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Abstract

The detailed component analyses of algal oils such as neutral (mono, di and triglycerides; free fatty acids) and
polar (glyceroglyco/phospho) lipids, and their fatty acid profile including poly unsaturated fatty acids (PUFAs) (C18:3,
C22:6) have been carried out by NMR ('H, '*C) and GC-MS techniques to explore their biodiesel potential. The algal
oils were obtained by ultrasonic solvent extraction of microalgae biomasses cultivated on a lab scale. The results
revealed that biomass and neutral lipids productivity as well as quality and composition of saturated and unsaturated
fatty acid were influenced by media (modified RM6, F/2, WC), microalgae species/strains (Chlorella vulgaris,
Spirulina platensi and Tetraselmis affchuii) and shape of the cultivated system (Erlenmeyer flask, polythene tubular
or round container). The replacement of source of N and P with cheaper source of fertilizers (super phosphates +
Chillean salt peter) in the cultivation media F/2 and WC has not affected the neutral lipid productivity, rather produced
FAMEs with lower amount of Docosahexaenoic acid (DHA). The biomass cultivated in the modified RM6 media
by Spirulina platensi is comprised of lower amount of unsaturated fatty esters without DHA (42.9% w/w) (PUFA as
y-linoleic) compared to other biomasses (61.2-69.8 %w/w), thus quite suitable for production of biodiesel with higher
oxidation stability and higher cetane number. The algal oils generated from the biomasses in the cultivation system
are promising feed stocks for biodiesel and value added products DHA and q, y -linolenic acids. The developed fast
and cost effective analytical strategy based on 'H NMR techniques will facilitate algae cultivators for screening of
species and optimization of cultivation parameters to produce a choice of product, thus contribute partly in the overall

reduction in the cost of production of biodiesel.
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Introduction

Microalgae are unicellular photosynthetic organisms, generally
of 2-50 pum in size, that require primarily three components to
produce biomass, i.e., water, CO,, and sunlight with relatively higher
photosynthetic efficiency of 3-8% against 0.5% for terrestrial plants.
The microalgae grow in aquatic environment with diverse sources
of water such as fresh, industrial waste, marine, brackish and open
ponds. Microalgae grow best in waste water by utilizing the N, P and
K of the industrial effluent, which are essential nutrients required
for the cultivation of microalgae. It needs less water compared to
regular terrestrial crops (20 L of water /1 L of biodiesel compared to
3000 L of water from vegetable oils). Algae can either be autotrophic
or heterotrophic under natural growth conditions. There are three
major advantages of cultivation of algae over regular vegetable crops,
that attracts attention of cultivators, such as faster and high growth
rate and productivity (200 times the regular oil crops, L oil/ha/year),
no competition with cereal crops as algae is cultivated in the non-arid
lands, sea, waste and industrial water and a higher CO, sequestration
capacity [1-7]. Moreover, microalgae cultivation process is environment
friendly, mitigate CO, and NO, from industrial flue gases by biofixation
besides active agent of industrial wastewater bioremediation by removal
of hazardous pollutants. In addition, algae biodiesel contains no sulfur
and performs as well as petroleum based diesel, while reducing emissions
of particulate matter (PM), CO, hydrocarbons, and SOx [6]. The higher
biomass productivity (20-200 mg L' day”) and oil rich microalgae genera
are Nannochloropsis, Botryococcus, Scenedesmus, Spirulina, Chlorella,
Dunaliella, Phaeodactylum tricornutum, Isochrysis galbana, Monodus
subterraneus, Tetraselmis and C. reinhardtii [4,8-33]. The microalgae
Isochrysis, Phaeodactylum tricornutum, Pavlova and Thalassiosira
can cultivate sufficient amount of omega-3 poly unsaturated fatty

acids (PUFAs) in order to use as an alternative for fish oil [28,29]. The
most important motivating factor of growing microalgae is due to its
lipids content of 2-80 percent of total dry cell matter depending on
the types of species and growth conditions employed for cultivation
[5-7,13,14,32,34]. Like oilseed crops such as rapeseed and soybean
oil, which have been extensively evaluated as sources of biodiesel,
biodiesel from microalgae are regarded as a promising alternative
environmentally sustainable renewable source of fuel for IC engines.
Other potential utilization of microalgae is production of biofuels such
as bio-hydrogen, jet fuel (hydrotreating), bio-ethanol and bio-butanol
[7]. This makes microalgal oil as rich sources of biodiesel as well as
value added co-products. Approximately 5,000-15,000 gal of biodiesel
can be produced from algae biomass per acre per year, which reflects
its potentiality [7]. The lipids of microalgae biomasses are comprised
of neutral lipids (storage), polar lipids (structural), carbohydrates,
hydrocarbons, and valuable co-products. Over 15,000 novel compounds
originate from algae biomass [10]. The neutral lipids, triacyl glycerides
(TAG) and free fatty acids (FFA), present in microalgae dry biomass,
are the main potential components of interest to the biodiesel
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industry. Besides neutral lipids and polar lipids, various high-value
co-products such as epoxy esters, pigments, antioxidants, -carotenes,
polysaccharides and vitamins can be extracted from microalgae. These
co-products find extensive applications in pharmaceuticals, cosmetics,
nutraceuticals, and functional foods industries [35,36].

Biodiesel potential of oleaginous microalgae biomass is associated
with the biomass productivity, mainly content and quality of neutral
lipids, achieved during cultivation process. The fatty acids profile of
algal oil is comprised of C12-C24 saturated and unsaturated fatty acids,
which is more or less similar to those present in vegetable and fish
oils [16]. TAGs from microalgae biomass are converted into fatty acid
methyl ester (FAME) (biodiesel) by usual chemical hydrolysis followed
by esterification or enzymatic transesterification [26]. Biodiesel from
microalgae can be used as B100 (neat biodiesel) or blended with
conventional diesel at a level of 5% (B5) or 10% (B10) or 20% (B20).
Most of microalgae biomasses are rich sources of n-3 w3 and n-6 w6
fatty acids including C18:3, C20:5 (Eicosapentaenoic acid, EPA) and
C22:6 (Docosahexaenoic acid, DHA) as indicated by very high Iodine
value of 90 to 140 of solvent extracts [16,28,29]. Thus biodiesel from
algal oil is not an appropriate fuel for direct combustion in sensitive
engines due to its high content of PUFAs (10-40% w/w) [16]. However,
extraction of PUFA by solvent extraction methods or hydrotreating/
hydrocracking of algal oil are considered useful options for making
biodiesel with oxidation stability similar to those inherited by biodiesel
from oil crops [37].

Versatile techno economic aspects of cultivation of microalgae are
that biochemical composition of the algal biomass can be mutated by
selection of proper species / strains and varying cultivation parameters.
This can significantly enhance the biomass productivity and oil yield,
vary the chemical composition and fatty acid profile, and improve their
quality aspects, and also provide the choice either in favor of biodiesel
or value added products. The composition and nature of neutral lipids
and their fatty acids profile, particularly unsaturated including PUFAs,
are dependent on the cultivation parameters such as temperature,
composition of medium, types of feed, light intensity etc. [6,16,38-42].
The different lipid induction techniques such as environment stress,
nitrogen limitation or starvation, salinity factor, light irradiation,
genetic modification etc. have been used to enhance the biomass and
lipid productivity. Among these techniques, nitrogen starvation is most
widely applied and studied in almost all the microalgae species that can
be considered for the commercial production of biodiesel. Since algae
biomass is potentially enriched with biodiesel components (neutral
lipids) and food supplements (PUFAs), the cultivation parameters can
be specified to conduct the desired activity. The occurrence and the
extent to which TAGs are produced is species/strain-specific, and are
ultimately controlled by the genetic make-up of individual organism.
Under environment stress or lipid induction techniques, the TAG
content can be increased to 20 to 50% of the dry cell weight [6,7]. The
biomass and neutral lipid productivity with regard to the nature of
triglycerides can be modulated by varying the composition of nutrient
media, particularly concentration and source of nitrogen (sodium
nitrate, urea, ammonium carbonate, potassium nitrate, ammonium
nitrate) and phosphorus ( super phosphate fertilizer) as investigated in
details by Sarpal et al [16] and Amin et al. [38]. Recently, a systematic
studies was conducted on the use of cheaper sources of nitrogen
(Chillean saltpeter; sodium nitrite), and phosphorus (superphosphates
fertilizer) in order to study the effect on biomass productivity, lipid
productivity and nature of fatty acid profile. It has been authenticated
that by choice of an appropriate medium composition, biomass
with desired characteristics can be produced. As indicated, the

productivities of value added products PUFAs are enhanced by using
a medium prepared with alternative sources of nitrogen. This provides
an additional advantage of the lower cost of cultivation. However, it
was achieved at the cost of neutral lipids whose productivities were
found to be reduced immensely. The determination of fatty acid profile
of FAMEs determined by both Nuclear Magnetic Resonance (NMR)
and Gas chromatography-Mass Spectrometry (GC-MS) techniques
has shown that cultivated microalgae biomasses are high potential
sources of biodiesel. The nitrogen and phosphorus limitation in the
cultivation media have been demonstrated to enhance the lipid content
of 29-60 w/w % dry weights with higher content of saturated and
mono unsaturated fatty acids [16]. The effect of UV irradiance for lipid
induction has been shown to affect the fatty acid profile, particularly
PUFAs with DHA and EPA chain [42].

The biomass productivity depends upon the cultivation system,
photobioreactors [7,42-46]. Open pond raceways system with paddle
wheel is cost effective and used for mass cultivation of algae biomass. The
biomass concentration generally remains low between 0.1-0.15g L' d".
This is mainly because raceways are poorly mixed and optimum light
intensity cannot be achieved. Closed photo bioreactor with different
shapes and design such as tubular, helical, flat panel, horizontal and
vertical, are most efficient photosynthetic mass cultivation system with
biomass productivity achieved up to 0.215 g L* d! [7,42]. This is because
high algal biomass concentrations can be achieved in closed PBR
systems due to increase surface areas and sufficient sunlight penetration
capability. However, it is at the cost of higher energy consumption at the
cultivation stage compared to raceways pond systems [45].

In order to produce biodiesel by usual process of transesterification,
lipids and fatty acids are extracted from the microalgae biomass.
Lipids extraction efficiency is directly related to the overall process
efficiency and considered important step in determining the overall
cost of production of biodiesel. Chemical Solvent extraction methods
in combination with milling (expression, expeller and bead milling/
beating) are applied to extract neutral lipids. Chemical methods
involve extraction by solvents such as hexane/cyclohexane, chloroform,
methanol, isopropanol and their mixtures by use of soxhlet, Accelerated
Solvent Extraction (ASE), sonication and Supercritical Fluid Extraction
(SFE) methods [47-54]. Soxhlet extraction process using hexane,
and milling in combination with hexane are quite efficient in the
extraction of neutral lipids (TAG, FFA),which are easily esterified into
biodiesel [50]. Ultrasonication and microwave assisted extraction with
appropriate solvents have many advantages such as reduced extraction
time, reduced solvent consumption, and greater penetration of solvent
into cellular materials causing high cell disruptive effects for quick
release of oils [54,55]. Extractions using the subcritical or supercritical
fluids (ethanol), mainly supercritical CO,, are applied to extract lipids
and considered economically viable and green process as drying process
is completely eliminated [52,53].

Analytical techniques, molecular, atomic and chromatographic,
are being used extensively to cover wider range of applications to the
broad spectrum of biofuels comprised of biodiesel, bio oils, biojet
fuel and biohydrocarbons from edible and non-edible oils, oleaginous
microalgae and yeast biomasses, and deoxygenated and hydrotreated
biodiesels [16,55-65]. Analytical methods based on NMR techniques
("H, BC, *P etc.) are direct, rapid and convenient, and applied to provide
detailed quantitative compositional analyses such as fat content, PUFA,
unsaturated fatty acid profile, iodine value, monitoring cultivation,
production and quality control of biodiesel obtained from different
sources as discussed in details previously [16,55,56].
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Chlorella, Spirulina and Tetraselmis species / strains have been
widely investigated for their biodiesel, PUFA and co-product potential in
fresh and waste water cultivation [16-29]. Systematic studies have been
conducted in order to enhance the lipid content and improve quality of
fatty acid profile by selection of appropriate media and species to meet
the biodiesel specification (ASTM D6751 and EN 14214). In order to
meet the similar objectives with the focused analytical strategies, the
NMR spectroscopic (‘H, *C) techniques have been applied to explore
the biodiesel potential of ultrasonic solvent extracts of biomasses
(hereafter will be called algal oils) of microalgae Chlorella vulgaris
(CHL), Spirulina platensis (SP) and Tetraselmis affchuii (TS) cultivated
in different media composition on a lab scale. The quality parameters,
which determines the quality of the lipids and corresponding FAMEs
such as triglycerides (TG) and FFA content, iodine value (IV), PUFAs,
and saturated and unsaturated fatty acids (SFA, UFA) have been
determined after detailed '"H and *C NMR spectral interpretation.
The effect of the variation in the shape of the container on the lipid
productivity and corresponding fatty acid profile has been studied.

Materials and Methods
Biomass production and productivity

The biomasses of microalgaes Chlorella vulgaris (CHL), Spirulina
platensis (SP) and Tetraselmis affchuii (TS) were cultivated on a lab
scale in the Erlenmeyer flasks. Microalgae CHL (CCMA-UFSCar 012)
was kindly provided by Federal University of Sao Carlos. Their isolates
are kept in the collection of microalgae cultures in the department of
Botany, Federal University of Sdo Carlos (CCMA-UFSCar, WDCM
835). Micoalgaes TS and SP were kindly provided by Prof. Gleyci Moser
of University of State of Rio de Janeiro and by Prof. Sergio Lourengo
from Fluminense Federal University, respectively. Microalgaes CHL, TS
and SP were maintained in modified WC [16], F/2 [25] and Zarrouk
media (RM6) [66] respectively in Erlenmeyer flasks with 300 mL,
density of photonic flux around 135 p E.m?2s" of white fluorescent
light, and temperature of 25 + 2°C. Cultivation was achieved with an
appropriate light density, and finally inoculums were transferred to PET
bottles. New cultures were prepared for each species using 10% v/v of
inoculums for a total volume of 4 L, and in these cultivations the air was
used as source of CO, which was passed in the culture medium through
air pumping at 3.0 L/min. The light source was fluorescent light except
in the case of Tetraselmis sp (TSG1) cultivations where cool white LED
IP65 5050 was used. The photonic flux density was around 120-150 p
E.m?s" in all the system. The temperature was maintained at 25 + 2°C,
except for Spirulina platensis, cultivation temperature was kept 32 +
1°C. The cellular suspensions were centrifuged.

For TSG4F2SPS biomass cultivation, medium of Guillard F/2 was

Biomass/Algae oil

Species
CHLWCSPS/ .
CHLWCSPSE Chlorella vulgaris (CHL)
TSG1F2/TSG1F2E Tetraselmis aff chuii (TS)
TSG4F2SPS/ . "
TSG4F2SPSE Tetraselmis affchuii (TS)
TSG1F2P1/ . "
TSG1F2P1E Tetraselmis affchuii (TS)
TSG4F2FP2/ . "
TSG4F2FP2E Tetraselmis affchuii (TS)
SPRM6/SPRM6E Spirulina platensis (SP)

modified by replacement of the source of nitrate and phosphate with
agricultural fertilizers in the same concentration of F/2 in terms of N and
P [25]. The source of nitrate was replaced by Chilean saltpeter (sodium
nitrite, designated as S) (Simple Mineral Fertilizer- VITAPLAN') and
phosphate source by simple superphosphate (designated SP) (Mineral
Fertilizer- HERINGER'). For Spirulina platensis, RM6 modified by
the addition of micro elements solution and FeSO,, which was quite
different in composition from RM6 [66], was used as cultivation
medium for the cultivation of biomass SPRM6. In a similar ways, the
cultivations were carried out in polythene containers, P1 and P2 with
different shapes, under identical conditions and media composition
of F/2 using the microalgae Tetraselmis (G1 and G4). The biomasses
were designated TSG1F2P1 and TSG4F2SPSP2 .The nomenclatures of
biomasses are mentioned in the Table 1.

When the stationary phase was attained, the cultivation was
interrupted and the cultures were centrifuged in a Rotixa 50RS
centrifuge (Hettich) at 4°C and 3500 rpm for 10 minutes. However, in
the case of Spirulina, culture was filtered in filter screen (120 micron).
The pellets (biomass) were collected and frozen. The frozen biomass
was lyophilized in an Enterprise IID lyophilizer (Terroni). After
lyophilization, the samples were kept in the refrigerator at -20°C to
protect from degradation until analysis. Comparisons among means of
the biomass productivity attained with different cultivation media were
made using Kruskal-Wallis test with confidence interval of 95%. Results
of biomass productivities are given in the Table 1.

Extraction and analytical strategy

Single step ultrasonic extraction: The extraction of neutral
(NL) (TAG + FFA) and polar lipids (PL) from the algae biomasses
of Chlorella vulgaris (CHLSPS), Spirulina platensis (SPRM6) and
Tetraselmis aff chuii (TSG1F2, TSG4F2SPS) were carried out by single
step ultrasonic extraction methods using the solvent mixture of
chloroform:methanol:water (2:1:0.3) (designated as ClMe) [16,55].
In order to enhance the extraction efficiency, the extractions were
carried out in 50 mL measuring flask using 200 W (50 Hz) ultrasonic
instruments. The amount of dry biomass taken was 100 to 120 mg in
20 ml of the solvent mixture and extraction carried out for 60 minutes
at 30°C. The suspensions in the flasks were alowed to settle for a period
of 30 minutes. The clear superannuated layer (ClMe) was separated in a
beaker and residue in the flask washed with 5 ml of methanol in order to
extract the residual layer left in the flask. The methanol washed layer after
settling was added in to the beaker containg CIMe layer.The extracted
solution in the beaker was further filtered on a Whatman filter paper
to remove suspended particles of the residue left over in the solution.
The solvent in the extract was evaporated completely on a water bath.
The extract was treated with 5mL of acetone and evaporated in order to

. Productivity
Medium mg/L/Day
WC + superphosphates + Chillean salt
50.2
peter

F/2 35.8
F/2 + superphosphates 26.2
F/2, container P1 58.4
F/2 + superphosphates, 46.0

Container P2 ’
Modified RM6 30.2

F/2 medium composition = [26], WC composition = [17], RM6 [68], SPS (source of N and P) = Chillean salt peter (S) + superphosphates (SP), E = Extract.
Table 1: Nomenclature of CIMe (CHCI,-MeOH-H,0) extracts of algae biomasses cultured under different conditions/media and biomass productivity.
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remove traces of water in the extract. The dried extracts or algal oils were
designated according to the strain followed by the cultivation medium
and E(extract) such as CHLSPSE, SPRM6E, TSG1F2E, TSG4F2SPSE
and SPRMGE, and stored in the refrigerator to avoid degradation. The
residues in the respective beakers were transferred on a separate filter
papers, dried and labeled accordingly. Each extraction was repeated 2
to 3 times and average weight of the extracts was taken, and termed as
total lipid extracts (TL). The nomenclature of the algal oils are given in
the Table 1.

Hydrolyses of algal oils for FAMEs conversion: The algal oils
were converted into FAMEs by adopting the usual Methanol-KOH
hydrolyses procedure. The hydrolyses procedure was optimized for
right quantity of MeOH-KOH and BF,-MeOH to be taken for complete
conversion into FAMEs. Depending upon the quantity of the algal oils
available, 10 to 15 mg was taken in a 10 mL flask. Freshly prepared 2 to 3
mL of IN MeOH-KOH solution (5.6 mg of KOH in 100 mL of MeOH)
was added in a flask. The resulting solution was refluxed on a water bath
for three hours at 70-75°C. The solution was cooled and added ~0.5 to
1 mL of BF,-MeOH and again refluxed for 30 minutes. The flask was
cooled and added about 1 mL of saturated NaCl solution. The solution
was transferred into the separating funnel and added 2 mL of water. The
resulting solution was shaken with 5 mL of hexane. The superannuated
layer was separated and hexane evaporated on a water bath. Small
quantity of acetone was added during evaporation to remove traces
of water. The final dried FAMEs samples were analyzed by GC-MS for
fatty acid composition and NMR analyses for monitoring of FAMEs
conversion. The conversion efficiency has been found to be around 60-
70% depending upon the amount of polar lipids present in the oils. A

CHL SP TSG4 TSG1
Sample SPS RM6 F2 F2
C14:0 0.35 2.1 ND 0.26
C16:0 31.82 39.29 26.12 27.54
9-C16:1 2.16 3.6 8.70 6.87
7-C16:1 ND 3.8 0.35 0.39
7,10-C16:2 1.81 ND 0.59 0.37
4,7,10-C16:3 213 ND 1.40 0.78
C16:3 ND ND 0.39 1.00
C18:0 1.5 4.24 0.64 0.96
9-C18:1 17.33 17.8 27.62 29.07
10-C18:1 9.74 1.28 3.45 4.38
9,12-C18:2 14.71 8.89 3.72 3.93
7,10-C18:2 ND ND 0.58 ND
6,9,12-C18:3 ND 16.25 0.39
9,12,15- C18:3 4.2 ND 9.63 8.13
C20:0 ND 1.7 0.92 1.63
C20:1
C20:3 8.14 ND ND ND
5,8,11,14-C20:4 ND 1.03 0.40
C20:5 ND ND ND ND
4,7,10,13,16,19 * * A
C22:6 1.74 ND 4.24 4.8
ul 5.27 1.08 10.64 9.10
SFA 33.67 47.30 27.66 28.76
UFA 61.06 51.62 61.70 62.14
Cetane no. 51.23 57.62 48.07 50.29
lodine value** 98.9 81.3 17.6 96.2

part of higher fatty acids such as C22:6 attached to polar lipids were not
found to be hydrolyzed as indicated by the comparative NMR analyses
of the algal oils and their corresponding FAMEs.

Instrumental analyses

GC-MS analyses: FAMEs were analyzed by GC-MS carried out
on a Shimadzu Gas chromatograph equipped with Quadruple Mass
spectrometer using electron impact ionization. A capillary polar PEG
wax column (30 m length, 0.25 mm diameter, 0.25 pm film thickness)
keeping injector and column temperature at 265°C and 250°C
respectively was used for separation of FAMEs. Heptane solutions
containing 3-5 mg of FAMEs were injected in split ratio of 10:1
applying the ramp: 70°C for three minutes, 10°C per minute from 70
to 240°C, hold time 13 minutes and finally 5°C per minute up to 250°C
and held it for 10 minutes. The identification of all types of saturated
and unsaturated components including DHA and EPA was carried by
comparing with the profile of NIST (2772 SRM) and PUFE standards,
and FAME:s of fish oil. Results are given in the Table 2.

NMR recordings: All the '"H NMR spectra were recorded on
a Bruker 500 MHz NMR Spectrometer equipped with broad band
probe (BB) and inverse probe (BBI). The solutions were prepared by
dissolving approximately 5 to 10 mg of algal oils, FAMEs, vegetable /
fish oils in 0.7-0.8 mL of CDCI, containing internal reference TMS.
Instrument parameters such as relaxation delay (D1) and receiver gain
(RG) were optimized and 90°PW calibrated in order to sufficiently relax
the nuclei to get the quantitative spectra as described in our previous
work [56,57]. The 90° pulse width (PW) was calibrated for each sample.
Relaxation delay (D1) = 10 s; P1 (90°PW) = 8.13-8.64 us; NS (Number

TSG4 TSG4

F2 P1 F2 P2 Soya std Fish SFL CN
ND ND 7.28 66.2
27.48 36.2 11.19 17.91 6.62 74.5
7.79 10.35 45.0
45.0
1.30 25.0
2.86 1.41
1.1 2.1 3.58 3.91 6.37 86.9
35.87 23.2 18.24 9.13 60.27 55.0
3.71 2.0 3.69 55.0
6.1 5.54 58.16 1.32 26.54 36.0
2.55 0.71 36.0
28.0
1.32 22.8 8.84 0.71 28.0
0.8 100
1.81 82.0
34 ND 29.5
2.66 0.96
ND ND 19.1
7.1* 5.54* 12.29 24.4
2.21
28.52 38.3 14.77 29.9 12.99
72.48 61.7
54.47 53.35 44.89 42.55 53.18
92.1 97.4 1411 199.0 109.5

CN = Cetane Number [69-71], *determined by NMR from corresponding FAMEs of algal oils, Ul = Unidentified, SFL = Sunflower, ** by NMR analyses of FAMEs, std =

standard

Table 2: Fatty acid composition (area %) of FAMEs of algal oils and vegetable oils by GC-MS.
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of Scans) = 16 or 32, Chemical shift range: 0-12 ppm. All the spectra
were integrated thrice after proper phase and base line corrections and
average integral areas were taken for quantitative analyses.

The C NMR spectra were recorded on a Bruker 500 MHz NMR
spectrometer using BBI probe in CDCI, solution of algal oils (~ 50 mg/0.8
mlL) in the inverse gated mode. The overnight recordings (~ 10,000
scans) with a relaxation delay time of 5 s, PW of 15 us and sweep width of
0-240 ppm were carried out. However, 25% weight by volume solutions
of vegetable /fish oils were used for *C NMR recordings with maximum
number of scans of 2500-5000 under identical conditions [16,56].

Results

GC-MS analyses

Results of fatty acids profile of the FAME:s of algal and vegetable oils
obtained by GC-MS are given in the Table 2. The fatty acid composition
of algal oils were found to be in the range of C14 to C22 with higher
amount of saturated fatty acids (SFA) compared to C16 to C18 present
in vegetable oils.

'"H NMR spectral features of algal oils

The spectral features of algal oils of microalgae biomasses and
vegetable oils for the nature of neutral lipids (NL) (TAG, FFA) and polar
lipids (PL) including their fatty acid profiles, and minor components
such as sterols, hydrocarbons etc. have been described in details in our
earlier work [16,55,56]. However, these are briefly presented in order
to apprise the readers of the concept as well as connect with objectives
of the work. The "H NMR spectra of algal oils of Spirulina (SPRM6E),

Tetraselmis (TSG4F2SPSE) and Chlorella (CHLWCSPSE) biomasses
are given in the Figures 1-3. As shown in the Figure 1, the '"H NMR
spectra of CHLWCSPSE, show signals characteristics of triglyerides
(TG) comprising of saturated and unsaturated long alkyl chain fatty
acids identical to those appeared in the spectrum of fish oil. Besides the
signals due to TG, the signals corresponding to the functional groups of
polar lipids are also prominently visible as marked in the Figure 1. The
signals corresponding to functional groups of ester (OCH, sn2; OCH,,
snl sn2), unsaturations (CH=CH), carbonyl of CH,C=0, bis allylic
(-CH=CH-CH,) , terminal CH3s of w n-3 PUFAs (3 and more than
3 double bonds) and n-6/n-9 unsaturated fatty acids components, and
(CH,), of long fatty acids alkyl chain of both saturated and unsaturated
fatty acids of TG and glyceroglyco / phospholipids (PL) are marked in
the spectra for understanding their spectral features (Figures 1 and 2)
[56]. The signals at 4.38 to 5.2 ppm, and 4.05 to 3.1 ppm were assigned
to protons of OCH, and OCH ester groups, and CHOH and CH,OH
groups due to the glycerol part of PL as shown in the Figure 1. TG
constitutes ~ 90% of the total mono, di and triglycerides as clearly
depicted in the expanded view of the region 4-4.5 ppm (Figure 3) [16].

The presence of PUFAs (three and more than three double bonds, w
n-3 types) is confirmed by the appearance of a triplet at 0.96-0.98 ppm
due to terminal CH,, which is clearly separated from the terminal CH,
at 0.88 ppm due to saturated (C18:0, C16:0, C14 etc.) or n-6/n-9 types
of unsaturated (C18:1, C18:2) components. The spectra also indicate
less intense signals at 2.39 and 2.42 ppm (CH,C=0), and 2.84 ppm due
to bis allylic (-CH=CH-CH,)_ compared to signals at 2.24-2.37 ppm
(CH,C=0) corresponding to long alkyl chain fatty acids components.
These signals were assigned to C22:6.

Fish oil (CH2)n
C18:2, C18:3, C20:5: P
c22:6 CH=CH-CH2 NG
=t CH=CH-CH2)n-CH=CH
CH=CH ( n CHIC0 PUFA| | CH3
l snl, sn3 \ EE DHA N-6 12
OCH2 N9
12 ’
(;"CH TG \ C12-18:0
/ G & 7
C20:5
Chlorella
OCH, OCH2 L1
Glyco/phoshpho EE DHA
Polar lipids {
'
i P
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5.8 52 4.6 4.0 34 2.8 2.2 1.6 1.0 0.4
f1 (ppm)

Figure 1: 500 MHz 'H NMR spectra of algal oil of Chlorella vulgaris in WCSPS media (CHLWCSPSE) and fish oil. EE = Epoxy Ester, TG = Triglycerides.

J Biotechnol Biomater
ISSN: 2155-952X JBTBM, an open access journal

Volume 6 « Issue 1+ 1000220



Citation: Sarpal AS, Costa ICR, Teixeira CMLL, Filocomo D, Candido R, et al. (2016) Investigation of Biodiesel Potential of Biomasses of Microalgaes
Chlorella, Spirulina and Tetraselmis by NMR and GC-MS Techniques. J Biotechnol Biomater 6: 220. doi:10.4172/2155-952X.1000220

Page 6 of 15

’ Jcm
Chiorella N-3
| PUFA
TG DHA | t3
65 h“ x \
4 L )
H3
Tetraselmis G4 BD IN-3
UFA
12
TG
en ]
et -
Spirulina bh ‘
tH
43 ZTAIG L
{f
6.8 6.2 5.6 5.0 4.4 3.8 32 2.6 2.0 14 0.8
f1 (ppm)

Figure 2: 500 MHz 1 H NMR spectra of algal oils of spirulina platensis in RM6 medium (SPRM6E), Tetraselmis affchuii in F/2 SPS medium (TSG4F2SPSE) and
Chlorella vulgaris in WCSPS medium (CHLWCSPSE). EE = Epoxy Ester, TAG = Triacyl Glycerides (mono, di, tri), TG = Triglycerides, BD = Biodiesel, BH = Branched
Hydrocarbons. Region 5.6-6.8 ppm = oxylipins.
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Figure 3: 500 MHz 'H NMR part spectra of algal oils of biomasses in different media and different cultivation containers (P1 and P2). Spirulina platensis (SPRM6E),
Tetraselmis aff chuii (TSG4F2SPSE, TSG4F2SPSP2E, TSG1F2P1E) and Chlorella vulgaris (CHLWCSPSE). Signals marked 1 = C18:1; 2, 5 = C18:2; 3, 6 = C18:3;
3,7,4 = C22:6; EE = Epoxy Ester; 8.9 = Triglycerides (OCH,, sn1, sn3); 10 = OCH (sn2).
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The signals corresponding to unsaturated fatty esters (C18:1, C18:2,
C18:3, C22:6) in the algal extracts are compared with those present
in the NMR spectra of fish oil as depicted in the expanded view of
spectra in the chemical shift region of 1.9 to 2.9 ppm (Figure 3). These
are marked as C18:1 (signal 1), C18:2 (signals 2, 5), C18:3 and C20:3
(signals 2, 6), and C22:6 (signals 3, 4, 7). The signals marked as EE in
the chemical shift regions of 2.42-2.66 ppm in the Figures 1-2, and
visible more clearly in the expanded part of the spectra presented in
Figure 3, were assigned to epoxy groups of linolenic or DHA or EPA
types of components. The identities of epoxy types of fatty esters, were
further confirmed by "*CNMR and 2DNMR (HSQC-TOCSY) analyses
as described previously [56]. As shown in the Figure 2, the 'H NMR
spectra of algal extracts clearly shows very weak intensity signals in
the region of 5.6-7.0 ppm corresponding to conjugated/nonconjugated
unsaturated protons of oxylipins (lipoxygenase-derived oxygenated
acids products) of polyunsaturated fatty acids/esters such as DHA and
EPA [56]. These signals are quite intense in case of SPRM6E compared
to signals of TSG4F2SPSE and CHLWCSPSE, thereby indicate their
higher amount in the extracts. The signals due to CH,s of sterols were
not observed in the regions of 0.5-0.6 ppm, as reported earlier in similar
studies on microalgae extracts [56].

The spectrum of SPRM6E algal oil show features quite different
from TSG4F2SPSE and CHLWCSPSE. The signals due to OCH, (4.28
ppm and 4.14 ppm; snl, sn3) and OCH (4.26 ppm, sn2) triglycerides
(TG) are not observed in the spectrum of SPRM6E (Figures 2 and 3).
The signals characteristics of mono and di glycerides in the region
of 4.16-4.39 ppm with different multiplicity are clearly visible in
comparison to the spectral features of TSG4F2SPSE and CHLWCSPSE
(Figure 2) [67]. The spectrum also indicates a sharp signal at 1.03 ppm
(marked bh), which was probably assigned to C-(CH,), types of signals.
Such types of signals generally appear in the spectra of isoprene types of
hydrocarbons [cross ref. in ref. 56]. The spectra of SPRM6E clearly show
characteristic signals at 2.81 ppm due to vinylic groups and absence
of terminal CH, at 0.98 ppm, thereby indicate the presence of w n-6
linolenic ester. This is in contrast to signals observed at 0.98 ppm and
2.81 ppm for a- linolenic ester appeared in the spectra of TSG4F2SPSE
and CHLWCSPSE. The confirmation of mono and di glycerides, and
o n-6 linolenic ester in SPRM6E has been described in details in the
succeeding section.

The "H NMR spectra of SPRM6E and TSG4F2SPSE indicate sharp
and intense signals at 3.67 ppm, which have been assigned to OCH,
group of FAMEs or biodiesel (BD). The *C NMR analyses have also
confirmed the presence of FAMES in these oils. The FAMEs could either
be present due to naturally occurring or might have been formed by the
reaction of CH,OH with the glycerides present in the algal oils during
ultrasonic extraction of lipids from biomasses [30]. It has been proved
that the algal oil under studies contained both naturally occurring
biodiesel as well as biodiesel formed during ultrasonic extraction in a
similar way to those formed by transesterification process. The work is
in progress to further confirm these observations.

Effect of shape of cultivation system (container) on
composition of lipids

In order to study the effect of shape of container on the cultivation
process and lipid composition including fatty acid profiles, the algae
biomasses were generated in the containers with different shapes,
P1(tubular) and P2(round), under identical media composition as used
in the cultivation of biomasses TSG1F2 and TSG4F2SPS.The ClMe
extracts or algal oils of these biomasses were designated as TSG1F2P1E

and TSG4F2SPSP2E. The 'H NMR spectral features of algal oils
of these biomasses as shown in the Figure 3, show variation in the
content of TG (signals 8, 9, 10) and fatty acid composition; particularly
DHA (signal 4), C18:N=1-3 (signals 1, 2, 3, 5, 6 7) and epoxy esters
(signals EE) compared to those appeared in the spectra of TSG1F2E
and TSG4F2SPSE cultivated in other containers. Since signals due to
epoxy esters (EE) and TG are quite intense, this indicates their presence
at quite high concentration compared to other oils investigated in the
present studies.

3C NMR analyses of algal oils

As discussed in the preceding section, 'H NMR spectral analyses
of algal extracts provide detailed information about the presence
of neutral and polar lipids and types of saturated and unsaturated
fatty acid components, particularly identification of DHA and a or
y-linolenic components. The *C NMR analyses were carried out to
divulge more authentic information about the presence of unsaturated
fatty acids/ester and epoxy esters, particularly the presence of a and
y-linolenic, and mono, di and tri glycerides. The *C NMR spectra of
vegetable and algal oils offer several advantages relative to '"H NMR
spectra due to larger chemical shift range of 20 times higher, which
display well resolved, distinct and sharp signals. This enables to
determine oil profiling and their fatty acid composition more precisely,
provided quantitative spectra are recoded [16,56]. The *C NMR spectra
of algal oils, CHLWCSPSE, TSG4F2SPSE and SPRM6E as shown in the
expanded views of five chemical shift regions in Figures 4a and4b, show
well resolved and sharp signals characteristic of triglycerides and their
corresponding fatty acid chain. The spectrum of fish oil is given for
comparison with the spectral features of algal oils. The spectra display
carbonyl group of saturated and unsaturated fatty esters between 172-
174.6 ppm (Figure 4a); unsaturated carbons (CH=CH) of C18:N (N=1-
3) and higher carbon numbers between 126-132 ppm (Figure 4b); OCH,
(sn-1, 3) and OCH (sn-2) of TG at 62.05 and 68.87 ppm (Figure 4b);
CH,C=O0 at 33.8-34.0 ppm, and long alkyl saturated and unsaturated
fatty chain at 31.93 ppm (- CH,), 22.7 ppm (3-CH,), 14.1-14.3 ppm
(a-CH3), and 29-30 ppm (CH,)n and 23-27 ppm (CH,s) (Figure 4b).
The spectra show clearly and well resolved carbonyl signal due of DHA
at 172.20 ppm (sn2) (Figure 4b, signal 15). The presence of PUFAs was
also confirmed from the appearance of characteristics signals at 127.12
ppm and 132.06 due to C18:3, and 127.02 ppm and 132.0 ppm due to
C22:6. The carbonyls signals due to FFA were clearly visible at 178-179
ppm (not shown) in the spectrum of CHLWCSPSE, but practically
found absent in the other oils. The spectral features of algal oils were
compared with the spectral features of fish oil containing 12.29 % of
C22:6, 19.1 % of 20:5 and 0.71% of C18:3 (Table 2). The spectra of
TSG4F2SPS showed weak intensity signals (3, 4 and 16) of features
similar to C20:5 of fish oil (128.0, 129.0 ppm) (signals 3, 4) (Figure 4a).
However, its presence was ruled out by 2D NMR analyses, and fatty acid
profile by GC-MS (Table 2) [56]. The signals at 40.93 ppm, 67.60 ppm
and 169.17 ppm were assigned to epoxy esters of higher carbon number
unsaturated fatty acid/esters as discussed in details in the "H NMR and
2D NMR spectral analyses of algals [56].

The signals of very weak intensity between the intense signals,
particularly between 60-72 ppm, are due to CH,0, CH,0H, CHO and
CHOH groups of glyceroglyco lipids and may also be due to mono and
diglycerides; which were also indicated by the "H NMR spectral analyses
of the algal oils These types of signals were seen more prominently in
the spectra of SPRM6E, which have also showed the presence of mono
and diglycerides, and polar group functionality as discussed in details
in the succeeding section (Figures 5 and 6).
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Figure 4a: 500 MHz *C NMR part spectra representing different chemical shift regions of algal oils of biomasses of Tetraselmis aff chuii (TSG4F2SPSE), Chlorella

vulgaris (CHLWCSPSE) and Spirulina platensis (SPRM6E). Regions: 126-133 ppm = unsaturated regions (CH=CH), 14-14.35 ppm = terminal methyls of n-3, n-6 and
n-9 fatty esters, 60-72 ppm = ester groups (OCH sn2; OCH2 sn1, sn3). Signals marked 1, 1 = C22:6; 2, 2 = C18:3; 3,4 = C20:5; 5, 6 = C18:2.
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Figure 4b: 500 MHz "*C NMR part spectra representing different chemical shift regions of algal oils of Tetraselmis aff chuii (TSG4F2SPSE), Chlorella vulgaris
(CHLWCSPSE) and Spirulina platensis (SPRM6E). Regions: 10-45 ppm = long alkyl chain, 170-174 ppm = carbonyl regions. Signals marked 15 = C22:6; 16=C20:5;
17 =C18:3.
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Figure 6: 500 MHz *C NMR spectra of algal oil (chloroform extract) of Spirulina biomass (SPRM6).
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The expanded views of the region 13-15 ppm (terminal methyls) as
indicated in the *C NMR spectra of different algal oils cultivated under
different media show variation in the intensities corresponding to signals
at 14.09 ppm (C18:2), 14.13 ppm (C18:1 + CS:0) and 14.29 ppm (PUFAs,
C18:3 + C22:6) (Figure 4a). The spectra of fish oil and algal oil TSG4F2SPSE
indicate very low intensity signals due to C18:2 compared to signals of
CHLWCSPSE and SPRM6E. This reveals very low concentration of C18:2
in these oils, which were also, supported by '"H NMR and GC-MS analyses
of their corresponding FAMEs (Table 2). Since the spectra of SPRM6E did
not show signals at 14.29, 20.56, 127.12, 127.02, 132.06 and 132.0 ppm, this
indicated the absence of w n-3 C18:3 and C22:6. However, the spectra of
SPRMG6E showed the presence of w n-6 18:3 (x- linolenic acid) as discussed
in details in the succeeding section.

Confirmation of ¥- linolenic acid and mono, di glycerides in
microalgae Spirulina platensis by '"H and *C NMR analyses

As discussed in the preceding section, the spectrum of SPRM6E
showed the absence of TG and a-linolenic acid (n-3) as the characteristic
signals at 4.28 ppm and 4.14 ppm (symmetrical multiplet of OCH2: snl,
sn3) due to TG, and 0.98 ppm (n-3 CH3) due to a-linolenic acid / ester
were found to be completely absent. However, the signals characteristic
of ¥- linolenic (n-6), and mono and di glycerides have been found clearly
at 2.81 ppm, and 4.2 ppm and 4.33 ppm respectively. In order to confirm
the presence of these components, the algae biomass was extracted with
chloroform to pre concentrate their quantity in the sample. The 'H NMR
spectral features of the chloroform extract was compared with those of
soya oil as given in Figure 5. Soya oil is comprised of n-3 a-C18:3 (7.4%
w/w) and other saturated and unsaturated fatty acid as determined by
GC-MS analyses (Table 2). The signals marked 1 and 4 in the spectrum
of soya oil are due to hydrogens of n-3 CH, (0.98 ppm) and bis allylic
(-CH=CH-CH,), (2.81 ppm) functional groups, respectively of C18:3
fatty acid chain. The absence of signal due to n-3 CH3 (marked 1with
arrow) in the spectrum of algal oil of Spirulina confirmed the absence
of n-3 C18:3. However, the appearance of signal at 2.81 ppm due to bis
allylic (-CH=CH-CH,), as marked in the spectrum clearly shows the
presence of n-6 ¥-linolenic. The signal marked 3 in both the spectra
are due to bis allylic (-CH=CH-CH,)2 hydrogens of C18:2 fatty acid
chain. The relative higher intensities of signals 4 due to ¥-linolenic
acid in the spectra of algal oil compared to signal of a-linolenic acid
in the spectra of soya oil as shown in the expanded part of the spectra
(Figure 5B) show higher amount in the oil from Spirulina. The presence
of ¥-linolenic fatty acid in the Spirulina extract was also confirmed by
GC-MS analyses (Table 2).

The signals due to mono and di glycerides are more prominent
in the '"H NMR spectrum of chloroform extract compared to those
present in the CIMe extract of Spirulina (Figures 2 and 5A). The signals
specific to different isomers of mono (MG) and di glycerides (DG) were
assigned after comparison with the spectral features of standards of
mono (IMG, 2 MG), di (1,2 DG; 1,3 DG) and tri glycerides (TG) as
discussed by Kumar et al. [58] and Nieva-Echevarria et al. [66]. The
signals due to 1, 2 DG are quite prominent and intense (signals 7, 9, 10,
11) compared to 1, 3 DG (signal 10). The characteristic signals due to 2
MG (4.95 ppm) did not appear in the spectrum. The presence of IMG
could not be ascertained due to overlapping with signals of glyceroglyco
lipids in the regions of 3-4ppm.

The "CNMR analysis has also provided conclusive evidence of
the presence of ¥ - linolenic acid, and mono and di glycerides in the
chloroform extract of Spirulina. As shown in the Figure 6, large
numbers of signals are observed in the chemical shift region of 60-75
ppm due to triacylgycerides (TAG) and polar lipids (PL) as compared

to three intense signals at 62.07 ppm and 68.87 ppm due to TG and
67.59 ppm due to epoxy esters appeared in the *C NMR spectra of
Chlorella, Tetraselmis and fish oil (Figures 4a and 4b). The signals due 1,
2-DG at 61.53, 62.8 and 72.05 ppm and signals due to 1,3-DG at 64.89
and 68.16 ppm are clearly visible [58]. The characteristic signals due to
TG at 62.07 and 68.87 ppm was not observed. The presence of 1 MG
and 2 MG could not be confirmed as signals due to these components
might be overlapped with the signals due to polar lipids at 68.88 ppm,
70.11 ppm, 70.39 ppm, 71.0 ppm and 74.3 ppm.

As discussed above, it would be difficult to make clear distinction
between a and ¥-linolenic components when both are present in
a sample. It will be further difficult to assign signals in a complex
matrices of algal oils comprising of fatty acid components of both
neutral and polar lipids. However, the identities of each can be realized
when observed separately as shown in the "H NMR spectral analyses.
The C NMR spectral analyses provide unambiguously assignment
characteristic of a and ¥-linolenic acid or esters [58,63]. The signals
characteristic of n-3a isomer were found to appear at 20.56 and 14.29
ppm (Cl1 carbon) in the spectra of Chlorella and Tetraselmis, but
found absent in the spectrum of Spirulina (Figure 4b) [63]. The other
characteristic signals due to ¥-linolenic acid were observed at 22.56
ppm, 25.65 ppm, 31.53 ppm, 127.56 ppm, 128.0 ppm and 130.42 ppm in
comparison to those signals assigned to a-linolenic acid at 14.29 ppm,
20.56 ppm, 22.70 ppm and 31.93 ppm (Figure 6).

"H NMR analyses of FAME: of algal oils

The 'H NMR spectra of FAMEs of algal oils show all the
characteristics signals such as ester group (OCH,) at 3.67 ppm and
protons of unsaturated (n-3, n-6 and n-9; C18:N=0-3, C22:6 etc.) and
saturated fatty esters (C14:0, C16:0, C18:0, etc.) (Figure 7). The nature
of fatty acid profile was found to be similar to those observed in the 'H
NMR spectra of their respective algal oils, the same was also confirmed
by NMR and GC-MS analyses (Table 2). There is a variation observed
in the content of each fatty acid in FAMEs compared to those observed
in the spectra respective algal oils (Figures 1-3), particularly for PUFAs
(C22:6 and C18:3). This has been ascribed to the partial hydrolyses of
PUFAs attached to polar fractions (glycerol / phospho lipids) under
the applied conditions of trans-esterifications [16,56]. The chemical
shift regions corresponding to different fatty esters were assigned and
marked in the spectra. The relative intensities of the signals represent
their relative amount in the FAMEs.

The 'H and ®C NMR chemical shift regions assigned to different
functional groups of respective components of algal oils, which have been
used for identification and quantification, are compiled in the Table 3.

Determination of composition and quality parameters of
algal oils

The neutral lipids (NL) (TG, FFA, BD) and polar lipids (PL)
content, and quality parameters such as n-3/n-6 linolenic (a,y), PUFA
and iodine values of algal oils were determined by methods based on 'H
NMR techniques. The methods for derivation of these equations used
for determination of parameters have been described in our previous
published work [16,55-58]. The following equations were used:

TG =26.06x2x1ITG - 0.62 Eql
FFA = 23.57xl,,, -7.84 Eq2
BD(biodiesel )= 12.33ul . Eq3
PUFA =10.75x1,, Eq4
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Figure 7: 500 MHz 'H NMR spectra of FAMEs of algal oils. Spectra 1= Tetraselmis (TSG4F2SPS), spectra 2 = TSG4F2SPSP2 and spectra 3 = Spirulina (SPRM6).

Signals marked 1=C18:1; 2 and 4=C18:2; 3, 5 and 6=C18:3 + C22:6.
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P = Parameter, TG = Triglycerides, FFA = Free Fatty Acid, PUFA = Polyunsaturated Fatty Acids, UFA = Total Unsaturated Fatty Acids, IV = lodine Value, the values in
the bracket are the chemical shift regions used for integrated intensities of a particular quality parameter, ITG, IFFA etc. are the integrated intensities of TG, FFA, etc.

parameters in the respective chemical shift regions.

Table 3: 'H and "*C NMR characteristic chemical shift regions of different components of algal oils.

C18:3(a or y) = 10.75xILA Eq5
UFA (O+L+LA+DHA etc.) =8.52 I . +4.14 Eq6
DHA(C22:6) = 16.33x1, Eq7
Iodine value(IV) = 15.78xI Eq8

The ITG, L., etc. are the integrated intensities in the chemical shift
regions of functional groups corresponding to a particular parameter
in the '"H NMR spectra of FAMES or algal oils as explained in the Table
3. The quality parameters of algal oils determined by the applications of
the Eq 1-8 are given in the Table 4.

Discussion

Comparison of composition of algal oils from biomasses and
biodiesel potential

In order to discuss the biodiesel and PUFA potential of different
biomasses generated under different culture conditions, media

and species, the bar chart graphs depicting the variation in the
quality parameters were plotted (Figure 8 and Table 4). The biomass
productivities (mg. L'.d") were the most affected by the media, species
and types of cultivation system (container) used for cultivation. The
highest biomass productivity of 58.4 mg.L'.d* (TSG1F2P1) and 46.0
mg. L1.d? (TSG4F2SPSP2) were archived by cultivation in containers
with different shapes (P1 and P2) by microalgae Tetraselmis affchuii
compared to corresponding TSG1F2 (35.8 mg. L'.d") and TSG4F2SPS
(26.2mg.L".d"),and other biomasses cultivated in the Erlenmeyer flasks
under identical conditions. The extracted algal oil i.e. the total lipids
(TL), is also the highest in case of TSG1F2P1 (30.3% w/w) compared to
other algae biomasses found in the range of 25.5-27.2 5% w/w. However
in case of SPRM6E, the TL were the lowest (12.0% w/w). The most
important parameters associated with the biodiesel potential is the
amount and quality of generated neutral lipids (NL), notwithstanding
the biomass productivity or TL achieved in a cultivation process. The
importance of these parameters has already been discussed previously
[16].The highest amount of NL (16.2-18.1% w/w) were generated by
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TG TG* BD* FFA* NL* PL* TL* PUF* DHA* DHA LA PUF UFA SFA \%

Sample LA?

CHLSPS 334 8.8 ND 43 13.1 13.3 26.4 4.6 1.63 6.2 11.1 17.3 61.2 38.8 104.4
SPRM6 33.7 24 4.0 ND 6.4 5.6 12.0 2.0 ND ND 16.32 16.32 42.9 57.1 78.4
TSG4F2F 30.6 8.1 8.1 ND 16.2 10.3 26.5 4.3 1.48 5.6 10.5 16.1 65.4 34.6 111.2
TSG1F2 57.8 17.5 ND ND 17.5 12.8 30.3 8.3 3.24 10.7 16.6 27.3 68.8 31.2 124.6
;?G1F2 70.8 18.1 ND ND 18.1 74 255 5.7 2.26 8.9 13.6 225 63.7 36.3 123.3
TSG4F2FP2 61.9 16.8 ND ND 16.8 10.4 27.2 5.8 2.31 8.5 13.0 215 69.8 30.2 130.8
Soya oil 994 99.4 ND ND 99.4 994 - - 7.8 7.8 85.2 14.8 141.1

* = amount present in the biomass, without * = present in the algal oil, TG = Triglycerides, BD = Biodiesel, FFA = Free Fatty Acid, NL = Neutral Lipids, PL = Polar Lipids, TL
= Total Lipids Content (NL + PL), LA = a-C18:3 (w n-3), LA? = ¥-C18:3 (w n-6), PUF = PUFA = Poly Unsaturated Fatty Acids (DHA + LA), UFA = Unsaturated Fatty Acids,
SFA = Saturated Fatty Acids, IV = lodine Values, F = SPS (source of N and P) = Chillean Salt Peter (S) + Superphosphates (SP), TG in SPRM6 is comprised of mono and

di-glycerides. ND = Not Detectable, ---- = zero %

Table 4: Quality parameters (% w/w) of algal oils of microalgae biomasses cultivated by different strains and media by NMR methods.

70

ow fw

=FDY ®=NL =PL

Unsaturated Fatty Esters (Table 4).

Algaloil

Figure 8: Quality parameters of algal oils of biomasses of microalgaes. PDY=Biomass productivity (mg. L"'.d""), NL = Neutral Lipids, PL = Polar Lipids, PUFA* = Poly

= PUFA* =DHA

biomasses from microalgae Tetraselmis affchuii (TSG1F2,TSG1F2P1
,TSG4F2SPS, TSG4F2SPSP2) compared to biomasses from Chlorella
vulgaris (CHLWCSPS) (13.1% w/w) and Spirulina platensis (SPRM6)
(6.4% w/w). It is important to note that the replacement of source of
N and P in F/2 media by cheaper source of fertilizers (Superphosphate
and Chillean salt peter) (SPS) has produced equivalent results in terms
of TL and NL (TSG1F2,TSG4F2SPS) (Table 4). However, there is 50%
reduction in the PUFAs* (*means in the biomass) content in case of
TSG4F2SPS (4.3% w/w) compared to TSGIF2 (8.35% w/w). Thus,
biomass TSG4F2SPS would be quite suitable for the production of
biodiesel with enhanced oxidation stability. The SPRM6 biomass has
produced the lowest amount of NL (6.4% w/w) besides the comparable
biomass productivity of 30.2 mg. L'.d". Thus, optimization of all

cultivation parameters, media, species and types of cultivation systems,
are important for generation of higher amount of NL suitable for
biodiesel production.

The PUFAs (3 and more than 3 double bonds) contents of algal
oils were also found to be dependent on the types of media and
species employed for the cultivation of biomass. The PUFAs content
was determined in the range of 16.1-27.3 % w/w depending upon the
media and species involved in the cultivation (Table 4). This was also
reflected by the higher range of iodine values determined in the range
of 104.4-130.8 g I, / 100 g. The highest amount of PUFAs of 8.3% w/w
is produced by TSG1F2, which was cultivated without SPS as source of
N and P, compared to other biomasses in the range of 2.0 t05.8% w/w.
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The lowest amount of 2.0% w/w (y-C18:3) was generated in biomass
SPRMS6 cultivated in the modified RM6 media. The amount of DHA
produced is also the highest in TSG1F2 (3.2% w/w) compared to other
biomasses. The saturated fatty acid esters (SFA) is in the range of 30.2
to 57.1% w/w compared to regular crops oils from sunflower (12.99%
w/w) and soya (14.77% w/w) oils. Thus, biomasses generated in the
present investigated cultivation system are promising feed stocks for
both biodiesel and PUFA potentials.

Composition and calculated cetane number of FAMEs of
algal oils

The quality of FAMEs or biodiesel from algal oils is directly related
to the nature of saturated and unsaturated fatty acids including PUFA
generated by a microalgae cultivation process [14,16,68]. The biodiesel
produced by transesterification of biomasses directly or from algal oils
has to meet the specification laid down in ASTM D6751 and EN14214,
which critically restrict the level of C18:3 (max 12%), PUFAs (= or <
less than 1%) and iodine value (max 120 g of ./100 g) in order to use as
a fuel in the combustion engines. As shown in the Table 2, the fatty acid
profile determined by GC-MS is composed of saturated and unsaturated
fatty acids in the range of C12-C22:6, prominent being C16:0 (26.12-
39.29 5% wiw), C16:1 (2.16-9.05% w/w), C18:1 (19.08-39.58% w/w),
C18:2(3.93-14.71% w/w), C18:3 (4.2-22.8% w/w) and C22:6 (1.74-7.1%
w/w). The y-C18:3 have been confirmed in SPRM6E by GC-MS as well
as by NMR analyses. Generally, these types of fatty acids are found in
FAME: of algal oils [6,9,13-17,36,37,42,62,68]. The cetane numbers of
FAME:s of algal, soya, sunflower and fish oils were calculated based on
the standard or published cetane numbers of individual FAMEs (Table
2) [68-70]. Results presented in the Table 2 show calculated cetane
numbers in the range of 48.07-57.62 compared to vegetable oils in the
range of 44.89-53.18. The highest value of cetane number of 57.62 of
SPRMB6 is due to the higher amount of saturated fatty acids esters (47.3%
w/w) and absence of C22:6. Though the FAMEs under studies meet the
limits of iodine values and cetane numbers specified in the specification
ASTM D6571 and EN 14214, the presence of PUFAs (= or > 4 double
bonds) and C18:3 content beyond the limit makes unsuitable to be used
as biodiesel. The PUFAs including C22:6 are extracted by SFC methods
such as supercritical CO, extraction to limit the PUFAs content in algal
fuels [24,28,49,52,53]. PUFAs including y-linolenic acids are used as
food supplements in various formulations as a replacement of fish oil
products [71-73]. Other practical options used are the deoxygenation
and catalytic conversion to remove PUFAs and produced biodiesel with
improved properties [64,65].

Analytical strategies integrated with environmental pollution
control and co-product development - a cost effective options
for biodiesel production.

The biodiesel production from microalgae is not cost effective due
to energy and infrastructure intensive steps involved in the cultivation,
harvesting and oil extraction processes. The commercialization of algae
biofuels is also dependent on the economics of the process [6,9,42,45].
Higher cost of biodiesel production from microalgae can be more
environmentally sustainable, cost-effective, and profitable if combined
with processes such as wastewater and flue gas treatment, and pollution
control including biological fixation of GHG (CO, and NO) as
advocated by consolidated studies by Slade and Bauen [45] and Zhang
et al. [3]. The cost can further be reduced by successful development
and commercialization of high-value co-products, polymers or
pigments, proteins, food supplements EPA/DHA rich oils, and other
useful nutraceuticals. Dual use of Chlorella, Scenedesmus and B. braunii

species have been conducted for remediation or nutrient removal of
N and P from waste water as well as production of lipids for biodiesel
production. Thus biodiesel production coupled with these potentials
of microalgae is an attractive option in terms of reducing the overall
energy requirement and making biodiesel commercialization a cost
effective sustainable sources of biofuels.

Analytical strategies based on NMR developed methods are direct,
rapid, cost effective, requires minimum quantity of sample (5 mg of
algal oil), and involves concept of green chemistry as analyses is carried
out without subjecting to transesterification of microalgae biomasses
as discussed in the preceding sections and also previously [16]. The
detailed composition of neutral and polar lipids including fatty acid
profiles and PUFAs can be obtained from a single '"H NMR spectral
analyses. The newly developed NMR methods can also be standardized
for serial analyses of number of lipid extracts from large number of
algae biomasses by the use of auto sampler in the same way as practiced
by GC-FID or GC-MS methods, thus contributing immensely in
reducing the cost of analyses compared to other techniques. The
analyses by NMR methods offer sufficient scope and advantages in
situations when large number of samples are generated from various
cultivation processes such as kinetic studies, effect of variation in the
composition of nutrient media on the lipid productivities, altering
the biosynthesis pathways through genetic modification, selection of
species or strains for enhancement in the neutral lipid productivities
and quality aspects for meeting biodiesel specification or achieving
objectives for enhancement of yield of n-3 PUFAs products. The
developed fast and cost effective analytical strategy based on "H NMR
techniques will facilitate algae cultivators for screening of species and
optimization of cultivation parameters to produce choice of product,
thus contribute partly in the overall reduction in the cost of production
of biodiesel [16].

Conclusion

It is quite evident that NMR spectroscopic techniques are reliable
and versatile in unraveling the complex chemistry of algal oils obtained
from biomasses cultivated in different media by different microalgae
species. The detailed fatty acid composition analyses by NMR and GC-
MS have indicated that algal oils are suitable feed stocks for biodiesel as
well as PUFAs potential. The biomass and neutral lipids productivity,
and nature of their corresponding fatty acid profile are both media and
species specific. PUFAs in the algal oil are rich in n-3/n-6 , y-C18:3 and
n-3 C22:6, and thus offer alternative sources of food supplement in place
of fish oil. The study showed that proper selection of media, species and
cultivation system (container) was important to cultivate biomasses with
desired characteristics either suitable for biodiesel or PUFAs potential.
This has been amply demonstrated in case of Tetraselmis aft chuii
cultivated in modified F/2 medium (modified with cheaper source of N
and P; SPS), where biomass with lower amount of DHA was produced.
The biomass cultivated in the modified RM6 media by Spirulina platensi
is comprised of lower amount of unsaturated fatty esters without DHA
(42.9% w/w) (PUFA as ¥-linolenic) compared to other biomasses (61.2-
69.8% w/w), thus quite suitable for production of biodiesel with higher
oxidation stability and higher cetane number. The shape of cultivation
system i.e. container has profound effect on the biomass and neutral lipid
productivity, and fatty acid composition, particularly PUFAs (C18:3,
C22:6), as proved in case of change of container from Erlenmeyer
flasks to P1 and P2 due to enhancement of photosynthetic efficiency.
Analytical strategies developed in the present studies, if integrated with
the pollution control and development of co-products, can contribute in
reduction in the overall cost of production of biodiesel.
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