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Abstract
This research studied the effect of solids retention time (SRT) on algal-activated sludge (AAS) association in carbon-nitrogen-
phosphorus removal and lipid synthesis frommunicipal wastewater. Five 500-mL test reactors were operated at different SRTs (2,
4, 6, 8, and 10 days) parallelly, in a draw-and-fill mode with external aeration. The organic carbon (C), nitrogen (N), and
phosphorus (P) removal were positively correlated with SRT. The highest C, N, and P removal rates of 89, 73, and 91% were
observed at 10-day SRT. The algal percentage was more than 60% in the mixed biomass at all the SRTs at a steady state. The lipid
content ranged from 15 to 30% and declined with an increase in SRT, with 60% saturated and monounsaturated fatty acid at all
the SRTs. The cetane number varied from 56 to 64 indicating a good-quality biofuel. The Fourier transform infrared spectroscopy
transmittance spectrum for 10-day SRT biomass showed the presence of chloroalkane, alcohols, phenols, alkane, esters, allene,
alkynes, and phosphine. The AAS system can be used as the main treatment unit for treating municipal wastewater in a single
reactor with SRT greater than 4 days.
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Introduction

The introduction of microalgae into activated sludge process-
es for wastewater treatment has gained a lot of attention in the
last few years. The algal-activated sludge (AAS) process is
easy to operate and is established on a symbiotic interaction
between heterotrophic bacteria and photosynthetic algae (Lee
et al. 2015). However, existing AAS systems are applied
mostly as tertiary treatment plants because of their low perfor-
mance (Marbelia et al. 2014; Hu et al. 2015; Xu et al. 2016).
The main reasons for the low performance of AAS reactors
are the insufficient retention time for algae in reactors and the
undesirable C/N/P ratio of municipal wastewater (Molazadeh
et al. 2019).

The C/N ratio (7:1) of municipal wastewaters is relatively
low than the composition ratio of the algal biomass (15:1),
resulting in low nutrient removal efficiencies in microalga-
based wastewater treatment processes due to carbon

deficiency (Park and Craggs 2010; Posadas et al. 2014). Van
den Hende et al. (2011) reported that the algal growth rate was
enhanced by raising the ratio of inorganic carbon to organic
carbon. In addition, the supply of CO2 would also prevent the
rise in pH due to photosynthetic activity in the mixed liquor
and, therefore, reduces losses of ammonia nitrogen by strip-
ping and phosphorus precipitation (Acien Fernandez et al.
2012; Arbib et al. 2013). The immobilization of algae is one
of the most promising methods for addressing the problems
associated with biomass retention (Medina and Neis 2007;
Shen et al. 2017), but the materials used as media become less
effective for a longer period of use.

The proliferation rates for algal cells and bacteria cells
vary significantly. The maximum growth rates for algal
species like cyanobacteria, green microalgae, and diatoms
vary between 0.79 and 6.12 days−1 depending on growth
factors such as light intensity, water temperature, carbon
dioxide, and nutrients (Park et al. 2005; Sasi et al. 2011;
Wu et al. 2013; Zhang et al. 2015; Huesemann et al.
2016), whereas the growth rate of Nitrosomonas, typical
ammonium-oxidizing bacteria, is between 0.55 and
1.2 day−1 (Robertson et al. 1988; Gupta and Gupta
2001; Blackburne et al. 2007). Given the differences in
maximum growth rates between bacteria and algae, the
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two foremost factors that can improve the performance of
AAS systems are as follows: (1) the provision of external
aeration which increases CO2 concentration and (2) the
selection of suitable solids retention time (SRT).
Applying a suitable SRT may reduce the concentration
of bacteria in a suspended AAS system which may allow
algae to have access to more nutrients, which should re-
sult in more oxygen production and nutrient removal by
algae. It is important to improve the algal growth rate and
study how the symbiotic association between microalgae
and bacteria is established in an AAS system. If concen-
trations of algae can be increased significantly, the AAS
system can be used as the main treatment unit for treating
municipal wastewater in a single reactor. Although the
main focus of using microalgae in wastewater treatment
is to remove organic carbon and nutrients, utilization of
the produced biomass after wastewater treatment is also
important. Current knowledge on the effect of SRT on the
performance of algal-bacterial reactors and the effect on
lipid accumulation of microalgae is limited. The aim of
this study was to (1) understand the role of SRT on the
performance of AAS reactors in removing carbon and
nutrients and (2) study the production and composition
of lipid and FAME (fatty acid methyl esters) obtained
from the AAS biomass during the treatment.

Materials and methods

Culture and cultivation

The bacteria (activated sludge) were obtained from a
decentralized municipal wastewater treatment plant in
Hyderabad, India. Before using in the experimental study,
the activated sludge was characterized for volatile suspended
solids (VSS).

The seed microalgal culture used in this study was collect-
ed from the nearby lake located in Sangareddy (Hyderabad,
India). The culture was adapted to synthetic BG11medium for
about a year at room temperature under the direct sunlight
with approx. 12-h:12-h light/dark cycle. Before starting the
experiment, a correlation curve was plotted between the chlo-
rophyll and mixed liquor volatile suspended solids (MLVSS,
which represents the weight of microorganisms) as shown in
Fig. 1, for mixed algal culture. The MLVSS of algal culture
was observed to be linearly correlated with the chlorophyll
concentration (Fig. 1). The correlation equation was used in
this study to estimate the algal biomass in AAS reactors.

Municipal wastewater

A gated community with 2016 families, located in Hyderabad,
Telangana, India, was selected as a municipal wastewater

source. Fresh wastewater was collected on weekends every
week. The collected wastewater was mixed thoroughly and
passed through a filter with a 2.36-mm pore size to remove
large solid particles. The total solids concentration in the
wastewater was less than 50 mg L−1. The wastewater was
stored at − 20 °C and used directly without any sterilization
(Cho et al. 2017).

Experimental scheme

Transparent glass bottles of 500 mL volume with wide mouth
were used as the test reactors. Five reactors were operated
parallelly each at different SRTs, i.e., 2, 4, 6, 8, and 10 days,
in a semi-continuous mode (draw and fill once per day). The
semi-continuous mode is recommended because it provides
better control of solids wasting and feedstock input. The draw-
and-fill feed schedule also conditions the culture to accept the
initial high substrate doses that are used in batch tests (Young
and Cowan 2004). The recycling of biomass was not done.
Therefore, the hydraulic retention time (HRT) was equal to the
solids retention time (SRT). The feed volume was calculated
by the volume of reactor/SRT (= HRT for the present study).
For SRT = 2 days, feed volumewas 250mL (= 500/2) per day.
Every day, the calculated volume of mixed liquor (which con-
tains both biomass and water) was withdrawn and the same
amount of fresh wastewater or substrate was fed to the reac-
tors. A similar procedure was followed for all the other SRTs.
The test reactors were kept at an ambient temperature (25–
30 °C) under direct sunlight with approx. 12:12 (light:dark)
cycle. Continuous supply of air was provided to the reactors
bymeans of aerators at a constant airflow of 0.2 Lmin−1. Each
reactor was operated for three times its SRT, to provide suffi-
cient time for the biomass to reach the steady states. Equal
proportion (by mass) of algae and bacteria were introduced in
the reactors at the beginning of the experiment. The initial cell
density (VSS = 1500mg L−1) was kept the same for all the test
reactors.

Fig. 1 Correlation between biomass concentration and total chlorophyll
of mixed microalgal culture
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Analytical methods

Determination of wastewater parameters (COD, P, TN,
and TOC)

The influent and effluent samples were characterized for
chemical oxygen demand (COD), phosphorus (P), total nitro-
gen (TN), and total organic carbon (TOC) thrice a week. The
withdrawn mixed liquor samples were filtered by using
0.45-μmWhatman filter paper. The filtered samples were an-
alyzed for COD using method 5220 - C and P using method
4500 P - C by following the Standard Methods for the
Examination of Water and Wastewater (APHA/AWWA/
WEF 2012). The total dissolved organic carbon (TOC) and
nitrogen (TN) were measured using a TOC-L analyzer
(Shimadzu). The removal efficiency was calculated by
subtracting the effluent concentration from the influent con-
centration, and the value was divided by influent concentra-
tion. The obtained decimal value was multiplied with 100 to
convert it to percentage.

Determination of biomass concentration

The chlorophyll (method 10200 H) and VSS (method 2540 E)
were estimated by following the Standard Methods for Water
and Wastewater (APHA/AWWA/WEF 2012). For chloro-
phyll estimation, 2 mL of mixed liquor sample was collected
from the test reactors prior to feeding. The co-relation equa-
tion of chlorophyll and algal MLVSS (described in “Culture
and cultivation”) was used to estimate the fraction of algal
concentration in the total biomass (algae + activated sludge).
The chlorophyll concentration was substituted in the
chlorophyll-VSS co-relation curve to estimate algal biomass
(as VSS). The algal biomass was subtracted from the total
biomass to estimate the VSS of the heterotrophic biomass
(activated sludge) in the reactors.

Determination of lipid content

The mixed liquor, drawn out of the test reactors during feed-
ing, was centrifuged at 3000 rpm (2960×g) for 15 min. The
biomass pellet was dried at 60 °C in a hot air oven. The dried
biomass was finely powdered using a mortar and pestle. The
lipid content in the biomass was measured weekly. The mod-
ified Bligh and Dyer method was used for the lipid extraction
process (Bligh and Dyer 1959; Piasecka et al. 2014). Lipid
content (%) was calculated from the expression shown in Eq.
(3)

Lipid content ¼ Total oil extracted

Biomassdryweight
� 100 ð1Þ

FAME analysis using gas chromatography

The direct in situ transesterification method was used to convert
algal lipids into FAME (Van Wychen and Laurens 2013). The
FAME composition was estimated by gas chromatography
(Bruker; model: GC-MS 400 series) using a flame ionization de-
tector. A BR-5MS capillary column (Bruker) was used for sepa-
ration and heliumwas used as carrier gas (flow rate, 1 mLmin−1).
The temperature of the oven was initially maintained at 80 °C for
2min and then ramped up to 250 °C at the rate of 4 °Cmin−1. The
injector and detector temperatures were maintained at 230 and
300 °C, respectively. A 100:1 split ratio was used. The internal
calibration was prepared by using a mixed standard solution of 37
(C4-C24) FAME compounds (Supelco, USA).

The cetane number (CN) of the extracted algal oil was
calculated based on the FAME composition using the formula
reported by Mishra et al. (2016).

CN ¼ 63:41− 0:0728� DUmð Þ
þ 0:03495� SCSFð Þ− 3:26� 10−4 � DUm � SCSF

� �

ð2Þ
where

Modified degree of unsaturation DUmð Þ
¼ monounsaturated C : 1;wt%ð Þ

þ 2 polyunsaturated C : 2;wt%ð Þ
þ 3 polyunsaturated C : 3;wt%ð Þ ð3Þ

Straight−chain saturated factor SCSFð Þ

¼ 1

100
∑ MW i � wt%of saturated methyl estersð Þ ð4Þ

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis can be
used to determine the organic compounds present in the sludge.
Once the test reactors reached the steady states, the biomass
drawn from the test reactors during feeding was dried, ground
into a powder, and then analyzed in FTIR. The analysis was
performed using an FTIR spectrometer (make: Bruker, model:
Alpha II). The dried AAS biomass was scanned at a resolution of
4 cm−1 in the range of 4000–300 cm−1.

Statistical analyses

The correlation matrix for six parameters—SRT, Chl/MLVSS,
TOC removal, TN removal, P removal, and FAME
(mg g−1)—was plotted to analyze the interaction between
the parameters.

1805J Appl Phycol (2020) 32:1803–1812



Results

Wastewater characteristics

The composition of wastewater plays a major role in the effi-
ciency of the AAS consortium in nutrient (N and P) uptake
mainly initial characteristics of the wastewater such as pH,
concentrations, and bioavailability of nutrients (Aslan and
Kapdan 2006; Delgadillo-Mirquez et al. 2016). The pH of
municipal wastewater was found to be 7.2 ± 0.5 which is suit-
able for algal growth. The TN concentration was 101.3 ±
2.8 mg L−1. The level of P was 5.2 ± 1.3 mg L−1 as orthophos-
phate. COD and TOC were 492 ± 10 and 245.6 ± 16 mg L−1,
respectively. The C:N:P ratio of wastewater used in this study
was 47:19:1. The optimal C:N:P molar ratio suitable for the
growth ofmicroalgae is 56:9:1 (Phang and Kim-Chong 1988).
The N:P molar ratio for significant nutrient removal ranges
from 11:1 to 18:1 (Xin et al. 2010).

AAS biomass dynamics

The total chlorophyll concentration was measured to estimate
algal growth in test reactors. The variation in biomass concen-
tration at different SRTs is shown in Fig. 2. At the beginning
of the experiment, all the reactors were seeded with an equal
quantity of algal and bacterial biomass, measured in terms of
MLVSS. From the figure, it was observed that the ratio of
chlorophyll concentration (Chl) to total MLVSS concentration
increased at all the SRTs. As shown in Fig. 2 a, the Chl/
MLVSS in the reactor increased until day 4 and reached a
steady state. At steady state, the lower SRTs showed lower
concentrations of chlorophyll. Chl/MVLSS ratio increased
from an initial value of 1.1 to 1.58 for 2-day SRT and to 2
for all the other SRTs. The relative percentage distribution of
algal and bacterial biomass (MLVSS) in the reactors at differ-
ent SRTs is shown in Fig. 2 b. The algal concentration in the
reactors increased with increasing SRT. The algal biomass
was observed to be 70% for 2-day and 90% for 10-day SRT.
This indicates that SRT has a great influence on algal-bacterial
population dynamics.

Performance of the reactors in removing carbon
and nutrients

Figure 3 a shows the performance of the system in removing
organic pollutants (as TOC), TN, and P frommunicipal waste-
water. Both carbon and nutrients were successfully reduced in
the test reactors. The reactor efficiency for removing C, N, and
P increased with the SRT. The highest TOC, TN, and P re-
moval rates, observed in the 10-day SRT, were 89.2%, 73.1%,
and 91%, respectively. Even at a low SRT of 2 days, AAS
reactors showed 85% TOC, 65.9% TN, and 78.9% P removal.
The effluent carbon and nitrogen concentrations at different

SRTs are shown in Fig. 3 b. The TOC and TN in wastewater
were significantly decreased from 259 to 28 mg L−1 and from

Fig. 2 Algal-bacterial population dynamics. a Residual Chl/MLVSS and
b relative distribution of algae and bacteria

Fig. 3 Performance of the reactors in treating domestic wastewater at
different SRTs. a C, N, and P removal. b C and N effluent
concentrations at a steady state
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102 to 27 mg L−1, respectively, at 10-day SRT. Significant
removal of P, from 5 to 0.4 mg L−1, was also observed at the
same SRT.

Lipid production by AAS biomass

Lipids are biosynthetically or functionally related to fatty
acids and their derivatives. The lipid content based on total
biomass and algal biomass at different SRTs is shown in Fig. 4
a. The highest lipid content (31%) was observed at 2-day SRT
and it decreased with increasing SRT. The lipid content at 2-
day SRT was twofold the lipid content at 10-day SRT. The
lipid accumulation is triggered mainly in nutrient (N and P)-
deficient stress conditions. The highest lipid assimilation at 2-
day SRT could be due to the bacterial stress. The higher pro-
portion of bacterial biomass at 2-day SRT could increase ex-
ternal stress on microalgae, such as oxidative stress, triggering
lipid synthesis, and storage (Cho et al. 2015).

Fatty acid methyl ester profile

Microalgal lipid is mainly used as a raw material for biodiesel
synthesis, but the quality of biodiesel is evaluated based on the
fatty acid (FA) composition and the total FAME content. In
this study, the algal oil was converted into FAME through
transesterification to examine the composition of the FA pro-
file using GC. The saturated and unsaturated fatty acids from
both algal and bacterial lipids with carbon chain lengths rang-
ing from C4:0 to C24:0 were observed in the FAME profile.
Table 1 shows the effect of SRT on the FAME profile of algal
consortium in the algal-bacterial system. The profile showed
the presence of 16:0, 18:0, 18:1, 20:0, and 22:2 series of FA in
all SRTs (Table 1). The most desirable fatty acids for the
production of high-quality biodiesel with superior properties
of stability, cold flow, viscosity, and ignitability are C16:0,
C18:0, and C18:1 (Knothe 2008; Prathima Devi et al. 2012).
The C18:0 and C18:1 percentage was observed to be less than
10% at 2-day SRT and ranged from 23 to 43% at SRTs >
4 days. The highest percentage (32.6%) of C18:1 was ob-
served at 10-day SRT which is potentially more favorable
for the production of biodiesel.

The percentage distribution of saturated fatty acid (SFA),
monounsaturated fatty acid (MUFA), and polyunsaturated fat-
ty acid (PUFA) at different SRTs is shown in Fig. 4 b. The
SRT exerted a significant effect on the FAME composition.
The percentage of PUFA decreased with increasing SRT. The
SFA accounted for more than 63% of fatty acids at 10-day
SRTs. Though the lipid productivity was higher at 2-day
SRT, the conversion efficiency was found to be less which
shows that bacterial stress in the reactors enhanced the lipid
productivity but shifted the fatty acid profile towards
unsaturation.

The distribution of the dominant fatty acids—palmitic acid
(C16:0), stearic acid (C18:0), elaidic acid (C18:1), and
arachidic acid (C20:0), at different SRTs—is shown in Fig. 4
c. The figure suggests that the algal-bacterial dynamics had
shown a significant effect on the composition of the fatty acid
profile, especially at lower SRT. The dominant microalgal
species in the reactors have a significant effect on the fatty
acid profile. The dominant species observed in the reactors
were mainly Chlorella and Scenedesmus. The FAME compo-
sition of the algal-bacterial culture obtained in this study was
compared with the values of the literature on the mixed algal
culture during wastewater treatment and is presented in
Table 2. The FAME profile (C16:0, C18:0) observed in this
study was similar to an algal mixed culture reported in the
literature.

The properties of biodiesel fuel, including its ignition qual-
ity, combustion heat, cold filter plugging point, oxidative sta-
bility, viscosity, and lubricity, are determined by the structure
of its component fatty esters. High levels of saturated fatty
acids tend to increase the stability of biodiesel while

Fig. 4 Quality of extracted oil at different SRTs during domestic
wastewater treatment. a Lipid content, b fatty acid profile, and c
dominated fatty acids
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unsaturated fatty acids result in poor oxidative stability. The
CN plays a major role in indicating the ignition properties of
diesel fuel. The CN values were calculated based on Eqs. 2–4
and are given in Table 3. The FAME mg g−1 dried biomass
and CN increased with an increase in SRT. The CN in this
study varied from 56 to 64; these values are in the range of CN
values reported for different algal species (Islam et al. 2013).

FTIR analysis

The FTIR analysis of the AAS dried biomass at 2-day and 10-
day SRT is shown in Fig. 5. The FTIR spectra were observed
to be different at low and high SRTs. The transmittance band
at 1009.2 cm−1 which is majorly observed in 2-day SRTshows
the presence of polysaccharides or lipids (Grube et al. 2006;
Deepayan and Karar 2017). The peak intensity decreased with
an increase in SRT. The next highest peaks were observed at
1399.17 cm−1 (S=O, sulfur compound), 1641.6 cm−1 (C=C,
alkene), and 1541.4 cm−1 (N-H, amides). The FTIR

transmittance spectrum for 10-day SRT biomass showed the
presence of chloroalkane, alcohols, phenols, alkane, esters,
allene, alkynes, and phosphine. Similar kind of groups was
also observed in Chlorella and Scenedesmus species of green
algae which shows the dominance of algal biomass in total
biomass at higher SRT in AAS reactors (Duygu et al. 2012;
Sudhakar and Premalatha 2015).

Correlation of parameters

The visual presentation of the correlation matrix for six pa-
rameters—SRT, Chl/MLVSS, TOC removal, TN removal, P
removal, and FAME (mg g−1)—is shown in Fig. 6. It was
observed that almost all the parameters are positively interre-
lated to each other for enhancing the performance of AAS
reactors. The TOC removal is related to SRT and Chl/
MLVSS indicating the role of microalgae in utilizing the car-
bon. The TN removal was observed to be less related to Chl/
MLVSS and P removal and more related to SRT. The P

Table 1 Fatty acid profile (%) at
different SRTs Fatty acid Lipid

number
2 4 6 8 10

Capric acid methyl ester C10:0 0.5 0.0 0.2 0.0 0.2

Myristic acid methyl ester C14:0 0.1 0.2 0.3 0.0 0.0

Myristoleic acid methyl ester C14:1 4.5 0.0 0.0 0.0 0.0

cis-10-Pentadecenoic acid methyl ester C15:1 0.0 3.0 0.0 0.0 0.0

Palmitic acid methyl ester C16:0 25.5 23.3 30.2 17.7 29.4

Heptadecanoic acid methyl ester C17:0 0.0 0.6 0.0 0.0 0.8

cis-10-Heptadecenoic acid methyl ester C17:1 0.0 0.0 0.1 0.2 0.0

Stearic acid methyl ester C18:0 9.8 25.6 23.1 43.3 23.8

Elaidic acid methyl ester C18:1n9t 6.2 14.3 25.0 24.4 32.6

Linolelaidic acid methyl ester C18:2n6t 1.2 9.1 0.0 0.0 0.0

Arachidic acid methyl ester C20:0 12.8 7.3 6.4 11.1 9.1

G-Linolenic acid methyl ester C18:3n6 0.0 0.0 0.0 0.3 0.1

Arachidonic acid methyl ester C20:4n6 1.2 0.8 0.9 0.0 0.9

cis-13,16-Docosadienoic acid methyl ester C22:2 35.3 13.1 13.1 0.9 0.6

Nervonic acid methyl ester C24:1 0.1 0.8 0.6 0.0 0.6

cis-4,7,10,13,16,19-Docosahexaenoic acid
methyl ester

C22:6n3 2.2 1.7 0.0 1.7 1.4

Total FAME (% by weight) 100.0 100.0 100.0 100.0 100.0

Table 2 FAME composition (%) and comparison with literature values for algal culture treating domestic wastewater

Type of culture Wastewater C16:0 C18:0 C18:1 Retention time (days) Reference

Algal-bacterial culture Municipal 29.4 23.7 32.6 10-day SRT This study

Domestic 25.9 13.8 28.1 10-day SRT Katam and Bhattacharyya (2019)

Algal mixed culture Domestic 26.7 5.8 23.5 - Soydemir et al. (2016)

Municipal 42.30 25.7 10.9 12 Mahapatra et al. (2014)

Domestic 14.8–44.4 0–16 0–13 8 Venkata Mohan et al. (2011)
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removal was more related to Chl/MLVSS. The FAME (mg/g)
was also less related to Chl/MLSS. It was also observed that
the lipid content of the biomass was negatively related to SRT.

Discussion

In typical wastewater treatment plants, the bacterial consortium
mainly mineralizes organic carbon by using DO through hetero-
trophicmetabolism. In contrast, microalgae use photoautotrophic
(light and CO2 (or inorganic carbon)) and mixotrophic (organic
carbon and light) mechanisms (Chen et al. 2011). When both
algae and activated sludge are together, organic carbon can be
utilized through mixotrophic or heterotrophic metabolism
(Abeliovich and Weisman 1978). The carbon and nutrient me-
tabolisms in microalgae are interconnected (Huppe and Turpin
1994; Liu et al. 2015). When algae and activated sludge coexist,
organic carbon can be utilized through mixotrophic or heterotro-
phic metabolism (Abeliovich and Weisman 1978). AAS culture

Fig. 5 FTIR spectra of algal-
activated sludge biomass at 2- and
10-day SRT

Table 3 Cetane number for obtained FAME from AAS biomass

SRT (days) FAME (mg g−1 dry biomass) DUm SCSF CN

2 34 104 141 56

4 37 96 111 57

6 118 46 173 64

8 113 37 214 66

10 135 47 184 64

1809J Appl Phycol (2020) 32:1803–1812



might have used different mechanisms in removing nutrients
from wastewater such as bacterial and algal cell uptake, nitrifica-
tion-denitrification, volatilization, and precipitation (Perez-
Garcia et al. 2011; Su et al. 2011). Nitrogen removal by ammonia
volatilization could be negligible because the pH in the reactors
was below 8.5. Nitrogen uptake by the cells is the most common
mechanism observed in algal species. Su et al. (2011) also found
that 40.3 to 53% of nitrogen was accumulated in filamentous
blue-green algae when light to the dark period of 12 h was
applied. Denitrification was observed to be a major removal
mechanism by a mixed population of microalgae and bacteria
while treating municipal wastewater (Su et al. 2011). The N/P
ratio is another main parameter of wastewater that affects bio-
mass growth and removal of total inorganic nutrients from mu-
nicipal wastewater (Gupta et al. 2016). Aslan andKapdan (2006)
reported that at theN/P ratio of 2:1, 78%of Pwas removed in 10-
day retention time by Chlorella vulgaris culture from synthetic
wastewater. Su et al. (2011) observed 56 to 73% of P removal at
N/P= 3:1 in batch cultures (8 days of incubation). High levels of
P removal (90%) by Chlorella sp. were reported by Wang et al.
(2010) with an increase inN/P (6:1) fromwastewater after 9 days
of the incubation period. Similar results (> 95%) were reported
by Delgadillo-Mirquez et al. (2016) when N/P = 17:1. In this
study, the N/P of wastewater was observed to be 19:1 which
might have favored P removal.

The lipid accumulation is triggered mainly in nutrient (N
and P)-deficient stress conditions. The highest lipid assimila-
tion at 2-day SRT could be due to bacterial stress. Chlorella
sp. cultivated in anaerobically digested dairy manure had

shown lipid content ranging from 9.0 to 13.7% of the dry
weight of the biomass (0.141–0.233 g L−1) (Wang et al.
2010). Chlorella ellipsoidea YJ1 achieved a higher lipid
content of about 40% in the domestic secondary effluent
(Yang et al. 2011). Abreu et al. (2012) reported lipid produc-
tivity of about 250 mg L−1 day−1 by C. vulgaris cultivated in
hydrolyzed cheese whey (5 g L−1 glucose and galactose).
Farooq et al. (2013) reported that by using the two-stage au-
totrophic-heterotrophic cultivation for C. vulgaris the lipid
productivity was increased from 31 to 108 mg L−1 day.
Chlorella vulgaris cultivated in an artificial wastewater medi-
um showed about 20–42% of lipid content (Feng et al. 2011).
Although the literature suggests that the lipid storing capacity
of Chlorella pyrenoidosa is only 2% (Becker 1994),
Hongyang et al. (2011) reported that C. pyrenoidosa can ac-
cumulate lipid up to 37% of its cell weight and can exhibit
lipid productivity up to 0.4 g L−1 day−1 using soybean pro-
cessing wastewater. Moreover, very few studies have been
performed to analyze the effect of retention time on lipid ac-
cumulating capacity of microalgae. Lipid content for pure
cultures of algae was reported in several publications.
However, there has been less documentation on lipid percent-
ages in mixed cultures of algae in algal-bacterial systems.
Many studies presented that biomass and lipid production
significantly improved in heterotrophic or mixotrophic condi-
tions (Perez-Garcia et al. 2011). However, there are many
other factors affecting lipid production like microalgal spe-
cies, wastewater characteristics (like pH, dissolved solids, C/
N ratio), and light-dark cycle (Qin et al. 2016). It was evident

Fig. 6 Visual presentation of the
correlation matrix
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that the characteristics of wastewater, SRT, and algal/bacterial
ratio had shown a significant effect on lipid accumulation of
algal-bacterial biomass.

A fatty acid with a high saturation fraction, i.e., with a less
unsaturated fatty acid (MUFA + PUFA) and high SFA, indicates
excellent fuel properties with less risk of combustion and igni-
tion interruption (Chandra et al. 2014). As per European
Standard EN 14214, the C18:3 and polyunsaturated (≥ 4 double
bonds) contents should be less than 12 and 1%, respectively, for
good-quality biodiesel (Gouveia and Oliveira 2009). In this
study, C18:3 was observed to be less than 0.3% at all the
SRTs. The fuel with CN greater than 50 is recommended as a
quality parameter. The biodiesel derived from microalgae with
more saturation (SFA %) will result in high CN; this fuel ex-
hibits shorter ignition delay time and fewer NOx emissions
(Cheirsilp and Torpee 2012). It was evident that the characteris-
tics of wastewater, SRT, and algal/bacterial ratio had shown a
significant effect on lipid accumulation of co-culture biomass.
The study indicates that the culturing algae and activated sludge
together are capable of effectively treating domestic wastewater,
rich in carbon and nutrient, and can simultaneously produce
good-quality lipids which are desirable for biodiesel production.

Conclusion

Solids retention time has a significant influence on algal-
activated sludge population dynamics, lipid, and fatty acid
composition. High SRT causes an increase in algal biomass,
which results in nutrient removal and favors the formation of
good-quality lipid, desirable for biodiesel production. Palmitic
acid (C16:0) and stearic acid (C18:0) were observed at all
SRTs which are the desired substrates for synthesizing biodie-
sel. The study indicates that the addition of algae into activated
sludge has the potential to directly treat municipal wastewater
in a single reactor if operated at higher SRT (> 4 days) with
simultaneous biodiesel production.

Funding information This research was funded by the Ministry of
Human Resource and Development, Government of India, under the
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