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Abstract Lipid production is an important indicator for eval-
uating microalgal species for biodiesel production. In this
study, a new green microalga was isolated from a salt lake in
Egypt and identified as Asteromonas gracilis. The main pa-
rameters such as biomass productivity, lipid content, and lipid
productivity were evaluated in A. gracilis, cultivated in
nutrient-starved (nitrogen, phosphorous), and salinity stress
as a one-factor-at-a-time method. These parameters in general
did not vary significantly from the standard nutrient growth
media when these factors were utilized separately. Hence, re-
sponse surface methodology (RSM) was assessed to study the
combinatorial effect of different concentrations of the
abovementioned factor conditions and to maximize the bio-
mass productivity, lipid content, and lipid productivity of
A. gracilis by determining optimal concentrations. RSM opti-
mized media, including 1.36 M NaCl, 1 g/L nitrogen, and
0.0 g/L phosphorus recorded maximum biomass productivity,
lipid content, and lipid productivity (40.6 mg/L/day, 39.3%,
and 15.9 mg/L/day, respectively) which agreed well with the
predicted values (40.1 mg/L/day, 43.6%, and 14.6 mg/L/day,
respectively). Fatty acid profile of A. gracilis was composed
of C16:0,C16:1,C18:0,C18:3, C18:2, C18:1, and C20:5, and
the properties of fuel were also in agreement with international
standards. These results suggest that A. gracilis is a promising
feedstock for biodiesel production.
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Introduction

Microalgae are considered one of the most promising
candidates for large-scale global biodiesel production
due to their high photosynthetic efficiency and lipid con-
tent (Sforza et al. 2012). Biodiesel is a biofuel obtained
from transesterification of fat or oil from the biological
resources (Yilancioglu et al. 2014). Lipid production by
microalgae is controlled by different culturing conditions
such as nitrogen deficiency (Mujtaba et al. 2012), phos-
phate limitation (Feng et al. 2012), carbon source (Zhao
et al. 2012), salinity stress (Kaewkannetra et al. 2012),
iron content (Lin et al. 2012), and light intensity (Sousa
et al. 2012). In addition, the level of lipid accumulation
is influenced by growth cycle culturing time and species
as well as strain specific (Yeh and Chang 2012). All of
these factors influence the growth rate and lipid produc-
tion by microalgae. Sufficiency of phosphorus and nitro-
gen in microalgae increases the rate of carbon dioxide
fixation by seven to ten times, but their deficiency in
most microalgae results in diminished photosynthetic ca-
pability, altered lipid metabolism, and an increase in their
accumulation of triacylglycerol (Nascimento et al. 2013;
Fan et al. 2014). Transesterification with acid or base
catalyst was used to convert triacylglycerol to biodiesel
(Rippka et al. 1979). Nitrogen limitation is associated to
increase in lipid content by various species, followed by
iron and phosphate. For instance, the lipid content in
Chlorella sp. was stated to rise by 40-64% when culti-
vated in nitrogen deficient and iron increased media (Liu
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et al. 2008; Feng et al. 2012; Mujtaba et al. 2012). On
the other hand, the high salt concentrations cause a bio-
chemical and bioenergetic changes in microalgal cells
(Mittal et al. 2012) such as increasing in biopolymer
production rates and catabolism of the lipid, alterations
in the rates of processes of energy yielding, and changes
in permeability of membrane with interruption of ion
homeostasis (Alyabyev et al. 2007). Various species of
microalgae can be stimulated to accumulate high con-
tents of lipid, although the average lipid content differs
between 1 and 70%; few microalgal species may reach
90% under certain conditions (Chisti 2007; Li et al.
2008). Improvement of lipid production in the
microalgae by scheming the conditions of cultivation is
equally essential as the selection of microalgae for high
lipid-producing algae (Duong et al. 2012). In these con-
ditions, response surface methodology is one of the ap-
propriate and efficient methods for optimizing the media
conditions to maximize biomass and lipid productivity in
microalgae (Yang et al. 2014). As well, it has more ben-
efits such as less time consuming with a minimum num-
ber of experiments and assessing the effective factors and
their interaction on the responses than the traditional
methodologies. Numerous microalgae have been defined
as lipid-rich species for their hydrocarbons and other
oils. Biodiesel production by microalgal species may be
the only way to produce adequate automotive fuel to
replace existing petro-diesel usage (Chisti 2007). The
total lipid content as well as the fatty acid proportion
are important parameters for biodiesel production
(Griffiths and Harrison 2009). Generally, the biodiesel
that produced lipids and fatty acid methyl ester of
microalgae was observed to be in conformity with the
standards of biodiesel (Nascimento et al. 2013).
Moreover, a good biodiesel should agree with the stan-
dard of cetane number, which refers to the good ignition
quality, low pollutant content, a suitable cold filter plug-
ging point, and at the same time, correct viscosity and
density (Gopinath et al. 2009). Asteromonas gracilis
Artari is a green motile unicellular wall-less halotolerant
alga that can grow in wide range habitat. A. gracilis has
high tolerance to salt, light, and temperature. It is con-
sidered as a new record in Egypt and easy in cultivation
and has high growth rate and lipid content (Ben-Amotz
and Grunwald 1981).

Whereas, in the case of green algae, no or little infor-
mation is available regarding lipid enhancement for bio-
diesel production by A. gracilis, hence, this study was
designed to improve the biomass, lipid content, and lipid
productivity by A. gracilis using response surface
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methodology based on the Box-Behnken design and to
evaluate the biodiesel fuel properties by analyzing the
profile of fatty acid. To the best of our information, this
is the first extensive report that expressing the media
optimization methodology improved the biomass, lipid
content, and lipid productivity in A. gracilis and it could
be utilized as a biodiesel feedstock for the production of
biodiesel.

Materials and Methods
Alga Strain and Growth Conditions

Marine green microalga Asteromonas gracilis was isolated
from a salt lake in Alexandria (El-Agamy), which may be
considered as a new record in Egypt. A. gracilis was grown
in Modified Johnsons Medium (J/1) (Borowitzka 1988) in
300-ml Erlenmeyer’s flask under constant illumination of
48.4 umole/mz/sl, and the cultures were gassed with sterile
air provided by air pump at 25 °C. The pH of the medium
was also adjusted to pH 7.5 with 0.1 M HCI or 0.1 M
NaOH.

Cultivation of Microalgae in Nutrient Stress

The conditions of nutrient stress, like the starvation of nitro-
gen and phosphorous, were applied by excluding the nitrogen
(NaNOs3, —100%) and phosphorous (KH,PO,4, —100%)
sources in Modified Johnsons Medium. Osmotic stress was
also created in the Modified Johnsons Medium by the addition
of 3 M NaCl. In the control culture, original Asteromonas
media was used and all the applications were repeated in
triplicate.

Determination of Biomass and Lipid Productivity

A. gracilis cells were harvested at the end of the loga-
rithmic phase (day 9), and they were dried at 105 °C
until the constant dry cell weight was obtained. Dried
cells were reweighed and calculated gravimetrically (the
growth was expressed as dry cell weight). The total
lipid was extracted using methanol/chloroform (2:1) ac-
cording to the method of Drevon and Schmitt (1964).
The phosphovanilin reagent consisted of phosphoric ac-
id, vanillin, and ethanol solution. About 0.1 ml of the
previous extract was transferred to a dry glass tube, and
3 ml of H,SO,4 was added and left in boiling water bath
for 10 min. After hydrolysis, 1.5 ml phosphovanilin
reagent was added to 0.05 ml of hydrolyaste, mixed
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well, and incubated at 37 °C for 10 min. The absor-
bance of characteristic pale pink color was measured
at 530 nm.

Biomass productivity(mg/L/day) = (B.—B1) /

Biomass productivity and lipid productivity were calculat-
ed from the initial and final cell dry weight as the following
equations (Griffiths and Harrison 2009):

(T, —Ty).

Lipid productivity(mg/L/day) = Biomass productivity x Lipid content in %.

where B, and B, indicate dry cell weight of initial and final
biomass concentration, respectively, (T,-T;) represents the
time interval. All the experiments were carried out in triplicate
and the data were expressed as mean =+ standard error. The
data obtained were subjected to one-way analysis of variance
(ANOVA), using the SPSS statistical package. For compari-
son of the means, the Duncan’s multiple range tests (p < 0.05)
were used.

Experimental Design for Response Surface Methodology

The statistical experimental design by RSM is being generally
used by researchers for improved production of metabolites
(Montgomery 2005; Myers and Montgomery 2002). Box-
Behnken experimental design (BBD) with three factors and
three levels was used to optimize the conditions of growth
media using NaCl (A), nitrogen (B), and phosphorus (C) as
independent variables for the biomass productivity, lipid con-
tent, and lipid productivity using Design Expert Software
Version 7.0.0 (Stat-Ease Inc., Minneapolis, USA). The full
design consisted of 17 experimental runs at three coded levels,
low (=1), medium (0), and high (+1) which corresponds to
NaCl (1.25, 2.13, 3 M), NaNOs (0, 0.5, 1 g/L), and KH,PO,
(0, 0.02, 0.04 g/L), respectively, with 5 replicates at the center
point to estimate the experimental error.

A second-order polynomial equation was used to express
the mutual interaction among the variables and their corre-
sponding optimum levels. The general form of this equation
is as follows:

Y =B, + 28X + XBiXi® + 2BXiX + €

where Y is the predicted response, 3, is the intercept term, f3;,
(i, and P are the linear, quadratic, and interaction effects,
respectively, X; and Xj are the factor independent variables
(regression coefficient of the model), and ¢ is the error.

Statistical Analysis of the Data

Multiple regression analysis was used for analysis of the ex-
perimental data obtained from the Box-Behnken design to

determine the significant differences (p < 0.05) in responses
at various conditions. The 3D surface plots were generated for
visualization of the relationships between the responses and
the independent variables and to determine the optimum con-
ditions. The best fit of the model was determined based on the
coefficient of determination (R*), and ANOVA as well as its
statistical significance were checked by F test quadratic poly-
nomial equations that were attained by holding one of the
independent variables at a constant value and changing in
the other variable level.

Validation of the Optimized Conditions and Predictive Model

Triplicate experiments were carried out under the optimized
conditions gotten by the methodology of Derringer’s desired
function (Derringer and Suich 1980) to verify the optimized
conditions. The predicted and actual values were compared to
determine the accuracy and validity of the model.

Fatty Acid Profiling of A. gracilis

Direct acid esterification of the algal dry biomass (control cul-
ture) was performed to produce fatty acid methyl esters accord-
ing to Vicente et al. (2009, 2010), with some modification. Algal
biomass was dried at 50 °C. The dry algal biomass (0.5 g) was
suspended in 40 ml of the mixture (methanol/chloroform/conc.
HCID) (2:1:1) and left overnight at 40 °C with shaking at
120 rpm. The fatty acid methyl esters were extracted by n-
hexane and analyzed using gas chromatography-mass spectrom-
eter (GC-MS), Agilent Model 7890A-5975B [Column, DB
5 ms, Agilent form (30 m x 250 um % 0.25 pm)] in the Unit
of Analytical Chemistry, Department of Chemistry, Faculty of
Science, Assiut University. The column was initially maintained
for 2 min at 40 °C, and then, the temperature was increased to
50 °C at a rate of 4 °C/min and held for 3 min, then increased to
150 °C at a rate of 10 °C/min and held for 3 min, then increased
to 220 °C at a rate of 10 °C/min and held for 6 min, finally
increased to 280 °C at a rate of 15 °C/min and held for
10 min. Helium (purity 99.999%) was used as the carrier gas
with a flow rate of 0.5 ml/min for 10.9 min, then 1 ml/min per
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min to 1 ml/min for 30 min. Electron impact ionization mass
spectrometry (EI-MS) was used to detect the m/z value of the
separated fatty acid compound. The mass spectrum data of each
peak of the chromatogram were compared with the Willey 9 and
NIST library for the identification of the fatty acid compound.
The relative percentage of fatty acids was calculated by the area
normalization method.

Evaluation of Biodiesel Fuel Properties

The fuel properties of A. gracilis (control culture) such as
cetane number (CN), iodine value (/V), saponification value
(SV), kinematic viscosity (v), higher heating value (HHV), and
oil density (p) were obtained from its fatty acid methyl ester
profile using the following equations (Ramos et al. 2009;
Klopfenstein 1982). Specifications of biodiesel fuel are given
by the international standards such as EN 14214 in Europe
and ASTM D6751-02 in the USA (Hoekman et al. 2012).

CN = 463 + (5458/SV) - (0.225/1V)
sV = ¥ {(560 xN)/M}

y {(254 % D x N)/M]

p — 8463 + (4.9/M) 400118 x N

In(v) = —12.503 + 2.496 x In(M)-0.178 x N
HHV = 46.19 — (1794/M> ~021 x N

v =

where N is the percentage of each fatty acid methyl ester, M
and D are the molecular weight and number of double bonds
of corresponding fatty acid, respectively.

Results and Discussion

Effects of Salinity Stress and Nutrient Starvation
on Biomass Productivity, Lipid Content, and Lipid
Productivity of A. gracilis

Biomass and lipid productivity are the main parameters to
figure out the best strain for the production of biodiesel.
Lipid contents in microalgae can be enhanced by different
strategies like salinity stress, nitrogen starvation, and nutrient
supplementation (Karpagam et al. 2015). The effect of salinity
stress as well as NaNO; and KH,PO, starvation on the bio-
mass, lipid content, and lipid productivity was recorded in
Table 1. In general, the salinity stress and nutrient starvation
increased the lipid content and productivity compared to the
control culture. The results revealed that among these stresses,
the nitrogen starvation induced relatively higher accumulation
in lipid content and productivity (29.26% and 10.21 mg/L/
day, respectively). These results are in agreement with
Yeesang and Cheirsilp (2011) who reported that algal cells
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accumulate lipids under nitrogen-deficient conditions. On
the other hand, Li et al. (2010) found that the phosphorus
limitation as well leads to lipid accumulation in
Scenedesmus sp. The stimulation of lipid production by salin-
ity stress would lead to increase in the viscosity of plasma
membrane and turgor pressure of the plant or algal cell and
thereby inhibiting the water efflux from the cell for its adap-
tation (Reed and Walsby 1985). Furthermore, salinity stress
could cause the synthesis of osmoregulants rather than the
other cellular components and which may increase the level
of tolerance to salinity stress by aiding the different functions
such as carbon and nitrogen storage and stabilization of sub-
cellular structure in microalgae and plants (Kalsoom et al.
2013; Battah et al. 2013). Many reports have suggested that
lipid biosynthesis might be involved in the protection against
stressful environments (Sheehan et al. 1998; Timmins et al.
2009). Biomass productivity was also examined during the
salinity stress and nutrient starvation and found to be de-
creased in NaCl (36.78 mg/L/day) stress, nitrogen (34.9 mg/
L/day), and phosphorus (36.1 mg/L/day) starvation than the
control (38.87 mg/L/day). Therefore, the accumulation of
high lipid content is ordinarily accompanied by low biomass
productivity in case of the treatment by nutrient starvation or
salinity stress. Converti et al. (2009) showed that a gradual
decrease in the growth of Nannochloropsis oculata accompa-
nied by almost a duplication of the lipid content was observed
when the nitrogen was eliminated from the media. The com-
mon conclusion about deficiency of nutrients such as nitrogen
for microalgae is that nitrogen deficiency can improve lipid
content, but significantly reduce biomass productivity, even-
tually resulting in a slight increase or even a decrease in lipid
productivity (Breuer et al. 2012).

Optimization of the Culture Conditions by Box-Behnken
Design

Since salinity stress and nutrient starved media resulted in
only marginal increase in lipid content and productivity and
decrease in biomass productivity compared to the standard
nutrient growth media as shown in Table 1, the combined
effect of the above mentioned factors for optimum biomass,
lipid content, and lipid productivity was designed through a
Box-Behnken design (BBD). In order to fit the experimental
results obtained based on Box-Behnken design and the three
process variables to develop empirical models in order to ex-
press the true relationship between the independent variables
and responses, a second-order polynomial mathematical equa-
tion was developed. In the current study, based on BBD, all 17
designed experiments were conducted with various combina-
tions of three independent parameters such as sodium chlo-
ride, nitrogen, and phosphorus at three various levels, low
(—1), medium (0), and high (+1) to study the combinatorial
effects of these factors on biomass productivity, lipid content,
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Table 1 Biomass concentration
(mg/L/day), lipid content (%), Media conditions Control NaCl 3 M) Nitrogen (0 g/L) Phosphorus (0 g/L)
and lipid productivity (mg/L/day)
of A. gracilis grown in salinity Biomass productivity 38.87 36.78 349 36.1
stress, nitrogen, and phosphorus- +2.9% +3.1° +3.1° +2.8°
starved media Lipid content 2123 26.48 29.26 25.58

+1.8° £2.1° £2.2° £2.4°

Lipid productivity 8.25 9.74 10.21 9.23
+0.74° +0.95" +0.94° +0.85

The data are given as averages of three replicates of standard error. Values followed by the different letters are

significantly different at p < 0.05

and lipid productivity of A. gracilis. The independent
variables and their coded levels that used for this study
as well as a BBD matrix of independent variables in
coded units with actual and predicted values for biomass
productivity, lipid content, and lipid productivity are
shown in Table 2. Multiple regression analysis was used
for the analysis of results. Maximum biomass and lipid
productivity (58.8 and 14.8 mg/L/day) were obtained un-
der the conditions of media concentrations of NaCl 3 M,

nitrogen 1 g/L, and phosphorus 0.02 g/L. While the me-
dia concentration of NaCl 3 M, nitrogen 0.5 g/L, and
phosphorus 0.04 g/L provided the lowest biomass and
lipid productivity (10.9 and 6.8 mg/L/day), respectively,
on the other hand, the maximum lipid content was re-
corded at NaCl 1.25 M, nitrogen 0.5 g/L, and phosphorus
0 g/L. The final models obtained by backward elimina-
tion of insignificant variables in terms of code factors
were given as follows:

Biomass productivity(mg / L / day) —33.43 — 0.16A + 6.17B + 0.47C — 12.11AC + 12.87B, — 7.44C>
Lipid content(%) = 37.07 — 148 A — 0.037B — 0.73 C + 18.1 AC — 10.95 B> + 6.81 C?

Lipid productivity (mg / L / day) =

1483 — 1.06 A + 1.9B — 038 C — 233 A% —

2.72 C?

where A: NaCl (M), B: nitrogen (gl_l), C: phosphorus (gl_l).

It is necessary to conduct ANOVA to determine whether
the quadratic model is significant or not. ANOVA for the
response surface quadratic model was tabulated in Table 3.

The p values were used for examining a significance of each
coefficient, that in turn were needed to comprehend the mutual
interaction pattern between the test variables. Murthy et al.
(2000) reported that when p values are low, this indicates that

Table 2 Box-Behnken experimental design with coded and un-coded operational variables (factor A, factor B, and factor C) and results of the
observed responses: biomass productivity (mg/L/day), lipid content (%), and lipid productivity (mg/L/day) of A. gracilis

Factor A Factor B Factor C Actual responses Predicted
responses
Std. order NaCl (M) Nitrogen (g/L) Phosphorus (g/L) Biomass Lipid content  Lipid Biomass Lipid Lipid
productivity productivity  productivity contents productivity

1 1.25(-1) 0(-1) 0.02(0) 40.6 27.1 11.0 40.28 27.6 11.7
2 3(+1) 0-1) 0.02(0) 42.8 22.0 9.4 39.97 24.7 9.5
3 1.25(-1) 1(+1) 0.02(0) 46.9 31.6 14.8 52.63 27.6 15.5
4 3(+1) 1(+1) 0.02(0) 58.8 253 14.8 52.32 24.6 13.3
5 1.25(-1) 0.5 (0) 0(-1) 18.8 62.5 11.7 13.57 64.2 11.2
6 3(+1) 0.5(0) 0(-1) 353 26.1 9.2 37.47 25.0 9.1
7 1.25(-1) 0.5(0) 0.04(+1) 42.8 26.2 11.2 38.72 26.5 10.5
8 3(+1) 0.5(0) 0.04(+1) 10.9 62.2 6.8 14.19 59.8 8.3
9 2.13(0) 0(=1) 0(-1) 27.8 37.9 10.5 3222 33.7 10.6
10 2.13(0) 1(+1) 0(-1) 45.9 30.0 13.8 44.56 33.6 144
11 2.13(0) 0(-1) 0.04(+1) 344 31.2 10.7 33.15 322 9.8
12 2.13(0) 1(+1) 0.04(+1) 434 31.0 13.5 45.5 322 13.6
13-17° 2.13(0) 0.5(0) 0.02(0) 325 39.6 12.9 33.43 37.1 14.8

#Mean value of five center point assays
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Table 3  Analysis of variance (ANOVA) for the fitted quadratic polynomial model of biomass productivity, lipid content, and lipid productivity from

the results of Box-Behnken experimental design

Source Response 1-biomass productivity Response 2- Lipid content Response 1- Lipid productivity
Sum of df Meansquare F value pvalue Sumof df Mean Fvalue pvalue Sumof df Mean Fvalue p value
squares Prob > F squares square Prob > F squares square Prob > F
Model 176048 6 293.41 11.54  0.0025* 1987.36 6 331.23 2543  0.0002* 75.97 5 1519 831 0.005*
Residual 17802 7 2543 91.18 7 13.03 14.63 8 1.83
Lack of fit 176.02 6 29.34 14.67  0.197** 69.06 6 11.51 052  0.785%% 752 7 107 0.5 0.9637%*
Pure error 2 1 2 22,12 1 2212 7.11 1 7.11
Correlation Total 1938.5 13 20785 13 90.61 13
df fegree of freedom
*Significant at p < 0.05

**Not significant at p > 0.05

the process parameters are more significant and efficient. In
our study, the model p value was smaller than 0.01 in case of
all responses; these results indicated that the model was appro-
priate for use in this study. The failure of a model to explain the
experimental data in experimental domain at a point, which are
not comprised in the analysis of regression, was measured by
the test of lack of fit (Sharma et al. 2009). This test is required
to be non-significant to signify the model. In the current inves-
tigation, the p value of “lack of fit” of biomass productivity,
lipid content, and lipid productivity was 0.197, 0.785, and
0.963 (p > 0.05), respectively. These values indicated that
“lack of fit” was insignificant relative to pure error as well as
the equation of a model was appropriate to predict biomass
productivity, lipid content, and lipid productivity under any
groups of variable combination. The F test was used to per-
form the statistical significance of polynomial equations. The
model F value of 11.54, 25.43, and 8.31 (p < 0.01) for biomass
productivity, lipid content, and lipid productivity, respectively,
as well, the non-significant lack of fit implies that most of the
variation in the responses can be explained by the regression
equation and the developed quadratic models were significant
(p <0.5) to predict all responses. Regression correlation coef-
ficients and corresponding p values were tabulated in Table 4.
The goodness of fit of this model was checked by the coeffi-
cient of determination (Rz), adjusted R, predicted R?, and co-
efficient of variation. The R? gives the total variation propor-
tion in the responses predicted by the model. The R* value
indicates better accuracy of the model when it was close to
1.0 where it varies from 0 to 1.0. However, in some cases,
the higher R* values may be resulted in the presence of large
numbers of insignificant variables in the model and thereby it
predicts poor response. Therefore, the adjusted R* was intro-
duced which corrects R* value accordingly to the size of the
sample and terms number in the model. The high values of R*
(0.91, 96, and 0.88) for biomass productivity, lipid content, and
lipid productivity, respectively, ensure a satisfactory fitting of
the quadratic model in order to express the actual relationship
between the independent variables and responses. As well as,
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the model could explain 91, 96, and 88% of the variability in
the responses. The adjusted R* should be close to R? value, and
the larger difference between R” and adjusted R* indicated
cautionary that the content of the model has too many insig-
nificant terms (Haaland 1989). In this study, the value of R?
adjusted (0.83, 0.92, and 0.86 for biomass productivity, lipid
content, and lipid productivity, respectively) was also high and
gives a high correlation between the actual and predicted
values as well as confirming the model validity. The R* pre-
dicted measures how good the model predicts the values of the
response. The R? predicted and R? adjusted should be within
0.2 close to each other to be in reasonable agreement (Kazemi-
Beydokhti et al. 2015). The values of R? predicted (0.64, 0.83,
and 0.66 for biomass productivity, lipid content, and lipid pro-
ductivity, respectively) are in a sensible covenant with the
values of R* adjusted and indicate that the model was used to
explain the data well. The signal to noise ratio was measured
by adequate precision, and its value can be predicted by statis-
tical analysis. A ratio greater than 4 is desired and shows ade-
quate model discrimination (Haaland 1989). In the current
study, the ratio of adequate precision is 10.95, 15.51, and
8.05 for biomass productivity, lipid content, and lipid produc-
tivity, respectively, which indicates a suitable signal; thus, the
model can be applied to navigate the space of design. The
variation coefficient (CV) is the standard error of the estimate
ratio to the mean value of observed response. Sen and
Swaminathan (2004) reported that, in general, the higher the
CV value, the lower is the reliability of the experiment while
low CV value predicts reliability and accuracy of the experi-
ments conducted. The value coefficient of variation in this
study was found to be 13.8, 10.4, and 11.33% of biomass
productivity, lipid content, and lipid productivity, respectively,
indicating a greater degree of precision (Table 4).

Effect of Interactive Variables

Three factors such as NaCl, NaNOs, and KH,PO, at three-
level Box-Behnken design were used to examine the process
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A variables on the biomass and lipid productivity of A. gracilis.
E The 3D response surface plot is a graphical representation of
E — - the regression equation. It is plotted to examine the interactive
s g8 ¢ 3 8 effects between the two factors and keeping the third factor
= = - constant (in turn its central level), and also to determine the
% 28 o« - optimal level of each variable for a maximal response
i I8 3 X o (Yetilmezsoy et al. 2009) (Figs. 1 and 2). Figure la shows
2| 5 the effects of NaCl and NaNO; levels separately and their
"‘E 5 mutual interaction on biomass productivity. The increase in
'§ z E § § § E E concentrations of NaNO; enhanced the biomass productivity,
_S- . but it was almost constant when NaCl concentrations were
o - T - increased at a fixed KH,PO,4 concentration. ANOVA analysis
?% ; = showed that nitrogen was the high statistically significant ef—
§o g g é - o o o o e fect on the biomass productivity (p = 0.01). Figure 1b indi-
<| g 2% $2a & 4 a2 8828 cates that the increase in concentrations of KH,PO,4 enhanced
>l lom | -1 = T I == wooo . o L.
’g, . the biomass productivity 1n‘1tlally, but then, WIEI% increasing its
z A concentrations further, which exceed 0.03 gl °, the biomass
g E productivity could decrease. The reversible trend occurred in
) 2 o 3 S 2% the case of NaNOj; concentrations at a fixed NaCl concentra-
2 E &5 & = 8s tion. The highest response value was observed at 0.03 and
% : === v =< 1 gI”" of KH,PO, and NaNOs, respe‘ctively. .In this respect,
; = <8 . e 53 Shen et al. (2015) reported that the highest biomass pr.o.duc-
2 - 23 3 & 82 tivity was observed under sufficient phosphorus conditions.
s 5 Both nitrogen and phosphorus showed positive effects in lin-
E |5 ear terms, but a negative effect was observed with phosphorus
= &E g % § § § % % in its quadratic terms. The biomass productivity was increased
% _E 4 when KH,PO, and NaCl concentrations were increased at a
'§ o -0 - - 7~ fixed NaNO; concentration (Fig. 1c). This indicates that the
;’; E G ir;;eractioil) between K(I;ZP‘O% and (Ii\IaClhdld lﬁave a 51fgfn1.ﬁcant
sl sl .28 ~ 0 effect on biomass productivity under phosphorus sufficiency.
;§ % aq;’ ‘g § Djo § 5 J ; 2y 5 28 Figure 2a—c shows the influence of process variables on the
:5 S R lipid productivity of A. gracilis. The lipid productivity was
2 N increased when NaCl and nitrogen concentrations were in-
% E creased at a constant phosphorus concentration, then reduced
§ E ew o o @2 by increasing the'concentrations of NaCl (Fig. Za).'
=1 s K & & 88 The effect of nitrogen and phosphorus concentrations on the
2 = es = = =7 lipid productivity at a NaCl concentration of 2.13 M is provided
5 é Ex 2 2 rFo in Fig. 2b. At first, an increase in lipid productivity was observed
g > - 82 & 8 s with the increasing of nitrogen and phosphorus concentration.
= :E = However, the trend was reversed when the concentrations of
ED —é L% phosphorus reached a certain value. It could be seen from
% % U"E; § :'\Q § f ﬁ f § Fig. 2b and Table 4 that lipid productivity was affected signifi-
i é ?H cantly by nitrogen concentration. There was evidence to propose
§ 217 -0 - - =~ that the deficiency of nitrogen could stimulate the accumulation
E : £ of lipids (Welter et al. 2013). However, this pher?o.menon was
b= £ &% 2 .o - not observed under the applied experimental conditions, where-
g 7| 3 § 3 f =5 i E Toxe 2583 as NaNOjs had a positive effect on lipid productivity (Table 4)
8 mlegjnre e = ~iam =9 (Yang et al. 2014). Furthermore, although the lipid productivity
éﬁ § was increased with the increasing nitrogen concentration, the
& £ — 3 “é %é gy NaNOj; contribution was low (1.9%) (Table 4). These results
- 8 ‘&5 go -;) g 8 ;.:‘3 :6 3 are in agreement with El-Sheekh .et.al. (2013).\7\{}10 stated that
=2 3; g E E 359: - g €85 3 _;:’ nitrogen starvation reduced the hplfi product1v1ty due to the
= = ELaa0aithtLsS FRTE inhibition of growth, although the lipid content increased for
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about 50 %. Figure 2c represents the effects of NaCl and phos-
phorus concentration individually and their mutual interactions
on the lipid productivity of A. gracilis at a constant nitrogen
concentration of 0.5 gl ', At the designed range of NaCl con-
centration from 1.25 to 3 M, the lipid productivity resulted in a
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linear increase in phosphorus concentration and then reduced. It
can be concluded that lipid productivity was affected by the
combination of NaCl and phosphorus concentration. From
ANOVA analysis of lipid productivity, it can infer that nitrogen
exhibited the most important factor (p = 0.004) followed by
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Fig. 2 Response surface plots
showing relative effect of two

Design-Expert® Software

lipids productivity

variables a NaCl and nitrogen; b I16'6519
nitrogen and phosphorus; ¢ NaCl 6.80556

or (a)
and phosphorus on lipid X1 = A NaCl

productivity X2 = B: Nitrogen

Actual Factor
C: Phosphorus = 0.02

lipids productivity
(mg/L/day

Design-Expert® Software
lipids productivity
I16.6519

6.80556
X1 = B: Nitrogen
X2 = C: Phosphorus

Actual Factor
A:NaCl=2.13

lipids productivity
(mg/L/day

Design-Expert® Software
lipids productivity
I 16.6519
6.80556
X1 = C: Phosphorus
X2 =A:NaCl

Actual Factor
B: Nitrogen = 0.50

lipids productivity
(mg/L/day

NaCl (p = 0.057). NaCl showed a negative non-significant effect
in linear terms (p > 0.05) but showed a negative significant effect
in quadratic terms (p = 0.01). Nitrogen exhibited a positive
significant effect, but phosphorus showed a non-significant neg-
ative effect in linear terms (p > 0.05) and a significant negative
effect in quadratic terms (p = 0.006).
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Experimental Validation of the Optimized Conditions

In order to confirm the predicted results, the culture of
A. gracilis was studied using the optimized nutrient levels.
The optimum conditions for the selected parameters were pre-
dicted using desirability function criteria available in the design
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Fig. 3 Fatty acid methyl ester 3 45
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expert software. The maximum predicted biomass productivity,
lipid content, and lipid productivity could be achieved with
NaCl concentration of 1.36 M, nitrogen concentration of 1 g/
L, and phosphorus concentration of 0 g/L. Triplicate experi-
ments were performed under the above-mentioned optimized
conditions and the mean values of actual data were compared
with the predicted data. The mean values of biomass produc-
tivity, lipid content, and lipid productivity were 40.6 + 3.1 mg/
L/day, 39.3 £ 2.6%, and 15.9 + 0.95 mg/L/day agreeing well
with the predicted values 40.1 + 3.9 mg/L/day, 43.6 £+ 4.5%,
and 14.6 = 1.51 mg/L/day, respectively. The percentage predic-
tion error was 1.2, 10.9, and 8.2% for the biomass productivity,
lipid content, and lipid productivity, respectively. Consequently,
the model developed was considered to be accurate and reliable
for predicting the biomass productivity, lipid content, and lipid
productivity from A. gracilis.

Fatty Acid Methyl Ester Analysis

The FAME composition analysis and properties of compara-
tive fuel are very important for the selection of species for
biodiesel production. In this study, the main fatty acids in
A. gracilis were palmitoleic (C16:1 w-7), palmitic (C16:0),
linolenic (C18:3 w-3), oleic (C18:1 w-9), stearic (C18:0),
linoleic (C18:2 w-6), and eicosapentaenoic acid (EPA)

Table 5
standard deviations

-ﬁI'-.

Cl6:1w-7 C18:0 C18:1w-9 C(C18:2w-6 C18:3w-3 C20:5w-3
Types of fatty acids

(C20:5 w-3). Among them, palmitic acid and oleic acid were
accounted for the largest proportion (61%) of the total fatty
acids present in the microalgal lipids (Fig. 3). These results
were in agreement with Knothe (2009) who reported that the
most common fatty acids of microalgal species are C16:0,
C18:0, C18:1 w-9, C18:2 w-6, and C18:3 w-3. Ordég et al.
(2016) reported that the FAME profiles were similar in the
three Chlorella strains—namely C. sp. MACC-438,
C. minutissima MACC-452, and C. sp. MACC728 with the
predominant fatty acids being C16:0 > C18:1 w-9 > unidenti-
fied FAMEs > C18:2 w-6 > C18:3 w-3 > C18:0 which
accounted for over 90% of the total FAME content. The fatty
acid percentage in A. gracilis shows the total content of me-
dium chain fatty acids such as C16 and C18 (Fig. 3) that
ensures the suitability for the production of biodiesel as these
fatty acids have better stability to oxidation (Mandotra et al.
2014). The percentage of total saturated fatty acids and mono-
unsaturated in A. gracilis was 67.36%, while the polyunsatu-
rated fatty acid percentage was 32.63% (Table 5). These re-
sults are in agreements with Karpagam et al. (2015) who re-
ported that the total saturated fatty acids and monounsaturated
in Coelastrella sp. M-60 was 67.8 £+ 0.9%.

The algal fatty acid methyl esters were composed of more
unsaturated fats, which are more appropriate for cold weather
use due to a usually lower gel point (Belarbi et al. 2000).

Properties of the biodiesel from A. gracilis in comparison with standard biodiesel. The data represent the mean of duplicate experiments with

SV(mgKOHg ') CN

IV (g1, 100 g7l fat) SFA (%) MUFA (%) PUFA (%) Kinematic

density (p) HHV

viscosity (g/cm) (MI/kgh
(V) (mm?%/s)
Biodiesel Standard - >51 <120 - - - 3.5-5.0 0.86-0.90 NA
EN 14214
Biodiesel Standard - >47 NA - - - 1.9-6.0 NA NA
ASTM D6751-02
A. gracilis 193.7 51.14 103.7 22.74 44.62 32.63 3.69 0.88 39.6
+10.5 +4.12 +9.58 +2.48 +5.02 +2.97 +3.51 +0.09 +4.23

EN European Committee for Standardization, ASTM American Society for Testing and Materials, CN cetane number, SFA saturated fatty acids, MUFA
monounsaturated fatty acids, PUFA polyunsaturated fatty acids, HHV higher heating value
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Fuel Properties of Biodiesel

The properties of biodiesel fuel such as saponification value,
cetane number, iodine value, higher heating value, kinemat-
ic viscosity, and oil density were tabulated in Table 5. These
properties are confirmed by the concentration and type of
the resultant fatty acid methyl esters (Knothe 2008). The
saponification value (milligrams number of KOH required
to saponify 1 g of oil) is used to calculate the cetane number
of the fuel. The saponification value of A. gracilis was
193.7 mgKOHg 'oil, which is equal to Coelastrella sp.
M60 (194.5 mgKOHg 'oil) (Karpagam et al. 2015). The
cetane number of a fuel is related to the combustion delay
time, which is the time between injection and combustion;
in addition, the combustion quality increases with the in-
crease in saturated fatty acid content in the oil, i.e., the ce-
tane number increases in fuels with high amounts of satu-
rated fatty acids (Nascimento et al. 2013). The higher the
cetane number, the shorter the ignition delay time, and vice
versa) Gopinath et al. 2009(. Cetane number was obtained in
this study as 51.14 ensures the better combustion quality of
the fuel, since the minimum limit for cetane number is 47 as
per the international standard (ASTMD6751-02). Different
microalgal species were screened by Islam et al. (2013) for
biodiesel production; they reported that the cetane number
of Biddulphia sp., Nannochloropsis oculata, and
Extubocellulus was 52.5, 55.0, and 57.8, respectively, and
these were the only species meeting the EN14214 and
ASTM D6751-02 biodiesel standards. The iodine value is
the measure of numbers of the double bond in the fatty acid
(Nascimento et al. 2013). The iodine value of A. gracilis
(103.7 g 1,100 g~ ") was compliant with the biodiesel stan-
dards and almost equal to Qocystis IA1 (110.0 g 1,100 g 1)
and Botyrococcus YAS (111.2 g 1,100 g h (Ogbonna and
Ogbonna 2015). Viscosity is a significant fuel property re-
garding in-use biodiesel performance since it affected the
operation of the injection equipment of fuel. Viscosity in-
creases with increasing chain length of fatty acid and satu-
ration degree (Hoekman et al. 2012). The kinematic viscos-
ity value in this study was 3.69 mm?/s, which are compliant
with the two-biodiesel standards. Furthermore, the density
derived from fatty acid methyl esters of A. gracilis (0.88 g/
cm®) was within the range of a standard value that has been
set at 0.86-0.90 g/cm® according to EN 14214. The fatty
acid methyl ester-derived higher heating value of
A. gracilis investigated was 39.6 (MJ/kg) which are equal
to Botryococcus braunii (39.6 MJ/kg) and Desmodesmus
brasiliensis (39.0 MJ/kg) (Islam et al. 2013). Hence, the
biodiesel from A. gracilis having a relatively high content
of polyunsaturated fatty acids attributes poor performance in
the cold countries, but can be readily used in tropical regions
due to its optimum cetane number, saponification value, and
iodine value.

Conclusion

In this study, A. gracilis has been evaluated for biodiesel produc-
tion, and the response surface methodology was applied to opti-
mize the medium compositions for maximal biomass productiv-
ity, lipid content, and lipid productivity. The medium containing
1.34 M NaCl, 1 g/L nitrogen, and 0.0 g/L phosphorus was con-
sidered as the optimal medium, which enhanced biomass pro-
ductivity, lipid content, and lipid productivity than the initial
medium. Consequently, the fuel properties of biodiesel obtained
from A. gracilis were found in concurrence with the International
Standards (ASTMD6751-02 and EN 14214). Furthermore, the
results confirmed that the response surface methodology was
beneficial for improving the biomass productivity, lipid content,
and productivity of the microalga, A. gracilis.

Glossary

C16:0 palmitic acid.

Cl16:1 w-7 palmitoleic acid.

C18:0 stearic acid.

C18:1 w-9 oleic acid.

C18:2 w-6 linoleic acid.

C18:3 w-3 linolenic acid.

C20:5 w-3 eicosapentaenoic acid (EPA).
CN cetane number.

Ccv variation coefficient.

HHV higher heating value (MJ/kg).
v iodine value (g I, 100 gfl fat).
SV saponification value (mg/KOH/g).
P oil density (gem ).

v kinematic viscosity (mm?/s).
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