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Abstract
The development of biofuels as an alternative to the use of fossil fuels is growing worldwide due to environmental concerns and
energy independence; thus, considerable technical progress has been achieved in biofuel production. Microalgae have been
widely used for nutrient removal during wastewater treatment and produce compounds that can be used as feedstock for biofuel
synthesis. In this work, the green microalga Coelastrum sp. was cultivated using industrial wastes: molasses as the carbon source
and synthetic wastewater as the culture medium to determine the potential of its use for biofuel production. The use of synthetic
wastewater (SWW) and molasses improved biomass production when compared with cultures carried out in a standard labora-
tory culture medium, such as tris-acetate-phosphate (TAP). Growth rates of 0.31 and 1.4 day−1 were attained during exponential
growth rate with SWW and molasses and TAPmedia, respectively. The best results in biomass and lipid content, 2.29 ± 0.05 and
0.71 ± 0.03 g L−1, were obtained after 15 days of culture in SWW with molasses. The analysis of the lipid profile, produced by
Coelastrum sp. cultured under these conditions, determined that the microalga can be considered as a high-quality feedstock for
producing green diesel, bio-jet fuel, or biodiesel.
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Introduction

Due to increasing energy independence and environmental
concerns, the development of biofuels as an alternative to
the use of fossil fuels is growing worldwide. Biofuels have
been in use in the last decade, and research and technological
development continue. They are derived from biological
sources that make them a renewable source for energy pro-
duction together with low greenhouse gas emissions into the
atmosphere [1]. Considerable technological progress has been
achieved in biofuel production; however, the sustainability
aspect has emerged as an important issue in recent years.
With sustainability as a goal, efforts are being made to devel-
op production schemes based on biological wastes as feed-
stock to improve sustainability criteria.

Heterotrophic cultivation in microalgae presents significant
biomass production advantages over the more common auto-
trophic method [2] but nevertheless requires an organic carbon
source [3], which makes the production process economically
unviable for biofuel production. In this sense, alternative and
inexpensive carbon sources such as cane molasses [4] have
been suggested to replace pure glucose for cultivation to sup-
port rapid growth and attain high oil yields from algae while
significantly reducing production costs up to 50% [5, 6].
Molasses is a viscous and dark final effluent obtained during
the preparation of sugar by repeated crystallization and is cur-
rently used as an animal feed or raw material for ethanol and
other value-added chemical production [7]. Composition of
molasses varies depending on the season, location, and other
production variables. Regarding nutrients from molasses, 40%
C and 2–6% N contents have also been reported [8].
Furthermore, an average C/N ratio in molasses of approximate-
ly 55 has been reported [9]. In Mexico, molasses is chemically
constituted by sucrose (26–40%), reducing sugars (12–25%)
and nitrogen (0.4–1.5%) [10]. Molasses production increased
from 2006–2007 to 2015–2016 by 10.5% with 2 million tons
produced per year and sold at a relatively stable price.

* Luis Felipe Barahona-Pérez
barahona@cicy.mx

1 Centro de Investigación Científica de Yucatán AC, Calle 43 No. 130
x 32 y 34 Colonia Chuburná de Hidalgo., 97205 Mérida, Yucatán,
Mexico

https://doi.org/10.1007/s12155-020-10160-5

/ Published online: 30 June 2020

BioEnergy Research (2021) 14:241–253

http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-020-10160-5&domain=pdf
https://orcid.org/0000-0003-0204-6566
mailto:barahona@cicy.mx


However, only few microalgae species adapt to heterotro-
phic cultivation [11, 12]. Thus, it is important to evaluate more
fast growing and lipid-richmicroalgae that can be cultivated in
heterotrophic systems for biofuel production. Another course
for attaining sustainability in microalgae culturing for biofuel
production is the use of low-cost culture media hence the use
of wastewater.Microalgae of different genera have beenwide-
ly used for nutrient removal during wastewater treatment [13].
In fact, some species have shown excellent efficiency for nu-
trient removal [14]. Therefore, with the advent of renewable
energies and GHG emissions reduction, recent studies have
focused on maximizing the biomass and lipid yields of
microalgae to improve its viability for biofuel production
[13] and, at the same time, performing a wastewater treatment.

Among microalgae species, Coelastrum sp. has been pro-
posed as a suitable feedstock for biodiesel production, with
great potential for CO2 biofixation, nutrient removal from
wastewater [14], and other high-value-added products [15].
Moreover, its high lipid yield and suitable fatty acid profiles
with potential for biofuel production have been reported [16]
and its growth performances compared with other species [17].
It has also been reported that some microalgal species are ca-
pable of naturally produce hydrocarbons [18] and even fatty
acid methyl esters (biodiesel) (FAMEs) [19]. On the other
hand, native algal strains are adapted to local environmental
conditions and can be highly competitive and tolerant to a wide
range of culture conditions [20]. In this work, the potential of a
native strain of Coelastrum sp. was investigated for biofuel
production using molasses as a carbon source in synthetic
wastewater as an alternative to classic culture media. This po-
tential was based on the production of a specific biofuel (green
diesel, biodiesel, or bio-jet fuel) following the lipid profiles that
resulted with changes in media composition and culture time.

Materials and Methods

Strain and Culture Conditions

Coelastrum sp. (strain UADY-PRIORI-014-FMVZ-05) was
kindly provided by the Facultad de Medicina Veterinaria y
Zootecnia of the Universidad Autónoma de Yucatán in
Yucatan, Mexico, and characterized genetically and
morphotaxonomically in our laboratory [21].

Growth cultures were carried out in 500-mL Celstir flasks
with mechanical agitation using synthetic wastewater (SWW)
employed in heterotrophic cultivation of Chlorella vulgaris
[2], modified in the present study to simulate the composition
of domestic wastewater, containing the following compounds
(mg L−1): NaCl, 7; CaCl2, 2; MgSO4 7H2O, 1; K2HPO4, 100;
KH2PO4, 50; Na2HPO4, 30; and NH4Cl, 192. This means
50.2 g/L of N in the medium. Industrial molasses was sent
to an external laboratory to determine its proximate

composition according to AOAC 1908 methodology and the
official Mexican norms (NMX-317-S-1978; NMX-F-428-
1982). Molasses was added as a carbon source in the SWW
at 10% v/v, according to previous studies carried out in our
group [22]. The elemental composition of molasses (4 mg)
was performed in a Thermo Scientific Elemental Analyzer
Flash 2000 to calculate the C/N ratio. Tris-acetate-phosphate
(TAP) medium was used as a reference culture [23]. Nitrogen
limitation in TAP and SWW media was performed for com-
parison purposes with the omission of NH4Cl from Hutner’s
solution but still maintaining the Mo7O24 (NH4)6·4H2O con-
tent (0.011mg L−1 nitrogen, in TAPmedium) [24]. The media
pH was adjusted to 7 with 1 M HCl or KOH and sterilized for
20 min at 120 °C and 1.1 bar. Growth curves with 540,000
cells mL−1 as inoculum were carried out. Growth conditions
were 25 ± 2 °C, 16:8 h photoperiod (l ight:dark),
30 μmol m−2 s−1 light intensity, and 120 rpm agitation.
Microalgae cell growth was evaluated by measuring the cul-
ture cell concentration with a Neubauer hemocytometer.

Specific Growth Rate Determination

Growth curves of the microalga were created by plotting the
cell concentration against culture time from daily 1 mL sam-
pling. The exponential growth phase was visually determined
as a straight line during the growth phase. Cell concentration
(cells mL−1) and time (d) values were substituted into Eq. (1)
to obtain the specific growth rate μ (d−1).

μ ¼
Ln

C2

C1
t2
t1

ð1Þ

where C2 and C1 are the culture cell concentrations at t2 (end
of exponential growth phase time) and t1 (beginning of the
exponential growth phase), respectively [25].

Biomass Recovery and Lipid Extraction

The lipid profiles were analyzed at three points during the
culture period: at days 5 (TAP5 and SWW5) and 15 of cul-
turing (TAP15 and SWW15) and at 15 days of nitrogen lim-
itation in TAP medium (TAP15-N) for comparison purposes.
At each sampling point, cell biomass was recovered (centrifu-
gation at 5000 rpm at 4 for 10 min). The pellet was rinsed (3×)
with distilled water to eliminate media remnants. The washed
biomass was cooled to − 8 °C for 24 h and vacuum freeze-
dried for 72 h.

Lipid extractionwas carried out by solvent extraction based
on [26] and modified as described below [27]. The dry bio-
mass collected was poured into 30 mL of 2:1 v/v
chloroform:methanol mixture and incubated at 38 °C for 3 h
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with agitation at 150 rpm. The extracted biomass was separat-
ed from the organic extract and extracted four more times until
the absence of organic compounds was confirmed by thin
layer chromatography. All organic extracts were combined,
and the solvent mixture was eliminated by vacuum
evaporation.

Statistical Analysis

All cultures were conducted in triplicate (n = 3). For statistical
analysis, the t Student test was performed with the Origin®
9.1 data analysis and graphing software (OriginLab
Corporation, Northampton, MA). Significance level was 0.05.

Lipid Profile Characterization

The lipid extract (0.2 g) was partitioned in a 30 × 2-cm high-
purity silica gel 60, 70–230mesh (Sigma-Aldrich, USA) chro-
matographic column. A gradient elution was performed using
hexane and ethyl acetate as the mobile phase as follows: pure
hexane, then hexane:ethyl acetate solvent mixtures of 9:1, 8:2,
and 7:3 v/v, pure ethyl acetate, and finally, pure methanol. All
solvents were of analytical grade (Baker, Mexico). The elution
of the lipid compounds from the column was monitored by
thin layer chromatography.When compounds stopped eluting
from the column, a more polar mobile phase was used. Thin
layer chromatography was carried out on TLC silica gel 60
F254 aluminum foil plates (Merck, Germany), and a mixture of
hexane:ethyl acetate:acetic acid (9:1:0.1 v/v) was utilized as
the mobile phase. The plates were developed by immersion in
a phosphomolybdic acid solution followed by moderate
heating. Fractions obtained from column chromatography
were classified following the nature of the compounds they
contained. The fractions containing triacylglycerides were
transesterified by homogeneous alkaline catalysis [21] to ob-
tain the FAME derivatives. Fractions containing hydrocar-
bons, FAME, terpenes, and free fatty acids were analyzed on
an Agilent 6890 N gas chromatograph equipped with an
Agilent 5975B mass selective detector. Compounds were sep-
arated on a 30 m × 0.25 mm ID × 0.5-μm film thickness
Agilent HP-5 MS UI capillary column, and the carrier gas
was He at 3 mL min−1. The temperature conditions were
70 °C for 5 min, a 10 °C min−1 ramp to 200 °C, a
20 °C min−1 ramp to 290 °C, and a 10 °C min−1 ramp to
300 °C, which was maintained for 22 min. The ionization
voltage was 70 eV, and the sample injection volume was
1 μL. The identification of the compounds was carried out
taking into account a match level of ≥ 90% with the NIST
library provided with the equipment software and a peak area
≥ 4% of the total area of each sample.

The polar fractions containing phospholipids were analyzed
by attenuated total reflection FT-IR spectroscopy. Spectra were
acquired with a Tensor II FT-IR spectrometer (Bruker Optics,

Germany) fitted with an ATR accessory. The transmittance
spectra were collected between 4000 and 500 cm−1 at a spectral
resolution of 4 cm−1 with 32 scans coadded and averaged. The
samples were analyzed without prior treatment.

Estimation of Physico-chemical Parameters to Asses
Potential of Coelastum sp. Lipids as Feedstock for
Biofuel Production

The compounds identified in the lipid extracts were grouped
into five fractions according to their potential to be used as raw
material for its transformation into renewable fuels, or their
potential to be used directly as fuel without requiring to be
processed. Heterogeneous catalysis transformation processes
such as hydrodeoxygenation, hydroisomerization, and
hydrodrocracking were considered in the analysis. The oxy-
gen weight percent in the fractions containing this element, as
well as the H/C atomic ratio, was calculated as parameters to
assess the usability of the different fractions in the mentioned
biofuel-obtaining processes.

On the other hand, for the transesterifiable fractions, the po-
tential quality of biodiesel was estimated considering that (a) after
transesterification, the FAMEs obtained conserve the aliphatic
structure of the components in the raw material, and (b) the
properties of the biodiesel obtained can be estimated from the
proportion of individual FAMEs in the mixture. The methodol-
ogy used to estimate the properties of biodiesel is described
below.

Property data for pure fatty esters considered in the samples
was gathered from experimental reports or calculated from
correlations reported in literature as indicated in Table 1.
Using this information in combination with the Kay’s mixing
rule (Eq. (2)), density at 15 °C (ρ), kinematic viscosity at
40 °C (ν), higher heating value (HHV), and iodine value
(IV) were estimated for biodiesels. For the case of cetane
number (CN), cold filter plugging point (CFPP), and oxidative
stability (OSI), selected correlations taken from the literature
were applied. In total, seven main fuel properties of biodiesel
were estimated and comparedwith the corresponding standard
limits when applicable.

f B ¼ ∑n
i¼1xi � f i ð2Þ

The use of Eq. (2) is justified for predicting biodiesel prop-
erties, given that they are simple mixtures constituted gener-
ally by less than 10 single compounds of the same family, thus
having similar physicochemical properties. In this equation, f
was replaced by ρ, CN, ln ν, HHV, or IV, depending on the
property to be estimated. Subscript i refers to individual ith
fatty ester and subscript B refers to the mixture of esters or
biodiesel, n is the number of fatty esters in the mixture, and x
represents their weigh fractions.
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Density of some FAMEs was estimated by using Eq. (3)
proposed by Pratas et al. [28], where a and b are fitted param-
eters which values are given in Table 1.

ρ
kg
m3

� �
¼ b � T K½ � þ a ð3Þ

Some other FAME densities are calculated with Eq. (4)
proposed by Ramírez [29]. Dynamic viscosity (ν) [29], higher
heating value (HHV) [30], and iodine value (IV) [31] of cer-
tain individual FAMEs were calculated with Eqs. (5–7) and
data from other studies [32–34] as indicated in Table 1. In Eqs.
(4–7), M is the molecular weight, N is the number of double
bonds, and T is the temperature in K. ρ in Eq. (4) is given in
kg·m−3, ν in Eq. (5) is in mPa·s, the units of HHV in Eq. (6)
are MJ kg−1, while those of IV are g I/100 g biodiesel.

ρ ¼ 1:069þ 3:575

M
þ 0:0113 � N−7:41 � 10−4 � T ð4Þ

ln vð Þ ¼ −18:354þ 2:362 � ln Mð Þ−0:127 � N þ 2009

T
ð5Þ

HHV ¼ 46:19−
1794

M
−0:21 � N ð6Þ

IV ¼ 100 � 253:81 � N
M

ð7Þ

The cetane number of biodiesels (CN) was calculated by
using Eqs. (8–10) proposed by Mishra et al. [35]. To estimate
the CFPP, Eq. (11) reported by Serrano et al. [36] was used. In

this equation, SATC16-C24 are the weight percent of saturated
C16-C24 FAMEs. Finally, the OSI value was estimated by
using Eq. (12) proposed by Park et al. [37], where X is the sum
of the weight percent of the linoleic and linolenic FAMEs,
while Y is the oxidative stability, in h.

CN ¼ 63:41− 0:0728 � DUmð Þ
þ 0:03495 � SCSFð Þ− 3:26 � 10−4 � DUm � SCSF� � ð8Þ

where

DUm ¼ monounsaturated Cn : 1;wt%ð Þ
þ 2 polyunsaturated Cn : 2;wt%ð Þ
þ 3 polyunsaturated Cn : 3;wt%ð Þ ð9Þ

and,

SCSF ¼ 1

100
∑ MWi � wt%of saturated methyl estersð Þ ð10Þ

CFPP °Cð Þ ¼ −26þ 5:76 SATC16−C24½ �0:5 ð11Þ

Y ¼ 117:9295

X
þ 2:5905 ð12Þ

Table 1 Pure component data of
methyl esters for biodiesel
property estimation

Ester property ρ @15 °C ba aa ν @40 °C HHV IVj

(kg/m3) (kg/m3K) (kg/m3) (mm2/s) (MJ/kg) g I/100 g biodiesel

C16:0 869.4f − 0.7438 1083.7 4.38e 39.45h 0.0

C16:1 872.8b – – 3.06b 39.29h 94.5

C16:2 891.5c – – 3.05d 39.04i 190.5

C16:3 902.9c – – 2.60d 38.78i 288.0

C18:0 867.8f − 0.7209 1075.5 5.85e 40.07h 0.0

C18:1 877.7g – – 4.51e 39.91h 85.6

C18:2 889.9g – – 3.65e 39.70h 172.4

a Parameter of Eq. (3) for calculation of density as a function of temperature
b [32]
c Calculated with Eq. (4), provided by [29]
d Calculated with Eq. (5), provided by [29]
e [32]
f Calculated using Eq. (3) [28]
g [28]
h [33] Method: modification of ASTM D240 and D2015
i Calculated with Eq. (6), [38]
j Calculated with Eq. (7), [31]
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Results and Discussion

Coelastrum sp. Growth in SWW

The proximate composition of molasses used in this study was
as follows: humidity (26.22%), soluble solids (1.46°Bx), ni-
trogen (0.48%), protein (3.01%), crude fiber (0.63%), ash
(6.42%), and total sugars (58.69%). Nitrogen and sugar con-
tents were consistent with values reported for industrial mo-
lasses in Mexico [10] and China [7]. Meanwhile, the elemen-
tal composition analysis indicated contents of C, H, N, and S
of 43.54, 6.28, 0.66, and 0.28%, respectively. With these re-
sults, a C/N ratio in molasses added with synthetic wastewater
of 70.3 was calculated. This value is high, considering that in
the case of wastewaters added with carbon sources, C/N ratios
of 5 to 30 have been reported [38, 39]. Total sugars in molas-
ses are mainly (two-thirds) constituted by sucrose, which is
difficult to assimilate by microalgae. If reducing sugars pres-
ent in molasses are considered as the main carbon source, then
a C/N ratio of 13.1 can be considered for this study. C/N ratios
above 20 favored cell lipids content in Chlorella sorokiniana
[40]. Studies in our laboratories are currently being carried out
to exactly determine the amount of carbon source available for
microalgae in pretreated molasses.

Coelastrum sp. cultured in SWW with molasses as the
carbon source showed continuous growth (μ = 0.31 day−1)
until day 13 of culturing, when the cell concentration began
to decline. In TAP medium, Coelastrum sp. showed 1 day of
lag phase (Fig. 1), then 1 day of exponential growth (μ =
1.4 day−1), and entered the stationary phase until the end of
culturing. Specific growth rates of 0.23 and 0.47 day−1 have
been reported for Coelastrum sp. cultured in BG11 medium
[14] andChlorella vulgaris cultured with glucose-galactose as
carbon source [3], respectively. Despite the use of a complex
carbon source in this study, cultures did not show growth
inhibition; on the other hand, the sustained longer growth
period in SWW was probably due to the use of carbohydrates
as a carbon source, as reported by Yan et al. [5] with the

microalgaChlorella protothecoides, which make this medium
very attractive for microalgal biomass production. The higher
growth rate in TAP medium can be due to the better availabil-
ity of a carbon source (acetate) for the microalga in this me-
dium than in SWW complemented with molasses (glucose,
fructose, and sucrose). It has been reported that the use of Na-
acetate as a carbon source produced better growth ofChlorella
vulgaris in SWW than that seen with glucose or sucrose [41].
In this work, the maintained growth of Coelastrum sp. in
SWWwith molasses could be explained by a high availability
of nitrogen. The addition of molasses to SWW increased the
nitrogen content, from that present in TAP medium, by 7
times. Nitrogen contents used by Mousavi et al. [14] were
48 to 80 mg L−1 whereas in this study, nitrogen concentration
was 768 mg L−1 most of nitrogen coming from molasses.
Optimization of these parameters is needed. Productivity pa-
rameters analyzed at different sampling points (Table 2) indi-
cated that Coelastrum sp. produced more biomass (dry basis)
when cultured in SWW and molasses than when cultured in
TAP medium. After 15 days of culture in SWW
complemented with molasses, 2.29 ± 0.05 g L−1 of dry bio-
mass were attained. This value is lower than that (8.8 g L−1)
obtained by Yan et al. [5] with untreated molasses but close to
2.24 g L−1 reported by Abreu et al. [3]. Concerning lipid
production, 0.71 g L−1 was attained when Coelastrum sp.
was cultivated in SWW with molasses, and increased to
0.82 g L−1 after nitrogen limitation was applied to the culture
at the end of the exponential growth phase. Rai and Gupta [42]
have reported lipid production values from 0.092 to 0.36 g L−1

with Scenedesmus abundans cultured in different media. In
another study, Gao et al. [39] reported lipid production values
from 0.025 to 0.32 g L−1 when Chlorella sp. was cultured
under different carbon and nitrogen concentrations in culture
media. Biomass and lipid production varied between treat-
ments indicating a strong effect of culture conditions on these
parameters. Higher lipid contents were detected when the
microalgae were cultured in batch mode for 15 days. The
nitrogen limitation stage enhanced biomass production only
while lipid content began to decrease. It has been reported that
if sufficient nitrogen is stored within the cells in the growth
phase when the nitrogen amount is abundant, it can be metab-
olized during nitrogen depletion, resulting in more microalgal
growth instead of lipid production [43]. The increase in
growth with molasses as a carbon source has been document-
ed in Chlorella vulgaris, Scenedesmus obliquus [44], and
Chlorella pyrenoidosa [4].

Nitrogen limitation showed a more noticeable effect on
growth than lipid production when Coelastrum sp. was culti-
vated in TAP medium (Fig. 2). It can be seen that the increase
in cell weight is not due to lipid production enhancement. An
explanation to this behavior could be the accumulation of
starch. It has been reported that nutrient limitation can be used
as a strategy to accumulate starch and lipids in microalgae

Fig. 1 Growth curves of the microalga Coelastrum sp. in TAP medium
(▲) and synthetic wastewater combined with molasses (●). Data showed
as mean ± standard error (n = 3)
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[45]. However, regulating the distribution of these energy-
containing compounds is not clear, as it depends on several
environmental conditions [46]. Further investigation is needed
to explain why the cells stop accumulating lipids while growth
continue.

Coelastrum sp. Lipid Profiles

The crude extracts from all cultures were partitioned by grav-
ity column chromatography to obtain fractions that were clas-
sified according to the type of compounds in them (from non-
polar to polar compounds). Five fractions were obtained from
each crude extract: the first fraction was the least polar and
contained mainly hydrocarbons. The second fraction was
mainly composed of triacylglycerides. The third fraction
contained sterols, free fatty acids, and fatty alcohols; the fourth
fraction was constituted mainly by terpenes, and the more
polar fifth fraction corresponded to phospholipids. The frac-
tion containing triacylglycerides was transesterified before
GC-MS analysis. As expected, the composition of the crude
extracts varied with culture conditions, as shown in Fig. 3.

After 15 days of culturing Coelastrum sp. in batch mode in
TAP medium, hydrocarbons were approximately 3% of the
total lipid extract. When nitrogen limitation was applied to the
culture, the presence of hydrocarbons becamemore prominent
(22% of total lipid extract). In SWW-molasses medium,

Coelastrum sp. showed the same production of hydrocarbons
(3% of the total crude extract) at 5 and 15 days of culture.
After nitrogen limitation, hydrocarbons were 4% of the total
crude extract, showing little effect. The contribution of
triacylglycerides to the total crude extract at the end of the
exponential growth phase in TAP medium was 6% and
remained almost the same after 15 days of culture or after
nitrogen limitation (6 and 9%, respectively). When
Coelastrum sp. was cultivated in SWW-molasses medium,
16% was the contribution of triacylglycerides to the total lipid
extract. It increased to 55% after 15 days of culture in batch
mode and to 48% after nitrogen limitation. These results indi-
cate that triacylglycerides were the compounds that
Coelastrum sp. produced after the exponential growth. In the
case of sterols, their highest contribution to total microalgal
extract was attained at the end of the exponential growth phase
(3.9% and 5.3% for TAP and SWW-molasses media, respec-
tively). Sterols are structural compounds of cell membranes
and are mainly synthesized during cell multiplication [47].
Their presence decreased as other compounds were produced
within the cells during the stationary phase. Terpenes are sec-
ondary metabolites that are mainly produced after the expo-
nential growth phase [48]. In the case of Coelastrum sp., the
contribution of terpenes to the crude extract at the end of the
exponential growth phase was 11.7% and 8.11% (in TAP and

Table 2 Dry biomass, lipid
production, and lipid content of
Coelastrum sp. cultivated in TAP
and SWW media at different
culture times

Culture Dry biomass weight (g·L−1) Lipid production (g·L−1) Lipid content a (%)

TAP5 0.67 ± 0.01 a,b 0.19 ± 0.01 a 28

TAP15 0.70 ± 0.03 a,b 0.23 ± 0.01 a 33

TAP-15 N 1.29 ± 0.09 c,d 0.32 ± 0.01 a,b 25

SWW5 1.67 ± 0.17 d 0.39 ± 0.08 a,b 23

SWW15 2.29 ± 0.05 e 0.71 ± 0.03 a,b 31

SWW15-N 4.17 ± 0.42 f 0.82 ± 0.08 b,c 20

Data are expressed as mean ± standard error. Different letters represent significant differences (t test, p < 0.05)
a Based on dry biomass, w/w

Fig. 3 Lipid distribution of the microalgae Coelastrum sp. at different
times and culture media. Hydrocarbons (dark gray bars); triacylglycerides
(horizontal lines); sterols (black bars); terpenes (vertical lines); and
phospholipids (light gray bars)

Fig. 2 Cellular dry biomass (gray bar) and cellular lipid content (black
bar) of Coelastrum sp. cultivated in TAP and synthetic wastewater
combined with molasses. Data showed as mean ± standard error (n = 3)
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SWW-molasses, respectively). After 15 days of culture in
batch mode, terpenes increased to 25% in TAP medium and
only 13% in SWW-molasses. Values of terpene content after
nitrogen limitation decreased to 15.8% in TAP medium and
10.1% in SWW-molasses medium. An explanation of this
behavior is beyond the scope of this study. The contribution
of the phospholipidic fraction to the total extract was the most
important after the exponential growth phase in both TAP and
SWW-molasses media (75 and 66%, respectively) probably
because cells were multiplying andmainly producing cell wall
phospholipids. Their contribution decreased after 15 days of
culture in TAP and SWW-molasses media to 63 and 27%,
respectively, as secondary metabolites were produced. After
nitrogen limitation, changes on the phospholipid contribution
to the total lipid extract were minimal. From a production
process point of view, what is important is the amount of the
compound of interest that can be attained. The yield of each
fraction in 1 L of culture media is shown in Fig. 4. If
triacylglycerides are the fraction of interest, Coelastrum sp.
can be cultivated in SWW-molasses medium in batch mode
for 15 days (avoiding the addition of more nutrients), as nitro-
gen limitation had almost the same effect.

Lipid Identification in Coelastrum sp. Cultures

Fifty-three compounds were identified by GC-MS from the
first four fractions that eluted from the silica gel column
(Table 3). The fifth fraction (phospholipids) was only ana-
lyzed by FT-IR to corroborate the presence of the P-O-C band.
In this section, the profile of the lipids produced by
Coelastrum sp. is discussed with the exception of the
phospholipidic fraction, which was not fully identified.
When Coelastrum sp. was cultivated in TAP medium, the
hydrocarbon 1-docosene and the sterol chondrillasterol were
the most abundant compounds at the end of the exponential
growth phase. After 10 more days in batch mode culturing, 1-
docosene was 6 times less abundant, chondrillasterol was not

detected, and the production of TAGs was favored. The most
abundant fatty acid methyl esters (FAMEs) detected at this
point were C18:1 and C18:2 with smaller amounts of C16:0,
C16:2, and C16:3. Neophytadiene was also as abundant as
C18 FAMEs. Phytol was also detected but in smaller quanti-
ties than neophytadiene. Although nitrogen limitation in TAP
medium did not induce more production of TAGs than that in
batch mode, the FAME profile changed; more C16:0 was
present, and the production of the (Z) isomer of C18:1 (the
most abundant FAME) was observed.

When SWW-molasses was the culture medium,
Coelastrum sp. mainly produced TAGs during the first 5 days
of culturing, showing the presence of C18:1 (the E isomer)
and C16:0 as the main FAMEs. The production ofmore TAGs
compared with that of the TAPmedium during this period can
be due to the slow growth of Coelastrum sp. in SWW-
molasses that allows for the production of some reserve com-
pounds. After 10 more days in batch mode culturing, the pro-
duction of TAGs was improved, but the FAME profile was
almost the same. This indicates that the metabolism during
this period was the same that occurred during the first 5 days
of slow growth, resulting in TAG accumulation. Elimination
of nitrogen from SWW did not enhance the accumulation of
TAGs from what was accumulated in batch mode. The more
abundant FAMEs were C16:0, C18:0, and C16:1, which in-
dicates a possible shift towards more saturated TAG produc-
tion. The nitrogen limitation experiment with SWW cannot be
considered a complete limitation as in the case of the TAP
medium. This is because the addition of molasses as a carbon
source at the beginning of the limitation phase also introduced
the addition of nitrogen contained in the molasses. More work
is underway to evaluate the effect of the nitrogen contained in
the molasses.

As expected, the FT-IR spectra of the phospholipidic frac-
tions from all experiments showed similar patterns (Fig. 5). A
strong signal at 1035 cm−1 characteristic of symmetric P-O-C
bond stretching can be observed. The bands at 1095 and
1240 cm−1 are associated with the symmetric/asymmetric
bond stretching of a PO2

− diester from the phosphate group
[49]. Bands at 1458, 1715, and 2852–2915 cm−1 are charac-
teristic of the CH2, C=O, and C-H groups, respectively.
Although the phospholipidic fractions were not fully identi-
fied, phosphatidylglycerol (PG) and phosphatidylcholine (PC)
have been reported in Scenedesmus sp. lipid extracts in a more
detailed study carried out by Yao et al. [47].

Potential of Coelastrum sp. Lipids for Biofuel
Production

The compounds present in the lipid extracts were grouped into
5 fractions as indicated in Table 4, and a qualitative assess-
ment of the potential use of each fraction as a feedstock for
obtaining renewable liquid fuels was estimated. In this table,

Fig. 4 Yield of the lipid extract fractions of the microalgae Coelastrum
sp. at different times from 1 L of culture media. Hydrocarbons (dark gray
bars); triacylglycerides (horizontal lines); sterols (black bars); terpenes
(vertical lines); and phospholipids (light gray bars)
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Table 3 Compounds identified in lipid extracts of the green microalga Coelastrum sp.

Peak Compound % of total peak area

TAP5 TAP15 TAP15-N SWW5 SWW15 SWW15-N

1 1-Octadecene 2.6

2 Octadecane 0.7 0.6

3 Eicosane 0.8

4 Heneicosane 0.5

5 Hexacosane 1.7

6 Nonadecene 3.6 0.1 0.2

7 Cyclotetracosane 4.7 4.4

8 Nonadecane 0.5

9 1-Heptacosene 1.0 5.3 6.4 2.8

10 2,3,5-trimethyldecane 0.7

11 Heptadecane 3.5 1.6

12 1-Docosene 36.6 6.7

13 17-Pentatriacontene 1.4

14 1-Hexacosene 5.0

15 Cyclotriacontane 1.9

16 1-Nonacosene 5.4 0.3

17 Cyclododecane 1.9

18 Cyclotetradecane 1.0

19 7,10-Hexadecadienoic acid, methyl ester 3.8 3.0 4.0

20 (Z)-9-Hexadecenoic acid, methyl ester 4.8 4.2 10.8

21 Hexadecanoic acid, methyl ester 4.6 14.3 16.1 15.3 37.3

22 (Z)-9-Octadecenoic acid, methyl ester 43.4

23 Octadecanoic acid, methyl ester 3.8 3.7 4.3 13.1

24 Octacosanoic acid, methyl ester 8.8 6.3

25 Propanoic acid, 2-methyl-,
3-hydroxi-2,2,4-trimethylpentyl ester

3.0

26 Hexanedioic acid, bis(2-ethylhexyl) ester 5.3

27 (Z)-7-Hexadecenoic acid, methyl ester 3.3

28 7,10,13-hexadecatrienoic acid, methyl ester 3.7

29 (Z)-9-(Z)-12-Octadecadienoic acid, methyl ester 3.5 12.4 13.7 18.5

30 9,12-Octadecadienoic acid, methyl ester (isomer) 15.8

31 Butanoic acid, butyl ester 0.9

32 (E)- 9-(Z)-11- Octadecadienoic acid, methyl ester 3.1

33 (E)-13-Octadecenoic acid, methyl ester 5.7

34 7-Octadecenoic acid, methyl ester 40.7

35 (E)-9-Octadecenoic acid, methyl ester 19.7 52.4

36 Stigmasta-7,16-dien-3-ol, (3-β, 5-α) 5.7

37 6,10,14-Trimetil-2-pentadecanone 1.8

38 Hexadecanoic acid 1.9 1.5

39 1-Hexadecanol 0.4

40 1-Heptadecanol 0.5

41 Butyl citrate 2.1

42 1-Docosanol 0.7

43 Ergost-7-en-3-ol, (3.β)- 2.9

44 Triacontyl acetate 6.3 2.9 1.4

45 Ergost-7-en-3-ol 4.7

46 Chondrillasterol 19.9
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the letter H, for example, indicates that this fraction has high
potential to be transformed into a biofuel, meaning that it
constitutes a high-quality raw material to be processed
through the technology indicated in the last column of the
table. In addition, the main product or products that would
be obtained with this technology are indicated.

Fraction 1 corresponds to branched- and cyclo-alkanes
containing between 12 and 14 C atoms without the presence
of double bonds or oxygen atoms. The compounds of this
fraction correspond to a renewable fuel for aviation (bio-jet
fuel). Because the freezing point is one of the most critical
specifications for aviation fuel (− 47 °C according to ASTM
D7566), the presence of molecules with sufficiently low freez-
ing points is required. In particular, branched alkanes or
isoalkanes have lower freezing points for a higher number of
branches. Figure 6, generated with data from the NIST
Standard Reference Database [50], shows the melting points
of some linear and branched alkanes that are within the jet fuel
range (C8–C16). Cyclic alkanes are also useful as aviation
fuel. Moreover, a maximum of 25% content of aromatic com-
pounds is also desirable to prevent fuel seals in ducts, connec-
tions, and containers where the jet fuel is stored. According to
these criteria, fraction 1 can be used directly as bio-jet fuel

because it contains compounds in the proper range of C atoms
and does not have oxygen or the presence of double bonds. In
particular, fraction 1 of the TAP15 treatment is formed by tri-
branched structures, which are highly desirable for aviation
fuel.

Fraction 2 is composed of saturated and unsaturated linear
hydrocarbons containing between 17 and 21 C atoms. These
molecules are in the range of diesel fuel, which in this case is
known as green diesel or renewable diesel. This fuel requires
linear alkanes with medium-chain length, which provide a
high cetane number. For example, n-C16, also known as ce-
tane, has a cetane number of 100. On the other hand, chain
branching reduces the cetane number but improves its cold
flow properties. For this reason, a moderate percentage of
mono-branched molecules is desirable. Once the olefins pres-
ent are saturated, the product corresponds to a diesel with a
very high cetane number. However, it is required that some
molecules are transformed to branched structures to improve
their cold flow properties. Both the saturation of the double
bonds and the required isomerization can be carried out simul-
taneously in a single catalytic step referred to as
hydroisomerization [51]. Moreover, the H/C values for this
fraction range from 1.9 to 2.1. As a reference, alkanes con-
taining between 17 and 21 C atoms have an average H/C ratio
of 2.1. This indicates moderate levels of unsaturation, and that
moderate hydrogen consumption is required to obtain the sat-
urated product. According to the above, fraction 2 for all of the
treatments constitutes a high-quality feedstock for transforma-
tion into green diesel.

The composition of fraction 3 is similar to that of fraction 2,
but fraction 3 is constituted by larger molecules (C22–C35).
Similarly, the double bonds present in these molecules must
be saturated, and they must be isomerized to form branched
structures. Additionally, molecules of this fraction must be
fragmented to obtain smaller molecules. As a result of this
process, bio-jet fuel and green diesel can be obtained. The
levels of unsaturation for these fractions are also relatively
low, with H/C atomic ratios between 1.8 and 2.0. Therefore,
in this case, it is required to simultaneously perform
hydroisomerizat ion and hydrocracking reactions.
Sometimes, this process is referred to as hydroconversion.Fig. 5 FT-IR spectra of polar fractions from Coelastrum sp. lipid extracts

Table 3 (continued)

Peak Compound % of total peak area

TAP5 TAP15 TAP15-N SWW5 SWW15 SWW15-N

47 Heptacosyl acetate 1.9

48 Neophytadiene 2.2 18.5 2.4 0.2 0.7

49 Squalene 0.6 5.0 2.6

50 Phytol 5.1 2.9 0.1
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These transformations can be carried out in a single reaction
step by using heterogeneous catalysts [52]. According to this
analysis, fraction 3 constitutes a high-quality raw material
with potential for transformation into bio-jet fuel and green
diesel.

Fraction 4 contains oxygenated compounds containing be-
tween 8 and 32 C atoms. These compounds include alcohols
of different lengths, short chain FAMEs, and terpenes, among
others. In addition to the hydrogenation, isomerization, and
c rack ing r eac t ion s desc r ibed fo r f r ac t i on 3 , a
hydrodeoxygenation process to eliminate the oxygen in the
molecules in this fraction is required. Moreover, the values
obtained for the atomic H/C ratio and the percentage by
weight of oxygen are more favorable than those correspond-
ing to the Jatropha curcas oil (JCO) taken as a reference [53],
which values are 1.8 and 11 wt%, respectively. According to
the above, fraction 4 constitutes a feed that can be transformed
through the process known as HEFA [54], which is carried out
in the presence of hydrogen in two reaction stages. In the first
reaction step, oxygen is eliminated in the form of H2O, CO2,
and CO, while the double bonds are saturated. In the second
reaction step, isomerization and cracking reactions take place,
giving rise to bio-jet fuel and green diesel as main products.

Fraction 5 corresponds to TG and FFA transformable into
biodiesel. Based on their lipid profile, seven critical properties
were estimated, whose values are shown in Table 5. In this
table, minimum and maximum limits considered by the

American (ASTM 6751) and European standards (EN
14214) have been included when applicable. The results indi-
cate that all biodiesels meet the American and European stan-
dards for density, cetane number, and viscosity. In addition,
all comply with the OSI values of the American standard, and
the SWW15-N treatment also complies with the European
standard for this parameter. Regarding IV, only TAP15 treat-
ment biodiesel fails to comply with the maximum limit
established in the European standard. This is explained by
its high content of polyunsaturated FAMEs, which amounts
to 51% approximately. With respect to the HHV, all of the
biodiesels present typical values, very close to 40 MJ/kg.
Finally, except for SWW15-N treatment, the rest of the
biodiesels present acceptable values of CFPP, especially for
temperate climates. The high content of saturated FAMEs
(approximately 60%) is the cause of the 18.7 °C value esti-
mated for SWW15-N treatment biodiesel. According to the
above, biodiesels from TAP15 and SWW15-N treatments
were classified as medium quality, while the rest of them were
of high quality, as indicated in Table 4.

Conclusions

Time and culture media showed an influence on biomass and
lipid production. The culturing of Coelastrum sp. in synthetic
wastewater complemented with molasses proved to be a good
option for the production of biomass 2.29 ± 0.05 g L−1, and
lipids 0.71 ± 0.03 g L−1 compared with a synthetic laboratory
medium. In these conditions, an additional nitrogen limitation
phase did not improved lipid production. The lipid profiles
were also affected by these variables. Cultures with TAP me-
dium showed high contents of phospholipids (more than 50%
of total lipid production) which are not a good feedstock for
biofuel production as the phosphate group could damage cat-
alysts used in biofuels synthesis. SWW complemented with
molasses-induced triacylglyceride production to attain up to
50% of crude lipid extract, w/w, after 15 days of culture.
These compounds are the feedstock for biodiesel, green diesel,
or bio-jet fuel. Moreover, the nature of the triacylglycerides
produced by Coelastrum sp. can produce high-quality

Table 4 Fractions from lipid extracts and their estimated potential applicability for obtaining biofuels

Fraction General description C range TAP5 TAP15 TAP15-N SWW5 SWW15 SWW15-N Product Process

1 Branched and cyclic saturated HC C12-C14 H M BJ none

2 Linear paraffins and olefins C17-C21 H H H H H H GD HI

3 Linear olefins, cyclic, and paraffins C22-C35 H H H H H H BJ + GD HI + HC

4 Oxygenated compounds C8-C32 H H H H H H BJ + GD HEFA

5 Saturated and unsaturated TG and FFA C16-C18 H M H H H M BD E-T

HC hydrocarbons, TG triglycerides, FFA free fatty acids, H high quality, M medium quality, BJ bio-jet fuel, GD green diesel, BD biodiesel, HI
hydroisomerization,HC hydrocracking, E-T esterification + transesterification,HEFA hydrotreatment process for obtaining bio-jet fuel and green diesel

Fig. 6 Melting points of C10 (●), C12 (■), and C16 (▲) alkanes as a
function of the number of methyl branches
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biofuels. The yields, of both biomass and lipids, still need to
be optimized to accomplish the viable commercial production
of biofuels from microalgae. In order to accomplish this goal,
it is required to know how the different metabolic pathways
are affected by the variables studied in this work and to un-
derstand their interactions to better manipulate culture condi-
tions towards the production of a certain biofuel. Finally, it is
worth mentioning that optimization of the use of molasses as
carbon and nitrogen source in microalgae culture is currently
carried out in our group.
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Glossary

ASTM American Society of Testing Materials
BD Biodiesel
BJ Bio-jet fuel
EN European Standards
E-T Esterification + transesterification
FAME Fatty acid methyl ester
FFA Free fatty acids
FT-IR Fourier transform infrared spectroscopy
GD Green diesel
H High quality
H/C Hydrogen to oxygen atomic ratio
HC Hydrocarbons
HC Hydrocracking
HEFA Hydrotreatment process for obtaining

bio-jet fuel and green diesel
HI Hydroisomerization
M Medium quality
NIST National Institute of Standards and Technology
NMX Official Mexican Norm
PQ Potential quality as product or feedstock
TLC Thin layer chromatography

TG Triglycerides
SWW Synthetic wastewater
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