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Abstract

The study was conducted to analyse the influence of three nutrient formulations, namely BG-11 medium, BBM and
TAP medium, on growth potential and lipid yield of two microalgal genera (Botryococcus sp. and Chlorella sp.) and
to study the roles of N, P and other major nutrients. The study focussed on the general patterns of starch and lipid
synthesis and storage and to further assess how photosynthetic carbon partitioning into starch and lipid is altered by
conditions in growth media such as N and C presence as seen in BG11 medium which are known to induce neutral
lipid production and the lack of it in BBM and TAP medium. BG-11 medium performed better as compared to BBM
and TAP medium in terms of biomass productivity and lipid yield. The lipid yield was highest in Botryococcus sp.
(63.03% dry wt.) and Chlorella sp. (50.27% dry wt.) at 30th day of incubation. Mean biomass productivity was
highest for Botryococcus in BBM medium (6.14 mg/L/day) and for Chlorella in BG-11 medium (4.97 mg/L/day).
Mean lipid productivity (50.78% and 39.36%) was highest in BG11 medium for both Botryococcus and Chlorella
species, respectively. A sharp decline in sugar content was observed in the late stationary phase of growth from 30th
day to 45th day. Fatty acid methyl ester (FAME) profile of the extracted lipids showed predominantly oleic acid,
followed by palmitic acid and stearic acid in both the strains when grown in BG-11 medium. The other biodiesel
quality parameters were in accordance with the international standards. A complex relationship was found between
chemical composition and biodiesel properties. Proximity analysis indicated that the fuel properties of biodiesels are
determined by a number of parameters and by the combination of different chemical compositions. The results
provide an insight into organic carbon partitioning into lipid compounds and how the organism’s lipid metabolism
changes due to N-deplete culturing in TAP medium and inorganic carbon source availability as seen in BG-11 and
BBM medium.
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Introduction amounts of storage lipids (20-80% on dry weight basis), pri-

marily in the form of triacylglycerides (TAG) (Chisti 2007).
Microalgae have been considered for biodiesel production,  These organisms are reported to produce enhanced lipids un-
based on their ability to grow rapidly and accumulate large  der stressed conditions of limited nutrient inputs (Hu 2004). In
addition, nitrogen source and their levels can also influence
the growth as well as lipid production in these organisms
(Cheng et al. 2014). Optimization of different nutrient formu-
lations to enhance biomass productivity and lipid yield has
been undertaken by researchers all over the world
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(Ruangsomboon 2015). Chlorella vulgaris (strain 2714) and
: ) o two strains of Microcystis aeruginosa were grown in BG11,
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Raymond 2011). Extracted lipids from microalgae can be sub-
jected to transesterification to yield fatty acid methyl esters,
and the composition of fatty acid methyl ester (FAME) deter-
mines the biodiesel fuel quality. Differential fatty acid compo-
sition has been reported in literature (Gouveia and Oliveira
2009). Normally, when transesterification is performed with
algal oil, the biodiesel yield is around 80% and all algal oils
are not suitable for biodiesel production (EI-Shimi et al. 2013).

Many investigators reported change in chemical structure
of FAMEs when cultivated under different environmental
conditions (Los and Murata 2004). FAME properties deter-
mine the quality of biodiesel, and these criteria can be com-
pared with the ASTM grade biodiesel (Canaki and Sanli
2008). Biodiesel fuel properties can also be determined
through physical parameters like cetane number, kinematic
viscosity, oxidative stability and cold flow properties such as
cloud point, cold-filter plugging point and lubricity which are
influenced by fatty acid profile (Knothe 2008). In view of this,
the present study was undertaken to evaluate the suitability of
different nutrient formulations for growth of microalgae and to
analyse their lipids as a source of biodiesel.

It is known that microalgae respond with physiological
alterations to the nutrient composition where they grow. This
behaviour can be viewed as a biotechnological attribute that
can be manipulated in order to control the algae biochemical
composition and growth focusing on specific compounds and
higher productivity. Therefore, a cheap and promising media
to improve microalgae production yield was selected. This
study provides a future scope where algae can be cultivated
in a minimal media or wastewater with desired components.

Material and methods
Cultural conditions

Chlorella sp. (MCC 7) and Botryococcus sp. (MCC 32) were
procured from germplasm collection of CCUBGA, IARI. The
cultures were grown and maintained in three different media
recipes namely BG11 (Stanier et al. 1971), BBM (Nichols and
Bold 1965) and TAP (Gorman and Levine 1965) (Table 1)
under culture room conditions (temperature 28 =2 °C, light
intensity 95 uE/m%/s and light/dark cycle 16:8 h).

Biomass harvesting and estimation of dry weight
and sugar content

Microalgal biomass from the two genera (Chlorella sp.
and Botryococcus sp.) was harvested at 15th, 30th and
45th day of growth. Dry weight was measured by fil-
tering a known volume through pre-weighed GF/C filter
paper (Whatman, Poole, UK) and dried at 80 °C till a
constant weight was achieved (Sorokin 1959). The
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relative biomass productivity (P = g/L/day) was calculat-
ed as (N,—N;) / t,—t; where N; and N, are the dry
weight measurements (g/L) at time ¢ and #,. A known
volume of microalgal suspension was used for estima-
tion of total sugars by the anthrone method using glu-
cose as standard (Dubois 1956).

Lipid extraction, transesterification and gas
chromatography-mass spectroscopy (GC-MS) analyses

Dried microalgal biomass was pretreated with micro-
wave (2450 MHz for 6 min) for efficient lipid extrac-
tion using a modified protocol (Rakesh et al. 2015).
Lipids were extracted from 100 mg of dried biomass
with chloroform and methanol (1:2 v/v) (Bligh and
Dyer 1959), and the extracted lipids were calculated as
per the equation:

Weight of lipid extracted [mg]
sample weight [mg]

x 100 (1)

Transesterification of lipids

The extracted lipids from 50 to 80 mg dry weight were
transesterified using concentrated HCI (0.1 mL) as cat-
alyst and methanol (100 mL). For this reaction, temper-
ature was maintained at 60 °C for 3 h (Ruangsomboon
et al. 2013). After shaking, the solution was kept for
16 h to separate the biodiesel and the sediment layers
clearly. The separated upper layer having biodiesel was
evaporated to release the excess methanol, and the re-
maining part was mixed with hexane to collect fatty
acid methyl esters. The remaining catalyst was removed
by successive rinsing with distilled water followed by
filtration. The FAME thus obtained was evaporated to
release the excess hexane using similar conditions. The
yield of methyl esters (Y) was calculated as under

(g) of methyl esters produced/(g) of lipid x 100 (2)

FAME were dissolved in known quantity of methanol
and identified using GC-MS (Varian). Comparison was
made using inbuilt standard mass spectra library system
(NIST-05 and Wiley-8) of GC-MS.

Physical properties of biodiesel

Quality of biodiesel was assessed in terms of physical
parameters namely cetane number (CN), saponification
value (SV), iodine value (IV), degree of unsaturation
(DU), long-chain saturation factor (LCSF), cold filter
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Table 1 Composition of medium (g/L) used for growth of selected The DU was calculated as
microalgae
S.no.  Components BGll BBM  TAP  DU=MUFA + (2 X PUFA) (6)
1. NaNO, 1.5 0.25 where MUFA: monounsaturated and PUFA: polyunsaturated
2. K,HPO, 0.04 0.075 0028 fatty acids present in the FAME.
3. KH,PO, 0.175 0.014 The allylic position equivalents (APE) were calculated
4. NH,Cl 15 using the equations as under
5. MgS0O,47H,0 0.075 0.075
6. CaCl,-2H,0 0.036 0.0025 2 APE = X(apn x Acn) (7)
7. Citric acid 0.006
8. Ferric ammonium citrate 0.006 bis-allylic position equivalents (BAPE)
9. EDTA (disodium salt) 0.001
10. NaCO;, 0.02 BAPE = X(bpn x Acn) (8)
11. NaCl 0.0025
Trace elements I mL I mL I mL  where apn and bpn are the numbers of allylic and bis-allylic
Trace elements positions in fatty acid and Acn is the amount (mass %) of each
12. H;BO; 2.86 11.42 0.057 fatty acid in the mixture.
13. MnCl,-7H,0O 1.81 1.44 0.101 The LCSF was estimated as
14. CoCl,-6H,0 0.032
15. ZnS0,-7TH,0 022 3.82 022 LCSF = (0.1 x C16) + (0.5 x C18) + (1 x C20)
1. NaMoO,2HL,0 039 + (15 x €22) + (2 x C24) 9)
17. CuSO4-5H,0 0.079 1.57 0.031
18. Ammonium molybdate 0.022
19. Co(NOs),6H,0 0.049 0.49 The CFPP was
20. EDTA 50 0.2
2L KOH 31 CFPP = (3.1417 x LCSF)-16.477 (10)
22. FeSO,47H,0 4.98 0.099
The CP (Sarin et al. 2009) was calculated as
CP = (0.526 x C16)—4.992 (11)

plugging point (CFPP), higher heating value (HHV),
flash point and kinematic viscosity and density. These
properties were calculated from the FAME profile
(Knothe 2002, 2006; Krisnangkura 1986; Gopinath
et al. 2009; Ramos et al. 2009; Ramirez-Verduzco
et al. 2012; Demirbas 1998) through different scores
as per the equations provided below.

The SV and IV for use in the above equation were calcu-
lated using the following equations:

SV =¥ (560 x N)/M (3)
IV =13 (254 x D x N)/M (4)

where D is the number of double bonds in the fatty ester, M is
the molecular mass of the fatty ester and N is the percentage of
the particular fatty ester.

The cetane number (CN) was calculated as (5)

46.3 + (5.458/SV)—(0.225 x IV)

In which CP value is based on the C16:0 content (wt%) in
the FA profile.

Other fuel parameters mentioned as under were calculated
based upon previous reports (Ramirez-Verduzco et al. 2012).

The kinematic viscosity (v, mmz/s) at 40 °C:

In(v) = ENi (~12.503 + (2.496 x In Mwi)-0.178 x Di)
(12)

where Mwi is the molecular weight of a fatty acid, Ni is the
percentage of the given fatty acid in the biodiesel and Di is the
number of double bonds in the given fatty acid.

The density (p, g/em®) of the biodiesel at 20 °C:

p = XNi (0.8463 + (4.9/Mwi) + 0.0118 x Di) (13)
The HHV:
HHV = XNi (46.19—(1794/Mwi)—0.21 x Di) (14)
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Proximity analysis

A proximity dissimilarity matrix based on Euclidean distance
measurement of the biodiesel properties (both FAME profile
and physical parameters) was studied for the two microalgal
genera using SPSS.

Results and discussion

Effects of different nutrition recipes on biomass
productivity, lipid yield and sugar content

The comparative dry weight content in Botryococcus sp.
(Table 2) incubated under three types of media namely BG-
11, BBM and TAP showed mean dry weight of 429.5 mg/L in
BG-11, 330.3 mg/L in BBM and 404.1 mg/L in TAP medium
indicating thereby the BG-11 medium was most suitable
followed by TAP and BBM medium. In general, the growth
showed a gradual and linear increase through 15, 30 and
45 days of incubation. In all the three media, total sugars
(38.05 mg/g; BBM) (60.11 mg/g; TAP) (47.13 mg/g; BG11)
were maximum during 30th day of incubation. The main stor-
age carbohydrate in green microalgae is sugars, which acts as
a buffer on carbon availability fluctuations during growth
(Tetlow et al. 2004). It has been proven that the growth rate
is strongly correlated to the rate of starch degradation in
microalgae and that protein synthesis represents a major car-
bon cost from starch during cell growth (Branyikova et al.
2011). Therefore, the observed carbohydrate accumulation
could be the result of decreased starch-derived carbon demand
for protein biosynthesis and growth.

When these media recipes were tested for the growth of
Chlorella sp. (Table 2), BG-11 medium was best (409.7 mg/
L) followed by the growth observed in TAP medium
(363.4 mg/L) and BBM medium (263.7 mg/L). The growth
showed a linear and increasing trend in all the three media.
Sugars were highest (19.05 mg/g) in BG11 medium (9.1 mg/
g, BBM) and (14.42 mg/g, TAP) observed at 30th day of
incubation.

The composition of BG11, BBM and TAP media used in
the study served to study the roles of N, P and other major
nutrients. Carbon is only present in BG11 medium in the form
of carbonate in Na,COj3 and as citric acid and Fe ammonium
citrate. It is totally absent in BBM and TAP medium. A re-
sponse to minimal N stress as seen in BBM and TAP medium
was less well correlated to high rates of lipid productivity,
presumably to preserve their physiological state at a higher
level of function (e.g. maintenance of higher cellular protein
concentrations) as has also been accounted by Adams et al.
(2013). It has been also reported that the synthesis of these
storage compounds would be primarily as a result of de novo
carbon fixation by photosynthesis and its partitioning between
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synthesis pathways for lipids and starch (Fernandes et al.
2013; Hu et al. 2008). Fan et al. (2012) have speculated that
lipid and starch syntheses are competitive pathways in
nitrogen-starved cells of Chlamydomonas reinhardtii and car-
bon supply seems to be the major factor controlling carbon
partitioning between starch and oil accumulation in this strain.

A steep rise in sugar content in the logarithmic phase of
growth from 15th to 30th day followed by a sharp decline was
observed in the late stationary phase of growth from 30th day
to 45th day. In Botryococcus sp., sugar content increased by
81.5% which subsequently decreased by 80.22% in BG11
medium, 84.2% increase followed by 92.3% decrease in
BBM medium and 73% increase thereafter decreasing by
85.9% in TAP medium, while Chlorella sp. showed an in-
crease of 77.5% and decreasing by 64.8% in BG11 medium,
54% increase followed by 37.3% decrease in BBM medium
and 10.7% increase, which decreased by 64% in TAP medi-
um. The lipid and carbohydrate syntheses are closely related
and so compete for synthesis and storage. Under nutrient dep-
rivation conditions, the starch degradation becomes inactive
thus leading to the activation of lipid synthesis (Kona et al.
2017). Disruption of starch synthesis leading to neutral lipid
over-accumulation in C. reinhardtii has been reported in liter-
ature (Fan et al. 2012; Li et al. 2010; Work et al. 2010), al-
though mere antagonism between synthesis pathways of both
storage compounds is not always sustained (Siaut et al. 2011).
On the contrary, Li et al. (2011) showed that disruption of
starch synthesis decreased TAG accumulation in
Pseudochlorococcum sp. and suggested that in this strain,
TAG could be synthesized, partially, at cost of previously
assimilated starch.

The mean biomass productivity of 3.46 mg/L/day and
4.97 mg/L/day in BG-11 medium, 6.14 mg/L/day and
2.59 mg/L/day in BBM medium and 2.71 mg/L/day and
3.5 mg/L/day in TAP medium was observed for
Botryococcus sp. and Chlorella sp. during the complete dura-
tion of the study (Fig. 1).

TAP medium was devoid of N, while BG11 contained six
times more N in the form of nitrate as compared to BBM. The
amount of phosphate in BG11 was considerably lesser as
compared to BBM and TAP. Kapdan and Aslan (2008) report-
ed that N/P ratio can influence the growth in terms of dry
weight content and lipid yield. However, the interaction stud-
ies between N and P shows enhanced lipid content due to lack
of P, rather than limitation of N as has also been reported by
Hakkalin et al. (2014). Mayers et al. (2014) found that P lim-
itation alongside N starvation had a subtle but minimal effect
on bulk biochemical composition, but negatively influenced
cell division and biomass productivity of Nannochloropsis sp.

Optimum nitrate concentration for enhanced biomass
productivity has been reported to be between 0.5 and
0.7 g/L with biomass productivity 0.5 g/l and 0.65 g/
L (Bhola et al. 2011; Lv et al. 2010; Chen et al. 2011).
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Table 2 Effects of different nutrient recipes on biomass (mg/L), lipid yield (% on dry wt. basis) and sugar content in (mg/g dry wt.) Botryococcus sp. and Chlorella sp. at 15th, 30th and 45th day of

incubation

Days of incubation

TAP

BBM

BGll1

30 45 Mean

15

Mean

30 45 Mean 15 30 45

15

Botryococcus sp.

318.68+5.13 528.34+10.01 330.3+£7.12 431.34+11.37 351.34+£4.16 429.68+3.51 404+6.34

244 +6.24

Biomass 407.68+£2.52 388.34+1.53 492.34+3.51 429.0+2.51

Lipid

33.09+0.44
28.29+0.16

41.21+£046 36.94+0.22
8.50+0.13

60.11+0.18

31.95+0.56 21.13£0.56

33.94 +0.68
2.93+0.1

19.1+£0.71 42.81+03

50.78 +£0.56
21.72+0.22

63.03+0.36 46.26+0.41

43.05+0.92
8.72+0.25

Chlorella sp.

16.28 +0.13

15.66 +0.09

38.05+0.15

6.024+0.04

47.13+£0.24 9.32+0.16

Sugar

417.34+5.03 363.43+4.67

361 +£3.0 312+6.0
12.08£0.2

263.66 £4.11

463.34+£4.16 409.66+536 310.67+5.13 232.67+3.05 246.67+4.16

23.93+0.24
6.7+0.09

452+4.0

Biomass 314 +7.94

21+0.24

13.03+0.14
14.42 £0.06

21.3+£038  38.08+0.4

6.33+0.21

1526 +0.18
57+0.5

39.4+£042 323+0.52 16.3+0.47
9.09+0.05

50.27+0.45
19.05+0.62

43.9+0.58
4.29+0.07

Lipid

10.83 £0.08

5.20+0.06

12.88+0.13

10.01£0.26 4.19+0.08

Sugar

Fung et al. (2013) showed that NaNO3 concentration of
1.4 g/L decreases biomass productivity in Chlorella
vulgaris, whereas our study showed enhanced biomass
productivity in BG-11 medium with NaNO; concentra-
tion of 1.5 g/L as compared to BBM medium (0.25 g/L
of NaNOj) and TAP medium (NaNO; absent). Bhola
et al. (2011) have stated that nitrate can cause toxic
conditions and provide adverse effects for the growth
of microalgae. The cells may release N, from photosyn-
thetic pigments and utilize the same for other metabolic
processes under nitrogen-deficient conditions.

In Botryococcus sp., BG-11 medium was most suit-
able for enhanced lipid yield (50.8%), followed by
33.1% in TAP medium and 31.9% in BBM medium.
Chlorella sp. exhibited highest lipid yield in BG-11 me-
dium (39.4%) and 21% in BBM and TAP medium. The
mean lipid productivity on dry weight basis varied as
50.78% and 39.36% in BG11 medium, 31.95% and
21.28% in BBM medium and 33.12% and 21.06% in
TAP medium in Botryococcus sp. and Chlorella sp.
Large number of media formulations has been suggested
for the growth of microalgae (Dayananda et al. 2007
Ge et al. 2011). The present study has established BG11
media (N 1.5 g/L; P 0.04 g/L) as more suitable for the
growth of microalgae as potential biodiesel feedstock, as
compared to BBM (N 0.25 g/L; P 0.17 g/L) and TAP
media (N 0.0; P 0.03 g/L). This study supports the idea
that it is the ratio of N and P that influences biomass
productivity and lipid yield, as has also been reported
by Kapdan and Aslan (2008).

Both Ca and Mg were found to be critical for biomass yield
and lipid accumulation in microalgae by Gorain et al. (2013).
These salts are found in much larger amounts in TAP media as
compared to BBM and BG11 media. Cellular lipid content did
not show significant rise under high Mg supplementation. The
role of Mg ions in activating the enzyme acetyl-CoA carbox-
ylase, catalysing the first step of fatty acid biosynthesis, is well
established (Nelson and Cox 2008). Chloride was present in
higher amounts in TAP media in the form of NH4Cl and
CaCl,, while smaller amounts were present in BG11 and
BBM. The role of Cl™ as an essential micronutrient for oxy-
genic photosynthetic organisms is widely accepted (Raven
2016). It is also known that these roles of Cl  vary phyloge-
netically and with the N source (Raven 2016). The high con-
centrations of CI" generally found in algal and plant cells, and
particularly in their vacuoles, play a major role in turgor gen-
eration and in cell expansion (Franco-Navarro et al. 2015).

In general, under nutrient limited condition, the
growth of the algae slows down, and there is a reduc-
tion in the requirement for the synthesis of new mem-
brane compounds. However, fatty acid biosynthesis is
not interrupted as photosynthesis continues. Therefore,
the cell deposits these fatty acids in the form of
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Fig. 1 Effects of different nutrient

: a
recipes on mean values of
biomass (mg/L), lipid yield (% on 500
dry wt. basis) and sugar content in
(mg/g dry wt.). a Botryococcus 450

sp. and b Chlorella sp.

Concentration (mg/L; %; mg/g)

o

450
400
350
300
250
200
150
100

Concentration (mg/L; %; mg/g)

triacylglycerols (Sharma et al. 2012). Furthermore, un-
der normal culture condition, the two major components
generated by photosynthesis are ATP and NADPH,
which are used for producing biomass. As cell growth
and proliferation are hampered under nutrient limita-
tions, regeneration of NADP+ has been achieved by
consuming NADPH for fatty acid biosynthesis.

The presence of Fe-EDTA corresponded to a marked
influence on photosynthetic machinery and enhanced the
production of ATP and NADP (H) (Martin et al. 2000).
These energy carrier molecules help towards formation
of carbohydrates through Benson and Calvin cycle
(Briat et al. 2015). BBM and TAP media were devoid
of Fe-EDTA. The higher iron-supplemented conditions
in BG11 medium showed utilization of sugars which
may be attributed to the active physiological state of
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the tested microalgal sp. with optimum iron supplemen-
tation condition, wherein the available carbon source is
re-utilized in the formation of higher lipids. Nutrient/
carbon-deprived condition in BBM and TAP medium
re-utilizes the accumulated carbohydrate towards the lip-
id synthesis and other metabolic activities.
Supplementation of Fe-EDTA in nutrient phase showed
a positive influence on the photosynthesis mechanisms
of Chlorella sp. under mixotrophic condition leading to
the increase in biomass, chlorophyll, carbohydrates, pro-
teins and lipids as reported by Kona et al. (2017). Fe-
EDTA at specific concentration has quite diverse bio-
mass productivity, lipid profile and metabolite synthesis.
The higher concentration of Fe-EDTA, present in BG11
medium, showed marked influence on the oleic acid
accumulation (Kona et al. 2017) which was also
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observed in the present study. Iron as an integral com-
ponent of metallo-protein has a direct influence on the
carbohydrate reserve which enables the chain elongation
of fatty acid by activating the nitrate and nitrite reduc-
tase which directs the metabolism towards chain elon-
gation and further leads to the unsaturation in stress
phase (Oijen et al. 2004).

Fatty acid methyl ester profile

Lipids extracted from microalgal genera exhibit fatty acid
profile mainly of C16 and C18 and, therefore, can be used
for biodiesel production (Francisco et al. 2010; Converti
et al. 2009). As the BG-11 medium was better in terms of
growth and lipid content, it was used further to cultivate the
two microalgal genera and to determine biodiesel quality pa-
rameters in terms of FAME analysis and physical properties
(Table 3). Out of different fatty acids, oleic acid (C18:1) was
predominant constituting 48.2% in Botryococcus sp. and
42.7% in Chlorella sp. In Botryococcus sp., the next promi-
nent fatty acid was linolenic acid (C18:2; 20.1%) followed by
palmitic acid (C16:0; 12.5%) and palmitoleic acid (10.1%). In
Chlorella sp., oleic acid was followed by palmitic acid
(17.4%) and linoleic acid (12.4%) and palmitoleic acid
(11.1%). The total TGA were 77.9% in Botryococcus sp.
and 78.7% in Chlorella sp. Over 80% of total fatty acid profile
can be considered as an ideal source of lipids for biodiesel
production (Liu et al. 2011). The saturated fatty acids in
Botryococcus sp. was 19.6%, whereas these were 24.9% in
Chlorella sp. The MUFA were 58.3% in Botryococcus sp.,
while Chlorella sp. showed 53.8% MUFA levels. The PUFA
were similar in Botryococcus sp. (21.3%) and Chlorella sp.
(20.1%). The composition of fatty acids can be influenced by
the cultural conditions and the physiological potential of
microalgae, their structure as well as the extraction procedure
(Ho et al. 2012; Yeh and Chang 2012). The studies indicated
an abundance of oleic acid, linoleic acid and palmitic acid in
lipids extracted from Botryococcus sp. and Chlorella sp., and

the ratio of saturated and unsaturated fatty acid determines the
quality of biodiesel (Radakovits et al. 2010). Saturated fatty
acids are resistant to degradation hence increase the longevity
of biodiesel as well as its resistance to oxidation under hot
climatic conditions. Converti et al. (2009) reported high
values of palmitic acid and linoleic acid in microalgal oil,
and composition was suggested to meet the requirements of
European legislation of biodiesel. The biomass and neutral
lipid productivity and nature of their corresponding fatty acid
profile are both media and species specific (Sarpal et al. 2016).
The study showed that proper selection of media and species
was important to cultivate biomasses with desired character-
istics either suitable for biodiesel or PUFA potential.

Physical parameters for biodiesel analysis

In addition to FAME profile, physical parameters such as CN,
IV, density, viscosity and cold flow properties were calculated
to assess quality of biodiesel. Both the tested microalgal
strains showed good (>51) cetane number (CN) which was
at par with European standard and higher than ASTM stan-
dard. As per international standard of the ASTM D6751, the
minimum CN must be 47; however, 51 is the minimum CN
value of EN14214 (Europe) standards. The CN values report-
ed for microalgal strains vary from 42.61 to 65.02, with an
average value of 56.80 (Calixto et al. 2018).

Unsaturated fatty acids usually lower the CN and increase
the NOx emission. These are also prone to oxidation which in
turn may affect the lubricity of a biodiesel (Saraf and Thomas
2007). The CN value can affect engine performance in terms
of combustion and exhaust emissions, and higher CN corre-
lates with lower NOx exhaust emissions (Ladommatos et al.
1996). Branching and chain length can affect CN as the num-
ber becomes smaller which decreases chain length and in-
creases branching. Therefore, biodiesel should have high sat-
urated and monounsaturated fatty acids and low polyunsatu-
rated fatty acids, which may increase with the length of the
unbranched carbon chain of the FAME (Knothe 2005). IV is

Table 3 FAME profile of

Botryococcus and Chlorella sp. Sl no Fatty acid composition % Botryococcus sp. % Chlorella sp.
1. Butyric acid C4:0 1.21 2.17
2. Tetradecanoic (myristic) acid C 14:0 - 1.32
3. Penta decanoic acid C 15:0 2.6 -

4. Palmitic acid C 16:0 12.46 17.41
5. Palmitoleic acid C 16:1 10.11 11.11
6. Margaric acid C 17:0 — 1.12
7. Stearic acid C18:0 3.33 2.87
8. Oleic acid C18:1 48.23 42.7
9. Linoleic acid C18:2 20.13 12.43
10. Linolenic acid C18:3 1.21 7.62
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also a biodiesel quality parameter included in EN 14214. This
plays an important role in biodiesel oxidative stability and
represents the DU by weighted sum of the masses of MUFA
and PUFA. Polymerization of glycerides with formation of
deposits may occur with unsaturation making it susceptible
to oxidative attack (Francisco et al. 2010). IV of both the
microalgal strains calculated was within the maximum limit
of 120, and lower IV values of 57 and 68 g 1,/100 g have been
reported for Microcystis aeruginosa NPCD-1 and Trichormus
sp. CENA77 (Da Ros et al. 2013). The CFPP, CP and pour
point (PP) are the low-temperature flow properties for which
no US or European standards are reported as each country can
fix its own standard according to local climatic conditions.
However, biodiesel fuels do suffer from cold flow properties
more than mineral diesel fuel. If saturated FA are present in
oils, crystallization occurs as saturated FA esters have higher
melting points than unsaturated FA compounds. The levels of
stearic acid were below 3.18% in tested strains which resulted
in lower temperatures of CFPP (Table 4). LCSF of lipids is a
critical parameter and determines oxidative stability, cetane
number, [V and CFPP of the biodiesel. Unsaturated fatty acids
are reported to enhance cold flow properties of biodiesel
(Knothe 2008). The longer the biodiesel carbon chains, the
worse are their low-temperature properties. Hence, this be-
comes an important parameter in determining the cold re-
sponse of the biodiesel. LCSF values of 2.91 and 3.18 were

shown in Botryococcus sp. and Chlorella sp. Other
cyanobacterial strains namely M. aeruginosa NPCD-1,
Synechococcus sp. PCC 7942 and Trichormus sp. CENA77
showed a higher LCSF values which was attributed to en-
hanced palmitic and stearic FAs (Da Ros et al. 2013). The
unsaturated bonds are vulnerable to oxidation during storage,
and this factor lowers the acceptability of any oil for biodiesel
production (Behrens and Kyle 1996). The relative rates of
oxidation given in the literature are 1 for oleate, 41 for linole-
ate and 98 linolineate (Frankel 1998). Thus, small amounts of
more highly unsaturated fatty compounds have disproportion-
ately strong effects.

Solid phase consisting mainly of the saturated methyl esters
at the equilibrium point can affect CP value which can be
accurately predicted by the amount of saturated methyl esters
(C16:0 and C18:0), regardless of the unsaturated esters (Baig
et al. 2016). CP values showed variations in the present study
as reported in other studies (Sarin et al. 2009). PP is always
lower than the cloud point, which is also shown in our study
(Sarin et al. 2009). The oxidative stability of the biodiesel can
be predicted by allylic position equivalents and bis-allylic po-
sition equivalents (Knothe 2002). No specifications are men-
tioned on the higher heating value in any of the reported stan-
dards. The energy content of fatty acid methyl esters is directly
proportional to chain length (for pure fatty acids). The HHVs
were within the set range (38—40.4 MJ/kg) in the two

Table 4 Biodiesel properties

SL Property Botryococcus ~ Chlorella ASTM D6751-  EN
no. sp. sp. 12 14214:2012
1. Saturated fatty acid (SFA) 19.6 24.89 - -
2. Monounsaturated fatty acid 58.34 53.81 - -
(MUFA)
3. Polyunsaturated fatty acid 21.34 20.05 - 1.00% wt max
(PUFA)
4. Degree of unsaturation (DU) 101.2 93.91 - -
5. Saponification value (SV) 207.97 212.28 - -
6. Iodine value (IV) 93.24 92.86 NA <120
7. Cetane number (CN) 51.57 51.12 >47 >51
8. Long-chain saturated fatty acid 291 3.18 - -
(LCSF)
9. Cloud filter plugging point -733 -649 NA <5/-20
(CFPP)
10. Cloud point (CP) 1.56 4.17 - -
11. Allylic position equivalents 90.91 82.80 - -
(APE)
12. Bis-allylic position equivalents 22.55 27.67 - -
(BAPE)
13. Oxidative stability (OS) 8.12 8.47 3h 8h
min min
14. Higher heating value (HHV) 38.98 38.6 NA NA
15. Kinematic viscosity 1.28 1.24 1.9-6.0 mm*s  3.5-5.0 mm?/s
16. Density 0.86 0.86 0.86-0.90 0.86-0.90
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microalgal strains. For regular biodiesel, the range is normally
10-12% less than the petroleum-derived diesel (46 MJ/kg)
(Ramirez-Verduzco et al. 2012). The filamentous
nonheterocystous cyanobacterium Lyngbya kuetzingii showed
HHYV value of 41.5 (Song et al. 2013). Standard value has
been set at 0.86-0.90 g/cm® for density (p), according to EN
14214, which is another important parameter for biodiesel
quality. Density calculated for both the microalgal strains
was within the range, and similar g values were found in other
microalgal and cyanobacterial species (Song et al. 2013). The
appropriate kinematic viscosity (v) in biodiesel ensures an
adequate fuel supply which reaches injectors at different op-
erating temperatures (Ramirez-Verduzco et al. 2012). “#” can
affect the CFPP for engine operation at low temperatures as it
is inversely proportional to temperature. Kinematic viscosity
limits are 2.5-6.0 mmz/s, 1.9-6.0 mm?/s and 3.5-5.0 mm?/ s
as per IS 15607, ASTM 6751-02 and EN14214. The
microalgal strains tested were in the prescribed viscosity range
of 1.48-4.66 mmz/s, hence meeting the standards.

Proximity correlation analysis

A dissimilarity proximity matrix of the biodiesel properties of
two microalgal genera understudy was plotted on SPSS
(Table 5), to establish the proximity of the properties and the
smaller values indicated closeness. Our observations showed
that viscosity and density were closely associated with cloud
point, long-chain saturation factor and had the least relation-
ship with saponification value. Viscosity also showed close
similarity with oxidative stability. Saponification value did
not reveal likeness to CFPP, CP and LCSF. The iodine value
showed a closeness to DU and APE, and the MUFA, PUFA
and SFA were most distant to SV. The average chain length
(ACL) was correlated with all the fuel properties investigated
in this study. There was a very strong positive correlation with
kinematic viscosity (KV). This is mainly due to the increase in
carbon content, as well as random intermolecular interaction
in the FAME, which consequently increased the KV. For the
same reason, ACL was also found to have a strong positive
correlation with density and HHV. The average number of
double bonds in the biodiesel (which indicates the concentra-
tion of unsaturated fatty acid methyl esters) was found to be
another influential factor affecting most of the biodiesel prop-
erties investigated in this study. The number of double bonds
also affected KV, density, HHV and oxidation stability (OS).
Although OS was observed to have a slight negative correla-
tion with ACL, this property has a very strong negative cor-
relation with number of double bonds. This is because a
higher number of double bonds in the fatty acid chain of
biodiesel makes it much more susceptible to oxidation. The
number of double bonds also has a moderate positive correla-
tion with density and HHV, but no correlation was found
between the number of double bonds and KV. An average
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number of double bonds (ANDB) and an average chain length
(ACL) may well be the most influential parameters affecting
most of the properties of biodiesels. Parameters relating to
biodiesel production and purification, such as free fatty acids
and glycerol content, also influence certain biodiesel proper-
ties found in this study.

Conclusions

The present study involved the utilization of three nu-
tritional formulations for the growth and lipid yield of
two microalgal genera namely Botryococcus sp. and
Chlorella sp. Out of the three media tested, BG-11 me-
dium was the most suitable for dry weight content and
lipid yield as compared to BBM and TAP medium.
BG11 medium also showed better quality FAMEs due
to high oleic acid content. A sharp decline in sugar
content was observed in the late stationary phase of
growth from 30th day to 45th day. The study in relation
to FAME profile and physical parameters indicated that
Botryococcus sp. as well as Chlorella sp. can be used
as a suitable option for biodiesel production. As the
biodiesel properties were in accordance with ASTM
and EN standards, the appropriate ratio of SFA and
UFA can be achieved by blending with other oil feed-
stocks so that the quality of biodiesel can be improved.
A complex relationship was found between chemical
composition and biodiesel properties. Proximity analysis
indicated that the fuel properties of biodiesels are deter-
mined by a number of parameters and by the combina-
tion of different chemical compositions.
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