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Abstract

The continued burning of fossil fuels since the beginning of the last century led to higher emissions of greenhouse
gases and thus leads to global warming. Microalgae are one of the most important sources of green hydrocarbons
because this type of algae has a high percentage of lipids and has rapid growth, consumes the carbon dioxide in
large quantities. Besides, the cultivation of these types of algae does not require arable land. This review aims to
explain the suitability of microalgae as a biofuel source depending on the fat content, morphology, and other pa-
rameters and their effect on the conversion processes of microalgae oil into biofuels by different zeolite catalytic re-
actions. It also discusses in detail the major chemical processes that convert microalgae oil to chemical products.
This review sheds light on one of the most important groups of microalgae (Chlorella vulgaris microalgae). This re-
view includes a historical overview and a comprehensive description of the structure needed to develop this type of
algae. The most important methods of production, their advantages and disadvantages are also deliberated in this
work.
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1. Introduction ute to reducing the effects of global warming [2].
Microalgae can grow all over the world, where
they can grow in the Scandinavian soil where
the temperature is low and also possible to grow
in desert soils where the temperatures are high
and also possible to grow in freshwater and salt-
water [3], we can say that microalgae can grow
in all environmental conditions on the earth's
surface. Microalgae are a promising and im-
portant resource for renewable energy due to

The limited reserves of fossil fuels and global
warming caused by excessive carbon dioxide
emissions have sparked global research on al-
ternative and sustainable energy sources [1].
Therefore, microalgae as characterized by the
efficiency of photosynthesis, grow rapidly, con-
sume large quantities of carbon dioxide and pro-
duce large quantities of oxygen gas can contrib-

their high content of triglycerides up to 60% [4].
* Corresponding Author. Several studies have been conducted regard-
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croalgae fat to contribute to reducing the total
dependence on fossil fuels [5]. Fat content and
fat efficiency depend on several factors: micro-
algae types, planting conditions, and growth
conditions [6]. A study conducted on the Chla-
mydomonas debaryana microalgae showed that
the catalytic pyrolysis process of this biomass
using B—zeolite for the removal of nitrogen and
the production of aromatics showed that B—
zeolite catalyzed pyrolysis produced higher
yields of total hydrocarbons (aromatic + ali-
phatic) [7]. The quality of the biofuel extracted
from Chlorella vulgaris (C. vulgaris) microal-
gae in the catalytic pyrolysis process using zeo-
lite supported by Ni, this study showed that the
biofuel contains high hydrocarbon quantities
that are highly acidic with fewer oxygen quan-
tities compared to the non-catalytic pyrolysis
process [8].

Numerous studies have investigated the
possibility of improving the selectivity and sta-
bility of zeolites where rare earth metals have
been added to zeolites [9—13]. In conclusion, the
effect of the rare earth metals modified zeolite
catalyst will offer efficient deoxygenation reac-
tions to produce high-quality biofuels due to
improved activity, selectivity, and stability of
catalyzing simultaneous reactions.

The present review shed the light on the
possible usability and challenges in the use of
microalgae as a source of energy towards the
reduction of total energy cost. Moreover, micro-
algae morphology, the techniques of produc-
tion, growths of microalgae, microalgae compo-
sition and extraction techniques for the micro-
algae crude oil production have been deliberat-
ed. The effect of the microalgae lipid content
and quality of bio-crude oil are also highlight-
ed. Recent production technologies of the micro-
algae biofuels from bio-crude oil have been dis-
cussed. Special incite has been devoted to the
different zeolite materials and modified zeolite
used for the deoxygenation and hydrodeoxygen-
ation processes. Finally, the role of rare earth
metals was found the right choice for enhanc-
ing the activity, selectivity, and stability of the
zeolite catalyst as a novel route in the deoxy-
genation and hydrodeoxygenation processes.

2. Microalgae Biomass

The selection of microalgae strains with
high lipid content to obtain large amounts of
biofuels is an important issue. The characteri-
zation and analysis of the fats are one of the
most critical pre-studies measures on biofuels
production from microalgae. It helps to deter-
mine this strain's suitability to produce biofu-

els. The profile of the carbon chains for some
microalgae species is found in other literature
[14]. The main challenges that accompany the
production process are the costs of agriculture,
harvesting, and drying. There are types of mi-
croalgae where the fat content is relatively low.
There 1s a great need to improve the fat con-
tent in some low-fat species using techniques
that help to grow fatter, such as partial or total
starvation of nutrients. There are some re-
searches has shown the use of nonpolar lipids
and polar lipids present in microalgae to gener-
ate different types of biofuels from transester-
ification and has shown positive results in this
area. Besides, the lipid composition can be
modified by changing the growth conditions,
especially in the case of nonpolar fats to pro-
duce good quality biofuels.

3. Obstacles to Using Microalgae Biomass

There are three types of challenges facing
the production of some types of biofuels ex-
tracted from microalgae: biological, chemical,
and mechanical. Concerning biological chal-
lenges, the selection of the appropriate strain
1s very important for the production of biofuels
in greater quantity and better quality as each
strain has its fat content. Fat content can af-
fect the productivity and quality of biofuels.
Besides, good agricultural conditions should be
provided for microalgae to improve growth
rates, improve fat productivity, and improve
the photosynthetic efficiency of these microal-
gae. The chemical challenges associated with
the production of biofuels from microalgae are
related to the extraction of solvent oil, chemical
harvesting, and water quality. The main me-
chanical challenges associated with the produc-
tion of biofuels are maintenance, costs associat-
ed with planting, harvesting, drying, and re-
covery of oil. All these problems result in the
development of microalgae jet fuel make this
process more difficult but can be easily pro-
duced if an effective design plan is reached
[15].

4. Microalgae Morphology

Microalgae have a wide morphological di-
versity. The simplest forms are in the form of
microscopic cells or single-cell, nonmotile, or
motile cells. They can be spherical shape or
pyriform, non-motile or motile algae may form
a colony, known as a coenobium. Fat content
and fat efficiency depend on several factors:
microalgae types, planting conditions, and
growth conditions. Fat content can affect the
productivity and quality of biofuels. C. vulgaris
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1s a spherical microscopic cell with a diameter
of 2—10 microns and does have a lot of structur-
al components analogous to crops. Figure 1
shows the general structure components of the
microalgae cell [16].

4.1 Cell Wall

C. vulgaris is a spherical microscopic cell
with a diameter of 2—-10 microns [17], it has
many structural components similar to the
structural components of the plants. Its stiff-
ness keeps the cell safe by protecting it from in-
vaders and harsh conditions. This hardness
changes from one stage to another during the
stages of cell growth. The cell wall of the
daughter's cell gradually thickens to reach
about from (17 — 21) nanometer after the ripen-
ing, a layer of microfibrillar is created, which is
a Chitosan-like glucosamine layer, it is a source
of cell stiffness [18]. The thickness and struc-
ture of the cell wall vary depending on the con-
ditions of development and climate. Besides,
some studies [19] have demonstrated the cell
wall's rigidity by highlighting a layer's pres-
ence of sporopollenin, the cell wall consists of a
single layer free of sporopollenin.

4.2 The Cytosol

The cytosol is a gel substance that is con-
fined present inside the cell membrane, it con-
sists of also contains some minerals, water, and
proteins. C. vulgaris hosts internal organs such
as mitochondria, vacuoles, small nuclei [20],
Golgi body, and single green chloroplasts [21].

4.2.1 The Mitochondrion

Some genetic components are present in the
mitochondrion, and consist of the respiratory
tract, the outer membrane of the double layer
membrane covers the entire organic organism,
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Figure 1. Structure of the microalgae cell [16].

this membrane consists of the equivalent pro-
tein and phospholipid ratio [21]. However, the
inner membrane is three times more proteins
than phospholipid, it surrounds the inner space
called the matrix, which includes most mito-
chondrial proteins.

4.2.2 The Chloroplast

C. vulgaris contain chloroplasts monoculars,
it is coated with a dual film of the phospholip-
id, the outer film is effective for ions and me-
tabolites, while the inner film function trans-
fers special types of proteins. The composition
of the starch granules, which consists of amyl-
ose and amylopectin where they are configured
within a private chloroplast in inappropriate
growth conditions. The pyrenoid is the basis of
carbon dioxide stabilization and contains ele-
vated levels of ribulose—1,5-bisphosphate car-
boxylase oxygenase (RuBisCO). A group of
fused thylakoids is also stored in chloroplasts
where chlorophyll is manufactured, the domi-
nant pigment to mask the color of other pig-
ments such as lutein. Fat pellets accumulate
primarily in the cytoplasm and chloroplasts
during nitrogen stress [22].

5. Production and Growth Techniques
5.1 Production

In general, microalgae can photosynthesize
and produce their nutritional use of carbon di-
oxide and sunlight to generate oxygen and car-
bohydrates. In 2009, Chlorella was produced
by 2,000 tons (dry weight) and was mainly pro-
duced in Japan, Germany, and Taiwan [23].
These microalgae have rapid growth rates and
can grow in extreme weather conditions and
adapt to these inappropriate conditions. C. vul-
garis 1s exemplary for preparation, this is due
to its resistance to extreme conditions and in-
vaders. On the other hand, the fat content and
the starch content increase. As for the biomass
efficiency, it stops or reduces through improper
growth conditions [24], such as nitrogen and
phosphorus restriction, the concentration of
high carbon dioxide, excessive exposure to light
[25—27], average iron overload [28], or in-
creased temperatures [29]. Moreover, the con-
tents of protein improve through controlled and
normal outgrowth conditions (Supplements of
N3). Thus, several methods of cultivation and
growth of this type of microalgae have been ex-
amined to improve the content of biomass, fats,
proteins, pigment content, and carbohydrates.
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5.2 Growths
5.2.1 The Autotrophic Growth
5.2.1.1 The Open Pond

The open pond systems are the ultimately
used manufacturing technique, they are the
cheapest technology for huge biomass produc-
tion. These systems are classified into natural
waters (lakes, salt lakes, and ponds), contain-
ers, artificial containers, and wastewater. They
are generally built next to heavy industries or
power plants, where they release huge amounts
of carbon dioxide. This biomass of the algae ab-
sorbs nitrogen from the atmosphere in the form
of nitrogen oxides. The ideal depth of the pond
1s about more than 14 cm and less than 51 cm,
to enable all cells to be exposed to the light of
the sun, essentially after the end of the expo-
nential growth period [23,29]. Otherwise, these
systems, when established, require several re-
strictions as to their need stringent environ-
mental monitoring to reduce the jeopardy of
contamination, evaporation of water, pollu-
tants, etc., also to prevent the growth of some
undesirable algae. Moreover, the variations of
temperature cannot be controlled due to sea-
sonal variations from one season to another, it
is difficult to control the concentration of car-
bon dioxide and excess sun exposure. Further-
more, several of the cells are not enough open
to the light of the sun because they are covered
by the cells which are close to the surface, re-
sulting in a decrease in biomass to be produced.
Therefore, it is better to mix the water medium
from time to time and this is what is working
now.

5.2.1.2 The Closed Photo-Bioreactor

The closed photo-bioreactor is used to beat
several of the elements that affect the produc-
tion in the systems of open ponds, thereby in-
creasing the biomass in controlled surround-
ings such as pH, temperature, the intensity of
the light, and CO:z concentration, to get a high
concentration in cells besides the production of
the most suitable products for manufacturing
the pure pharmaceuticals, nutrients, etc. More-
over, they are suitable for weak strains that
cannot contend, develop, and expand in hostile
environments. The biomass is fed via pumping
carbon dioxide into the bubbles of the tubes
where the biomass feeds well. If the tubes are
not exposed to sufficient sunlight, fluorescent
lamps are used. The diameter of the tubes is
usually 20 cm or less [30], the thickness of their
pellucid walls is a small millimeter, permitting
sufficient light to be absorbed. Therefore, mul-

tiple designs were used and tested: flat-panel
photobioreactors, column photobioreactors, and
tube photobioreactors [31]. Degen et al. at-
tained 0.11 g.L-1.h! of dry biomass output next
to the growth of C. vulgaris cells in an equable
panel photobioreactor under constant lighting
(980 pE.m=2.s71) [32]. However, the major dis-
advantages of these systems are the high cost
of construction, the little lighting space, and
sterilization price.

5.2.2 The Heterotrophic Growth

The light is not used in this method, the or-
ganic carbon source of biomass is provided.
Consequently, microalgae are produced in the
mixed bioreactor or fermenter and the bigger
biomass is expected to be obtained in greater
quantity and efficiency, in addition to lower
gathering costs because of increased dried bio-
mass up to 0.25 g.L-1.d"! [33,34]. The high lev-
els of accumulation of various elements like
fats 22—54 mg.Li-1.d"! are the sources of carbon
used to produce C. vulgaris from acetate, glu-
cose, glutamate, and glycerol, the highest par-
ticular rate of outgrowth of C. vulgaris can be
gained with the glucose. However, the main
abuse of this method is the high cost, accessi-
bility of sugars that contend with raw materi-
als for different uses like food production and
biofuels.

5.2.3 The Mixotrophic Growth

C. vulgaris can combine heterotrophic and
autotrophic methods by photosynthesis and al-
so by utilizing organic products such as glucose
that are most suitable for C. vulgaris [33,35].
The growth of the cells does not depend entire-
ly on the light or the excretion of organic mat-
ter. This technicality contends favorably with
the systems of autotrophic, in the opinion of
Yeh and Chang, this study appeared a combi-
nation of raise dry of the biomass yield (2-5
g.L-t.d1) and fat output (67-144 mg.L-1.d™?)
[35]. One of the major benefits of mixotrophic
metabolism is its active contribution to reduc-
ing the effect of biomass damage through dark
breathing, decrease the quantities of organic
substrates used for the production of biomass.

5.2.4 The Other Growth Techniques

The outgrowth of the C. vulgaris can occupy
another proportion by immobilizing it in the al-
ginate beads with the bacteria of the Azospiril-
lum brassillins [36,37]. This technique was in-
terpolated to C. vulgaris and other microalgae
from the supposition that Azospirillum bra-
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silense enhances the performance of terrestrial
plant growth by interfering with the hormonal
metabolism of the host plant and provides O:
for bacteria to biodegradable pollutants and
then microalgae consume carbon dioxide from
bacterial respiration [38]. Thus, depending on
the C. vulgaris strain [37], this technique af-
fects the prolongation of the life of this species
of microalgae, enhanced biomass output, in-
creased cell size 62% bigger, the accruement of
pigments and fats. At the same time,
wastewater absorption of zinc, nitrogen, phos-
phorus, cadmium, and the different weighty
metals increases. Also, the increase of C. vul-
garis has a pronounced effect on the associative
bacteria Phyllobacterium myrsinacearum by
stopping its development or cell death [39].
Furthermore, the shear stress and the mixing
influence increased photosynthesis action and
outgrowth of C. vulgaris. Consequently, opti-
mum conditions (tip velocity 126 cm.s™! and
rubbing speed 2.06 cm.s™!) increase photosyn-
thesis activity by 4 to 5% with better growth of
48 to 71% compared to friction speed or null tip
speed [40]. However, the maximum tip speed
and high friction speed reduce photosynthesis
and growth activity to unsettling state value
and even lower.

6. The Composition of the Microalgae
6.1 The Proteins

The proteins are an important component of
algae. They take part in capitalist functions
like cell outgrowth, reform, conservation and
cellular motors, organizers of cellular actions,
chemical messengers, and fighting threats
from outside. The overall protein content of
grown C. vulgaris is between more than 41%
and less than 59% of the dry weight of biomass,
which changes with the outgrowth situations
[41—-44]. The proteins have different functions,
about 21% of whole proteins linked to the wall
of the cell, more than 50% inside of the cell,
30% migrating outside of the cell [45]. The nu-
tritional quality of the protein is determined by
its profile of amino acid [45], most of the micro-
algae, the amino acid of the C. vulgaris profile
was compared favorably and better with the
natural nutrition profile proposed by the World
Health Organization, the Food and Agriculture
Organization (FAO) because the cells of the C.
vulgaris synthesis of primary and non-primary
amino acids as shown in Table 1.

Protein extraction from microalgae is tech-
nically the same for all types of microalgae, it
1s implemented primarily via dissolving alka-
line solutions of the proteins [42,48,49]. How-

Table 1. Chlorella Vulgaris amino acid profile compared to other resources expressed in grams of pro-

tein per 100 grams.

Amino acids C. vulgaris C. vulgaris Reccomendation from Eggs Soya
[47] [42] FAO/WHO [48,49] [48,49] [48,49]
Threonline 5.15 6.09 4.00 4.00 5.00
Glutamic acid 12.66 9.08 N/A 19.00 12.60
Serine 4.32 7.77 N/A 5.80 6.90
Alanine 8.33 10.90 N/A 5.00 n.d
Cysteine 1.28 0.19 3.5 1.90 2.30
Isoleucine 4.44 0.09 4.00 5.30 6.60
Methionine 1.24 0.65 N/A 1.30 3.20
Tyrosine 3.14 8.44 6.00 3.20 4.20
Leucine 9.38 7.49 7.00 7.70 7.00
Histidine 1.97 1.25 N/A 2.60 2.40
Phenylalanine 5.51 5.81 N/A 5.00 5.80
Arginine 6.22 7.38 N/A 7.40 6.20
Lysine 6.68 6.83 5.50 6.40 5.30
Proline 4.90 2.97 N/A 5.30 4.20
Glycine 6.07 8.60 N/A 4.50 4.20
Valine 6.61 3.09 5.00 5.30 7.20
Tryptophan 2.30 0.21 1.00 1.40 1.70

n.d: not detected, N/A: not available
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ever, the elemental analysis and Kjeldahl anal-
ysis take into account the complete nitrogen in
microalgae and multiply it by the natural nitro-
gen-to-protein conversion factor (NTP) 6.25 and
may overestimate or quantify the true protein
intake [60-53]. As a result, several studies
have been proposed to calculate the amino acid
profile, where a new value of the factor of nitro-
gen-to-protein conversion (NTP) should be
smaller than the normal (6.25).

6.2 The Lipids

The fats are a group of heterogeneous com-
pounds that can be identified by dissolving
them in the non-polar solvents, they are com-
paratively insoluble in the water. C. vulgaris
can reach between 5 and 40% fat per dry
weight of biomass during optimal growth [54],
This biomass consists primarily of glycolipids,
hydrocarbons, phosphorus fats, waxes, and few-
er quantities of the free fatty acids [55,56].
These combinations are generated via chloro-
plasts, they are placed on the wall of the cell, as
well as on organic films (mitochondrial mem-
branes and chloroplasts) [57]. However, the fat
content (mainly consisting of triglycerin) may
reach 58% during inappropriate growth condi-
tions. The whole fat is usually extracted from
C. vulgaris using Dyer—Bligh technology, it is
an admixture of methanol, hexane, oil oxide, or
chloroform [28,58-62]. Total quantification of
total fat is carried out after the evaporation of
the extracted solvent. Furthermore, a column
chromatographic analysis is performed to sepa-
rate the distinct fat components followed by the
evaporation of the solvent and then weigh the
residual fat sample [63]. The profile of the fatty
acid varies according to the outgrowth condi-
tions, it is appropriate for various uses. For ex-
ample, Yeh and Chang [35], showed that the
profile of the fatty acid in the C. wvulgaris,
which grows in the mixed outgrowth condi-
tions, which be between 60-68% of monoun-
saturated fatty acids and consists of the follow-
ing components: oleic acid (C18:1), Stearic acid
(C18:0), palmitic acid (C16:0) and palmitoleic

Table 2. The sugar content of the cell wall of
simple polysaccharides [74].

acid (C16:1) [58]. This profile considers the
most suitable for the manufacture of biodiesel.
Conversely, if grown in favorable outgrowth
conditions, the profile of the fatty acid indi-
cates that it is unfit to produce biodiesel [64],
but is more appropriate for food use because
they are rich in fatty acids of the polyunsatu-
rated like (C18:2, C18:3) linolenic acid and
(C20:5) eicosapentaenoic acid.

6.3 The Carbohydrates

The carbohydrates consist of a collection of
reduced sugars, starch-like cellulose, and poly-
saccharides. In C. vulgaris, starch is the most
abundant polysaccharide. In general, it 1is
found in chloroplasts and consists mainly of
amylopectin and amylose. The cellulose is a
highly resistant structural polysaccharide
placed on the wall of the C. vulgaris cell as a
preservative fibrous fence. Moreover, The ma-
jor significant sugars in the C. vulgaris is (B1—
3) glucan, which has many nutritional and
health profits [65]. In general, the entire
amount of carbohydrates is estimated using
the sulfuric and the phenol method [66,67].
Compared to the acidic technique, the estima-
tion of the amount of starch is better using the
enzymatic technique [68,69]. Total carbohy-
drates can achieve a dry weight of 12 to 55%
while reducing nitrogen. The sugar composi-
tion of the cell wall as shown in Table 2, is a
combination of rhamnose, galactose, glucose,
xylose, arabinose, and mannose [70-74], the
dominant sugar is rhamnose.

6.4 The Pigments

Chlorophyll is one of the more pigmented
species in the C. vulgaris, it is located in
thylakoid, it can reach 1-2% of dry weight. The
C. vulgaris also contain significant amounts of

Table 3. Potential content of dyes in C. vulgar-
is under different development conditions.

Percentage (%) Neutral sugar

2-9 Arabinose
45-54 Rhamnose
217 Mannose

7-19 Xylose
1-4 Glucose
14-26 Galactose

pg.gt Pigments References
550,000 Astaxanthin [77-79]
7-12,000 B-Carotene [37,77,80-82]
52-3830 Lutein [37,77,80-82]
362,000 Cantaxanthin [77,78,82]
72-5770 Chlorophyll-b [37,81,82]
250-9630 Chlorophyll-a [37,80,82]
N/A Pheophytin-b [81]
10-37 Violoxanthin [37]
2310-5640 Pheophytin-a [81]

N/A: not available
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B-carotene carotenoids as summarized in Table
3, it acts as supplemental dyes where they cap-
ture light, for example, carotene is associated
with lipid droplets in chloroplasts, while prima-
ry carotenoids bind to chlorophyll in thylakoids
where they hunt light energy, then transfer it
to the photosystem.

However, as in terrestrial crops, by defend-
ing chlorophyll molecules from decomposition
and decoloring through strong exposure to oxy-
gen and radiation, some dyes act as photopro-
tection. These dyes have many important ther-
apeutic characteristics, like antioxidant activi-
ty, their preventative effect contra retinal de-
generation [81,82], as well as the regulation of
cholesterol in the blood and the prevention of
chronic diseases such as heart, colon, and vas-
cular cancer and strengthen the immune sys-
tem of the human body [83,84]. Several studies

Table 4. The C. vulgaris mineral profile.

have been carried out to improve the method of
pigment extraction by utilizing solvents such
as (ethanol, dimethylformamide, acetone, hex-
ane, and dichloromethane), soxhlet, ultrasonic
extraction [80,85—-88].

6.5 The Minerals and the Vitamins

The minerals are determined by atomic ab-
sorption spectrometry, where the mineral con-
tent of algae biomass is measured in two steps,
the first step is burned, then the second step is
analyzed as shown in Table 4. These minerals
have important functions in the human body
[92]. Vitamins are classified into two catego-
ries: soluble in water (C and B) and the other
type soluble in fat (A, D, E, and K). C. vulgaris
has an important vitamin profile as shown in
Table 5, which is essential for the development
and differentiation of cells in the body of the

Minerals content (g.100 g 1)

References Panahi et al. [91] Maruyama et al. [92] Tokusoglu and Unal [93]
Microelements
P 0.96 N/A 1.76
Na N/A N/A 1.35
Mg 0.44 0.36 0.34
Ca 0.27 0.16 0.59
K 2.15 1.13 0.05
Macroelements
Cu 0.19 N/A tr
Cr tr N/A tr
Mn 0.40 N/A tr
Zn 0.55 N/A tr
I 0.13 N/A N/A
Fe 0.68 0.20 0.26
Se N/A N/A tr

tr: traces, N/A: not available

Table 5. The C. vulgaris vitamins profile.

Content (mg.100g1)

Vitamins -
Panabhi et al. [91] Maruyama et al. [92] Yeh et al. [96]

B2 (Riboflavin) 4.8 6.0 N/A
B1 (Thiamine) 1.5 2.4 N/A
B5 (Pantothenic acid) 1.3 N/A N/A
B3 (Niacin) 23.8 N/A N/A
B7 (Biotin) 191.6 N/A N/A
B6 (Pyridoxine) 1.7 1.0 N/A
B12 (Cobalamin) 125.9 tr N/A
B9 (Folicacid) 26.9 N/A N/A
A (Retinol) N/A N/A 13.2
E (Tocopherol) N/A 20.0 2787.0
C (Ascorbicacid) 15.6 100.0 39.0

tr: traces, N/A: not available
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human [93]. Vitamin profile is very sensitive
to outgrowth circumstances, where the highest
concentration was carried out with 10% carbon
dioxide after 24 h of autotrophic growth, while
the content of vitamins was greater in auto-
trophic growth than in vitamins in hetero-
trophic conditions, because of the glucose pre-
sent in the medium, as well as the use of car-
bon as a supplier of energy, to create various
organic components [89,90,95-99]. The latest
likely explanation of the large vitamin amounts
may be due to the changes in the photosynthe-
sis infrastructure discovered, where it is associ-
ated with alterations in cellular components.

7. Microalgae Drying

The biomass of the microalgae is harvested
after planting while continuing downstream
processing procedures. Solar energy can be con-
sidered the main method for drying biomass,
however, we always need more time and more
space to complete the drying process effectively
and optimally [100]. Hydrothermal treatment
1s an important strategy for drying the biomass
of the algae. Microalgae are subjected to partic-
ular temperatures and pressures to separate
biomass.

8. Extraction Techniques of Microalgae
0Oil

The first technology is using a solvent that
is added to the wet biomass such as methanol,
chloroform, and dimethyl ether. The second
technology is ultrasound which is used to break
down the walls of algae cells, so the molecules
of the oil can migrate from inside the cells to
the side of the solvent [101]. In general, the
process of extracting the bio-oil from various
types of microalgae using solvents is simple, ef-
ficient, and low-cost, and does not require high
energy. The hexane soxhlet extractor is consid-
ered a common technique to extract the crude
bio-oil from microalgae. Figure 2 is the sche-
matic diagram of the soxhlet apparatus used to
extract the crude bio-oil of the microalgae.

9. Microalgae Biofuel Production Tech-
niques

The extracted biofuels from the microalgae
can be fuel for jet aircraft. To get the microal-
gae jetting fuel, there are several stages for the
biomass to be converted into a liquid state, the
most processes of these stages are the pyrolysis
of the biomass, gasification, hydrothermal lig-
uefaction technique, the fermentation of the bi-
omass, hydrodeoxygenation, and deoxygenation

technique. Several of these techniques have
fulfilled ASTM certification based on their com-
petence and readiness to be a substitute for
fossil jet fuel and the opportunity to present
them to the aviation sector. However, there are
many studies and serious attempts to make
this biofuel less expensive and more efficient
by using special catalysts with these tech-
niques in different operation conditions [103].

9.1 Thermal Pyrolysis Technique

The thermal pyrolysis process occurs in ab-
sence of oxygen. To enhance the quality of the
extracted oil the zeolite is used as a catalyst.
The function of zeolite is to reduce oxygen and
increase the aromatic content. Compared with
non-catalytic pyrolysis, the catalyst used in
this process generates high-quality oil. This
method may be effective for the microalgae bio-
mass, but before this process, we need to dry
the biomass well. This is an additional cost
that needs to be considered, this process should
be improved and reduced its cost [103].

9.2 Gasification Technique

The microalgae biomass is undergoing gasi-
fication as a first step, where the synthesis gas
is generated at a pressure of 10 bar to 40 bar,
the temperatures ranging from 150 °C to 300
°C, with the special catalyst such as Co, Ni, or
Fe [103]. This method i1s as well known as
gasification/Fischer-Tropsch synthesis (GFT),
this method produces expanded chains of al-
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Figure 2. The schematic diagram of the
soxhlet apparatus [104].
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kanes. However, large quantities of biofuels
were not generated by using microalgae bio-
mass in this way.

9.3 Hydrothermal Liquefaction Technique

This process is thermochemical, it can be
performed using medium temperatures under
high pressure to generate the oil from the bio-
mass of algae. The large molecules of the bio-
mass of algae are essentially decomposed dur-
ing this stage as they are divided into minimal
molecules. Also, sometimes unsteady small
molecules may clump together and combine to
produce larger molecules [104].

9.4 Fermentation Technique

The fermentation of anaerobic microalgae
biomass can result in the production of fuels
consisting primarily of alkanes. Enzymes pro-
mote the cleavage of bonds in molecules by add-
ing water during the enzymatic degradation
process. The bioconversion transforms a section
of the microalgae biomass into sugars and
turns into alcohol after the fermentation. To
obtain jet fuel with the required chemical and
physical properties, product purification, hy-
drocracking, and hydroprocessing are used as a
necessary measure in the final stages of pro-
duction. During this method, the biomass of the
sugar molecules is digested from microalgae,
where intermediate alcohol is produced using
enzymes. It is often difficult to convert alcohol
into alkanes directly. Therefore, to achieve this
transformation, we need two successive steps
[105].

9.5 Hydrodeoxygenation and Deoxygenation
Technique

One option to convert microalgae crude oil
into green hydrocarbons is the catalytic de-
oxygenation process (DO). The process of decar-
bonylation and decarboxylation (DCO) and the
process of Hydrodeoxygenation (HDO) are the
main methods of converting microalgae crude
oil in the liquid phase into hydrocarbons, while
the main reactions in the vapor phase are me-
thane production and water gas shift (WGS).
Using this technology allows using the existing
infrastructure of the oil refinery, which adds
additional benefits for this technology. The the-
oretical yield of hydrocarbons for a full HDO re-
sponse 1s 85%, while DCO is 80%. Both process-
es HDO and DCO generate pure biofuels con-
taining hydrocarbons that share similar prop-
erties to oil-based fuels [106,107]. As a result,
the catalytic de-oxygenation strategy will be

cost-effective and energy-efficient to convert
microalgae oil into green hydrocarbons.

9.6 Simultaneous Isomerization, Cracking, and
Deoxygenation Technique

To solve the problems associated with the
technique in the previous section to be suitable
for the jet fuel sector. Therefore, the hydrocar-
bons used to be more branched and cyclized,
and the subsequent isomeric step is urgently
needed. For isomers and cracking responses,
the heterogeneous acid catalysts are promising
[108,109]. Zeolite is very common and very im-
portant because it offers excellent catalytic ac-
tivity. Due to its acidic character, zeolite is con-
sidered a catalyst in isomerization processes.
Cracking, deoxygenation, and isomerization
are important concerns for the industry as this
pathway can help reduce production costs
[110]. This will make the use of biogasoline, bi-
okerosene, and biodiesel possible and meet the
new and essential requirements of the aviation
and highway industries with significant envi-
ronmental benefits.

9.7 HZSM-5 Zeolite Modifications

Many studies were conducted to obtain bio-
fuel from algal biomass in the catalytic process-
es using different types of zeolites. Numerous
researches have involved the manufacture and
diagnosis of mesoporous zeolite and the possi-
bility of its use in various catalytic reactions, it
has shown great efficacy in the biofuel produc-
tion from biomass. Mesoporous materials have
proven effective in many reactions including
the production of biofuels, for example, meso-
porous zeolite and aluminum incorporated sili-
ca, this study clarified the possibility of the
spread of the reactants within the pores of the
catalyst used and thus obtaining high yield
percent [111]. Most studies have shown that
HZSM-5 is a very promising catalyst in achiev-
ing the highest hydrocarbon contents in pyroly-
sis oil derived from biomass because it contains
a porous system of winding channels that in-
tersect with other channels and perpendicular
to each other, allowing oxygen to circulate and
thus reach sites active acids along with the
pores [112,113]. The structure of the biomass is
mainly composed of the C—C and C—O bonds,
and these bonds can be broken down by the
acidic sites of the HZSM-5 zeolite catalyst.
Therefore, the cracking, isomerization, and de-
oxygenation processes will be very effective in
biofuel production processes from biomass
[114].
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9.7.1 Rare Earth Doping of HZSM-5 Zeolite

The modified HZSM-5 with rare earth met-
als such as (Ce, Eu, Sm, Pr, Nd, Gd, and La)
has a great advantage in enhancing the selec-
tivity of the light olefins, this increases olefins
production and significantly reduces the pro-
duction of aromatic substances in the catalytic
butane cracking process [115].

9.7.2 Phosphorus Doping of HZSM-5 Zeolite

The catalytic cracking technique of alkanes
(C4) is used to produce light olefins over the
phosphorous doped HZSM-5. However, favora-
ble results were obtained by impregnating with
aqueous solutions of La(CH3C0OO)3*1.5H20 and
(NH4)2HPO4 respectively, over 2% phosphorus—
10% La/HZSM-5 (Si/Al = 200) zeolite [116].

9.7.3 Different Si/Al Ratio for HZSM-5

The acidity of zeolite mainly depends on the
ratios of molar Si/Al and the presence of modi-
fied promoters [117]. The low aluminum
amount in the (ZSM-5) frame decreases the
amount of (Al) recovery of the frame construc-
tion and decrease the breakdown of the frame
through the treatment of the steam, which in-
creases the steadiness of the crystalline grid
with a (Si/Al ratio) [118]. In general, when rais-
ing the Si/Al ratios, production of Benzee, Tolu-
ene, and Xylene (BTX) in all samples will be re-
duced, thus reducing the transfer of hydrides
and aromatization by keeping the number of
acidic sites small.

9.8 Advantages and Disadvantages of the Bio-
mass Generations

There are four biofuels generations, the first
generation of biofuels was obtained through the
use of edible o1l plants such as palm, rapeseed,
sunflower, coconut, soybean, etc., both biodiesel
and biofuel are manufactured in the first gen-
eration [119,120]. Because of the potential to
compete with global food production [121].
Many non-food feedstocks, such as waste cook-
ing oils (WCO) and industrial wastes, have
been effectively converted to biodiesel or bio-
ethanol (known as second-generation biofuels),
but dependence on these species as a feedstock
for biofuels is still limited [122]. Therefore, mi-
croalgae are proposed to be one of the most
promising options (so-called third-generation
feedstocks), because of photosynthesis, in-
creased growth rate, ease of growth, and most
importantly, their cultivation does not compete
with land suitable for growing food crops. How-

ever, the low-fat content of microalgae is often
accompanied by a high and rapid growth rate.
The main reasons why is the microalgae bi-
omass preferred for the production of biofuels
are (1) Its potential to achieve high biomass,
(2) Its ability to produce high fats, (3) The ease
of growth on soil unsuitable for agriculture, (4)
Capture carbon dioxide in large quantities, and
(5) Its ability to grow on wastewater. The
chemical composition of microalgae varies from
one species to another, and the conditions for
microalgae cultivation also affect their chemai-
cal composition. In general, microalgae cells
consist of 20—40% fat, 30-50% proteins, 0—-20%
carbohydrates, 0—5% nucleic acids [123]. The
authors have done much experimental work on
the utilization of Lanthanum and Cerium on
the surface of HZSM-5 zeolite that showed a
higher yield of biofuel from the crude oil of C.
vulgaris microalgae (unpublished results).

10. Conclusions and Future Recommenda-
tions

The process of producing biofuels from mi-
croalgae faces many technical and economic
challenges. There are many attempts to devel-
op the production of biofuels, where there are
many studies on this subject, especially in the
private sector on the possibility of obtaining
more quantities of biofuels, especially aviation
fuel, but the economic and technical details are
very confidential. In general, biofuel extracted
from microalgae used in the aviation sector is a
promising alternative to fossil fuels. There are
many types of microalgae, which are consid-
ered as raw materials for the production of avi-
ation fuel are mentioned in the literature.
There are many ways and techniques to grow
these algae under special conditions to produce
them in large quantities and at a reasonable
cost. In general, the production of biofuels in
large quantities requires many improvements
to the current methods used to obtain higher
production at a low cost. One of the major chal-
lenges associated with the extraction of biofu-
els from microalgae is that biofuels derived
from these processes should have better prop-
erties than fossil fuels used in terms of their
environmental impact to contribute to reducing
global warming. C. vulgaris microalgae have
great benefits and a promising future in this
field due to their high-fat content.

The use of catalysts in the production pro-
cesses of biofuels from microalgae, such as zeo-
lite (ZSM-5), 1s highly effective in the deoxy-
genation reaction. The deoxygenation reaction
has been proven as an effective process during
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DCO, HDO, and other catalytic processes pro-
ducing various types of biofuels such as green
jet fuel, green gasoline, and green diesel. The
use of catalyst HZSM-5 is highly effective in
hydrocarbon catalytic cracking processes, espe-
cially at a temperature of 550-650 °C that is
lower than steam cracking. The rare earth met-
als were found to an effective enhancement in
the activity, selectivity, and stability of the zeo-
lite material when added to the surface.

Genetic modification for special types of mi-
croalgae may be the real choice for reducing the
cost of raw material in the biofuel production
process. Each rare earth metal on the surface
of zeolite has a special effect on the catalytic ac-
tivity of zeolite. Therefore, the selectivity, sta-
bility, and activity of zeolite can change with
the change of the rare earth metal that will be
added to the zeolite surface. The percentages of
the addition of rare earth metals to the surface
of zeolites maybe play a major role in improv-
ing the catalytic effectiveness of zeolites in the
biofuel production processes. The catalytic zeo-
lite efficiency may be improved when adding
two rare earth metals with a special percent on
the zeolite surface to enhance the production of
biofuel processes.
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