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ABSTRACT: Biodiesel as a renewable fuel has attracted increasing attention in
recent years. Microalgae biomass is becoming an attractive raw material for
producing biodiesel using supercritical CO, (SC-CO,) as a safe and
environmentally friendly technique with high efficiency for lipid extraction. In
this study, the lipid of Nannochloropsis oculata was extracted under different
conditions of SC-CO, to assess the kinetics of supercritical fluid extraction. The
effective parameters on lipid extraction, including temperature, pressure, and the

existence of n-hexane as a co-solvent, were investigated. The results show that an \
increase in temperature at low or high pressures causes the kinetic constant of - =5

lipid extraction to decrease or increase, respectively. Also, an increase in pressure - o ‘/
causes the kinetic constant of lipid extraction to increase at low or high

temperatures. The most yield and the most kinetic constant value during
extraction with pure CO, are about 0.262 [g extracted lipid/g microalgal
biomass] and 0.062 min™", respectively, at the highest pressure and temperature (i.e., 550 bar and 75 °C). Using SC-CO, laced with
n-hexane increases both the final yield and the rate of lipid extraction. Also, it improves the quality of the biodiesel fuel through the
extraction of unsaturated fatty acids with a concentration of almost two times more than saturated fatty acids. Additionally, results
reveal that the effect of adding n-hexane to CO, in lipid extraction would be more efficient by increasing the temperature and
lowering the pressure.

1. INTRODUCTION

The high consumption of fossil fuels not only causes a release
of pollutants such as SOy, NOy, Hg, and ash in the atmosphere
but also increases the greenhouse gas emission, which has
intensive effects on the environment and human life, such as
global warming' and increased fuel price due to the depletion
of their resources.”

Finding a practical solution to these problems, which can
lead to a sustainable energy source, is a complicated issue. It is
related to the human life quality, the economic and industrial
development of societies, and the profitability of super huge
companies. It needs a worldwide district agreement such as the
Kyoto protocol. Recently, so many ways have been developed
to solve the problems mentioned above,” such as solar energy,”
wind energy,5 geothermal energy, biofuels,ﬁ_8 and even
converting biomass leftovers and by-products to biohydrogen”
and hydrocarbon fuels.'” Each one has gained different degrees
of success in both study and application.

One of the most successful ideas is the gradual substitution
of renewable energy sources for fossil fuels in transportation.
Biofuels are the most possible substitutes for fossil fuels."'
There are some reasons that make biofuels a decent alternative.
First of all, biofuels can be applied without any change or with
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a bit of modification to the car’s engine. Another reason is the
issue of distribution. Biofuels can be distributed using the
available distribution systems, unlike other options such as
hydrogen.'>"?

Biodiesel is a kind of biofuel that can be produced using
either edible or non-edible oils. However, edible oils are not an
economical feed for this process. One of the most appropriate
feeds for biodiesel production is microalgal lipid.>'* In
comparison to the other feedstocks, microalgae have their
advantages. First of all, their growth rate is much higher than
terrestrial crops. The other reasons are growing in the brine
and on barren lands with various water qualities, requiring little
care and maintenance, high concentration of intracellular lipid
generation, and providing a new method for CO, recy-
cling."""*~"* Some kinds of microalgae such as Nannochlor-
opsis oculata (N. oculata) have very high biomass productivity
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and also high lipid content,'” which makes them suitable and
economical for biodiesel production.

There are some conventional methods for microalgal lipid
extraction using organic solvents such as n-hexane, ethanol,
and chloroform. These methods have some problems such as
toxicity, environmental problems, flammability, having low
selectivity, and lipid degradation in high temperature and
oxygen-rich conditions. Also, these methods need an additional
separation process to separate lipid from the solvent.'*?°

Supercritical fluid extraction (SFE) is an alternative method
to conventional methods, which do not have these problems.
Supercritical fluids have high solubility, low viscosity, high
diffusivity, adjustable selectivity, and low surface tension.”' ™™
Among supercritical fluids, supercritical CO, (SC-CO,) was
implicated in this study. In addition, SC-CO, omits the
requirement for lipid—solvent separation. Also, it is an
inflammable and cheaper solvent in comparison with other
solvents.”*

Among all the methods of extraction and various feedstocks,
SFE was preferred as the extraction method, and N. oculata was
used in this study. Although SFE is a green technology and has
a high yield of lipid extraction, it needs a high-pressure
operation and consequently a high capital investment and
capital cost. For solving this problem, the effects of adding
various amounts of n-hexane as a co-solvent to SC-CO, were
investigated. Although there are previous and recent reports in
the literature on both biodiesel production from microalgal
lipid and SC-CO, extraction of microalgal lipid, the effect of
using n-hexane as a co-solvent has not been extensively
studied.”> >’ Using n-hexane as a co-solvent and studying its
effects are the novelties of our research. For this purpose, the
effects of different parameters including temperature (ie., 35,
55,and 75 °C) and pressure (i.e., 150, 350, and 550 bars) were
elucidated at the constant pure CO, flow rate of 200 mL/min,
and then the effect of the co-solvent concentration (i.e., 1.5
and 3 wt %) was examined.

2. RESULTS AND DISCUSSION

In this study, four parameters, including extraction time,
temperature, pressure, and mass percentage of the co-solvent,
were investigated in 13 different tests. It should be mentioned
that previous studies do not comprehensively consider the use
of co-solvents and little work has been carried out on n-hexane
as a co-solvent. The tested values are given in Table 1.

Table 1. Tested Values of the Examined Parameters

parameter tested values
pressure, bar 150—350—-550
temperature, °C 35-55-75
mass percentage of the co-solvent, wt % 0—-1.5-3

All the results are given in Table 2.

It should be mentioned that changing a specific parameter
may result in different results according to the other
parameters. Therefore, to consider every aspect of any
parameter, most of the results, in each set of conditions, are
shown in several figures.

About 30% of the experiments were conducted twice to
ensure the reproducibility of results. None of them showed
more than a 5% deviation. Therefore, the margins of error bars
in graphs are considered to be S percent.

As the effects of the two thermodynamic parameters of
temperature and pressure are not independent of each other, in
order to study one parameter, we should consider the effect of
another parameter (i.e., variation of temperature has different
effects on different pressures). Therefore, in order to study
them, we changed both the temperature and the pressure
simultaneously. Their effects are discussed separately in
Sections 2.2 and 2.3.

First, the effects of temperature and pressure were examined
using pure CO, at three different temperatures and pressures.
It means there are nine different combinations of temperature
and pressure. Then, to investigate the effect of the co-solvent,
variations of temperature in the existence of the co-solvent,
variations of pressure in the existence of the co-solvent, and
variation of the co-solvent amount were studied in four
different sets of conditions.

2.1. Pretreatment Effect. The pretreatment was con-
ducted prior to extraction. Figures 1—3 show the scanning
electron microscopy (SEM) images of the raw dry algae sample
(before the pretreatment), milled algae (after the pretreat-
ment), and the extracted algae (after the extraction by SC-
CO,), respectively. In raw dry microalgae, Figure 1, the cell
membrane of the algae was completely intact and a high-
density pack of the microalgae was observed. As shown in
Figure 2, the cell wall after milling is wholly destroyed. As a
result, the solvent can easily pass through the broken walls to
extract lipid. Figure 3 shows the algal biomass after the
extraction. An increase in porosity and further destruction of
algal cells indicate an efficient lipid extraction from the
prepared algal biomass using SC-CO,. The obtained results are
in 2c_omplete agreement with the results reported by Ozkal et
al.”

2.2. Time and Temperature Effect. Temperature is one
of the two crucial thermodynamic parameters (i.e., temper-
ature and pressure), which can profoundly affect the extraction
efficiency in SFE.”® The duration of extraction in all the
experiments was S h, and the CO, flow rate was fixed in all
experiments at 200 mL/min. For each experiment, 20 g of the
pretreated dry microalgae were loaded. Lipid extraction from
the pretreated algal biomass was conducted at three different
temperatures (i.e., 35, 55, and 75 °C). The variation of yield
with time is shown in Figures 4—6 at different pressures. In all
the figures, the extraction yield is shown by the points, and the
lines are just to help the reader follow the experimental trends.

As can be seen, the extraction yield increases with increasing
time and then levels off when it reaches equilibrium. In other
words, the extraction rate is higher at the beginning of the
extraction, and at the end of the experiment, the rate of lipid
extraction becomes lower. The reason is that the rate of
extraction at each time is directly proportional to the amount
of unextracted lipid that remains any time in the biomass
during the extraction.”’

Increasing temperature causes two simultaneous effects. The
first one is to reduce fluid density, which slows down the mass
transfer, and the other is to increase the solubility of the
solution, which increases the mass transfer rate.”

At a low pressure (i.e., 150 bar), which CO, density varies
significantly with temperature (p55-c = 815.13 g/lit, pssoc =
654.5 g/lit, and pysoc = 463.55 g/lit), an increase in
temperature causes a sharp decrease in the final yield of
extraction (i.e, yield at 35 °C = 0.209, yield at 55 °C = 0.08,
and yield at 75 °C = 0.006) and also a noticeable decrease in
the kinetic constant of lipid extraction (i.e., Ky350c = 5.9 X
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Table 2. Experimental Data at a Given Time, Temperature, and Pressure

set 1: T = 35 °C, P = 150 bar (Figures 4, 7 and 11)

t (min) 0 30 60 90 120 150 180 210 240 270 300
yield 0 0.04 0.074 0.102 0.126 0.145 0.162 0.176 0.188 0.197 0.206
set 2: T = 35 °C, P = 350 bar (Figures S and 7)

t (min) 0 30 60 90 120 150 180 210 240 270 300
yield 0 0.137 0.2 0.23 0.243 0.25 0.252 0.254 0.254 0.255 0.255
set 3: T = 35 °C, P = 550 bar (Figures 6, 7 and 13)

t (min) 0 30 60 920 120 150 180 210 240 270 300
yield 0 0.203 0.248 0.258 0.26 0.2606 0.2607 0.2608 0.2608 0.2608 0.2608
set 4: T = 55 °C, P = 150 bar (Figures 4 and 8)

t (min) 0 30 60 90 120 150 180 210 240 270 300
yield 0 0.009 0.019 0.027 0.036 0.044 0.052 0.059 0.066 0.073 0.08
set S: T = 55 °C, P = 350 bar (Figures S and 8)

t (min) 0 30 60 90 120 150 180 210 240 270 300
yield 0 0.131 0.194 0.225 0.24 0.246 0.249 0.251 0.252 0.252 0.253
set 6: T = 55 °C, P = 550 bar (Figures 6 and 8)

t (min) 0 30 60 920 120 150 180 210 240 270 300
yield 0 0.215 0.253 0.259 0.26 0.261 0.261 0.261 0.2612 0.2612 0.2612
set 7: T = 75 °C, P = 150 bar (Figures 4, 9 and 12)

t (min) 0 30 60 920 120 150 180 210 240 270 300
yield 0 0.0006 0.001 0.002 0.0025 0.003 0.0037 0.004 0.00S 0.0056 0.0062
set 8: T = 75 °C, P = 350 bar (Figures S and 9)

t (min) 0 30 60 920 120 150 180 210 240 270 300
yield 0 0.11 0.171 0.206 0.225 0.236 0.242 0.245 0.247 0.248 0.249
set 9: T = 75 °C, P = 550 bar (Figures 6 and 9)

t (min) 0 30 60 920 120 150 180 210 240 270 300
yield 0 0.218 0.255 0.26 0.261 0.262 0.262 0.262 0.262 0.262 0.262
set 10: T = 35 °C, P = 150 bar, 1.5 wt % n-hexane (Figure 11)

t (min) 0 30 60 920 120 150 180 210 240 270 300
yield 0 0.091 0.148 0.185 0.209 0.224 0.233 0.239 0.243 0.245 0.247
set 11: T = 75 °C, P = 150 bar, 1.5 wt % n-hexane (Figure 12)

t (min) 0 30 60 920 120 150 180 210 240 270 300
yield 0 0.0007 0.001 0.002 0.003 0.0036 0.004 0.005 0.006 0.0064 0.007
set 12: T = 35 °C, P = 550 bar, 1.5 wt % n-hexane (Figure 13)

t (min) 0 30 60 90 120 150 180 210 240 270 300
yield 0 0.215 0.253 0.26 0.261 0.261 0.261 0.261 0.261 0.261 0.261
set 13: T = 35 °C, P = 150 bar, 3 wt % n-hexane (Figure 11)

t (min) 0 30 60 90 120 150 180 210 240 270 300
yield 0 0.164 0.22 0.24 0.248 0.25 0.25 0.25 0.25 0.25

1072 min™, K5 oc = 1.3 X 10 min™}, and K5 oc = 9 X 107°
min~"), respectively.

However, at a high pressure (ie., S50 bar), which CO,
density does not change considerably with temperature (P35 oc
= 1018.5 g/lit, pssoc = 963.74 g/lit, and pysoc = 909.18 g/
lit),*® an increase in temperature does not remarkably affect
the final yield (i.e., yield at 35 °C = 0.261, yield at S5 °C =
0.261, and vyield at 75 °C = 0.262). However, increasing
temperature causes the kinetic constant of lipid extraction from
the pretreated algal biomass to increase (K5 oc = 4.78 X 1072
min™}, Kq oc = 5.35 X 107> min™}, and K75 oc = 5.49 X 1072
min~"), respectively.

This comparison clearly shows that at low and high
pressures, density and solubility are the dominant parameters
in the extraction, respectively. These results are consistent with
those reported by Andrich et al,” Yu et al,*® Rizvi et al,*
and, Favati et al.”

2.3. Pressure Effect. The effect of pressure on the SC-CO,
extraction efficiency was evaluated by conducting the lipid
extraction from the prepared algal biomass at three different
pressures (i.e., 150, 350, and 550 bars). In all the experiments,

the flow rate of carbon dioxide was kept constant at 200 mL/
min. Also, the extraction time was considered to be about S h.
Because the effect of pressure is temperature dependent, these
pressures were examined at three different temperatures (i.e.,
35, 55, and 75 °C).

Figures 7—9 clearly show that increasing the pressure at any
temperature reduces the time required to reach equilibrium
with a higher extraction rate. It is also seen that the highest
extraction yield at 550 bar is about 0.262 [g extracted lipid/g
microalgal biomass], which is 5.3% more than the highest yield
at 150 bar (i.e., 0.209 g extracted lipid/g microalgal biomass).

This trend can be attributed to the increase in the dielectric
constant or solvent polarity, which is directly dependent on the
density. The dielectric constant or polarity of the supercritical
solvent determines the intensity of the interaction between the
solvent and organic molecules.”> As shown in Table 3,
increasing the density at a constant temperature with
increasing pressure causes the dielectric constant to increase.
Also, the kinetic constant of extraction (K) has an exponential
ratio to increase in the fluid dielectric constant.

https://doi.org/10.1021/acsomega.1c04029
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SEM HV: 20.0 kV WD: 7.25 mm
View field: 12.6 pm Det: SE 2pm
SEM MAG: 15.0 kx Date(m/dly): 07/07/19

Figure 1. Raw dry algae sample (N. oculata, cultivation medium: F/2,
illumination: 3000 Lux 12 h., coagulation agent: FeCl;, dewatered in a
benchtop centrifuge: 4000 rpm at 6 min).

SEM HV: 20.0 kV WD: 6.52 mm

Lot

View field: 12.6 pm Det: SE 2 pum
SEM MAG: 15.0 kx |Date(m/dly): 07/07/19

Figure 2. Milled biomass (dried in an oven: at 40 °C for 24 h, ground
in a bead mill with different bead sizes at S h).

Additionally, obtained data were compared with those
reported by Andrich et al.”’ shown in Figure 10. As can be
seen, these results are agg)roximately in line with those
reported by Andrich et al.”™” at higher extraction times (i.e.,
higher than 150 min). However, a difference can be observed
at lower extraction times and increases with decreasing
extraction time from 120 to 30 min. The reason for this is
that the kinetic constant of lipid extraction in this work (5.43 X
1072 min~") is 162% higher than that reported by Andrich et

SEM HV: 20.0 kV WD: 6.59 mm

Lovevtvnol

View field: 44.4 ym Det: SE 10 pm
SEM MAG: 4.27 kx |Date(m/dl/y): 07/07/19

Figure 3. Algal biomass after SC-CO, extraction (extraction time: S h,
temperature: 75 °C, pressure: 350 bar, co-solvent: 0 wt %).

al. (2.07 x 1072 min~').*” This increase is related to the
technique used in the pretreatment of the biomass. In this
work, the biomass was ground using a ball mill in 5 h. As
shown in Figure 2, it caused the microalgae cell walls to
destruct completely. As a result, lipid compounds in microalgae
are exposed to SC-CO, for extraction at a higher rate, as stated
by Teuling et al.*®

Figure 10 shows that under the same conditions, the final
extraction yield is the same. A very slight difference between
them can be referred to differences in media and conditions of
cultivation (i.e., this work’s final yield is 0.2612 [g extracted
lipid/g microalgal biomass] because Andrich et al.’s final yield
is 0.2537 g extracted lipid/g microalgal biomass).

2.4. Co-solvent Effect. The SC-CO, laced with n-hexane
in the range of 0—3 wt % was exploited to obtain the yield
variations with time for the extraction of lipid from the algal
biomass in the temperature and pressure ranges of 35—75 °C
and 150—550 bar, respectively. The obtained results are shown
in Figures 11—13.

As can be seen, adding n-hexane to CO, causes an increase
in the final lipid extraction yield. This increase is due to the
intermolecular interactions of n-hexane, CO,, and lipids (i.e.,
solute—solute and solute—solvent interactions).

Figure 11 shows that using n-hexane as a co-solvent at the
concentrations of 1.5 and 3 wt % at 35 °C and 150 bar causes
the extraction yield to increase by about 20 and 21.4%,
respectively, in comparison to SC-CO, alone (i.e.,, 0.206 [g
extracted lipid/g microalgal biomass] for pure SC-CO,, 0.247
and 0.25 [g extracted lipid/g microalgal biomass] for SC-CO,
laced with 1.5 and 3 wt % n-hexane, respectively). Also, it
shows that adding n-hexane as a co-solvent leads to an increase
in the kinetic constant of extraction (i.e., Koure o, = 59 X 1073
min™, K} s phesane = 1.5 X 107> min™", and Ko , pexane = 3-56
X 107> min~"). Additionally, it shows that adding 3% of n-
hexane to low-pressure extraction (i.e., 35 °C and 150 bar)

https://doi.org/10.1021/acsomega.1c04029
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Figure 4. Variation in yield with time for the extraction of lipid from algal biomass at a pressure of 150 bar and different temperatures.
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Figure 5. Variation in yield with time for the extraction of lipid from algal biomass at a pressure of 350 bar and different temperatures.
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Figure 6. Variation in yield with time for the extraction of lipid from algal biomass at a pressure of S50 bar and different temperatures.
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Figure 7. Variation in yield with time for the extraction of lipid from algal biomass at a temperature of 35 °C and different pressures.
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Figure 9. Variation in yield with time for the extraction of lipid from algal biomass at a temperature of 75 °C and different pressures.
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Table 3. Variations of the Kinetic Constant of Extraction

with the Dielectric Constant at 75 °C****

pressure (bar) density (g/L) SC-CO, dielectric constant K (min ~")
150 467.0 1.300751 9% 107°
350 808.4 1.488544 1.82 X 1072
550 910.2 1.562535 549 x 1072

makes its performance approach that of high-pressure
extraction performance (i.e., 35 °C and 550 bar).

Figure 12 shows that using 1.5 wt % n-hexane with SC-CO,
at 75 °C and 150 bar causes the extraction yield to increase to
0.007 [g extracted lipid/g microalgal biomass], which is too
low (i.e, 0.0062 [g extracted lipid/g microalgal biomass] for
pure SC-CO, and 0.007 [g extracted lipid/g microalgal
biomass] for SC-CO, laced with 1.5 wt % n-hexane).

Figure 13 shows that using 1.5 wt % n-hexane with SC-CO,
at 35 °C and 550 bar causes the extraction yield to not increase
considerably compared to SC-CO, alone (i.e., 0.2608 [g
extracted lipid/g microalgal biomass] for pure SC-CO, and
0.261 [g extracted lipid/g microalgal biomass] for SC-CO,
laced with 1.5 wt % n-hexane).

Figure 11 also shows that SC-CO, laced with 3 wt % n-
hexane at 35 °C and 150 bar causes the extraction yield to not
increase considerably in comparison to SC-CO, alone (ie.,
0.2608 [g extracted lipid/g microalgal biomass] for pure SC-
CO, and 0.261 [g extracted lipid/g microalgal biomass] for
SC-CO, laced with 1.5 wt % n-hexane).

Generally, it can be concluded from Figures 11—13 that
adding n-hexane to CO, at high pressures has no considerable
effect on lipid extraction. On the other hand, at low pressures,
adding n-hexane to CO, would increase the extraction yield
and decrease the required extraction time. Therefore, it can be
concluded that adding n-hexane and increasing pressure have
similar effects, which can be related to the increasing solvent
density. Also, it is evident that adding a small amount of the
co-solvent can make a considerable economic saving in the
capital investment, compared to a high-pressure operation and
can omit the high operating cost of high-pressure supply.*®
Additionally, these results are consistent with those previously
reported in the literature, as the report by Patil et al.”’

2.5. Analysis of Fatty Acid Ethyl Esters with GC. The
gas chromatography (GC) analysis was used to determine the
composition of produced biodiesel. Table 4 shows the results

of the GC analysis of SC-CO, extraction with and without n-
hexane at 35 °C and 150 bar, separately.

As can be seen, the major components extracted by SC-CO,
alone are C 14:0 (myristic acid) 39.46%, C 16:0 (palmitic
acid) 18.51%, C 16:1 (palmitoleic acid) 18.50%, C 18:1 (oleic
acid) 16.84%, and C 20:5 (eicosapantanoic acid) 3.74%. In
addition, the major constituents of crude biodiesel extracted by
SC-CO, laced with n-hexane are C 16:1 (palmitoleic acid)
28.71%, C 16:0 (palmitic acid) 27.34%, C 18:1 (oleic acid)
23.21%, C 20:$ (eicosapantanoic acid) 7.36%, C 14:0 (myristic
acid) 4.69%, C 18:2 (linoleic acid) 3.35%, and C 20:4
(eicosatetraenoic acid) 2.46%.

Table 4 compares the quality of biodiesel extracted by SC-
CO, alone and SC-CO, laced with n-hexane. It shows that SC-
CO, extraction with n-hexane leads to the extraction of
unsaturated fatty acids almost two times more than saturated
fatty acids comgared to SC-CO, alone, as mentioned in
previous works.”>*’

3. CONCLUSIONS

This study demonstrates that temperature has two different
effects on the yield and the kinetic constant of extraction,
depending on pressure. However, the pressure effect is
independent of temperature. Also, the obtained results reveal
that using n-hexane as a co-solvent has many advantages, such
as increasing the yield at lower pressures and temperatures,
increasing the lipid quality for biodiesel production, increasing
the kinetic constant of extraction (k), and decreasing the
required extraction time. All these useful effects are the results
of the work’s novelty, which is modifying the SFE by using n-
hexane as a co-solvent.

Eventually, all of these effects must be seen as an economic
saving. An economic study can be indicated as a possible
drawback and limitation of study. Using n-hexane as a co-
solvent can lead to a considerable decrease in the cost of
biodiesel production. A comprehensive study on process
economics and energy saving is suggested.

4. METHODOLOGY

4.1. Chemicals and Reagents. CO, gas with a purity of
99.9% was supplied by Aboughaddareh Company (Shiraz,
Iran). N-hexane (>99%) was provided by Sigma-Aldrich Pty.,
Ltd (Labco LLC, Dubai, UAE).
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Figure 10. Comparison of this work’s results (55 °C, 550 bar) to Andrich et al.’s data (55 °C, 550 bar).”’
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hexane.

4.2. Strain and Cultivation. The microalgae strain used in
this study was N. oculata, which can be found naturally on the
southern coastal beaches of Iran. It has a high lipid content and
appropriate productivity."' A pure sample was provided by the
Ecology Research Center of the Persian Gulf and Oman Sea
(Bandar Abbas, Iran).

The elemental composition of algal biomass was determined
by SEM equipped by energy dispersive X-ray spectroscopy

(TESCAN-Vega3, Prague, Czech Republic). The major
elements and their approximate composition in wt % were
found to be carbon (61.55%), oxygen (20.79%), sodium
(0.57%), magnesium (0.54%), silicium (0.59%), sulfur
(0.87%), chlorine (11.88%), potassium (0.84%), and calcium
(2.37%).

A set of 16 cylindrical bubble column bioreactors with an
aspect ratio of 2 (with a height of 30 cm and a diameter of 15
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Table 4. Fatty Acid Profiles of SC-CO, Extraction at 35 °C
and 150 bar with and without n-Hexane

extraction type

component Sé)—u(rleoz SC-CO, laced with 3 wt % n-hexane

C 8:0 0.03 0.00
C 10:0 0.10 0.26
C 11:0 0.00 0.06
C 12:0 0.31 0.58
C 14:0 39.46 4.69
C 14:1 0.00 0.54
C 16:0 18.51 27.34
C 16:1 18.50 28.71
C 18:0 0.94 1.34
C 18:1 16.84 23.21
C 18:2 0.94 3.35
C 20:0 0.05 0.10
C 21:0 0.05 0.00
C 20:4 0.53 2.46
C 20:5 3.74 7.36
saturated fatty acids 59.45 34.37
unsaturated fatty acids 40.55 65.63
total 100 100

cm) was used for cultivation. The reactors were built from
bottle-grade polyethylene terephthalate (Pars PET company,
Tehran, Iran).

An F/2 medium was used for cultivation. Each bioreactor
contained 15 L of microalgae culture and was kept at room
temperature. Illumination was about 3000 lux, and it was in a
periodic manner of 12 h of light and 12 h of darkness, along
with the aeration using compressed air.

4.3. Harvesting. A 250 L of microalgal culture (with a
concentration of 0.9 g dried microalgae/L) including 16
bioreactors were harvested simultaneously.

After ogrowing for about 20 days, a coagulation agent
(FeCly)* (Sigma—Aldrich, Labco LLC, Dubai, UAE) was
added to the cultures, mixed, and given time to settle. The
dilute part from the concentrated one was then separated.
Next, the concentrated one was dewatered using a benchtop
centrifuge (Eppendorf centrifuge 5810 R, Hamburg, Germany)
at 4000 rpm for 6 min. Afterward, the algal paste was dissolved
in the distilled water and centrifuged again to remove any
residual salts.

4.4. Pretreatment. First, the microalgae were dried in an
oven at 40 °C for 24 h. The dried microalgae were then ground
using a bead mill with different bead sizes for 5 h. Then, the
ground algal biomass was sieved using a standard sieve of 100
mesh. After the treatment, the prepared biomasses from all the
bioreactors were blended to avoid any possible discrepancy in
cultivation conditions in the following steps.

4.5. Apparatus and Procedures. A schematic diagram of
the SFE apparatus is shown in Figure 14. A detailed
description of the apparatus is reported in a previous work*’
with a bit of improvement. Here, it is explained briefly. CO,
from a gas cylinder (1) was allowed to leave to a condenser
(2), which turned it into liquefied carbon dioxide. Next, the
liquefied carbon dioxide was entered into a high-pressure
manual pump (Haskel pump, Burbank, USA) (3) to provide
the desired pressure. The compressed liquid was then passed
through a heater (4) to reach the appropriate temperature
before entering the surge vessel (5) to dampen the pressure
fluctuations generated by the operation of the hand pump. The
pressurized CO, then entered an extraction vessel (150 mL,
SS-316) (6). The extraction vessel was heated using a heating
oil circulation jacket to set the extraction temperature
constantly. A digital pressure indicator ranging up to 600 bar
was used to monitor the pressure of the extraction vessel
(WIKA, Taipei, Taiwan). The microalgae were placed in a
layer of glass wool and loaded into a 100y stainless steel mesh
basket and then embedded in the extraction vessel. SC-CO,
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1 >
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?ilter E
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o
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Figure 14. Schematic diagram of the SFE apparatus. (1) CO, gas cylinder; (2) condenser; (3) pump; (4) heater; (5) surge tank; (6) extraction
vessel; (7) expansion valve; (8) ice bath; (9) wet test flowmeter; and (10) injection pump.
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extracted lipids from the microalgae and then was directed to
an expansion valve (7) to depressurize it to the ambient
pressure. Afterward, the depressurized CO, was allowed to
pass through a Y-type glass separator (8) embedded in an ice
bath. Finally, the CO, was passed through a volumetric wet
test flow meter (9) to measure the CO, flow rate, and the
lipids accumulated in the glass separator were weighed using a
digital balance (Sartorius, BA110s, Goettingen, Germany).
Also, the apparatus was equipped with a co-solvent injection
pump (Agilent HPLC, San Jose, USA) (10) to investigate the
impact of co-solvent insolubility.

In this study, extraction was conducted in the pressure and
temperature ranges of 150—550 bar and 35-75 °C,
respectively. Also, the effect of n-hexane as a co-solvent was
experimented with in two amounts of 1.5 and 3 weight percent
of the co-solvent to CO, mass flow rate. To examine the effect
of the co-solvent on the performance of lipid extraction, n-
hexane as a co-solvent was injected into the solvent stream at
various conditions.

It is worth mentioning that the pressure and temperature
control were performed manually and automatically, respec-
tively. Temperature control was performed using a propor-
tional temperature control loop with the lowest span (ie., 2
°C) in which below and above the set temperature, the
controller adjusts the temperature by the turning electrical
heater on or off. In order to control the pressure, after loading
the prepared microalgae into the extraction vessel and setting
the temperature, pressure was applied to the system using the
manual pump while the outlet stream of the extractor was
completely closed. After reaching the desired pressure, the
outlet flow was adjusted by the expansion valve with the help
of the wet test flow meter. Then, during the extraction, system
pressure reduction was compensated by using the manual
pump. Additionally, the fluctuation of the pressure generated
using the pump was dampened by using the surge vessel.

At each extraction, a sample of 20 g of microalgae with 10 g
of inert diatomaceous earth (d.e.) (particle size of 3—S5 um,
biomass/d.e. = 2/1) was used. In all the experiments, the flow
of CO, was constant and equal to 200 mL/min.

The extraction time was considered 5 h in all the
experiments, and the lipid collector was replaced every 30
min. A pre-weighted collector was used each time.

A collector weight measurement was performed after
disconnecting from the device, and the lipids were collected
and kept in the refrigerator at —5 °C for the GC analysis. The
results of the experiments were reported as the mass yield [g
extracted lipid/g microalgal biomass], and the extraction trend
diagram (yield versus time) was drawn and compared in all of
the assessed conditions.

4.6. Extracted Lipid Analysis. Extraction performance
was evaluated by two critical indicators in this study: lipid
extraction yield and fatty acid methyl ester (FAME)
composition at the end of each extraction.

The most important indicator of different parameters’
(extraction time, temperature, pressure, and adding the co-
solvent) effects on the extraction performance was lipid yield
[g extracted lipid/g microalgal biomass]. The extraction lipid
yield indicated quantitative efficiency. It was calculated by
dividing the mass of extracted lipid by the mass of dry
microalgal biomass in each extraction.

In order to distinguish FAME composition in the trans-
esterified lipid, which indicated the quality of the extracted
lipid, GC analysis was conducted.

The extracted lipid was transesterified to FAMEs using the
method described by Halim et al.”

A volume of 0.4 ul of the transesterified lipid sample was
injected into the GC instrument (Unicam GC, model 4600),
which was equipped with a 30 m long capillary column
(BPX70, 0.25 mm id, 0.22 um film thickness) and a flame
ionization detector. The injector and detector temperatures
were set at 250 and 300 °C, respectively. The initial column
temperature was 160 °C and was held for S min. It was then
raised to 240 °C at a rate of 20 °C/min and was held for 9 min
at that temperature (240 °C). The injector was set to split
mode (split ratio: 1/100). Helium was used as the carrier gas.
The FAMEs were identified according to the retention times of
standard FAMEs, which were injected under the same
operating conditions. Also, the concentration of FAMEs in
the injected hexane solution was calculated by comparing their
peak areas with those obtained from the standard peaks.

4.7. Extraction Kinetics. The proposed method used in
this work to obtain the extraction kinetics is based on Fick’s
law of diffusion, which has been utilized by various researchers,
such as Halim et al,, Andrich et al,, and Ozkal et al.>*"*’

Thus, the kinetic model was obtained as

dEO,
dt (1)

where EO; is the amount of extracted oil at time ¢ per amount
of microalgal biomass (g), UO, represents the amount of
unextracted oil (g) in 1 g of microalgal biomass, UO,* stands
for the amount of unextracted oil (g) when the equilibrium
occurred in the extraction cell, t is the extraction time (min),
and k represents the kinetic constant of extraction (min™").

Equation 1 is a simplified model of Fick’s law in which the
kinetic constant of extraction is assumed to be constant during
the extraction.

In this model, UO, — UO,* is considered as the distance
from the equilibrium. In other words, it represents the driving
force of mass transfer.

Because fresh SC-CO, is continuously injected into the
system, UO,* can be considered to be zero; therefore

dEO,

= k(UO, — UO))

= K(UO) o)

Also

Uo, = UO, — EO, 3)
where UQ, is the initial amount of lipid content in 1 g of
microalgae. The phrase (UO, — EO,) means the distance

between the amount of lipid at the beginning of extraction and
the amount of lipid extracted at time t; therefore

dEO,

= k(UO, — EO,) @

By solving the abovementioned differential equation (eq 4)

with the correct initial condition of (EO, ,, =0), the
following exponential equation is obtained
EQ, = UQ,(1 — ¢™) (8)

According to eq S, the maximum extraction value is
theoretically equivalent to UO,. Therefore, it is assumed that
the amount of UQO, equals the maximum amount of lipid
extracted (g) from 1 g of microalgae biomass in all the
extractions. Hence
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o o s |-
UQ, — EG, (6)
According to eq 6, the value of the lipid mass transfer
coeflicient, k, would be equal to the slope of the line passing
uo,
Uo, - EO,
4.8. Statistical Analysis. 4.8.1. Analysis of Variance and
Determination of the Significance Level. A statistical test was
performed using IBM SPSS Statistics 26 software to determine
whether there was a significant difference between the three
temperature groups, three pressure groups, and three amounts
of co-solvent groups in the 10 time intervals in terms of the
extraction yield.*'
Table 5 shows the mean and standard deviation of the
extraction yield in the three temperature and three pressure
groups over 10 time intervals.

through the points of the diagram of In( ) versus t.

Table 5. Descriptive Statistics Table of the Extraction Yield
in Three Temperature and Three Pressure Groups in 10
Time Intervals

temperature (°C) pressure (bar) average standard deviation
35 150 0.13018 0.068821
350 0.21291 0.079418
550 0.23045 0.078359
S5 150 0.04236 0.026785
350 0.21109 0.079639
550 0.23227 0.078246
75 150 0.00309 0.002071
350 0.20245 0.080596
550 0.23345 0.078528
Total 150 0.05855 0.067947
350 0.20882 0.077488
550 0.23206 0.075899

Table 6 shows the amount of the extraction yield studied in
10 time periods for three groups of temperature and three
groups of pressure. According to the Fisher test, it is observed
that the significance level (P-value) of the extraction yield in
three groups of temperatures is less than 0.05, so there is a
significant difference between them.

It has also been observed that the amount of the significance
level (P-value) at the three pressure groups according to the
Fisher test is less than 0.0S, so there is a significant difference
between the three pressure groups in terms of extraction yield.

After confirming the significance of the Fisher test in three
temperature groups, the Duncan post-hoc test was used to
examine which three temperature groups are significantly
different in terms of extraction yield.

Table 7 shows that there is no significant difference in the
amount of extraction yield in the two temperature groups of 75
and 55 (°C). Also, there is no significant difference in the
amount of extraction yield in the two temperature groups of 55
and 35 (°C). However, the amount of extraction yield in the

Table 7. Duncan Test in the Three Temperature Groups

subset at a significance level of

0.05
temperature (°C) number 1 2
75 33 0.1463
SS 33 0.1619 0.1619
35 33 0.1911
P-Value 0.363 0.089

two temperature groups of 75 and 35 (°C) is significantly
different. Figure 15 indicates significance pairwise comparison
of the studied temperature groups based on extraction yield.
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Figure 15. Significance pairwise comparison of the studied temper-
ature groups based on extraction yield.

After confirming the significance of the Fisher test in three
pressure groups, the Duncan post-hoc test was used to examine
which three pressure groups are significantly different in terms
of extraction yield.

Table 8 shows that there is no significant difference in the
amount of extraction yield at the two pressure groups of 350

Table 8. Duncan Test in the Three Pressure Groups

subset at a significance level of 0.05

pressure (bar) number 1 2
150 33 0.0585
350 33 0.2088
550 33 0.2320
P-Value 1.000 0.176

and 550 (bar). However, the amount of extraction yield for the
group with a pressure of 150 bar is significantly different from
the two other groups of pressure in pairs. Figure 16 shows the
significance pairwise comparison of the studied pressure
groups based on extraction yield.

Table 6. Analysis of Variance of the Repeated Tests

source of changes sum of squares degrees of freedom

temperature 0.033 1
pressure 0.497 1
error 0.149 6

mean of squares

0.033
0.497
0.025

23037

F-value P-Value effect rate the amount of power
1.332 0.010 0.682 0.865
19.943 0.004 0.769 0.958
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The comparison of these errors in the sets (1, 4, and 7), (2,
Figure 16. Significance pairwise comparison of the studied pressure 5, and 8), and (3, 6, and 9) in Table 11 shows that the lower

groups based on extraction yield.

Table 11. E,, E,, E;, and E, for Every Set of Conditions,

Table 9 indicates the mean and standard deviation of the which Is Described in Table 2
amount of extraction yield in the three groups of 0, 1.5, and 3%

of n-hexane as a co-solvent at 35 (°C) and 150 bar. el E; (%) E, (%) E; (%) E, (%)
1 —42.85 42.85 22.36 50.40
Table 9. Descriptive Statistics of Extraction Yield in Three 2 —8.55 8.55 14.79 17.32
Groups of 0, 1.5, and 3% of the Co-solvent at 35(°C) and 3 —3.13 3.13 7.49 8.18
150 bar 4 —81.20 81.20 9.57 86.13
S —10.11 10.11 16.21 19.40
co-solvent amount (wt %) average standard deviation 6 251 251 6.30 6.84
0% 0.13018 0.068821 7 —98.53 98.53 0.81 103.86
1.5% 0.14973 0.075800 8 —-13.71 13.71 18.77 23.69
3% 0.15991 0.078443 9 —2.39 2.39 6.04 6.54
total 0.14661 0.073181 10 —17.40 17.40 20.61 27.59
11 —98.37 98.37 0.89 103.69
In addition, one-way analysis of variance was conducted to 12 —1.88 1.88 495 533
13 —-5.24 5.24 10.88 12.20

investigate the significant difference in the amount of
extraction yield between the three groups of 0, 1.5, and 3%
of the co-solvent at 35 (°C) and 150 bar.

Table 10 shows the amount of extraction yield between the
three groups with different percentages of the co-solvent
studied by one-way analysis of variance.

Because the significance level below 0.0 is recognized as the
significant level, and this parameter in this experiment was
equal to 0.640 and is more than 0.0S, there is no significant
difference between the three studied groups. B AUTHOR INFORMATION

4.8.2. Validity of the Calculated Kinetic Constants of Corresponding Authors
Extractions (K). Equation 5 presents the yield of extraction for
each set of parameters. To determine the relative accuracy of

the temperature and the higher the pressure, the better the
fitted diagram fits the laboratory data. In other words, the
lower the temperature and the higher the pressure, the more
accurate and valid the amount of K would be obtained.
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Table 10. One-Way Analysis of Variance of Extraction Yield in Three Groups of 0, 1.5, and 3% of the Co-solvent at 35(°C) and
150 bar

statistic indices source of changes degrees of freedom sum of squares mean of squares F-value P-Value
extraction yield between the three groups group 2 0.005 0.003 0.4S3 0.640
experiment error 30 0.166 0.006
coefficient of variation 35.0
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