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KEYWORDS Abstract Extraction of oil with supercritical CO, solution to produce biofuels from Dunaliella ter-
Supercritical; tiolecta microalga was investigated. 8 treatments during two light periods of light and dark with dif-
Carbon dioxide; ferent shocks of acidity, salinity and nutrients were studied individually and in pairs. As the amount
Microalga; of Dunaliella Tertiolecta microalga produced biomass increased (more than 2.5 gL ™! after 12 day),
Biodiesel; CO, consumption rate increased (629.97 + 34.62 mgL~'d™"). A more diverse fatty acid content

Dunaliella Tertiolecta was observed in the present study in Dunaliella Tertiolecta microalga, include: palmitic acid
(C16:0), stearic acid (C18:0), erucic acid (C22:1n9), nervonic acid (C24:1n9), docosahexaenoic acid
(C22:6n3) and eicosadienoic acid (C20:3n3). The measured iodine value (IV) and saponification
value (SV) showed no significant differences between the experimental samples (P < 0.05). The
cetane number and degree of saturation in the biofuel produced by microalga were high, therefore,
the biofuel was of high quality. The amount of oil extracted in the control and optimal treatments
showed that increasing the pressure has a positive effect on the extraction and the best temperature
was 40 °C with a pressure of 370 bar.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-INC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction today on sustainable and renewable fuels such as microalga-derived

oils (Halim et al., 2012). Biodiesel is the product of a transesterification

Scientists predict that the world will face a crisis of shortage of oil, gas
and coal resources in the not-too-distant future (Andreo-Martinez
et al., 2020; Tan et al., 2020). Extensive studies have been conducted
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reaction between lipids and alcohol, and its required fatty acids can be
obtained from a wide range of sources such as food waste, animal fats,
vegetable oils, cooking oil wastes, algae and other sources (Qadeer
et al., 2021).

Based on stoichiometric ratios, one mole of triglyceride or three
moles of alcohol reacts, producing three moles of ester and one mole
of glycerol (Koyande et al., 2019). Methanol is the most widely used
alcohol because of its low cost, but other alcohols can also be used.
for example ethanol, isopropanol and, ethanol. Although the use of
these alcohols can improve fuel properties, they will be costly on an
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industrial scale and not feasible. Biodiesel can be produced from a
variety of raw materials, including edible oils (soy, palm, sunflower,
coconut) (Nguyen et al., 2020). But, the non-edible oils (Jatropha,
Camellia, rice bran, Pongamia, Telotia) are preferred. Therefore, the
supply of raw materials is one of the most important challenges in bio-
diesel production, which accounts for 85% of the cost of biodiesel pro-
duction (Kadir et al., 2021).

Among the various sources for biodiesel production; microalga is
the best option because, unlike agricultural and animal resources, they
are more efficient, have a less direct effect on the human food cycle,
and can be produced in large quantities in a small space (Tan et al.,
2018). By providing light, nutrients, CO, and water, microalga can
be doubly grown (Islam et al., 2017). The photosynthetic cycle of
microalga is shown in Fig. 1.

Dunaliella Tertiolecta is a green and marine microalga. This micro-
alga has two protozoan parts and has been widely used in ecological,
industrial and agricultural studies (Iyer, 2016). In the first stage of
its reproduction, this microalga requires super-saline and marine habi-
tats, but the results of studies showed that this microalga is able to
grow in a wide range of salinity (Faried et al., 2017). CO, capture is
a metabolic capability of this microalga, thus receiving and stabilizing
insoluble and inorganic carbon from the environment (Gonzalez-Gon
zalez et al., 2018). Production of glycerol, beta-carotene carotenoids,
single-cell proteins and minerals in the aquatic diet are among the
industrial and agricultural applications of Dunaliella Tertiolecta micro-
alga (Santana et al., 2012). These microalga are also used in the biolog-
ical recycling of heavy metals from the environment because it is able
to bind heavy metals to peptides and phytochelatins, which plays an
important role in detoxification from the environment and the accu-
mulation of heavy metals (Beni and Esmaeili, 2020). Extraction of bio-
diesel from algae faces many problems such as high energy
consumption, environmental pollution and low extraction capacity,
which are the main obstacles to the production of this type of fuel
on a large scale (Fazal et al., 2018). In traditional extraction methods
such as pyrolysis, flammable and soluble solvents are used (Mathimani
and Mallick, 2018).

Today, the production of biodiesel using alkaline homogenized cat-
alysts is more commercializable than other methods. This reaction
takes place by the addition of a nucleus of the oxide anion to the car-
bonyl (Leone et al., 2019). The catalysts used are sodium, potassium
methoxide and hydroxide. In the alkaline catalyst process, the raw
materials must be water-free to prevent hydrolysis of volatile fatty
acids (Keddar et al., 2020). Volatile fatty acids are not converted to
esters but to soap (Saleem et al., 2018).

In the transesterification method and acidic esterification, the
transesterification can be performed in the presence of strong acid cat-
alysts such as sulfuric acid (Liu et al., 2017; Rangabhashiyam and
Selvaraju, 2015). The use of this method to produce biodiesel from fry-
ing oils and palm oil waste has been reported. Acid catalysts are slower
than alkaline catalysts during the acid transesterification process. Due

Photosynthetic Cycle of Microalgae

Sunlight

6CO2 + 6H20 ———» C6H1206 + 602

Fig. 1

Schematic of the photosynthesis cycle of microalga.

to the low reaction speed, it requires high temperatures and high pres-
sure (Di Caprio et al., 2020). During acidic esterification, water is
formed which causes the hydrolysis of triglycerides in small amounts
(Tabernero et al., 2012). Most acidic catalysts are highly corrosive
and cause contamination and turbidity of biodiesel (Vasistha et al.,
2021).

One method of extracting biodiesel from microalgae is the micro-
wave method. Reports have shown that this method is effective but
requires a lot of energy (Chang et al., 2020). The biological cell break-
down method is another method of extracting biodiesel from algae that
is able to increase biodiesel production (Goh et al., 2019). Nowadays,
the extraction method by supercritical CO, solution is one of the best
methods for producing biofuels, because it has significant yields and by
optimizing parameters such as temperature and pressure, production
can be increased (Muhammad et al., 2021). This extraction method
has many advantages: no toxicity, stable extraction rate, simple pro-
cess and more biodiesel extraction compared to other methods
(Ortiz-Martinez et al., 2019).

Various shocks can affect the production of biomass and dry
microalga and change the amount of oil extracted from the algae. Also,
different shock conditions can affect the composition and amount of
fatty acids in algae, and as a result, this quality of biofuels is effective.
In this study, the effect of changes in culture conditions (different
shocks in the microalga breeding stage) was studied quantitatively
and qualitatively in biofuel extraction by CO, supercritical fluid
method.

2. Experiment

2.1. Material

A sample of Dunaliella Tertiolecta was purchased from the
microalga pilot plant facility of arian gostar research company
(TAG BIOTEK CO), Tehran, Iran. BBM Medium 50X
(Bold’s Basal Medium + soil extract + vitamins) (50X),
NaCl, Hcl, and NaOH was purchased from the Sigma-
Aldrich. Double distillation water was used in all experiments.

2.2. Cultivation of microalga

Microalga were cultured in clear polyethylene terephthalate
flasks with a volume of 10 L. The initial density of culture cells
was diluted to 4.25cellL™! at pH 8 and 21 °C in the BBM
Medium (Bold’s Basal Medium + soil extract + vitamins).
The microalga were cultured under cold light at 3000-3500
Lux and continuous aeration at 800 mlmin~' 1 for 12 days.
After stabilizing the cell density, the solution containing the
microalga was centrifuged at 3500 rpm for 5 min. The
obtained biomass (0.2713 g) was suspended in 1 L of deion-
ized water. The solution was evenly distributed and inoculated
into 32 flasks according to the instructions in Table 1, includ-
ing § treatments.

2.3. Extraction with supercritical carbon dioxide

In this method, extraction was performed with the help of lig-
uid carbon dioxide on dry algae, which extracts all the fat of
the microalga cell (McKennedy et al., 2016). In this method,
30 g of microalga under temperature conditions of 40-80 °C,
pressure of 200-370 bar, mixture of hexane: ethanol solvents
(1:1), duration 60 min, carbon dioxide flow rate of 200-100
g min~' was underwent of oil extraction. According to
Fig. 2 three outlet pipes was considered for oil: one for high
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Table 1 Instructions for creating shock in different cultures of
Dunaliella Tertiolecta microalga.

Treatments Instructions for creating shock

1 Creating severe alkaline conditions (pH 11)

2 Creating severe salinity conditions by increasing salt
(I M NaCl)

3 Creating nutrient deficiency conditions (Substrate
reduction)

4 pH 11 + 1 M NacCl

5 pH 11 + Substrate reduction

6 1 M NaCl + Substrate reduction

7 1 M NaCl + Substrate reduction + pH 11

8 No shock (control sample)

pressure (CS1) and one for low pressure (CS2) and the third
outlet for standard conditions from which other remaining fats
was removed. The oil was then centrifuged and the pure oil
was mixed with hexane to remove pigments and polar fats,
and after passing through sodium sulfate, neutral fats were
extracted, which had to be chromatographed to determine
the fatty acid profile (Saranya and Ramachandra, 2020).

According to Paolo Leone et al. (Leone et al., 2019) reports,
in terms of purity, the lower the pressure, the higher the purity,
because the highest lipid purity was found at 75 °C and 100 bar
with a CO, flow rate of 14.48 g min~"'. The literature reports
that fat recovery increases with increasing temperature and
pressure. But, higher temperatures can increase extraction per-
formance, leading to higher impurity content.

2.4. Measurement of cell growth

Cell density was determined by measuring the optimal density
at a wavelength of 750 nm. The optimal density was checked

daily and the number of cells was counted daily. The biomass
productivity (z L' d~') was calculated based on the change
in biomass concentration (g L™!) in the desired time period
(d) and using Eq. (1) (Iyer, 2016):
(X1 — Xo)

(th = %)

The specific growth rate (d ') was calculated based on the
following equation:
InX; — In X,
p= (0% = I Xo) @)
(1 = 1)
X, and X, are biomass concentrations (g L™") on days t,
and t,, respectively.
Division time (d™') and production time (h™') were
obtained using the following equation:

P, = (1)

o . i
D =
vision time 09631 3)
9631
Production time = 0-9631 (4)

CO, stabilization efficiency (g L' d~') was obtained by
measuring the carbon dioxide index in microalga:

PC02 = 1.88 PS (5)

2.5. Chlorophyll a, b and total carotene measurements

96% methanol solvent will be used for extraction. For this pur-
pose, a certain amount of culture medium was taken and after
separating the algae from the water, 50 ml of solvent was
added to each gram of algal sample. The solution is homoge-
nized by mixing 1000 rpm for one minute. The homogenized

Hexane + Ethanol

- . "
Grinding MW-Pretreatment
Dry Algal —_— _— (;Iassical Supercritical Fluid
Biomass Microwave Extractor (SFE)
n-Hexane Liq. c()2 EV
Ccs1
l CS2
Centrifugation
Vacuum
: ; Total Distillation
LiPids
Neutral
. —p Algal
$oss Pigments and
Lipids ; Cell Debris

Polar Lipids

Fig. 2 The process of extracting biodiesel fuel from microalga using supercritical CO,.
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solution was filtered using Whatman paper and then cen-
trifuged using a centrifuge at 2500 rpm for 10 min.

The adsorption of chlorophyll a (C,) will be read at 662 nm,
chlorophyll » (Cp) at 646 nm and total carotene (Cx,c) at
470 nm. The relationships used to calculate the amount of
chlorophyll a, chlorophyll » and total carotene are given below
(Naito et al., 2007):

C, = 15.65 Aggs — 7.340 Ags (6)
Cp = 27.05Ags; — 11.21 Ages (7)

Ch

Crvic = 1000 Agzy — 2860 C, — 81.4 % (8)

2.6. Approximate composition

2.6.1. Lipid and ash content analysis

Soxhlet method was used to measure the amount of total fat
and burning the weighed samples in an electric oven at
550 °C for 6 h was used for the amount of ash (Faried et al.,
2017).

2.6.2. Protein content measurement

To measure the protein content, 5 mg of the dry sample was
mixed with 2 ml of 24% (w/v) trichloroacetic acid, then the
mixture was incubated at 95 °C for 15 min. The homogenized
samples were centrifuged for 4 min at 4 °C and the supernatant
was separated. The resulting mass was suspended again in 0.5
ml of Lowry reagent and incubated for 20 min, then the super-
natant was placed in Lowry reagent for 30 min. Finally, the
wavelength was read at 600 nm.

2.6.3. Total carbohydrate content measurement

The prepared samples were centrifuged at 5000 rpm at 4 °C for
30 min. The supernatant was collected and 1 ml of each sam-
ple/standard glucose was poured into a test tube and then 1 ml
of 5% phenol and 5 ml of 96% sulfuric acid were added to
each tube. After 10 min, the mixture was vertexed in tubes
and kept at 25 °C for 20 min. The absorbance was assessed
at 400 nm (Leone et al., 2019; Tan et al., 2020).

2.6.4. Fatty acid profiles

200 mg of Dunaliella Tertiolecta was added to 1 ml of H,SO,
(2.5%) and 98% methanol mixture solution 1:40 (v/v) was
poured into each sample and incubated for 1 h at 80 °C.
500 pl of hexane was mixed with 1.5 ml of 90% (w/v) NaCl
and added to mixtures to extract fatty acid methyl ester
(FAME). The prepared samples were centrifuged at 10,000
rpm for 10 min and the supernatant was collected in three
replications. Samples were injected into the GC-FID appara-
tus to evaluate the fatty acid profile (Tobar and Nuifiez,
2018). FAME was analyzed using GC-FID (Shimadzu GC-
2010). GC-FID was equipped with a BPXBD20 column and
helium was used as the carrier gas. The initial column temper-
ature was set at 150 °C and gradually increased to 240 °C at
15 °Cmin~"' rate, while the injector and FID were set at
250 °C. The injection volume was 1 pl with a split ratio of
10:1. Methyl heptadecanoate was used as the internal standard
for quantitative analysis (Nguyen et al., 2020).

2.7. Measuring of biodiesel quality

The quality of biodiesel extracted from Dunaliella Tertiolecta
oil was determined by evaluating the degree of unsaturation
(DU) (Tobar and Nuifiez, 2018), saponification value (SV)
(Keddar et al., 2020), cetane number (CN) (Islam et al.,
2017) and, iodine value (IV) (Islam et al., 2017). These values
were calculated by following equations:

560 x F
V= 9
T )
254 x Fx D
W=—— 1
y= (10)

46.3 + 5458
CN = (751/

) — (0.225 x IV) (11)

DU = MUFA + (2 x PUFA) (12)

where F is the percentage of each fatty acid, M is the molecular
mass of fatty acid, D is the number of double bonds, MUFA
(Wt%) is monounsaturated fatty acids and PUFA (wt%) is a
polyunsaturated fatty acid.

2.8. Statistical analysis

All measurements were repeated three times and the error of
values was considered in the report. All statistical analysis
was performed using SPSSSPSS Statistics V.17.01 (SPSS
Inc., Chicago, USA). The P-value less than 0.05 was consid-
ered as significant.

3. Results and discussion

3.1. Growth factors in Dunaliella Tertiolecta microalga

The Dunaliella Tertiolecta microalga biomass production and
cell number during 12 days was shown in Fig. 3 a and b.
The properties of Dunaliella Tertiolecta microalga growth were
as follows: SGR = 0.17 u, Biomass productivity = 0.34 £ 0.
05 g L' d! and, CO, consumption rate = 629.97 + 34.62
mg L™' d'. As shown in Fig. 3 ¢, pH changes were recorded
at 12 days of growth. From the first day of microalga growth,
the pH increased and at the end of day 12, the growth medium
was alkaline. Also, the highest pH value was recorded on the
tenth day (see Fig. 4).

3.2. Approximate composition of Dunaliella Tertiolecta
microalga

The results obtained for the microalga Dunaliella teriolecta are
given in Table 2. According to the results, the amount of lipid
in the dark period 7 treatment was the highest (54.83 &+ 1.02)
and the lowest value was related to the light period of treat-
ment 4 (10.93 £+ 0.97). On the other hand, lipid levels in treat-
ments 5, 6 and 8 did not differ significantly between dark and
light periods (P < 0.05). The results obtained for ash also
showed the highest value in the light and dark period of treat-
ment 4, the light period was slightly higher (9.60 + 0.44) and
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Fig. 3 Dunaliella Tertiolecta microalga biomass produced (a), cell number (b) and, pH change (c) during 12 days of culture.

the lowest value was related to the light period of treatment 4
(16.4 £ 0.85).

The amount of protein in the results obtained in the light
period of treatment 6 (21.75 4+ 1.90) was the highest and the
lowest value in the dark period of treatment 4 (12.02 £+ 1.63)
and also between the dark and light periods of the treatments.
No significant differences were observed in 1, 2, 4, 5 and 8
(P < 0.05). The highest and lowest carbohydrates were
observed in light (65.45 £+ 1.04) and dark (26.01 £ 1.30) treat-
ments, respectively, and treatments 1, 2, 3 and 6 in dark and
their brightness was not significantly different from each other
(P < 0.05).

3.3. Measurement of chlorophyll a, b and total carotene

The results for chlorophyll a, b and total carotene of Dunaliella
teriolecta are shown in Table 3. Based on the results, it was
determined that the amount of chlorophyll a had the highest
value during the light period of treatments 1 (28.18 + 0.22),
2 (28.78 4+ 0.36) and 3 (29.74 4+ 0.19) and between there was
no significant difference between the dark and light periods
of treatments 4 and 5 (P < 0.05). The lowest amount of
chlorophyll a was observed in the dark period of treatment 3
(2.14 £ 0.16). The highest amount of chlorophyll b in the light
period of treatments 1 (16.71 £ 0.07), 2 (16.40 + 0.12) and 3
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Fig. 4 Overview of fatty acids of Dunaliella Tertiolecta microalga.

(16.87 + 0.21) The highest amount and dark periods of treat-
ments 3 (143.44 + 0.02), 6 (2.53 £ 0.17), 7 (2.31 £ 0.21) and 8
(2.52 £ 0.04) showed the lowest values. However, there was no
significant difference between the dark and light periods of
treatments 3, 2 and 6 (P < 0.05). Treatments 4, 5, 6, 7 and 8

did not show a significant difference in the amount of chloro-
phyll b (P < 0.05).

Based on the results obtained for total carotene, it was
found that the highest amount of carotene is present in the
dark period of treatment 4 (1892.19 + 31.27) and the lowest
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Table 2 Analysis of chemical compounds of Dunaliella Tertiolecta microalga.

Treatments Lipid (%) Ash (%) Protein (%) Carbohydrate (%)
1 Dark Time 23.18 + 0.44¢ 9.00 + 0.10° 17.02 + 0.18*° 50.24 + 0.47%°
Light Time 13.73 + 0.44%° 8.08 + 0.49° 17.07 + 0.22%° 60.41 + 0.38
2 Dark Time 18.05 + 0.61¢ 478 + 0.71 16.21 £ 0.209%° 60.0 + 2.21 <
Light Time 17.95 + 0.56° 523 + 1.19° 16.71 + 0.23%° 59.64 + 1.72°
3 Dark Time 20.08 + 0.72¢ 9.24 + 0.68° 14.07 + 2.50* 56.5 + 1.30°
Light Time 12.84 + 0.41%® 9.60 + 0.44° 20.08 + 0.86° 57.19 + 0.72°
4 Dark Time 22.50 + 0.94¢ 7.68 + 0.96° 12.02 + 1.63% 57.03 £ 1.43°
Light Time 33.89 + 0.84 6.88 + 0.25%° 17.39 + 1.54%® 41.38 + 0.02°
5 Dark Time 27.40 + 1.18° 5.54 £ 0.20° 17.66 + 0.45%° 49.16 + 1.57°
Light Time 10.93 + 0.97% 4.16 + 0.85% 19.16 + 1.95° 65.32 + 3.52°
6 Dark Time 27.53 &+ 1.52° 7.62 + 0.79° 14.30 £ 0.09* 50.27 + 0.85%
Light Time 11.63 + 0.44% 7.68 + 0.94° 21.75 + 1.90% 58.72 + 2.88°
7 Dark Time 5483 + 1.028 5.04 £ 0.96 13.16 + 1.40° 26.01 + 1.30*
Light Time 10.21 + 0.09* 5.14 + 0.63 19.11 + 0.54° 65.45 + 1.04°
8 Dark Time 28.88 + 0.16° 6.75 + 0.91%° 13.70 + 0.77° 50.27 £ 0.14%
Light Time 11.20 + 0.25% 7.81 £ 0.66° 17.25 + 0.68° 63.38 + 1.15¢

Non-identical letters in each column indicate significance between treatments (P < 0.05).

Table 3 Amounts of chlorophyll ¢, b and total carotene of Dunaliella Tertiolecta microalga.

Treatments Chlorophyll a (ngg™") Chlorophyll 5 (ngg") Total Carotene (pgg™")
1 Dark Time 4.68 + 0.28° 3.76 + 0.1.52* 322.44 + 31.10°
Light Time 28.18 + 0.22° 16.71 + 0.07° 797.27 + 30.81°
2 Dark Time 7.05 + 0.02° 3.93 + 0.00° 1238.59 + 70.00"
Light Time 28.78 + 0.36° 16.40 + 0.12° 833.23 + 21.88¢
3 Dark Time 2.14 + 0.16 2.47 + 0.143 852.95 + 13.00¢
Light Time 29.74 + 0.19° 16.87 + 0.21° 906.22 + 16.30¢
4 Dark Time 4.01 + 1.46° 3.21 + 0.07° 1892.19 + 31.27 ¢
Light Time 22.87 + 0.21° 14.22 + 0.02° 498.87 + 16.72°
5 Dark Time 5.57 + 0.01° 3.36 + 0.01° 1111.62 + 14.61°
Light Time 23.11 + 0.84° 13.68 + 0.45° 439.48 + 106.83°
6 Dark Time 2.45 + 0.29° 2.53 + 0.17° 879.52 + 21.04¢
Light Time 24.19 + 0.26 « 14.67 + 0.47° 482.83 + 32.04°
7 Dark Time 2.32 + 0.15 2.31 + 0.21° 872.45 + 5.17¢
Light Time 2240 + 0.38° 13.32 + 047° 441.24 + 28.61°
8 Dark Time 2.54 + 0.01° 2.52 + 0.04° 900.79 + 44.35¢
Light Time 24.87 + 1.99 ¢ 14.11 + 0.62° 43920 + 84.25°

Non-identical letters in each column indicate significance between treatments (P < 0.05).

amount is in the light period of treatment 1 (322.44 + 31.10)
and between No significant differences were observed in treat-
ments 6, 7 and 8 (P < 0.05).

3.4. Profiles of fatty acids

The profile results of Dunaliella teriolecta microalga fatty acids
are given in Table 4. Based on the results, it was found that the
amount of myristic acid (C14) in the dark period was higher
than the light period and the highest and lowest values in the
dark period (15.57 &+ 0.12) in the dark period of treatment 7
(0.01 + 0.00) was observed. The amount of palmitic acid
(C16:0) had the highest value between dark and light periods
in treatment 5 (25.95 £ 0.14) and 8 (24.58 £ 0.12) in the dark
period and the lowest value in the light period. Treatment 2
(10.31 £ 2.12) was observed.

Stearic acid (C18:0) showed the highest value during the
light period in treatment 8 (29.28 £ 0.09) and the lowest value
during the dark period in treatment 4 (4.40 & 0.28). In the dark
period, no significant differences were observed between treat-
ments 1, 3, 8 and also during the light period between treat-
ments 1, 2 and 5 (P < 0.05). The amount of arachidic acid
(C20: 0) was also highest in treatments 1 (7.73 4+ 0.41) and 2
(7.71 £ 0.41) during the dark period and in treatment 7
(0.01 £ 0.00) darkness. Showed the lowest value. During the
dark period, treatments 3, 5 and 6 did not contain arachidonic
acid and during the light period, treatment 2 did not contain
this fatty acid. Based on the results, the amount of benic acid
(C22:0) during the light period in treatment 5 (3.76 £ 0.25)
showed the highest value and in treatment 2 (0.26 + 0.00)
showed the lowest value and between treatments 1 no signifi-
cant differences were observed in 2, 3, 4 and 8 dark periods
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Table 4 Dunaliella Tertiolecta microalga saturated fatty acid profile.

Fatty acid Time Treatments (ugg™!)

IO i 2 3 4 5 6 7 8
Cl4 Dark 9.74 + 0.52° 8.72 + 0.52° ND 15.57 + 0.12¢ ND ND 0.01 + 0.00° 1.09 + 0.02°
E;]et 0.50 £ 0.12* 3.59 + 1.05° 3.53 + 0.01° 0.51 + 0.12* 0.39 + 0.11* 0.79 + 0.07* 1.46 + 0.13%> 0.87 + 0.04*
C16:0 gfﬁﬁ 20.94 + 1.06° 17.89 + 1.05* 17.36 + 0.82* 21.70 + 0.69° 25.95 + 0.14° 20.53 + 0.09° 21.17 + 0.69° 24.58 + 0.12°
E;let 24.19 + 0.74° 1031 + 2.12* 17.28 + 0.72° 23.96 + 0.73° 15.88 + 0.83° 23.82 + 0.38° 17.54 + 0.53° 21.29 + 0.20°
C18:0 gﬁﬁi 1291 + 0.53% 6.70 + 0.53* 11.91 + 0.51° 4.40 + 0.28" 18.58 + 0.10° 8.06 + 0.04° 16.76 + 0.55° 11.12 + 0.09"
Ei;let 7.09 + 0.41°  8.65 + 0.29% 22.12 + 0.14% 24.28 + 0.12% 10.67 + 0.01*® 14.12 + 0.53*° 13.98 + 0.21° 29.28 + 0.09"
C20:0 E:rlli 773 £ 0.41° 771 + 0.41° ND 0.45 + 0.09*° ND ND 0.01 + 0.00° 0.87 + 0.19°
Time
Light 0.40 + 0.09° ND 0.42 £ 0.07* 0.40 + 0.09* 031 + 0.09* 0.63 + 0.05*° 1.16 + 0.10* 0.99 + 0.03*°
C22:0 TDl:rlli 0.61 + 0.20* 0.55 + 0.25* 0.78 + 0.07* 0.88 + 0.03* 3.56 + 0.24° 243 + 0.05®> 0.73 + 0.02° 0.62 + 0.00°
Eig;let 0.40 + 0.11* 026 + 0.00° 0.91 + 0.02* 1.09 + 0.04° 3.76 + 0.25° 2.12 + 0.08° 1.33 + 0.00° 0.90 + 0.14*
C24:0 IT)ZI;E 0.80 + 0.03* 1.11 + 0.00:® 0.81 + 0.00° 0.37 + 0.05* 1.17 + 0.05° 0.67 + 0.14* 0.24 + 0.00* 0.27 + 0.000°
EZE 7.65 + 0.05° 0.19 + 0.00* 024 + 0.00° 0.54 + 0.16* 0.71 + 0.04* 022 + 0.00° 045 + 0.02* 2.93 + 0.05°
Time

Non-identical letters in each column indicate significance between treatments (P < 0.05).

(P < 0.05). Finally, the amount of lignosic acid (C24:0) in the
first treatment of light period (7.65 £ 0.05) was the highest and
the lowest value in treatment 2 (0.19 + 0.00) of the light per-
iod. In the dark period, except for treatment 5, no significant
difference was observed between any of the treatments
(P < 0.05). In general, according to these results, the amount
of saturated fatty acids in Dunaliella teriolecta was higher dur-
ing the dark period than during the light period.

The profile of monounsaturated fatty acids of Dunaliella
teriolecta is given in Table 5. Based on the results, Myristoleic
acid (Cl14:1n5) in the dark period had the highest value in
treatments 1 (5.13 £ 0.40) and 2 (5.14 £+ 0.41) and the lowest
value in treatments 6. (1.44 + 0.00) and 8 (1.18 4 0.00) were in
Drara. There was no significant difference between treatments
3,4,5,6,7and 8 (P < 0.05). During the light period, the high-
est and lowest values were observed in treatments 1 (11.18 +
0.02) and 5 (1.01 £ 0.02), respectively, and treatments 4 to 8
showed no significant differences (P < 0.05).

Palmitoleic acid (C16: 1n7) showed the highest value in
treatment 3 (4.40 4+ 0.17) and the lowest in treatment 8 (1.42
=+ 0.00) during the dark period, except for treatment 3. There
were no significant differences between the treatments
(P < 0.05). During the lighting period, it had the highest value
in treatment 2 (5.62 + 0.00) and the lowest value in treatment 7
(1.39 + 0.03). There was no significant difference between
treatments 1, 3, 4, 5, 6 and 8 (P < 0.05).

Oleic acid had the highest value during the dark period in
treatment 1 (8.07 & 0.54) and the lowest values in treatments
3 (1.67 £ 0.04) and 5 (1.67 02 0.02). Oleic acid levels in treat-
ments 2, 3, 4, 5, 7 and 8 were not significantly different during
the dark period (P < 0.05). During the light period, the highest

value was observed in treatment 6 (3.89 + 0.13) and the lowest
value in treatment 8 (1.66 + 0.00) and the rest of the treat-
ments lacked this fatty acid. Cis-Vaccenic acid monounsatu-
rated fatty acid (C18:1n7) had the highest value during the
dark period in treatments 1 (16.30 £+ 0.33) and 2 (16.28 +
0.33) and in treatment 7 (8.31 £ 0.19) had the lowest value
and no significant difference was observed between treatments
3,4,5 6 and 7 (P < 0.05). During the lighting period, the
highest value was observed in treatment 7 (24.79 + 0.17) and
the lowest value was observed in treatment 8 (4.72 + 0.06)
and no significant difference was observed between treatments
1,3 and 4 (P < 0.05).

Paullinic acid (C20:1n9) had the highest value during the
dark period in treatments 1 (1.84 £+ 0.04) and 2 (1.85 &+ 0.41)
and in treatment 4 (0.91 + 0.15) It had the lowest value. There
was no significant difference between treatments 1, 2, 3, 5, 6, 7
and 8 (P < 0.05). During the light period, the highest value
was observed in treatment 4 (4.48 + 0.04) and the lowest value
was observed in treatment 6 (0.85 + 0.00) that the other treat-
ments lacked this fatty acid. Erucic acid (C22:1n9) had the
highest value during the dark period in treatments 1 (1.72 +
0.02) and 2 (1.75 4 0.00) and in treatment 8 (0.80 + 0.00)
Had the lowest value. Also, no significant difference was
observed between other treatments (P < 0.05). This fatty acid
was not observed at all during the light period. Finally, Ner-
vonic acid (C24:1n9) had the highest value during the dark per-
iod in treatment 6 (3.47 £+ 0.05) and in treatments 1 (0.69 +
0.00) and 3 (0.76 4+ 0.00) showed the lowest value and no sig-
nificant difference was observed between treatments 1, 2, 3 and
5 (P < 0.05). This fatty acid was not observed at all during
light shock. Finally, it can be concluded that the amount of
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Table 5 Profile of monounsaturated fatty acids of Dunaliella Tertiolecta microalga.

Fatty acid Time Treatments (ngg™!)

profiles
1 2 3 4 5 6 7 8

Cl4:1n5 Dark 5.13 + 0.40° 5.14 + 0.41° 217 + 0.07*® 1.27 + 0.34* 251 + 0.01*® 1.44 + 0.00* 2.36 = 0.07°° 1.18 + 0.00
Time
Light 11.18 £ 0.02° 5.61 + 0.00° 5.99 + 0.01° 1.41 + 0.04* 1.01 + 0.02* 1.02 + 0.01* 1.26 + 0.0.02* 1.29 + 0.11*
Time

Cl16:1n7 Dark 1.81 + 0.10* 1.81 + 0.10*° 4.40 + 0.17° 1.95 + 0.06* 2.17 + 0.00®® 2.04 + 0.00*® 1.66 + 0.02* 1.42 + 0.00
Time
Light 1.48 + 0.04®° 5.62 + 0.00° 1.86 + 0.05* 1.86 + 0.07*° 1.49 + 0.04* 1.66 + 0.02* 1.39 + 0.03* 2.28 + 0.02°
Time

C18:1n9 Dark 8.07 + 0.54% 1.97 £ 0.11* 1.67 + 0.04* 1.92 + 0.06* 1.67 + 0.02*® 5.70 + 0.19° 1.68 = 0.00>° 2.02 + 0.02%°
Time
Light ND ND ND ND ND 3.89 + 0.13> ND 1.66 + 0.00%
Time

Cl18:1n7 Dark 16.30 £ 0.33° 16.28 + 0.33° 12.54 + 0.90° 11.56 + 0.42%® 9.11 + 0.40° 11.81 + 0.53*® 8.31 + 0.19* 15.20 + 0.07°
Time
Light 11.94 + 0.06° 5.64 + 0.00° 12.54 + 0.09° 11.66 + 0.05° 22.22 + 0.00% 18.64 + 0.08° 24.79 + 0.179 4.72 + 0.06*
Time

C20:1n9 Dark 1.84 + 0.40° 1.85 + 0.41> 1.34 + 0.15°® 0.91 + 0.15* 121 + 0.01°® 1.20 + 0.02*> 1.04 + 0.03*® 1.14 + 0.13%
Time
Light 1.19 + 0.00*® 4.48 + 0.04° 1.15 + 0.04*> ND ND 0.85 + 0.00*° ND ND
Time

C22:1n9 Dark 1.72 + 0.02° 1.75 + 0.00> 1.44 + 0.05> 1.15 + 0.28° 1.35 £ 0.06° 1.44 £ 0.05> 1.19 &+ 0.19® 0.80 =+ 0.00*
Time
Light ND ND ND ND ND ND ND ND
Time

C24:1n9 Dark 0.69 = 0.00*° 1.16 £ 0.033%® 0.76 + 0.00* 1.35 &+ 0.01° 1.29 + 0.09%® 3.47 + 0.05® 1.40 + 0.01®> 1.36 + 0.16°
Time
Light ND ND ND ND ND ND ND ND
Time

Non-identical letters in each column indicate significance between treatments (P < 0.05).

Table 6 Dunaliella Tertiolecta microalga polyunsaturated fatty acid profiles.

Fatty acid Time Treatments (ngg™!)

profiles
1 2 3 4 5 6 7 8

C18:22n6 Dark ND 3.60 + 2.23° 021 + 0.03* ND ND 1.15 + 1.14° 239 + 527°° ND
Time
Light 0.66 + 0.66* 0.69 + 0.68* 2.47 + 1.12° 1.60 + 1.59° ND ND ND 2.86 + 2.15°
Time

C18:3n3 Dark ND ND 2727 + 0.80° 24.78 + 1.16° 26.26 + 0.13° 22.90 + 0.10° 13.42 + 0.97* 23.70 + 0.14°
Time
Light 22.92 + 1.07* 21.85 + 0.08" 20.86 + 0.79% 21.34 + 1.00* 27.30 + 1.11° 22.37 + 0.55% 25.16 + 0.91° 20.94 + 0.36
Time

C20:2n6 Dark 11.09 + 0.93° 11.07 + 0.93° 14.51 + 0.36 < 11.20 + 0.52° 5.12 £.02°>  16.95 + 0.03 1.29 + 0.33* 14.13 + 0.07
Time
Light 10.28 + 0.48° 0.85 + 0.04> 10.35 + 0.39° 10.93 + 0.51° 15.89 + 0.47% 9.35 £ 0.23° 10.67 + 0.39*° 8.50 + 0.16°
Time

C20:3n3 Dark ND 0.14 £ 0.03°* ND 0.06 + 0.00° ND ND ND ND
Time
Light ND 1.73 + 0.08° ND 0.09 £ 0.00* ND 0.18 + 0.00** ND ND
Time

C20:3n5 Dark ND ND 2.55 + 0.11° ND ND ND 0.18 £ 0.00° 0.08 + 0.03"
Time
Light ND ND 0.04 + 0.00° ND ND ND 0.08 + 0.00° ND
Time

Non-identical letters in each column indicate significance between treatments (P < 0.05).
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monounsaturated fatty acids in Dunaliella tertiolecta was

higher during light shock. P s & - .
The profile results of Dunaliella tertiolecta polyunsaturated g & £ = & 3 " &
fatty acids are given in Table 6. According to the results, the oL A :1 j‘ : :
amount of linoleic acid (C18: 2n6) during the dark period S 3 08 2 o2 T 9
had the highest value in treatment 2 (3.60 4 2.23) and the low- wlz § S E E 2 ¥
est value in treatment 6 (1.15 4+ 1.14). Also, treatments 1, 4, 5
and 8 did not contain this fatty acid. During the light period, 2 =2 © &
the highest value was observed in treatment 8 (2.86 + 2.15) and T N 2 s & 8 & %
the lowest value was observed in treatment 1 (0.66 + 0.66). SERS I : H H o
Also, treatments 5, 6 and 7 did not contain this fatty acid. : : x = S & :1 :1
Linolenic acid (C18: 3n3) had the highest value during the e 5 £ 8 2 g 4
dark period in treatments 3 (27.27 £ 0.80) and 5 (26.26 £ 0.13) s @ - - - - &= 9
and in treatment 7 (13.42 £+ 0.97) Had the lowest value and no 2 I
significant difference was observed between any of the treat- ST ff;'g S S 9 o 2
ments except treatment 7 (p < 0.05). Treatments 1 and 2 were 2 2 @ = 3 : o
completely free of these fatty acids. During the lighting period, H o H : : 2 g i +
the highest value was observed in treatment 5 (20.86 + 0.79) & L T 2 Z 9 0=
and the lowest value was observed in treatment 3 (27.30 + ol & 2 . = = = 3
1.11). Also, differences between treatments 1, 2, 3, 4, 6 and 8 ) % %
were observed, no significance was observed (P < 0.05). - - a % Z & o, S
Eicosadienoic acid (C20: 2n6) had the highest and lowest § E S :: ; E =
values in treatment 6 (16.95 + 0.03) and treatment 7 (1.29 + 4 o4 H ot o L o4
0.33), respectively, during the dark period. No significant dif- n o0 § i E ; 5 %
ferences were observed in 1, 2, 3, 4 and 8 (P < 0.05). During wlE = 9@ a9 9 5 o =
the lighting period, the highest value was observed in treat- -
ment 5 (15.89 £ 0.47) and the lowest value in treatment 2 - D
(0.85 £ 0.04), also between treatments 1, 3, 4, 6, 7 and 8. No R § § g § RS
significant difference was observed (P < 0.05). i B T B VR S
Eicosatrienoic acid (C20: 3n3) had the highest amount in H o4 DT e o
treatment 2 (0.14 4+ 0.03) and the lowest in treatment 4 (0.06 = 2 3 %S 9 =z o2 3
=+ 0.00) during the dark period and between treatments 1, 3, +|la & & 9 = 37 8 g
5, 6, 7 and 8 no significant differences were observed ) - -
(P < 0.05). During the light period in treatments 2 (1.73 £ 5 . . =% § E % 2 ~
0.08) and 4 (0.09 + 0.00) had the highest and lowest values, § S 8 = S «© = 5 8 pd
respectively, and treatments 1, 3, 5, 7 and 8 lacked this acid. é’ : j H A :: :1 +H : v
Fats were polyunsaturated. s © w & 8 5 2 8 £ |&
Finally, Eicosapentanoic acid (EPA) (C20: 3n5) was not L el =2 & & B & 2 < 2
observed in treatments 1, 2, 4, 5 and 6 of the dark shock per- 2 =
iod. The highest EPA was observed in treatment 3 (2.55 + E 2y 4y @ %IE ?E
0.11) and the lowest in treatment 8 (0.08 + 0.03) during dark 3 EA g g S 8 T & =
shock. On the other hand, during light shock, the highest value = AT I B §
of EPA was the highest in treatment 3 (0.04 £+ 0.00) and the § :: : N a8 : : 3
lowest in treatment 7 (0.08 £ 0.00), also in treatments 1, 2, o) 2 2 £ 3 8 § RIS )
4,5, 6 and 8 of this fatty acid were not observed. According g N §
to the results observed in Dunaliella tertiolecta, the amount i ‘% } . "’x f: ‘E
of fatty acids in the dark shock was higher than the light g = E\:' J;'\O: 3 2 s g ?G;' ’;‘s -z
shock. g % s S : : H H = %
o -+ H o o H H =
3.5. Quality of fat and biofuels produced 215l |2 x 28 & 2 &+ - |2
’ g glélllg = 8 8 8 8§ 8 2 |¢
2 - -~ - E
The results obtained on the quality characteristics of fats and ﬁ E
biofu.els e)}tracted from the microalga Dunaliella ler'tiolecta § 2 x QE,E 2 QE,E 2 ?E)E 2 ?E)E 2 §
are given in Tak?le 7.. According to Fhe.results r.egardlng the & |3 Ad -E]"-F Ad 5‘); Ad E‘); Ad ED'F 2
number of sapnification value, no significant difference was 3 2
observed between different treatments during dark shock z 2
(P < 0.05), but slightly treatment 5 (31.25 £+ 1.06) was the Tg = _ag =
highest and treatment 1 (62.00 £ 30.95) had the lowest value. 154 % 3 E - 8 §
The number of saponification during light shock did not show ~ & g = ° = §
a significant difference between different treatments = é 8 = E 5 % g
(P < 0.05), but slightly the highest value in treatment 3 = 3 3 3 A § Z
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Table 8 Quality of fat and biofuels obtained from Dunaliella Tertiolecta microalga.

Fatty Acid (w/w %) Control

Optimal treatment

200 bar 285 bar 370 bar 200 bar 285 bar 370 bar 200 bar 285 bar 370 bar 200 bar 285 bar 370 bar

40°C 40°C 40°C 80°C 80°C 80°C 40°C 40°C 40°C 80°C 80°C 80°C
C12:0 1.56 1.70 2.17 0.93 1.21 1.38 3.15 3.29 3.76 2.52 2.81 2.98
Lauric acid
C14:0 3.32 3.42 3.59 2.23 2.27 2.60 4.92 5.01 5.18 3.82 3.86 4.20
Myristic acid
C16:0 26.99  27.39  28.51 25.12  26.01 26.51 28.59 2899  30.10 26.71 27.60  28.11
Palmitic acid
C18:0 28.11 29.24  30.73 2483 2537 2732 2970 30.84 3232 2642 2697 28091
Stearic acid
C20:0 1.00 1.27 1.60 0.14 0.37 0.45 2.59 2.86 3.19 1.74 1.97 2.04
Arachidic acid
Cl16:1n7 0.88 1.20 1.49 0.37 0.63 1.18 2.47 2.79 3.09 1.97 2.22 2.77
Palmitoleic acid
C18:1n90leic acid 1.30 1.61 2.02 0.68 0.75 1.13 2.90 3.21 3.61 2.28 2.35 2.72
(Trance)
C18:2n6Linoleic acid 0.22 0.45 0.61 0.10 0.15 0.17 1.82 2.04 2.20 1.69 1.74 1.77
(LA)
C20:5n3 2.28 2.44 2.66 1.70 1.81 1.90 3.87 4.04 4.25 3.30 3.40 3.50
Eicosapentaenoic acid
(EPA)

C22:6n3Docosahexaenoic acid  0.46 0.55 0.85 0.12
(DHA)

0.19 0.26 2.05 2.15 2.44 1.72 1.79 1.85

(31.95 + 0.85) and the lowest value in treatment 8 (95.30 +
1.06) was observed. The results obtained for iodine value dur-
ing dark shock showed the highest value in treatment 5 (125.00
+ 14.35) and the lowest value in treatment 2 (124.18 + 12.32),
Also, no significant differences were observed between treat-
ments 2, 3,4, 6,7 and 8 (P < 0.05). Iodine number during light
shock did not show a significant difference between different

treatments (P < 0.05), but slightly 1 (124.90 £+ 2.15) and 8
(123.82 + 11.24) treatments were the most and They had the
lowest values.

Cetane number had the highest value during dark shock in
treatment 5 (2509.40 4+ 36.54) and the lowest value in treat-
ment 2 (1701.52 + 65.23) and between treatments 2, 3, 6
And 8 no significant differences were observed (P < 0.05).

Table 9 Comparison of process conditions and results of using different microalga (Halim et al., 2012).

Microalgal P T CO, flow rate; Polar modifier; Results Final total
species (bar) (°C) extraction duration quantity of polar lipid yield
(min) modifier (wt.%)
Spirulina 316 40 0.71 kg min~'; 60 Ethanol; 9.64, 11, Total lipid yield increased with P. Optimum 8.6
platensis 13, 15, 16.36 ml condition was found at 400 bar, 60 min, and 13.7 ml
ethanol.

Spirulina 250 50 - Ethanol; 10 mol%

maxima of CO,
Hypnea 310 50  11min~"; 120 -
charoides

Chlorella 350 55 0.4 1min""; 500 =

vulgaris

At constant T, total lipid yield increased with P.At 3.1
constant P, total lipid yield decreased with

T.At

constant T and P, polar modifier addition

significantly increased total lipid yield.

Optimum condition was found at 350 bar, 60 °C

with ethanol addition (10 mol%).

At constant T, total lipid yield increased with P.At 6.7
low P

(241 bar), total lipid yield decreased with T.At

medium to high P

(310 and 379 bar), total lipid yield increased with T.
Optimum condition was found at 379 bar and 50 °C.

At constant T, total lipid yield increased with P.At 13
low P

(200 bar), total lipid yield decreased with T.At high

P

(350 bar), total lipid yield increased with T.

Optimum condition was found at 350 bar and 55 °C.
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During light shock, the value of cetane number in treatment 8
(2713.52 + 00) had the highest value and in treatment 1
(1701.52 + 52.26) had the lowest value and a significant differ-
ence was observed between treatments 1, 5, 6 and 8.

Degree of unsaturation was highest during dark shock in
treatment 3 (113.40 £ 2.63) and lowest in treatment 1 (57.74
+ 1.62) and between treatments 2 and 8. No significant differ-
ence was observed (P < 0.05). During light shock, the degree
of unsaturation was the highest in treatment 5 (111.10 & 3.14)
and the lowest in treatment 2 (71.59 + 2.15). Also, no signifi-
cant difference was observed between treatments 3, 4 and 6
(P < 0.05).

3.6. Effect of pressure and temperature on extracted oil by CO,
supercritical fluid method

According to Table 8, the amount of fatty acids extracted from
Dunaliella tertiolecta microalga using supercritical CO, solu-
tion under different temperatures and pressures showed the
best results in the optimal treatment at 370 bar and 40 °C,
as well as the weakest and lowest amount of fat and fuel under
A pressure of 200 bar and a temperature of 80 °C were
obtained. Andrich et al. (Andrich et al., 2005) use of Nan-
nochloropsis sp. with extraction pressure of 400 bar, 40 °C
and, CO, flow rate 0.17 kg min~!, their results showed: at con-
stant temperature, lipid extraction rate increased with pres-
sure; at constant pressure, lipid extraction rate slightly
increased with temperature, final total lipid yield was the same
at any temperature and pressure (25 wt.% of dried microalgal
biomass). A comparison of the results of using different micro-
alga is presented in Table 9.

4. Conclusion

Based on the results obtained on growth indices, it was found that with
increasing the amount of SGR and CO, consumption rate, the amount
of biomass production in Dunaliella Tertiolecta microalga increased so
that the number of production cells also increased. The pH value also
increased during the breeding period and decreased in the last days of
breeding. According to the results obtained for approximate com-
pounds, the lipid content was higher in nutrient-free treatments and
the results were the opposite for protein. Based on the results obtained
for chlorophyll a, b and carotenoids, it was also found that the higher
the growth of algae, the higher their amount. The results related to
fatty acids also showed that the amount of saturated and monounsat-
urated fatty acids in microalga was higher and more diverse than
PUFAs. According to the results obtained in terms of quality charac-
teristics, the produced fuel has high cetane number and low saturation
degree, also provided good combustion quality and oxidative stability.
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