
acidic transesterification technique as described by Pandey 
et al. [9]. The dried Scenedesmus sp. ASK22 (0.1 g) were 
placed in a 25-mL screw-top glass vial with a mixture of 
CH3OH, Conc. H2SO4 and CHCl3 (4.25:0.75:5; 10 mL), 
and tube was incubated at 90 °C in water bath for 2 h. 

(7)Nutrient removal rate (mgL−1d−1) =

(

N
0
− N

t

)

Δt

(8)Nutrient removal ef f iciency (%) =

(

N
0
− N

t

)

× 100

N
0

(9)Lipid content (%,w∕w) =

(

W
l
× 100

)

Wb

(10)Lipid yield
(

mgL−1
)

= DCW × LC

(11)Lipid productivity
(

mgL−1d−1
)

=
(BP × LC)

100

The chloroform layer containing FAMEs was carefully col-
lected when the reaction was completed and sent to GCMS 
analysis. The GC was equipped with a flame ionization 
detector and a 5% (phenyl)-methylpolysiloxane column (30 
m × 0.25 mm × 0.25 μm) [2, 8, 9]. The temperature of oven 
was set to 100 °C for 3 min., then gradually increased to 
200 °C at a pace of 4 °C per min. Finally, the temperature 
was raised to 250 °C at a rate of 3 °C per min for 5 min.

2.5 � Biodiesel characterization and FTIR 
spectroscopy

The biodiesel derived from Scenedesmus sp. ASK 22 oil 
transesterification was examined using established meth-
ods of analysis for petroleum products, ASTM standard 
methodologies, to estimate its fuel characteristics. The 
blends of petro-diesel with various percent (v/v) of derived 
biodiesel were generated, and their physicochemical char-
acteristics values were compared to biodiesel standards in 
Europe and the USA (EN-14214 and ASTM D6751-12) 
[24–26]. Fourier transform infrared spectroscopy (FTIR) 
was used to determine biodiesel content in reaction mix-
ture to monitor transesterification reaction and biodiesel-
petro diesel blends, respectively. All the samples’ spectra 
were measured in the 400–4000-cm−1 region, with a scan 
resolution of 4 cm−1 and a scan rate of 16 cm min−1 [24].

2.6 � Statistical analysis

All the experiments in this study were done twice, and the 
average results were given. EXCEL and Origin® 8.5 for 
windows were used to generate the results.

2.7 � Comparison of media costs

The costs of the media NSDE for growth for cost-benefit were 
compared with the costs of the original BG11 calculated for a 
volume of 1 m3. In addition, the cost of producing 1 kg of dry 
Scenedesmus sp. ASK22 biomass was estimated from the cost 
of the medium and the average dry weight of each treatment. 
Prices were obtained from local suppliers/vendors.

3 � Results and discussion

3.1 � Scenedesmus sp. ASK22 biomass and lipid 
productivity

Although the main focus in the field of using wastewater for 
microalgae culture is to evaluate the viability of microalgae 
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cultivated in wastewater for inorganic nutrient removal, as a 
sustainable process, it is undoubtedly important to consider 
utilisation of the produced biomass after wastewater treat-
ment. The changes in biomass concentration throughout the 
culture period (12 days) are illustrated in Fig. 2. It is easy to 
see that the Scenedesmus sp. ASK22 adapts quickly in the 
indoor as compared to outdoor culture conditions with the 
three different tested culture media (BG11 (control), SDE, 
NSDE)). After 1 day of sustained growth, the biomass of 
Scenedesmus sp. ASK22 increased dramatically, and this 
value was maintained throughout the culture period. Finally, 
the maximum biomass concentration reached 3.44 g L−1 and 
1.93 g L−1 for NSDE and SDE, which were 3.91- and 2.19-
fold higher as compared to control medium, respectively, 
under indoor culture conditions (Table 2). The remarkable 
initial 2-day lag phase and prolonged steady growth were 
observed for SDE and BG11 under outdoor pilot-scale cul-
tivation condition, whereas Scenedesmus sp. ASK22 showed 
continued steady growth in the NSDE medium. The maxi-
mum biomass yield achieved for NSDE, SDE and BG11 
media under outdoor pilot-scale culture reached 2.09 g L−1, 
1.32 g L−1 and 0.58 g L−1, respectively, after 12 days of 

batch cultivation. The Scenedesmus sp. ASK22 showed 3.60- 
and 2.28-fold higher growth in NSDE and SDE, respectively, 
as compared to control mediums (BG11) under outdoors. 
Similar fold increase in growth was also observed in indoor 
cultivation conditions. The controlled indoor environment 
can be contributed to the increased biomass concentration 
(from 0.88 to 3.44 g L−1) and growth rate (varies from 0.22 
to 0.34 day−1) as compared to the outdoor cultivation con-
ditions. The outdoor cultivation of microalgae for nutrient 
removal from wastewater may be affected by a number of 
abiotic and biotic parameters, including algal species, nutri-
ents, location, season, temperature and irradiance, amount of 
rain and/or wind and turbidity. The various growth param-
eters must be controlled in order to maximise algal produc-
tion. Nutrients can be regulated by introducing wastewater 
into the culture as a medium. Light intensity, temperature 
and evaporation, on the other hand, are affected by illumi-
nance, region and season and hence cannot be controlled 
during outdoor cultivation. The temperature (15 to 31 °C) 
and light intensity (123 to 1125 μmol m−2 s−1) vary greatly 
in outdoors environment (Fig 3). The lipid content and 
lipid productivity of Scenedesmus sp. ASK22 are observed 
in Table 2 under various culture media (BG11, SDE and 
NSDE). The lipid content varies from 24.86 to 36.12 (% 
wt.) and 22.20 to 32.75 (% wt.) under indoor bench scale 
and outdoor pilot scale, respectively, using different culture 
media. The lipid accumulation and yield was maximum in 
NSDE medium as compared to standard BG11 and SDE 
under controlled indoor and outdoor conditions. These find-
ings contradict each other, indicating that increased nitrogen 
in DE can result in higher lipid content and lipid produc-
tion in microalgae. It is not unexpected, however, because 
the optimal condition range of N-NO3

−1 and P-PO4
−3 of 

response patterns for lipid production and lipid productivity 
is the same as the response pattern for biomass production 
and biomass productivity. This might suggest that biomass 
production and productivity are the most important factors 
influencing lipid production and productivity. However, the 
lipid production is also affected by the microalgal species 
utilised. Khan et al. evaluated the feasibility of a newly iso-
lated cyanobacterium Trichocoleus desertorum in low-cost 
medium under controlled light, pH and nutrients, which 

Figure 2   Time course variation of Scenedesmus sp. ASK22 dry cell 
weight (g L−1) in different culture media

Table 2   Growth characteristics of Scenedesmus sp. ASK22 grown in different media conditions

Treatments Indoor bench scale Outdoor pilot scale

Medium Biomass yield 
(g L−1)

Lipid content 
% (wt.)

Lipid yield 
(mg L−1)

Growth rate 
(day−1)

Biomass yield 
(g L−1)

Lipid content 
% (wt.)

Lipid yield 
(mg L−1)

Growth 
rate 
(day−1)

BG11 0.88 24.86 218.77 0.22 0.58 22.20 128.76 0.18
SDE 1.93 31.23 525.54 0.29 1.32 27.05 357.06 0.24
NSDE 3.44 36.12 1242.53 0.34 2.09 32.75 684.48 0.29
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achieved a maximum biomass and lipid productivity of 0.86 
g L−1 day−1 and 0.256 g L−1 day−1, respectively [27]. Shahid 
et al. studied the impact of wastewater cultivation on bio-
synthesis of high-value metabolites by newly isolated blue 
green algae and demonstrated the biomass accumulated at 
26–36% carbohydrates, 15–28% proteins, 38–43% lipids and 
6.3–9.5% phycobilins [28]. Among all these tested culture 
mediums, Scenedesmus sp. ASK22 showed greater adapt-
ability to NSDE as compared to others (SDE and BG11), 

with both culture conditions (indoors and outdoors). These 
results are comparable to the previously reported literature 
as shown in Table 3 [2, 8, 9, 13–17]. However, further opti-
mization of indoor and outdoor culture conditions could 
significantly enhance biomass and lipid yield.

3.2 � Pollutant (NO3
−1, TP and COD) stripping

Carbon, nitrogen and phosphorous are three essential nutri-
ents required for microalgal biomass production. In order 
to use wastewater as a growth medium for Scenedesmus sp. 
ASK22 growth, it should possess suitable nutrient profile 
as shown in Table 1. Microalgal cultivation requires light 
energy and nutrients, mostly composed of carbon (organic/
inorganic), nitrogen (NH4

+, NO2
− and NO3

−), phosphorus 
(PO4

3− and P2O7
4−), macronutrients and micronutrients 

[9]. Nutrients play a major role in biomass enrichment by 
facilitating cell growth, maintenance and synthesis of differ-
ent kinds of reserve metabolites. Microalgae mostly uptake 
soluble inorganic carbon, and this may change the pH of 
culture media used [33]. Carbon dioxide (CO2) first gets 
absorbed by aqueous media, where it forms carbonic acid 
(H2CO3), which dissociates into bicarbonates and hydro-
gen (H+1) ions. These bicarbonates are utilized by micro-
algae for their growth and lipid biosynthesis. Moreover, 
the bicarbonate ions dissociate into –CO3

−2 and H+1 and, 
during the cultivation, the concentration of bicarbonates 
decreases, whereas carbonate ions increase which further 
combines with water to form hydroxide (–OH−1) ions. These 
–OH−1 slowly increase pH of the culture media [33]. Dur-
ing nitrification process, ammonium (–NH4

+1) converts into 
nitrates (–NO3

−1) and produces proton (H+) and microal-
gae consume oxygen released during nitrification, for their 
metabolic activity. Nitrogen plays an important role in 
lipid accumulation in microalgae, and nitrogen starvation 
has been found the only feasible and economically viable 
techniques to enhance lipid productivity [18]. Phosphorus 
is used to support the production of nucleic acids, lipid and 
proteins. The phosphates (PO4

3− and P2O7
4−) get integrated 

Figure 3   Temperature (°C) and light intensity (μmol m−2 s−1) profile 
under outdoor culture conditions

Table 3   Summary of microalgae cultivation coupled with waste-water treatment in previous studies at open pond scale

Algal species Biomass (g L−1) Lipid content (% wt.) Nitrogen removal (%) Phosphorous removal (%) COD 
removal 
(%)

Reference

Scenedesmus sp. ASK22 3.44 36.12 >99 95.78 >99 This study
Acutodesmus dimorphus 0.79 25.05 100 100 90.1 [13]
Chlorella sp. 0.70 to 1.20 - 83.38 to 85.17 65.33 to 88.47 54.82 [20]
Algal consortium 1.00 20-23 92.74 82.85 85.44 [29]
Chlorella pyrenoidosa 1.59 22.65 - - - [30]
Scenedesmus sp. 2.46-2.72 15.73-19.68 87.71 87.14 - [31]
Scenedesmus obliquus 0.30-0.52 29.33 76.57 70.68 - [32]
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in to energy input organic compound (NADPH/ATP) via 
phosphorylation.

The variation of nitrate (N-NO3
−1), total phosphorus (TP) 

and COD concentration in BG11, SDE and NSDE for 12 
days of batch cultivation (indoor and outdoor conditions) 
are shown in Fig. 4A–C, respectively. From Fig. 4A, it is 
observed that the nitrate removal was continuous up to 4 
days for all mediums (BG11, SDE and NSDE) indoors 
and remediate more than 96% nitrate. Afterwards, nitrate 
concentration does not decrease significantly, whereas 
under outdoor culture conditions, the nitrate remediation 
rate was slower and prolonged up to 6th day in NSDE and 
SDE media and 8th day in BG11 medium. Scenedesmus sp. 
ASK22 removed more than >99% nitrate at the end of day 
12 in indoor culture conditions for all treatment (Table 4; 
Fig. 4B) which is 4–14% higher as compared to outdoor 
pilot-scale cultivation. The maximum nitrate removal rate 
(22.73 mg L−1 day−1) was observed indoors for NSDE and 
was remarkably close to NSDE treatment outdoors (21.73 
mg L−1 day−1). The initial TP concentration and cultiva-
tion conditions greatly influenced the TP removal rate and 
efficiency. The maximum TP removal was observed in con-
trolled indoors for NSDE (95.78%, 11.84 mg L−1 day−1) 
followed by BG11 (93.46%, 5.05 mg L−1 day−1) and SDE 
(81.00%, 5.59 mg L−1 day−1) (Table 4), whereas, in outdoor 
open pond cultivation, the maximum TP removal efficiency 
was found in NSDE medium (84.87%, 10.5 mg L−1 day−1) 
followed by SDE (71.46 %, 4.94 mg L−1 day−1) and BG11 
(67.79 %, 3.66 mg L−1 day−1) (Table 2). High TP removal 
efficiency in wastewater may be due to the presence of 
organic carbon, which enhances the microalgal growth in 
wastewater mixotrophically as compared to control medium 
(BG11). Fig. 4B shows the variation in TP concentration 
during the 12-day batch cultivation indoors and outdoors. 
The sharp reduction (%) in TP was observed in the initial 4 
days in indoor cultivation for all treatment. Afterwards, there 
was no or less TP remediation observed, whereas in out-
door cultivation conditions, the TP removal rate was slower 
and initial fast reduction was observed in initial 6 days. 
Similarly, for COD removal efficiency, the Scenedesmus sp. 
ASK22 performed better under controlled indoor conditions 
as compared to outdoor conditions. Scenedesmus sp. ASK22 
showed comparably better adaptability in both indoor and 
outdoor culture conditions (Fig. 4C; Table 4). In indoor 
photo-bioreactors, the final pH exceeded ~11, whereas in 
outdoor cultivation conditions, the final pH reached ~8 to 
9, during Scenedesmus sp. ASK22 cultivation in different 
media (data not shown), which may be due to algal photo-
synthesis as a result of CO2 uptake and the absence of pH 
control. The pH of the culture media is determined by photo-
synthetic activity, algal respiration, alkalinity and ionic com-
position of the wastewater, as well as the activity and kind 
of metabolisms (autotrophic, heterotrophic or mixotrophic) 

[27]. Similar kind of results was also observed by Shahid 
et al. During algal cultivation in urban wastewater, its pH 
was used to adjust from pH 8.0 to 11, offering contami-
nation-free cultivation and flotation-based easy harvesting 

Figure 4   A Nitrogen-nitrate (–NO3), B total phosphorus (TP) and C 
chemical oxygen demand (COD) remediation profiles of Scenedes-
mus sp. ASK22 under indoor and outdoor conditions
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[28]. The results revealed that the phyco-remediation rate 
significantly depends on the culture composition, pH of the 
culture media and nutrient (NO3

−1 and PO4
−3) concentration.

3.3 � FAME composition and FTIR analysis

FAMEs are the primary component of biodiesel, and their 
chemical structure has a significant impact on the qualities 
of biodiesel. Thus, it is critical to identify the unique profiles 
of fatty acids. Fig. 5 illustrates the relative proportion FAME 
of Scenedesmus sp. ASK22 cultivated in different media 
(BG11 (control), SDE and NSDE) grown under outdoor 
condition. FAMEs are the primary component of biodiesel, 
and their chemical makeup influences the qualities of the 
fuel. The fatty acids C8:0 (octanoic acid), C12:0 (dodecanoic 
acid), C14:0 (myristic acid), C16:0 (palmitic acid), C16:1 
(methyl palmitoleate (cis-9)), C17:0 (margaric acid), C17:1 
(methyl heptadecanoate(cis-10)), C18:0 (stearic acid), C18:1 
(vaccenic acid), C18:3 (γ-linolenic acid), C20:0 (arachidic 
acid), C20:5 (eicosapentaenoic acid), C22:0 (behenic acid), 
C22:1 (erucic acid) and C24:0 (lignoceric acid) observed, 
in considerable amount. Scenedesmus sp. ASK22 grown 
in outdoor condition has similar FAME profile. Oleic acid 
(44.4–49.7% wt.) was found to be the prominent fatty acid 
followed by palmitic acid (19.5–23.7% wt.), linoleic acid 
(5.8–7.1% wt.), stearic acid (5.8-6.8% wt.), palmitoleic acid 
(3.5–4.3% wt.) and linolenic acid (3.2–3.6%), along with 
other fatty acids that ranged from 0.1% to 1.8% wt. The total 
saturated fatty acid was ~38% wt. in culture grown in BG11 
medium and followed by culture grown in SDE and NSDE 
(~34 % wt.). [34]. The monounsaturated fatty acid (MUFA) 
accounts ~55 % wt. followed by ~52 wt. and ~50% wt., in 
Scenedesmus sp. ASK21 biomass grown in NSDE, SDE and 
BG11, respectively. In addition, the Scenedesmus sp. ASK22 
biomass also contain more than 10% wt. of polyunsaturated 
fatty acids (PUFA) viz. C16:3, C18:2, C18:3 and C20:5. The 
FTIR spectra of diesel, biodiesel and biodiesel blends are 
shown in Figure 6. The aliphatic hydrocarbon is the main 
component of petro-diesel, whose chemical structure is like 
the long hydrocarbon chains of biodiesel. They all have 

bending type vibrations in the low energy and frequency 
ranges of the spectrum (550–900 cm−1), and they are all 
double bonded (=C–H). They are the unsaturated bonds in 
fatty acids methyl esters in biodiesel, such as methyl oleate and 
methyl linoleate. The methylene functional group in biodiesel 
is indicated by the specific group at 721.79 cm−1, which was 
overlapped by >C–H groups. It demonstrates that biodiesel 
is made up of long-chain aliphatic molecules. The peaks in 
the spectrum between 1015 and 1169 cm−1 suggest stretching 
vibrations of C=O, C–O–C and –OCH3. Furthermore, the 
existence of C=O groups in the biodiesel is related to the 
features peak at wavenumber 1741.18 cm−1, which is the 
strongest in the spectrum. Asymmetric and symmetric 
stretching vibrations of alkane (C–H) groups are indicated by 
the peaks at 2854.65 and 2923.89 cm−1, respectively. They 
could be methyl (–CH3) or methylene groups in the biodiesel’s 
ester chains. Complete trans-esterification is indicated in 
biodiesel by the absence of a peak greater than 3000 cm−1 
corresponding to the –OH of carboxylic acid. Biodiesel has 
multiple overlapping peaks in the region of 1000–1300 cm−1 
and 1741.18 cm−1, which are not found in diesel oil. There 
are many studies that use FTIR to analyse the composition 
of biodiesel. The research was carried out by Shohaimi and 
Marodzi [35]. It highlighted that the ester portion exists at 
the peak in biodiesel with a range of 1725 to 1700 cm−1. The 
ester groups will show the absorption peak between 1125 
and 1095 cm−1, according to Farooq et al. [36], who obtained 
the peak at 1118.45 cm−1 and 1015.18 cm−1. The obtained 
range value is very identical, with maxima of 1117.65 cm−1 
and 1030.06 cm−1. As a result, it is possible to deduce that 
the biodiesel developed in this investigation contains an ester 
component. Aside from that, biodiesel absorption peaks 
are usually seen around 3008.91 cm−1, 2925.76 cm−1, 2855 
cm−1, 1743.54 cm−1, 1461.48 cm−1, 1360.75 cm−1, 1171.41 
cm−1 and 722.75 cm−1. Most of the values provided by 
Qiu et al. [37] are nearly identical to the peak found in our 
investigation. After the transesterification process, the methyl 
peak of O–CH3 reduced [35–37]. The transesterification 
process in this work exhibits the same phenomenon, with 
the absorption peak for O–CH3 in biodiesel produced being 

Table 4   Nutrients (nitrate 
and TP) and COD removal 
efficiency of Scenedesmus 
sp. ASK22 grown in different 
conditions at the end of 12th 
day

A = removal rate (mg L−1 day−1) and B = removal efficiency (%); all values are average of triplicate and 
the standard deviation are less than 8%

Test Indoor bench scale Outdoor pilot scale

Media Chemical 
oxygen demand 
(mg L−1)

Nitrogen 
(N-NO3

−1, mg 
L−1)

Total phos-
phorus (TP, 
mg L−1)

Chemical 
oxygen demand 
(mg L−1)

Nitrogen 
(N-NO3

−1, mg 
L−1)

Total phos-
phorus (TP, 
mg L−1)

A B A B A B A B A B A B

BG11 83.67 91.27 12.11 98.98 5.05 93.46 75.00 81.82 10.27 83.93 3.66 67.79
SDE 306.67 92.00 9.02 99.81 5.59 81.00 296.67 89.00 07.86 86.90 4.94 71.46
NSDE 380.00 95.00 19.52 99.19 11.84 95.78 370.00 92.50 18.71 95.10 10.50 84.87
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lower than in unreacted oil. In contrast, according to Goli 
and Sahu [38], the peak for methylene (O–CH2) and methyl 
(–CH3) decreases as the transesterification process progresses. 
The transesterification process in our work exhibits the 
same phenomenon, with the absorption peak for O–CH3 
in biodiesel. As a result, this pattern of peaks confirms the 
presence of the triglyceride transesterification process into 
biodiesel fuel [35, 36]. The values, or shape, of the FTIR 
spectra absorption for conventional diesel are considerably 
different from the shape of the FTIR spectra absorption for 
biodiesel generated, as shown in Fig. 6. This could be since 
the basic materials used to make biodiesel are vastly different 
from those used to make regular diesel. Diesel was produced 
by distilling crude heavy oil, which is a non-edible oil, at 
specific temperatures; in contrast, biodiesel was produced 
naturally from the major source, which is oil and fats from 
plants, which can be considered as edible oil.

3.4 � The physicochemical properties 
of the microalgal biodiesel and their blends

The biodiesel developed was assessed for its physicochemi-
cal characteristics compared to Indian petro-diesel standard, 
American standards of biodiesel blends (ASTM D7467) and 
European standard of Biodiesel (EN14214). Table 5 illustrates 
the properties of microalgae biodiesel (B100) and its blend 
(20% and 5% (biodiesel/petro-diesel; v/v). The data indicates 
that the density value follows increasing trends with blending 
(density increases with increasing volume percentage of bio-
diesel). A significant property is the density at 15 °C since it 
affects the fuel's atomization capacity [24, 39]. The density of 
microalgal biodiesel blends was 868.5 kg m−3 (B100), 845.75 
kg m−3 (B20) and 863.47 kg m−3 (B5) as compared to that 
of Indian petro-diesel (815–845 kg m−3) and biodiesel. The 
density of the biodiesel produced in the experiment was more 
or less than that of IS 15607, ASTM D6751-12, EN 14214 
and biodiesel produced by algae consortium and Spirulina 
platensis [40, 41]. In an interesting study, the team of Islam 
et. al. reported that the density of algal biodiesel varies from 
810 to 910 kg m−3 [42]. That may be due the difference in 
microalga strain, culture medium and FAME composition 
[43]. The higher the carbon chain length of the methyl esters, 
the higher is the density of the biodiesel, which will decrease 
with the increasing number of double bonds. In this study, the 
FAME composition revealed the presence of C14:0, C16:0, 
C18:0 and C18:1 and C18:3 was detected in biodiesel derived 
from Scenedesmus sp. ASK22 cultivated in NSDE under out-
door conditions (Fig. 5). Similarly, the density of biodiesel was 
derived from Chlorella protothecoides (836 kg m−3), Ankis-
trodesmus falcatus (820 kg m−3), Ankistrodesmus fusiformis 
(820 kg m−3), Scenedesmus obliquus (830 kg m−3) and Botryo-
coccus terribilis (820 kg m−3), which is remarkably less than 
Scenedesmus sp. ASK22 biodiesel and their blends (845–869 

kg m−3) [42–45]. The kinematic viscosity of microalgal bio-
diesel and biodiesel blends varies from 3.25 to 4.27 cSt which 
meet the required value for biodiesel, which must be between 
1.9 and 6.0 cSt. That suggested superior injection and atomiza-
tion efficiency of the microalgal biodiesel and offered better 
protection and lubrication for the moving part of an Engine 
[41, 46]. The calorific value (CV) of biodiesel and blends var-
ies from 43.17 to 44.85 MJ kg−1 which is higher than that 
of the minimum value (32.9 MJ kg−1) suggested by interna-
tional standard (EN14214) for biodiesel and another popular 
biodiesel like palm and Jatropha [41]. The CV of any fuel 
plays an important role as higher CV indicates higher power 
generation to run an engine [41]. The cetane number (CN) 

Figure 5   Fatty acid profile of Scenedesmus sp. ASK22 grown in dif-
ferent media: A BG11, B SDE and C NSDE under outdoor condition

Figure  6   FTIR spectra of petro- and biodiesel (B0, B5, B20 and 
B100, respectively)
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diesel fuel cetane number is a relative measure of the delay in 
ignition (ID) time [47]. The lower the CN, the higher the ID 
time and vice versa. The microalgal diesel and its diesel blend 
were characterized by higher CN (56–63), This will lead to 
improved combustion efficiency and better engine efficiency. 
The rise in saturated FAMEs and the length of the chain 
increases the CN of biodiesels [47]. The flash point (FLP) and 
fire point (FP) of produced biodiesel and blends vary from 135 
to 158 °C and 146 to 170 °C, respectively, which are compara-
bly higher than that recommended by Indian petro-diesel fuel 
(35–66°), biodiesel blends (>52 °C) and European standard of 
biodiesel (>101°C). The higher FLP and FP of produced bio-
diesel and blends reduce the chance of unexpected fire hazard. 
The cold flow characteristics including pour point (PP; −11 
°C) and cloud point (CP; −3 °C) of produced biodiesel have 
lower values from the permissible limit. This indicates better 
cold flow characteristics which are suited for cold conditions. 
The carbon residue of the produced biodiesel and blends var-
ies from 0.012 to 0.027% wt. which is remarkably close to the 
recommended value of carbon residue (<0.05%) [47]. All the 
microalgae biodiesel properties were measured, and its blend 
is appropriate in compliance with the permitted requirements 
set by Indian petro-diesel and international blend standards and 
can be used in an unmodified CI engine. So, it can be ranked 
as realistic fuel and as a sustainable alternative to petro-diesel.

3.5 � Comparison of media costs

The Scenedesmus sp. ASK22 biomass yield and cost (kg m−3 
and USD kg−1, respectively) obtained in both media BG11 
and NSDE were 0.88 (1.92) and 3.44 (0.41), respectively, 
under controlled PBR, whereas 0.58 (2.42) and 2.09 (0.81), 
respectively, under outdoor pond scale. The cost analysis 
showed that the replacement of the standard BG11 medium 
with the NSDE (Pandey et al. 2019) represented an aver-
age cost reduction of Scenedesmus sp. ASK22 dry biomass 
4.5- and 2.98-fold grown in iPBR and outdoor pond scale, 
respectively. Nevertheless, the simultaneous reduction of 
freshwater demand, nutrient sequestration from DE and fix 
atm. CO2 (6.2 kg and 3.8 kg under indoor and outdoor con-
ditions, respectively) as well during their cultivation in the 
NSDE medium. This makes the production of Scenedesmus 
sp. ASK22 biomass more viable, especially for applications 
that require low-cost biomass, such as feed for aquaculture 
and biodiesel production.

4 � Conclusions and future prospects

In both indoor bench-scale and outdoor pilot-scale environ-
ments, this study clearly reveals the differences in integrating 
nutrients removal from different growing mediums (BG11, 
SDE and NSDE) and biodiesel generation. NSDE found to 

be a promising growth medium as compared to SDE and 
BG11, which can significantly decline freshwater dependency. 
Scenedesmus sp. ASK22 is regarded as a promising strain 
capable of producing better biomass and lipid yields as well 
as superior nutrient remediation. These findings show that 
DE (SDE and NSDE) can be employed as a growth medium 
for long-term biofuel feedstock production in both controlled 
indoor and outdoor pilot size facilities. Scenedesmus sp. 
ASK22 biodiesel fuel qualities were found to be in good com-
pliance with ASTM D6751 and EN1424 requirements in this 
investigation. As a result, it may be acceptable and appropriate 
for diesel engines. The created mix also has good qualities that 
are equivalent to Indian petro-diesel. This analysis validated 
the production of ester by finding it at absorption peaks of 
1745.27 cm−1, 1117.65 cm−1 and 1030.06 cm−1. The cost ($ 
kg−1) of Scenedesmus sp. ASK22 biomass grown in NSDE 
was 2.98–4.5-fold lower as compared to commercially avail-
able BG11 medium. Outdoor results were promising, though 
growth was lower than at bench scale due to uncontrolled 
meteorological conditions. Thus, the results from the pre-
sent work showed improved production of Scenedesmus sp. 
ASK22 for commercial scale and reducing the medium costs 
as well without prejudicing the biomass quality. However, 
additional research for performing an algae-based wastewater 
treatment process is still required to address future challenges 
such as technical and economic feasibility on a large outdoor 
scale, optimization of hydraulic retention time, contamination 
control and harvesting of algae biomass and evaluation of the 
potential challenges for the loss of algal biomass productivity.
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