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Abstract

Microalga would be the paramount resource of biodiesel able of satisfying the world requirements for transportation fuels, which could
fully replace the petrodiesel. Therefore, the research studies focus on developing novel biodiesel production methods. The present
study investigates the effect of monochromatic light such as red light-emitting diodes (LEDs) and He—Ne red laser radiation on the
accumulated lipid and the growth of the green microalgae Chlorella sorokiniana. The irradiation of microalgal cells with He—Ne red
laser source which has a wavelength of 632.8 nm was hypothesized to enhance the accumulation of lipid inside the algal cells, which
ultimately increases the biodiesel production. The photobiostimulating effects of laser irradiation on biodiesel was investigated by
irradiating the microalga for a duration of 2 h with 632.8 nm He—Ne red laser source compared with 2 h irradiation with red LEDs and
2 h irradiation with white light (the control). The results showed that the oil content inside the algal cells irradiated with He—Ne red
laser was 3.1 times the algal cells irradiated with white light (the control). Similarly, the biodiesel yielded from the algal cells irradi-
ated with He—Ne red laser was 3.1 times the biodiesel yielded from the algal cells irradiated with white light (the control). However,
the oil content and the biodiesel yield from algal cells irradiated with red LEDs were only 0.82 times those of the control. Therefore,
it was concluded that the irradiation of microalga with red laser increases the biodiesel yield.
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1 Introduction

Algal biofuels are renewable fuels produced from algal bio-
mass through diverse bioconversion processes; this is owing
to the fact that algae have a high reproduction rate and the
aptitude to accumulate a large amount of high-energy lipids
due to their photosynthetic activity [1, 2]. Besides, algae have
several advantages like simple life cycle and resource avail-
ability for large-scale production [3, 4]. Additional benefits
of algae are fixing CO, from the atmosphere and generating
oxygen [5], as well as having large oil yield which can be
extracted by breaking down their cell structure [6, 7]. The
major advantage of algae is the possibility to convert the pro-
duced biomass into a wide range of biofuels [3]. The most
important factor that stimulates microalgae to accumulate oil
is the light which is easy to control. Therefore, it is practicable
to enhance the lipid content by light using laser radiation [8].
Biodiesel is the most promising alternative for conventional
diesel. According to literature, biodiesel was identified as
one of the potential resources that fulfill the world’s energy
demand whereas it can be used in diesel engines without
requiring any amendments to the engine as their combustion
characteristics are almost similar to the petrodiesel [9-12].

The effects of light-emitting diodes (LEDs) on green
microalgae were investigated in some literature. The light
intensity ranging 1000-10,000 1x and the optimum ranging
2500-5000 1x [13], where the different colors of LEDs led to
different effects on dry weight (DW) of microalgal biomass,
lipid content and yield of biodiesel [14]. Blue light LED illu-
mination (wavelength: 430465 nm) leads to increased cell size
of some microalgae strains, while red light LED illumination
(wavelength: 630-665 nm) leads to small-sized cell with active
divisions [15, 16]. The photobiostimulation of green microalgae
using green LEDs is not effective because the green light cannot
be reflected, therefore can be said green microalgae cannot not
absorbed the green light [17]. Advanced research investigated
the following: (1) effect of ultrasound algae treatment [18], (2)
oil extraction processes [19], (3) life cycle assessment on micro-
algal biodiesel production [20], (4) light—dark cycle [21, 22],
and (5) screening procedure of microalgae.

The problem being addressed by this study is that outdoor cul-
tures are subjected to daily and diurnal cyclic changes in weather
conditions and dramatic fluctuations of light intensity. Addition-
ally, there are limited capabilities of harvesting light because of
the self-shading of microalgae and the photobioreactor translu-
cent properties which ultimately have negative impacts on lipid
accumulation in microalgae [18]. Culture productivity is invari-
ably controlled by the availability of light, particularly when the
scale of photobioreactor increases. Investigating the influence of
natural light fluctuating intensity on the cultivation of microalgae
is rarely tested outdoors with photobioreactors; thus, it is still
exceedingly relevant to be thoroughly explored [19].
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The hypotheses being addressed by this study is that algae
exposure to laser radiation, for short duration before exposure
to natural sunlight, to photobiostimulate algal cells and make
algae able to cope with the daily and diurnal cyclic changes
in weather conditions and the fluctuations of natural light
intensity. Additionally, the photobiostimulated algae using
laser radiation are able to create more lipids which results in
increasing oil production and, therefore, increasing biodiesel
production. Furthermore, photobiostimulation of algal cells
using laser radiation with different wavelengths in a range
of 400-700 nm and with different colors (green, blue, yel-
low and red) to increase both the growth rate of algae and
biomass (i.e. oil content) which in turn increases biodiesel
production (L ha™! year™!) from dry weight of algal biomass.

The objectives of this research are as follow: photobiostimu-
lating algae using laser radiation (short duration exposure) for
enhancing lipid accumulation of algae therefore increasing oil
production; cultivating the algae in photobioreactors exposed
to sunlight, after being irradiated with laser source; transesteri-
fication of the produced/extracted oil into biodiesel; and inves-
tigating several engineering and bioengineering parameters.

2 Materials and methods
2.1 Experimental setup

The experimental setup can be elaborated as follows: design-
ing an array of photobioreactors, identifying the appropriate
laser source, and selecting the microalgae strain.

2.1.1 Design of photobioreactors

The design of the photobioreactors (Fig. 1) is based on the lit-
erature [20-24]. The implemented lab-scale model is a closed
photobioreactor (PBR) which consists of a bottle with 34 cm
height and 25.5 cm diameter with working volume of 15 L,
an air pump (shengzhe Bs-410, China), sample pure filters
(NY 0.45 ym, China) and tubes used for inlet and gas outlet.

2.1.2 Photobiostimulation

The biological response to alterations of light intensity is
a crucial factor for finding out the optimal photosynthetic
activity of microalgae [25]. The irradiation setup consists of
light-emitting diode (LED) source (Alobeidi, China), laser
source (Gas laser, He—Ne laser, Thorlabs, USA), magnetic
hot plate stirrer (Wise Stir, Model: MSH-20A, Daihan Sci-
entific Co., Ltd., Korea), and beam expander to expand the
laser beam diameter to 10 cm.

Light-emitting diode Algal culture was exposed to red light-
emitting diode (LED) source (Alobeidi, China) for 2 h then
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Fig. 1 Experimental setup of
biodiesel production system

-

cultivated in the photobioreactors and exposed to sunlight,
i.e., white light (wavelength: 400—700 nm). This wavelength
was determined according to the literature [26—30]. The pho-
tobiostimulation was conducted at the Department of Micro-
biology, Faculty of Agriculture at Cairo University. The
specifications of red LED were as follows: wavelength of
635 nm, frequency of 4.7 x 10" Hz, energy (3.11 x 107191,
light intensity of 600 Ix, forward voltage of 1.8 V at 20 mA.

Laser type Algal culture was exposed to Gas laser, He—Ne
laser (632.8 nm, Red, Thorlabs, USA) for 2 h then cultivated
in the photobioreactors (PBRs) and exposed to sunlight, i.e.,
white light (wavelength: 400—700 nm). This wavelength was
determined according to the literature [9, 15]. A laser beam
expander was implemented to expand the laser beam diam-
eter from 0.8 to 10 cm.

Helium—Neon lasers are widely used in various applica-
tions and as alignment tools due to their excellent beam qual-
ity and gas discharge laser characteristics. The output beam is
either linearly polarized or randomly polarized (unpolarized).
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He—Ne laser (632.8 nm) features a tube design that makes
them easy to mount in nearly any optical system with power
of 10 mW output. These lasers are offered with either linear
(500:1 polarization ratio) or random polarization.

The specifications of Helium—Neon lasers were Power
supply of 100-240 VAC, Power of 10 mW, Divergence of
1.3 mrad, Longitudinal Mode Spacing (LMS) of 730 MHz,
Noise as from 30 Hz to 10 MHz (RMS) of 0.1%, Operating
voltage of 1800 VDC, Operating current of 6.5 mA.

2.1.3 Microalga and culture medium

Microalgal strain The microalga used in this research were
Chlorella sorokiniana SAG 211-8 k which was obtained
from the Marine Toxin laboratory at the Egyptian Agricul-
ture Research Institute. This oleaginous strain with low oil
contents was selected to be exposed to red laser where the
photobiostimulation could increase the lipid accumulation in
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algae which have medium oil contents (19-20%) and, there-
fore, increase biodiesel production.

Culture medium The used transparent medium was (BG11-
broth) Blue Green medium (Sigma-Aldrich, Germany). Trace
metals for BG-11 were synthesized using standard protocols [31].

2.2 Experimental design and cultivation conditions

To investigate the effects of light-emitting diodes (LEDs) and
laser radiation on biodiesel production, 750 mL algae were
kept in 2L Erlenmeyer flask with continuous stirring and were
irradiated by both of red LED source and red laser source
(Fig. 2). Generally, the used LED radiation to continuously
illuminate the photobioreactors through the whole hydrau-
lic retention time (HRT) of 21 days is with a wavelength of
380-760 nm as it is a white light which represents the whole
light spectrum from 380 to 760 nm including all colors: violet,
blue, green, yellow and red. The photobiostimulating effects
of laser irradiation on biodiesel were investigated by irradiat-
ing the microalgae for a duration of 2 h with 632.8 nm He—Ne
red laser source compared with 2 h irradiation with red LEDs
and 2 h irradiation with white light (the control).

The photobiostimulation using light-emitting diodes
(LEDs) was conducted at the Department of Microbiology,
Faculty of Agriculture, Cairo University. The photobiostim-
ulation using laser radiation was conducted at the National
Institute of Laser Enhanced Sciences (NILES), Cairo Uni-
versity. Generally, there are three stages to biodiesel produc-
tion from algae as illustrated Fig. 3.

After the photobiostimulation process, 750 ml of microal-
gal inoculums (containing 5.15 Log;, cell ml™") were inocu-
lated aseptically into 15 L BG-11 medium, then incubated
at 30+ 5 °C with continuous stirring, pumping CO, and pH
adjusted at 7.4. The hydraulic retention time (HRT) of the

microalga in the photobioreactor extended to 21 days. Experi-
ments were carried out in triplicate.

By the end of cultivation period, harvesting of microalgae
biomass was done by centrifugation at 5000 rpm for 15 min
to remove water. Supernatants were decanted, and cell pellets
were weighed (biomass fresh weight), washed with distilled
water and then dried in an incubator (35 °C) to achieve a con-
stant weight (biomass dry weight). Then, dried biomass was
milled to fine powder.

2.3 Measurements
2.3.1 Lightintensity

The light intensity was determined using light meter (LX-101,
Lutron, Taiwan). This device provides readings in Klux (1
Klux=19.5 pmol m~2 s~ 1). The light intensity of white LED
was 1400 Ix, red LED was 600 1x, and red laser was 1800 1x.

2.4 Calculations
2.4.1 Microalgal cell counts

Microalgal cell counts were determined by improved
Neubauer counting chamber with 0.0025 mm? as area
and 0.1000 mm as depth. The initial microalgal load was
5.15 Log,, cell mL~!. Cell density was counted under the
microscope by the Neubauer counting chamber, calculated
according to the following formula [32] and then expressed
as Log,, cell ml™":

A 4
D==x10
X (n

where D =cell concentration (cell/ml), A =total number of
cells counted (cell), and X = Number of squares.

Fig.2 Irradiation of microalgae
using LED and laser sources
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Fig. 3 Stages of biodiesel production

2.5 Analytical methods

All chemical analyses were carried out in Cairo University
Research Park (CURP), Faculty of Agriculture.

2.5.1 Oil extraction

Oil (lipid) was extracted from the microalgae which were
harvested after 21 days of cultivation by filtration. The total
lipids were extracted by means of a Soxhlet Reflux Extrac-
tor with chloroform/methanol (2/1, v/v) from different sam-
ples of lyophilized (freeze-dry) microalgae and were further
gravimetrically quantified as described in the literature [21,
30, 33-35].

2.5.2 Peroxide value and acid value

The peroxide value and the acid value were determined by
applying the Association of Official Analytical Chemists
(AOAC) method [36, 37].

2.5.3 Transesterification

The transesterification of extracted oils and characteriza-
tion of resulting biodiesel were conducted in this research
according to Onay et al. [38]. The transesterification of the
extracted oils was conducted using methanol (CH?0H) and

potassium hydroxide (KOH) and stirred for 3 h at 60 °C. The
mixture was kept at room temperature for 18 h for separation
of biodiesel and glycerol using a flask separator.

2.6 Statistical analysis

The statistical analysis aimed at evaluating the effects of
LED and laser irradiance on microalgae growth. Each exper-
iment was conducted in three replicates. The statistical sig-
nificance of difference was evaluated by one-way analysis of
variance and Kruskal-Wallis Test (P <0.05) using the SPSS
software (IBM, v. 20). The statistical analysis was conducted
using the statistical package Origin (version 8, MA, USA).
Data are represented as standard error (SE) of mean values.
Analysis of variance (ANOVA) and Fisher test as a post
hoc one were performed to compare the DW of biomass,
total lipid and biodiesel produced after variable microalgae
treatments by visible light. P value <0.05 was set as the
significant level. For all results of statistical analysis, Sig
equals to 1 indicates that the mean difference is significant
at the 0.05 level, and Sig equals to O indicates that the mean
difference is not significant at the 0.05 level.

Principle component analysis (PCA) is nowadays a basic
and powerful tool to monitor multivariate processes. This
analytical methodology was successful in many cases in
extracting the related data from various chemical and phys-
ical means along specific criteria for the assessment of a
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certain process. PCA was done by using the Unscrambler
X 10.3 software (Camo, Norway). Prior to PCA analysis,
pre-treatments of the selected data followed by baseline cor-
rection and normalization. PCA was done to visualize the
different microalgae treatment with visible light and to cor-
relate any possible relationships between such treatments
in the production of FW, DW, of biomass, total lipid, yield
of biodiesel, moisture percentage, peroxide, and acid value.

3 Results
3.1 Microalgal biomass

The effects of different wavelengths of monochromatic light
on the growth of microalgae were evaluated by using He—Ne
red laser (632.8 nm) and red LED (635 nm). As a control,
white light was used under the same conditions required for
the microalgal growth. The irradiation of microalgae using
both red LED (653 nm) and He—Ne red laser (632.8 nm)
for 2 h led to increase the microalgal biomass which were
1.156 g and 0.995 g, respectively; compared with the irradia-
tion by the control (white light) which delivered only 0.397 g
as illustrated Fig. 4, whereas the moisture (%) was 70.2%
for white light followed by He—Ne red laser (61.6%) and red
LED (45.1%) as shown Fig. 5.

The statistical analysis of the various exposed micro-
alga groups revealed that all the employed treatments have
resulted in significant higher production of dry weight (DW)
of biomass in grams when compared to the group that just
received white light (P <0.005). Nevertheless, the red
LED exposed microalgae group showed the highest DW of
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Fig.4 Dry weight (DW) biomass produced by different light treat-
ments of microalgae
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Fig.5 Moisture percentage produced by different light treatments of
microalgae

biomass, but this elevation of the DW of biomass was not of
statistical significance when compared to the He—Ne laser,
but that increase was of statistical significance when com-
pared to all the other DW of biomass production by other
groups (P <0.05) as shown Table 1.

The red LED microalga treated group was found to sig-
nificantly reduce the moisture percentage (P <0.005) when
compared to the white light-treated groups. Although the
He—Ne laser has reduced the moisture percentage, but that
reduction was not statistically significant when compared to
the white treated group as shown Fig. 5 and Table 2.

3.2 Microalgal cell counts

Microalgal cell counts were determined by Neubauer count-
ing chamber. As illustrated Fig. 6. The best treatment in
terms of microalgal cell counts was found to be with the red
LED (7.62 log,, cell ml™"), followed by He—Ne red laser
where was 7.55 log,, cell ml™!, then white light (7.13 log,
cell ml™).

3.3 Chemical analyses
3.3.1 Total lipid

The yield of extracted oil from microalgal biomass which
had been irradiated with He—Ne red laser (632.8 nm) was the
highest percentage ever, whereas red LED (653 nm) was less
than the white light as a control (400-700 nm).

As aresult of microalgae irradiation by He—Ne red laser
and red LED, the total lipid extracted from 100 g of micro-
algae was 2.639% dry weight for the microalgae irradiated
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Table 1 Descriptive statistics and Fisher test results for dry weight (DW) of biomass

Sample size Mean Standard deviation SE of mean
White light 3 0.39337 0.01065 0.00615
Red LED 3 1.15833 0.00236 0.00136
He Ne laser 3 0.9954 0.0011 6.35085E-4
Fisher test

Mean diff SEM t value Prob Alpha Sig LCL UCL
Level 2 vs. Level 1 0.76437 0.01159 65.94016 8.18148E-10 0.05 1 0.736 0.79273
Level 3 vs. Level 1 0.60073 0.01159 51.82389 3.46402E-9 0.05 1 0.57237 0.6291
Level 3 vs. Level 2 —0.16363 0.01159 —14.11627 7.89136E-6 0.05 1 -0.192 —0.13527

Sig equals to 1 indicates that the mean difference is significant at the 0.05 level

Sig equals to 0 indicates that the mean difference is not significant at the 0.05 level

Where Level 1 is white light-exposed group
Level 2 is Red LED exposed group
Level 3 is He—Ne laser exposed group

with He—Ne red laser, 0.944%for those irradiated with
white light (control) and 0.905% for those irradiated with
red LED, respectively (Fig. 7).

The oil content in the algae irradiated with He—Ne red
laser for 2 h was three times the oil content in the algae
irradiated with white light (the control) which yielded
1.2 g oil L™! microalgae, 0.4 g oil L~! microalgae.

The statistical analysis of the various exposed micro-
alga groups showed that He—Ne red laser treatments have
resulted in significant higher production of total lipids (g
100 g~!) when compared to the group that just received
white light (P <0.01 and 0.0001 respectively) as shown
in Table 3.

Surprisingly, despite the He—Ne red laser group has
produced the highest total lipids 0.87967 (g 100 g~ 1)
from the treated microalga, the red LED which has the
same wavelength range did not have the ability to change
the total lipids significantly than the white light-exposed
group. This suggests that the laser coherence, brightness,
and monochromaticity are key factors in the influence of
lipid production rather than the wavelength (Fig. 7).

3.3.2 Chemical properties of microalgae oil

The results of peroxide and acid values of microalgal oil
are presented in Tables 4 and 5 respectively.

All the groups have almost the same peroxide value
levels with the white light-treated microalgae as shown
Fig. 8 and Table 4.

All the experimental groups were found to have no
effect on the acid value as there is almost no change
recorded in the acid value of all the treated groups as
shown Fig. 9 and Table 5.

3.3.3 Biodiesel yield

As a result of microalgae irradiated by He—Ne red laser and
red LED compared with white light as a control, the yield
of biodiesel produced from algae irradiated by He—Ne red
laser was the highest which was0.1321 g, whereas the yield
of biodiesel produced from algae irradiated by red LED was
the lowest which was 0.0349 g and the algae irradiated by
white light (control) produced 0.0534 g as shown Fig. 10.
The best treatment that led to increase the total lipid and
biodiesel yield was He—Ne red laser irradiation, whereas the
yield of biodiesel was three times the white light treatment
(control) where the biodiesel yield was 0.06 g biodiesel L™!
microalgae, 0.02 g biodiesel L™! microalgae, respectively.
The statistical analysis was extended to investigate the dif-
ferences of the biodiesel production by different microal-
gae light treatments. It was quite the same trend that has
been seen in the total lipid production, where the He—Ne red
laser-treated group yielded the highest biodiesel production.
Those enhancements of the biodiesel production by those
groups were statistically significant (P <0.0001 and 0.001
respectively) as shown in Table 6. Figure 10 shows the same
behavior that has been observed by the total lipid production
where the red LED which has the same wavelength range
of the He—Ne red laser, yet it did not change the biodiesel
production by the treated microalgae when compared to the
white light-treated group.

3.3.4 Statistical analysis of fresh weight of microalgal
biomass

The statistical analysis of the various exposed micro-

algae groups revealed that all the employed treatments
have resulted in significant (Table 7 and Fig. 11) higher

@ Springer



124

Biomass Conversion and Biorefinery (2024) 14:117-131

@ Springer

Table 2 Descriptive statistics and Fisher test results for moisture percentage

SE of mean
6.2567

Standard deviation

10.83692
6.19165

Mean

Sample size

70.15475
45.03929
61.61432

White light
Red LED

3.57475
0.57494

0.99583

He Ne laser

Fisher test

UCL

Sig LCL

Alpha
0.05
0.05
0.05

Prob

t value

SEM

Mean diff

—13.21747

3.35756
28.47303

—37.01347
—20.43843

4.67703

8.37271E—4
0.14082
0.01117

—4.70337
—1.59937

3.10401

5.33988
5.33988
5.33988

—25.11547
—8.54043
16.57503
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Fig.6 Microalgal cell counts after cultivation using different light
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Fig.7 Total lipid produced by different light treatments of microalga

production of fresh weight (FW) biomass in grams when
compared to the group that just received white light
(P<0.001).

3.4 PCAresults

Assessment of the microalgae treatments with different
light wavelengths was done by PCA. The chemical vari-
ables included in the PCA plots are the values of FW and
DW biomass, biodiesel production, total lipid, acid value,
moisture percentage, and peroxide value. The PCA analysis
for the different exposed microalgae was shown in Fig. 12.
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Table 3 Descriptive statistics and Fisher test results for total lipid (g 100 g1
Sample size ~ Mean Standard deviation SE of mean

White light 3 0.31473 0.11228 0.06483
Red LED 3 0.30173 0.03173 0.01832
He Ne laser 3 0.87967 0.03974 0.02294
Fisher test

Mean diff SEM t value Prob Alpha Sig LCL UCL
Level 2vs.Level 1  —0.013 0.0502 —0.25896  0.80092 0.05 0 —0.12486 0.09886
Level 3vs.Level 1  0.56493 0.0502 11.25339 5.33232E-7 0.05 1 0.45308 0.67679
Level 3 vs. Level 2 0.57793 0.0502 11.51234 4.31129E-7 0.05 1 0.46608 0.68979

Figure 12 clearly shows that the He—Ne laser exposed
group is discriminated alone from red LED exposed group
and white light. Surprisingly, this differentiation was even
seen between the He—Ne laser and the red LED group (where
the exposed wavelengths are near to each other). This sug-
gests that the laser light has unique properties other than the
wavelength like the collimating properties, monochromatic-
ity, brightness, and directionality.

3.5 Energy balance assessment and cost analysis

To estimate the competence of the He—Ne red laser treat-
ment in terms of the net energy production and the relevant
costs, an energy balance assessment and cost analysis were
performed where the outcomes are shown in Table 8.

The He—Ne red laser source requires a power of 35 W,
and it was operated for 2 h which is the algae irradiation time
which results in 0.07 kWh power requirements. This power
can irradiate 1 L of algae which can be cultivated in a total
volume of 20 L after the addition of water. Thus, in order
to cultivate 1 m> of algae, an amount of 50 L of irradiated
algae is required and those require 3.5 kWh of power to be
irradiated.

Generally, algae yielded an amount of oil equal to
97,800-1,36,900 L/ha/year [21] with an average of 117,350
L/ha/year, where 86% of the oil can be converted to bio-
diesel [39]. Noting that oil content is 50% of the algae, then
it is required to cultivate 235 m® of irradiated algae, where
this amount requires a power of 822.5 kWh to be irradiated
with a He—Ne red laser source. The world average price is
0.12 USD (US Dollar) per kWh for business users in 2019
(source: https://www.globalpetrolprices.com/). Therefore,
the aforementioned amount costs 98.7 USD/ha/year.

According to our results, the amount of biodiesel pro-
duced using He—Ne laser source (with 2 h irradiation) is 3
times the control (traditional method without irradiation).
Then, the expected amount of produced biodiesel is 303 m?/
ha/year with irradiated algae compared to 101 m>/ha/year
produced by the control. The increase in biodiesel produc-
tion was 202 m3/ha/year, where McCormick [40] stated that

the biodiesel density is 0.88 g/ml (g/ml =ton/m?), i.e. this
amounts to 177.8 ton/ha/year. Taking into consideration that
Sheehan et al. [41] stated that one metric ton of biodiesel
contains an amount of energy equal to 37.8 GJ (33.3—
35.7 MI/liter) which are equal to 10,500 kWh/ton, then the
net energy production is 1,866,900 kWh/ha/year. The inter-
national price of biodiesel is 836 USD/ton on December
31, 2019 (Source: https://www.neste.com/). Accordingly,
the price of this increase is 148,607 USD. The benefit is
equal to the deduction of the price of the laser device and
the beam expander (taking into consideration that their life-
time is 5 years) and the power utilized to be deducted from
the price of the increase. The total price of laser source and
beam expander is equal to 6064 USD, i.e. 1,213 USD/ha/
year. Then, the net profit of using laser radiation is equal
to 147,295 USD over the net profit of the traditional plant
(without laser irradiation), where these calculations are for
an algal biodiesel plant which has an area of 1 ha cultivat-
ing 235 m? of algae and produces an amount of oil equal
to 97,800-1,36,900 L/ha/year and averaged as 117,350 L/
ha/year.

4 Discussion

The results of this study showed that the cultivation of
microalgae is highly depending on light, where the yield of
biomass is dependent on light which is a crucial factor for
the bioprocesses. The light intensity used to irradiate the
microalgae influences the biomass production. These find-
ings agree with the statements of Judd et al. [42] and they
added that the microalgal growth increases with light inten-
sity until it reaches a maximum value, i.e., the microalgae’s
light saturation.

The results of the present study showed that the imple-
mentation of different lights can provide an advantageous
microalgae production process. The application of specific
wavelengths of laser is more feasible than applying ordinary
lights with low-power irradiance, which can influence micro-
algae biomass. These statements agree with Dickinson et al.
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Table 4 Descriptive statistics and Fisher test results for peroxide value
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SE of mean
0.03914

Standard deviation

0.0678

Mean

Sample size

0.19003
0.17003
0.19993

White light
Red LED

0.01033
0.00524

0.01788
0.00907

He Ne laser

Fisher test

Alpha Sig LCL UCL

0.05

Prob

t value

SEM

0.02775

Mean diff

0.04183

—0.08183

0.4876

—0.72069

-0.02

Level 2 vs.

Level 1
Level 3 vs.

0.07173

—0.05193

0.05

0.7287

0.35674

0.02775

0.0099

Level 1
Level 3 vs.

0.09173

—0.03193

0.05

0.30659

1.07743

0.02775

0.0299

Level 2

[43] and Duarte and Costa [27] who investigated LEDs only.
However, the results of the present study showed superior
advantages of laser radiation over LEDs.

The results of the present study showed that laser sources
and LEDs can be used instead of conventional light lamps
due to their low energy consumption, which makes them
environmentally friendly. These results agree with Duarte
and Costa [27] but they investigated LEDs only. Addition-
ally, the application of laser radiation in microalgae cultiva-
tion directly influences the quantity and quality of biomass
produced. This occurs mainly due to the light's mono-chro-
maticity. These statements agree with Schulze et al. [44],
where their investigations focused on LEDs only.

This study found that the irradiations with red laser
source accelerated the growth of microalgae. Additionally,
visible light has been found to induce a large variety of
bioresponses. These findings agree with Karu et al. [45] as
they stated that the irradiation with red light enhanced the
growth of Escherichia coli. The results of the present study
showed that the red laser was advantageous for rising the
dry weight of microalgal biomass in comparison with white
light and therefore increasing the total lipids and biodiesel
production.

The irradiance of microalgae was for 2 h. The highest dry
weight of microalgal biomass was produced from microalgae
irradiation with red LED, followed by He—Ne red laser and
then white light LED, respectively. According to the results
of dry weight of microalgal biomass, it was found that the
best color is red which agrees with Kim et al. [46] who con-
cluded that red LED illumination (wavelength: 630—-665 nm)
led to small-sized cell with active divisions.

The results of the present study indicated that the irradia-
tion of microalgae with He—Ne red laser source increased
the total lipids and the yield of biodiesel. The only exception
was the red LED light as despite the dry weight of micro-
algal biomass was the highest one, but that increase not led
to increasing in total lipids and biodiesel yield, this is due
to that the red LED light led to small-sized cell with active
divisions, which is in agreement with Kim et al. [46].

It was found that light stimulates the microalgae to accu-
mulate lipids in form of oil, where the light is easy to con-
trol. Therefore, it is practicable to enhance the lipid accu-
mulation and oil content using laser radiation which agrees
with Zhang et al. [15]. It should be noted that the effects of
laser radiation on microalgal cells have been investigated in
a very few previous studies. The results of the present study
indicated that the irradiation of microalgae with He—Ne red
laser source led to increasing the weight of microalgal bio-
mass, the total lipids and the biodiesel yield.

The findings of the present study can be further
explained by the statements of Singh and Priyanka Singh
[47] who reported that green algae comprise chlorophyll
a and b, which are the main light harvesting pigments and
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Table 5 Descriptive statistics and Fisher test results for acid value

Sample size Mean Standard deviation SE of mean
White light 3 0.73333 0.2616 0.15103
Red LED 3 0.73333 0.0771 0.04451
He Ne laser 3 0.7336 0.03354 0.01936
Fisher test
Mean diff SEM t value Prob Alpha Sig LCL UCL
Level 2 vs. Level 1 —1.1102E-16 0.10577 —1.0496E-15 1 0.05 0 —0.23568 0.23568
Level 3 vs. Level 1 2.6667E-4 0.10577 0.00252 0.99804 0.05 0 —0.23541 0.23595
Level 3 vs. Level 2 2.6667E-4 0.10577 0.00252 0.99804 0.05 0 —0.23541 0.23595
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Fig. 10 Biodiesel yield produced by different light treatments of
microalga

are sensitive to the wavelengths of red light and, therefore,
green algae grow well in red light which plays a substan-
tial role in algae growth, lipid accumulation and biodiesel
production.

The results of the present study showed that the perox-
ide value increased in the He—Ne red laser treatment com-
pared to red LED and white light, where the oxidative stress
resulted from laser treatment was reflected in an amount
higher than red LED and white light treatments. There-
fore, this is a response to oxidative stress that was gener-
ated through the irradiation of microalgae with He—Ne red
laser source. The resulting induction of oxidative stress and
reactive oxygen species (ROS) accumulation that suppress
cell division and accumulate total lipids and in sequence
biodiesel production. These findings are in accordance with
Kushibiki et al. [48] who found that the laser irradiation
creates intracellular ROS in numerous types of cells and
reported that intracellular ROS created subsequent to a
red or a near-infrared laser irradiation are considered to be
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Table 6 Descriptive statistics and Fisher test results for yield of biodiesel (g)

Sample size Mean Standard deviation SE of mean
White light 3 0.0178 0.00617 0.00356
Red LED 3 0.01163 0.00125 7.2188E-4
He Ne laser 3 0.04403 0.00199 0.00115
Fisher test
Mean diff SEM t value Prob Alpha Sig LCL UCL
Level 2 vs. Level 1 —0.00617 0.00294 —2.10048 0.06203 0.05 0 —0.01271 3.74774E-4
Level 3 vs. Level 1 0.02623 0.00294 8.93557 4.41398E-6 0.05 1 0.01969 0.03277
Level 3 vs. Level 2 0.0324 0.00294 11.03605 6.39469E-7 0.05 1 0.02586 0.03894
Table 7 Descriptive statistics and Fisher test results for fresh weight (FW) of biomass
Sample size =~ Mean Standard deviation SE of mean
White light 3 1.3352 0.1169 0.06749
Red LED 3 2.06403 0.15293 0.0883
He Ne laser 3 2.64157 0.06337 0.03658
Fisher test
Mean diff ~SEM t value Prob Alpha  Sig LCL UCL
Level 2 vs. Level 1 0.72883 0.09553 7.62908 2.64534E-4 0.05 1 0.49507 0.96259
Level 3 vs. Level 1 1.30637 0.09553 13.67442  9.50232E-6 0.05 1 1.07261 1.54013
Level 3vs.Level 2 0.57753 0.09553 6.04534 9.27141E-4 0.05 1 0.34377 0.81129
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Fig. 11 Fresh weight (FW) biomass produced by different light treat-
ments of microalga

important messengers modulate, specific functional regula-
tion of cell division and lipid storage.

Yilancioglu et al. [49] indicated that oxidative stress is
accompanied by increased lipid content in the green algae.
The results of the present study support that oxidative stress
and lipid overproduction are linked. Importantly, these
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Fig. 12 Three dimensions of PCA analysis for microalgae exposed to
different light treatments

results also suggest that oxidative stress mediates lipid accu-
mulation. Understanding such relationships may provide
guidance for efficient production of algal biodiesel.

The results of the present study showed that the
red LED irradiation significantly reduced the lipid
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Table 8 Energy balance assessment and cost analysis for an algal bio-
diesel production plant of 1 ha that cultivates 235 m> of algae per year

Control He—Ne red laser Units
Total biodiesel production 101 303 m>/ha/year
Energy content of bio- 10,500 10,500 kWh/ton
diesel
Energy applied for irradia- — 822.5 kWh/ha/year
tion
Net energy production 622,300 1,866,900 kWh/ha/year
Laser device costs - 1,213 USD/ha/year
Laser energy costs - 98.7 USD/ha/year
Net profit NA 147,295 USD/hal/year

accumulation, while it showed a significant increase in
cell growth and DW compared to laser and white LED
treatments. This can be further elucidated by the findings
of Fernandes et al. [50] that there is a negative correlation
between algae growth and lipid accumulation when cell
begins to grow and then divides while consuming energy
reserves especially starch and lipids.

The results of the present study showed that the irra-
diation of green algae Chlorella sorokiniana with red
laser source increased lipid accumulation. These findings
agree with the findings of Zhang et al. [51] who found that
lipid accumulation of microalgae Chlorella pacifica can
be improved by laser irradiation. On the other hand, the
results of the present study showed that the irradiation of
green algae Chlorella sorokiniana with red laser source
increased algae cell counts. These findings agree with the
findings of Kuwahara et al. [52] who found that the algal
cell counts of Chlamydomona sreinhardtii can be signifi-
cantly increased by red laser irradiation.

The irradiation with laser accelerates the growth of
several cell cultures. Laser radiation has been found to
photobiostimulate a large variety of bioresponses [53].
Mitochondria are susceptible to irradiation with mono-
chromatic visible light. The illumination of mitochondria
raises the adenosine triphosphate (ATP) synthesis and the
intake of oxygen. In this study, it was found that irradiation
of algal cells with laser radiation boosts the ATP synthe-
sis and accelerates the proliferation of cells, which agrees
with Abdelsalam et al. [54]. At the same time, elevated
activity of mitochondrial respiratory chain enzymes and
ATP synthesis was revealed in irradiated cells using laser
radiation which agrees with Abdelsalam et al. [55]. The
photobiostimulation of algal cells using laser radiation
increases the biodiesel production from algal biomass.
Specifically, it was found that the laser radiation has pho-
tobiostimulating effects on the cell activity during the
startup of the process and through the hydraulic retention
time (HRT) to the end of the experiments, which agrees
with the statements of Abdelsalam et al. [54].

Algae exposure to laser radiation, for short duration
before exposure to natural sunlight, to photobiostimulate
algal cells and make algae able to cope with the daily and
diurnal cyclic changes in weather conditions and the fluc-
tuations of natural light intensity. Additionally, the photobi-
ostimulated algae using laser radiation can create more lipids
which results in increasing oil production and, therefore,
increasing biodiesel production. Furthermore, the photobi-
ostimulation of algal cells using laser radiation with different
wavelengths in a range of 400-700 nm increases both the
growth rate of algae and biomass (i.e. oil content) which in
turn increases biodiesel production from dry weight of algal
biomass which agrees with the statements of the literature
[53-58]. On the other hand, this technology [59, 60] was
found to be environmentally friendly.

An important future application is to develop an air puri-
fication system using algae to purify the exhaust air from
industries, factories, and agricultural systems [61-64] to
replace current purification systems by an environmentally
friendly algal purification system, where such technology
developed in this research can be implemented to increase
the algal purification system’s efficiency.

5 Conclusions

The general finding of this study is that the photobiostimu-
lation of microalgae using He—Ne red laser radiation led
to increasing the dry weight of algal biomass as well as
increasing the total lipids and the biodiesel yield. The spe-
cific findings of this study can be elaborated as follows: (1)
the oil content of the algae irradiated with He—Ne red laser
for 2 h was three times the oil content in the algae irradiated
with white light (the control), (2) the oil content of the algae
irradiated with red LED was only 0.82 times the control, (3)
the biodiesel yielded from the algae irradiated with He—Ne
red laser for 2 h was three times the biodiesel yielded from
the algae irradiated with white light (the control), (4) the
biodiesel yielded from the algae irradiated with red LED
were only 0.82 times the control, (5) the He—Ne red laser
radiation and the red LED radiation increased the dry weight
of the microalgae, where the highest significant growth and
dry weight of the microalgae were attained when the algae
were irradiated with red LED and He—Ne red laser compared
to the control, respectively; (6) the highest significant total
lipid and biodiesel yielded from microalgae were attained
when the algae were irradiated with He—Ne red laser com-
pared to the control; however, these values were the lowest
when the algae were irradiated with red LED, and (7) the
implementation of He—Ne red laser technology for irradiat-
ing microalgae for 2 h before cultivation could have a posi-
tive effect on the future of commercial biodiesel production
from microalgae.
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