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Abstract: Environmental sustainability requirements and rising energy demands, as well as the
depletion of conventional energy resources and environmental deterioration as a result of abrupt climate
change, have redirected scientists' focus. For sustainable development, look for renewable sources of
green and clean energy. Bioenergy is a great alternative because it may be used to meet a variety of
energy needs with the right conversion technology. This overview covers all aspects of biofuels
(bioethanol, biodiesel, and butanol) and the criteria for their long-term viability. The focus is on the
most recent breakthroughs in biofuel production, emphasizing the role of nanotechnology. In addition,
a slew of studies is being conducted on developing strategies for process optimization, such as
integration methodologies, less energy-intensive distillation processes, and microbe bioengineering
talked about. This can assist in making biofuel production in a real-world market more economically
and environmentally viable.
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1. Introduction

Energy resources will be crucial in the future of the planet. Energy is regarded as a key
driver of wealth creation and an important factor in economic growth [1]. There are a variety
of modern and renewable energy sources that can be used in place of fossil and traditional fuels.
There are three types of energy resources: fossil fuels, renewable resources, and nuclear
resources [2,3]. In each scenario, the decision of which sorts of energy sources should be used
must be based on economic, social, environmental, and safety concerns [4]. Energy's
importance in economic development is broadly acknowledged, and historical data confirms
that there is a strong link between energy availability and economic activity [5]. Renewable
energy resources are also often called alternative sources of energy. Renewable energy
resources that use domestic resources can provide energy services with zero or almost zero air
pollutants and greenhouse gases emissions. Renewable energy technologies produce
marketable energy by converting natural phenomena into useful forms of energy [6,7]. These
technologies use the sun's energy and its direct and indirect effects on the earth (solar radiation,
wind, falling water, and various plants, i.e., biomass), gravitational forces (tides), and the heat
of the earth's core (geothermal) as the resources from which energy is produced.
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Worldwide research and development in the field of renewable energy sources (RES)
and systems are carried out during the last two decades [8]. At the end of 2001, the total
installed capacity of renewable energy systems was equivalent to 9% of the total electricity
generation. By applying a renewable energy-intensive scenario, the global consumption of
renewable sources by 2050 would reach 318 exajoules (1 exajouleZ1018 J) [9-11].

On the other hand, Globally, the proportion of biomass energy will reach 50% by 2050
in terms of consumption. Biomass, a combination of different organic compounds, is mainly
derived from three sources: agricultural residues, forest residues, and energy crops. Generally,
biomass refers to rice husk, crop residues, jute sticks, wood, leaves and forest residues, animal
waste, municipal waste, etc. [12]. Conversion of biomass into bioenergy for the production of
heat and electricity occurs via two widespread technologies: direct combustion and
gasification, which play vital roles in the substitution of nonrenewable fossil fuels [13,14].
Locally available traditional forms of biomass are used via direct combustion, mostly in rural
areas of developing countries. However, increased use of biomass in an efficient way via
improved technology can potentially contribute to a clean environment by reducing emissions
and representing a promising source of electricity and gas [15-17].

2. Classification of Biofuel

Biofuels are classified into different generations based on the feedstocks and conversion
methodology, as shown in Figure 1. The 'first-generation' biofuels are derived from edible
biomass such as sugar, starch, and vegetable oil [18]. The 'second-generation’ biofuels are
largely formed of discarded biomass, i.e., the residues of agricultural and forestry feedstocks
such as sugarcane leaves, cassava stem, rice straw, and switchgrass [19]. Agricultural feedstock
comprises tipi-cellulosic biomass (derived from lignin, cellulose, and hemicelluloses) as the
primary components.
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Figure 1. Different generations of biofuels.

The 'third-generation' biofuels are obtained from the algal biomass. Specifically,
microalgae organisms are reported to have the supreme ability to create significant Chemicals,
and nutritional items are the primary ingredients in biodiesel manufacture. Microalgae offer a
number of appealing characteristics, including a high oil content and a low energy requirement.
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The place to expand, the ability to develop in both artificial and natural environments settings
with high CO: fixation efficiency and oxygenic potential photosynthesis, as well as being
favorable to the environment[20]. The ‘fourth-generation' biofuels are obtained from
bioengineered microorganisms like bioengineered algae, yeast, fungi, and cyanobacteria or
crops. The development of this generation is still in progress [21,22].

3. Biofuel Production Methods

Biochemical methods and biological and thermochemical methods convert primary
biomass to biofuel (Figure 2).
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Figure 2. Conventional approaches to the development of biofuels.
3.1. Thermochemical methods.

The main thermochemical techniques include pyrolysis, gasification, and liquefaction,
briefly discussed here. In pyrolysis, biomass is heated to very high temperatures (300-600 °C)
without oxygen to break the polymer structure, subsequently transforming them into liquid
(bio-oil), hydrocarbon-rich gas, and solid residues (biochar) [23,24]. In gasification, carbon in
the biomass reacts with a sub-stoichiometric amount of oxygen at high temperatures (800-1200
°C) to get transformed to fuel gas. Different types of reactions (physical and chemical) are
carried out in the liquefaction method to transform the biomass into a liquified state at high
temperature and pressure [25,26]. The literature has been exhaustive regarding the
developments in pyrolysis, gasification, and liquefaction techniques for generating biofuels
from various kinds of feedstocks [27].

3.2. Biological and biochemical methods.

Biological entities like plants and microorganisms are used directly or indirectly to
generate biofuel [28,29]. Fermentation of hexoses and pentoses to bioethanol occurs by
microbes such as yeast-like Saccharomyces cerevisiae, Pichia stipitis, and bacteria like
Zymomonas mobilis. Furthermore, biocatalysts, i.e., enzymes such as lipase and cellulase,
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have a tremendous, tremendous significance for hydrolyzing and breaking polymeric groups
in carbohydrate-rich feedstocks [30-32].

4. Steps of Biomass Conversion

The major steps involved in biochemical conversion of biomass are enzymatic
hydrolysis (saccharification) of carbohydrates for releasing simpler sugars that can
subsequently undergo fermentation to give ethanol/butanol, and finally distillation of the
fermented broth for the recovery of ethanol [33,34]. In the biochemical transformation of lingo-
cellulosic biomass, pretreatment is an essential stage to get rid of the recalcitrance of the lingo-
cellulosic biomass. Lignocellulose is a poly-carbohydrate complex constituting of lignin,
cellulose, besides hemicellulose. The pretreatment helps to make the biomass more vulnerable
toward hydrolysis by breaking tipi-cellulosic matrix, decreasing the cellulose crystallinity, and
increasing the portion of amorphous cellulose by enhancing the surface area reasons for
recalcitrance. Delignifcation or altering lignin is the main purpose of pretreatment [35,36]. The
algal biomass may not have delignifcation as a primary lookout. Nonetheless, the microalgal
cell wall constitutes cellulose and pectin, giving an inflexible structure, reducing biomass
accessibility to the hydrolytic enzymes. The disintegration of cell wall structure besides
modification of the structure of intracellular carbohydrates such as starch and cellulose are the
main intents of pretreatment in this situation [37,38]. The pretreatment technique may be
physical, chemical, physicochemical, or biological. The physical technique includes pyrolysis,
size reduction, and microwave heating, while acid/alkali treatments are part of chemical
pretreatment techniques [12]. The physicochemical techniques comprise of using wet
oxidation, ammonia fiber, steam explosion, whereas biological technique involves microbial
treatment [39]. In addition, improving the bioactivity of microbes that perform fermentation to
give ethanol and a decrease in the formation of inhibitory compounds such as acetic acid,
ketone, and phenolics is essential to achieve high ethanol concentrations. Furthermore,
biodiesel is produced via transesterification of triglycerides (waste oil or algal biomass) with
alcohol using a catalyst. Parameters such as pressure, temperature, molar ratios of alcohol-to-
oil, time, catalyst concentration, and type of feedstock have an effect on the trans-esterification
process [40,41].

5. Conversion Processes
5.1. Biochemical conversion processes.

5.1.1. Pretreatment.

The goal of the pretreatment stage is to raise the lignocellulosic material's surface area,
break the lignocellulose structure so that the cellulose component is accessible to hydrolyzing
agents, and diminish the crystallinity of the cellulose to enable hydrolysis even further. This
stage may also include the solubilization of the lignin or hemicellulose component, depending
on the pretreatment process used. A variety of pretreatment alternatives are currently available
to fractionate, solubilize, hydrolyze, and separate cellulose, hemicellulose, and lignin
components [42]. Physical, physicochemical, chemical, and biological pretreatments are
among them. As a result, pretreatment is a key cost component of the entire lignocellulosic
bioethanol process [43].

https://biointerfaceresearch.com/ 3037


https://doi.org/10.33263/BRIAC123.30343054
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.30343054

5.1.2. Feedstock size reduction.

Cleaning comes first in the process of making ethanol from biomass, followed by
mechanical comminution, which includes chipping, grinding, and milling to break down
lignocellulosic materials to 0.2 to 2 mm reduce the crystallinity of the materials. Size reduction
IS necessary to provide a pumpable slurry and increase the biomass surface area to minimize
mass transfer effects during the downstream processes. Techniques for size reduction include
a hammer, disk, and knife milling and are well established [43].

5.1.3. Hydrolysis.

The complicated chains of sugars that make up hemicellulose are broken during the
hydrolysis event, releasing simple sugars. The soluble five-carbon sugars xylose and arabinose,
as well as soluble six-carbon sugars mannose and galactose, are formed from the complex
hemicellulose carbohydrates. Weak acids, furan derivates, and phenolics are formed from the
remaining hemicelluloses. These chemicals, on the other hand, have the ability to impede
fermentation. The glucose yields of cellulose hydrolysis are frequently greater than 90% due
to the action of dilute acids, concentrated acids, and/or enzymes (Cellulase), whereas
hydrolysis without prior pretreatment yields typically less than 20% [44]. The cellulose
hydrolysis reactions can be simply represented as:

(CsH8O4)n + N H20— n (CsH100s ) (1)
(CsH1005)n + N H20 — n (CsH1206 ) (2

The pretreated feedstock can be hydrolyzed by two methods (Acid hydrolysis and
Enzyme hydrolysis).

5.1.3.1. Acid hydrolysis.

Various acid hydrolysis processes have been developed in the past. The many acid
hydrolysis technologies can be classified into two groups: 1) low-temperature hydrolysis with
concentrated acid; ii) At high temperatures, dilute acid is hydrolyzed. Acid hydrolysis has a
long industrial history, but it comes with significant running costs and many environmental
and corrosion issues [45].

e Hydrolysis of a dilute acid - The dilute acid process is carried out at high temperatures
and pressures, with a reaction time of minutes or less, allowing for continuous processing.

e Hydrolysis of concentrated acid - With a substantially longer reaction period, the
concentrated acid procedure employs very mild conditions.

5.1.3.2. Enzyme hydrolysis.

Enzymatic hydrolysis is another common form of hydrolysis. Plant enzymes are
naturally occurring proteins that catalyze chemical processes. Enzymatic hydrolysis has yet to
be commercialized, yet it is widely acknowledged as the most promising hydrolysis method. It
is possible to reduce the cost of ethanol production by lowering the cost of either the raw
ingredients or the cellulase enzyme [46]. Reducing the cost of cellulase enzyme production is
a key issue in the enzymatic hydrolysis of lignocellulosic materials. Enzymatic hydrolysis of
cellulose is usually carried out by cellulase enzymes. During hydrolysis, cellulose is degraded
into the reducing sugars that yeasts or bacteria can ferment to ethanol [47,48].
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5.2. Anaerobic digestion (AD).

Wet organic waste is frequently recycled and treated using anaerobic digestion. It's a
tried-and-true technology [49,50]. It comes in fermentation that transforms organic substances
into biogas, mostly methane (approximately 60%) and carbon dioxide (approximately 40%)
and landfill gas. Anaerobic digestion is a biologically natural technique of conversion in which
bacteria break down biodegradable material in the absence of oxygen, resulting in biogas, a
mixture of predominantly methane and carbon dioxide with tiny amounts of other gases such
as hydrogen sulfide. Through anaerobic fermentation in the absence of oxygen, biomass is
converted into animal dung, human waste, and other organic waste with a high moisture content
into biogas (gobar gas). Fermentation is carried out on two levels by bacteria belonging to two
separate metabolic families. The organic substance is first hydrolyzed to produce fatty acids,
alcohols, and sugars.
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Figure 2. Working of anaerobic processes.

Table 1. Characteristic of anaerobic digestion.

Characteristic Anaerobic
Reaction C6H12O6—> C02 + 3CH4
Energy Release AG° = -393 KJ/mol glucose

95 % —— CO, + CHy
Carbon Balance . .
(Biogas )5% ——— Biomass

90 % retained in CH, 5% —— Biomass

Energy Balance .
v 50, —— Heat production

Biomass Production Slow growth of biomass

Biogas and digestate are the two products produced by an anaerobic digestion plant;
both can be further processed or used to make secondary goods [51]. Biogas can be used to
generate electricity and heat, as well as a natural gas replacement and transportation fuel.
Biogas can be improved and used in gas distribution systems. Digestate can be treated further
to create liquor and fibrous material. (Tables 1, 2, and 3). The fiber, which can be composted,

https://biointerfaceresearch.com/ 3039


https://doi.org/10.33263/BRIAC123.30343054
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.30343054

is a bulky substance with low nutrient levels that can be used as a soil conditioner or low-level
fertilizer [52-54]. The liquor retains a large proportion of the nutrients and can be used as a liquid
fertilizer (Figure 2).

Table 2. Advantages and disadvantages of anaerobic digestion.

Advantage Disadvantage
-Reduces odor below unprocessed waste odor levels — Installation cost is high
— Reduces harmful gas emissions — Anaerobic digesters are economically beneficial only for
— Reduces oxygen demand in wastewater larger farms
— Can produce valuable by-products (compost and — Long time required for system operation and maintenance
fertilizer) — The larger the farm, the greater the land use might be for the
manure tank, as well as the digester

Table 3. Summary of some works for anaerobic digestion.
Methane yield [mL g~

Microalgae species 1vs] Loading rate Ref.
Blue-green algae 366 281.96 mg VS L1d* [55]
Chlorella vulgaris 403 2gVSLd? [56]
Chlorella vulgaris 286 5gVSLd? [57]
Dunaliella salina 505 2gTSLd? [57]
Macrocystis pyrifera 545 3gdry TSL1d? [57]
Scenedesmus obliquus 287 2¢gTSL1d? [58]
Spirulina maxima 320 910 mg VS Ltdt [59]

TS, total solids; VS, volatile solids.
5.2.1. Digester designs.

Four main anaerobic digesters are generally used: covered lagoon digesters (CLD);
completely mixed digesters (with the same properties as a continuous stirred-tank reactor
(CSTR) system); fixed-film digesters; plug-flow digesters.

In a well-mixed digester, documented the production of biogas using swine manure
waste. Biogas at 1.5 m®m=3d! was provided with 83 percent VS removal in this sample. A
higher OLR offers greater production of biogas. In a cow farm where 3.25 m®m=d of biogas
was generated (70 percent of it is methane) with the removal of about 67 percent of VS and
COD, another investigation was carried out. The residence time is reduced to the range of 1-6
days by fixed-film systems. For these systems, the OLR values are in the 5-10 kg COD m3d*
range. In Florida, a fixed-film system treated dairy manure waste with 2210 and 3530 kg m-3
VS and COD feed, respectively, and methane production reached 0.36 m®m-3d*. Another fixed
film digester for diary manure (in New York) uses 6.1 m®m=>d segregated manure. It was
found that the development rate of biogas was 1.73 m®m-=d1. The anaerobic digester plug-flow
form is more environmentally friendly than the others [60].

Table 4. CLD productivity.

CLD Type Volume Loading Biogas Productivity Ref.
Swine and dairy operations 0.04-0.36 kg VS m=3d? Methane | 0.03-0.15 m®m=3d! [61]
4000-sow S\(nglAe farminthe |, 450 me 0.07 kg VS m-3d-1 Methane | 0:0247 m°m *d * (Summer) [62]
0.0124 m3m-3d-! (Winter) [63]

CLD-treated dairy manure 2060 m? 0.12 kg VS m=3d-? Methane | 0.042 m3m=3d!

For this type, the average retention period ranges from 20 to 30 days. An example of
regular operations has been studied with a retention period of 21 to 40 days. The output rate of
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methane reached 0.503 m®m=d, and 25 percent TS and 33 percent VS were eliminated. Figure
3 compares the production of biogas among the four forms of anaerobic digesters. It can be
assumed that the fully mixed and fixed-film digesters have a greater biogas output rate than the
other digesters Table 4.

1.2 4

1.0 4

0.8 +

€ 06

0.4

AVE Biogas Production

0.2 +

0.0 -

CLD Complete Mixed Fixed-Film Plug-Flow
Figure 3. Comparison between different digesters.

5.3. Fermentation.

Another biological mechanism functions in the absence of oxygen is the help of
microorganisms to turn sugar into essentially alcohol, acid, or a mixture of gases (CO and H2S);
the biomass is reduced to smaller particles, and starch is then converted to starch transformed
with the help of enzymes into sugar and then into alcohol. A number of substrates, It is
converted into starch biomass, lignocellulosic biomass, and algal biomass, such as Sugar
fermentable [64,65]. However, it is difficult to ferment agricultural waste because it has complex
long-chain polymeric molecules and requires acid or enzymatic hydrolysis before fermenting
the sugar into alcohol. Fermentation is a long, time-consuming operation, with the risk of other
foreign microorganisms being infected. It is an optimistic strategy, but high costs hinder its
transition from laboratory to commercial. Biomass residues for renewable energy and
bioproducts in general refining butanol and ethanol are processed by fermentation. Biobutanol
is @ microorganism formed by Clostridium spp. Using sugar derived from various biomass
sources [66]. The method is referred to as the fermentation of acetone, butanol, and ethanol
(ABE), comprising two phases of acetogenesis and solventogenesis. In a report, the production
of ABE from corn processing waste with Clostridium beijerinckii SE-2was 19.22 g/L, which
contained a butanol yield of 11.65 g/L. There is a higher heating value, lower volatility, lower
ignition and viscosity of biobutanol than bioethanol. In addition to these benefits, bioethanol is
a well-established technique due to lower cost and high output yield than biobutanol compared
to biobutanol. Yeasts, such as Saccharomyces cerevisiae, Candida albicans, Pichia pastoris,
and Kluyveromyces, are mainly used for bioethanol production due to their high productivity
of >1 g/L/h and the need for easy, inexpensive growth media. Basically, for bioethanol
processing, separate hydrolysis and fermentation, simultaneous saccharification and
fermentation, and simultaneous saccharification and co-fermentation, three fermentation
techniques are used. The optimum fermentation temperature, pH, and agitation speed range for
S is 20°C-35°C, 4-5, and 150-200 rpm, respectively [67,68]. Cerevisiae. All right. From the

https://biointerfaceresearch.com/ 3041


https://doi.org/10.33263/BRIAC123.30343054
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.30343054

fermentation of industrial algae waste using S, a yield of 11.6 g EtOH/algae was achieved.
Cerevisiae is a microorganism for fermentation. Apart from yeast, some optional genetically
modified anaerobic bacteria, such as Zymomonas mobilis, are also used for bioethanol
production (Figure 5).

Agricultural Waste + microorganisms — 3 Biogas + digestate

Biomass
S —
* Wood N - g e = @/
*Agricultural
residue
*Industrial
wastes Pretreatment Hydrolysis Recovery
*Energy
crops
N .

Figure 5. Biochemical conversion of biomass to the product. The basic unit processes steps for conversion of
biomass material to products such as biofuel and electricity.

5.4. Distillation.

The process of isolating ethanol from the fermentation solution once it has begun to
form during fermentation is known as the separation of ethanol from the fermentation solution.
The fermentation solution is likely to contain water, ethanol, and any residual biomass. One of
the first separation methods used by alchemists and pharmacists was the distillation. In general,
distillation, along with chromatography and filtering, is still considered a key method of
separating and purifying substances [69]. A second distillation can be employed to concentrate
the separated ethanol, which is usually not suitable for use as a fuel (at least 95 percent ethanol
by volume). A method for producing and recovering light alcohols, such as ethanol, ethanol
blends, and ABE mixtures (alcohol mixtures containing acetone, ethanol and butanol),
fermentation, first membrane separation, dephlegmation, and dehydration by second
membrane separation are some of the steps used [57].

5.5. Harvesting technique.

The biomass can be processed into biofuel after the cultivation process, such as
biodiesel or bioalcohol, depending on the amount of lipids or sugars accumulated. To replace
mineral oil, biodiesel can be used. It is reusable, and when burned, less toxic compounds are
released. Some algal species can produce up to 60% of their oil weight to turn it into biodiesel
and are therefore considered the most promising source of biodiesel production. The steps
involved in biodiesel development are harvesting, dehydration, oil extraction, and converting
biodiesel oil [70].
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Harvesting is known as algae extraction from its field of cultivation. After harvesting
the algae, the drying process and other processes for obtaining the required products are
obtained. In terms of mass production, processing and harvesting are essential, but these
processes are costly. The procedure to be used depends mainly on the finished product and
strains of culture. Some characteristics of microalgae have an effect on the size and density of
the harvesting process. The size and density of microalgae make it difficult for them to harvest
for biomass production because microalgae are very small and have a low cell density ranging
from 0.3 to 0.5 g/L, with only a few cases exceeding 5 g and around 1 to 20 pum in size. The
industrial-scale sets ideal criteria to contain at least 300-400g/L of cell sludge. That means it is
important to concentrate suspended microalgae at least 100 times, which is an energy-intensive
operation. Algae processing is based on the idea of solid-liquid processes being isolated [71].
Thickening the suspension of algae before a dense algal slurry or cake forms is one of the
crucial harvesting stages. However, the water content should be decreased as much as possible
to allow for harvesting and processing [72]. Two phases of the process of algae harvesting are
Figure 6 and Table 5.

Biomass
processing
into Biofuel,
Pharmaceuti
cals and
others

Dewaterin

Coagulation /
Flocculation

O Biological
methods

(Chemical|
0 methods

O Physical
methods

Figure 6. Drying and harvesting techniques.

Table 5 summarizes the advantages and disadvantages of each of the harvesting
methods discussed.

Harvesting methods Advantages Disadvantages
Chemical coagulation- - Simple and fast method. -Chemical flocculants may be expensive and toxic to
flocculation - No energy requirements. microalgal biomass.
-Recycling of culture medium is limited.
Auto and bioflocculation - Inexpensive method. -Changes in cellular composition.
- Allows culture medium -Possibility of microbiological contamination.
recycling.
- Non-toxic to microalgal biomass.
Gravity sedimentation - Simple and inexpensive method. -Time-consuming.

- Possibility of biomass deterioration.
- Low concentration of the algal cake.
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Harvesting methods

Advantages

Disadvantages

Flotation

-Feasible for large scale
applications

-Low-cost method.

-Low space requirements.
-Short operation times.

-Generally, it requires the use of chemical flocculants.
-Unfeasible for marine microalgae harvesting.

Electrical based processes

-Applicable to a wide variety of
microalgal species.

-Do not require the addition of
chemical flocculants.

-Poorly disseminated.
-High energetic and equipment costs.

Filtration

-High recovery efficiencies.
-Allows the separation of hearing-
sensitive species.

-The possibility of fouling/clogging increases
operational costs.

-Membranes should be regularly cleaned.
-Membrane replacement and pumping represent the
major associated costs.

Centrifugation

-Fast method.

-High recovery efficiencies.
-Suitable for almost all microalgal
species.

-Expensive method.

-High energy requirements.

-Suitable only for the recovery of high-value
products.

-Possibility of cell damage due to high shear forces.

Bulk processing: the elimination of algae from bulk suspension. In this method, through
the use of flotation, gravity sedimentation, or flocculation, total solid matter can be about 2-7
percent.

Thickening: using such methods to concentrate the slurry, such as ultrasonic
aggregation, filtration, and centrifugation. This is, therefore, typically a more energy-intensive
phase than the bulk process.

Essentially, the alternative for algae harvesting technology must be energy-efficient and
relatively cheap for viable production [73]. The methods of extraction used are important for
the final slurry concentration, which affects the necessary energy input. Thickening,
dewatering, and/or drying are used in the harvesting method (Figure 7).

CO, Capture and
accumulation

e
\_\__j/

Cultivation
& Growth

Harvesting and
Biodiesel
production

Micro and
Macro Algae

Figure 7. Harvesting and biodiesel production.
6. Production of Biofuel

6.1. Production of bioethanol.

Fermenting biomass, which includes carbohydrates, cellulose, and starch, produces
bioethanol. The sequential steps involved in the overall development process for bioethanol are
illustrated in Figure 8. In the traditional fermentation process, in the presence of enzymes or
acids, finely ground biomass is first converted into sugars; then it is further processed by yeasts
that convert the sugars into ethanol. For the separation of the ethanol, a distillation column is
used at the top. The high ethanol concentration stream is liquefied, which can be used in cars
https://biointerfaceresearch.com/ 3044
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as an additional fuel. For cattle feed or gasification processes, the solid deposit from the process
may be used. This encourages the economic reduction of offset feedstock costs, which typically
make up 55-80 percent of the final purchasing cost of alcohol[74,75]. The development of
ethanol via microalgae involves an extra pretreatment step in which starch is extracted either
by mechanical or enzymatic means from the cultured microalgae; the remainder of the
procedure is exactly the same as previously mentioned. It is possible to divide the pretreatment
process into physical, chemical, and biological approaches [76]. For the hydrolysis of algal
biomass, acids and enzymes (at high or small concentrations) are widely used. The goal of
using high concentrations of sulfuric acid is to break down biomass intra- and inter-H bonds.
In order to release the fermentable sugars, there is then a drop in acid concentrations. The low
concentrations acid method was specifically a two-stage device to ensure the discharge of
structurally varying sugars such as hemicelluloses and cellulose. The inclusion of 2.5% MgCl:
in 2% HCI for biomass hydrolysis caused more than 83% of the total sugars containing mainly
glucose, xylose, and arabinose to recover. This was a synergistic outcome since the effect of
both of the constituents was greater than the entire amount of sugar discharged separately [77],
proposed a combined technology focused on acid-catalyzed algal biomass pretreatment with
low temperatures and low acidity to extract lipids and soluble sugars [78,79] simultaneously.
Starch is consumed during enzymatic hydrolysis, and fermentable sugars are formed by using
two enzymes: a-amylase and glucoamylase. Cellulase is a cellulosic substance and is
commonly used in algal biomass hydrolysis. Microalgae species such as Chlorella vulgaris are
a high source of starch (37 percent by weight), thus C. At up to 65 percent ethanol conversion
efficiency, vulgaris biomass may be a good ethanol supply. Using marine green microalgae
(Chlorococcum littorale) under dark and anaerobic conditions, it was possible to produce 450
mol g dry weight of ethanol at 30 °C. Tab. 6 summarizes the studies performed to generate
bioethanol Figure 8.

‘ Biomass

Slurry
Harvesting h > Preparation .:(>

Fermentation “ >‘ Separation ‘

Microalgae
Cultivation

Ethanol ‘

Figure 8. Schematic of the overall fermentation process for ethanol production.

Table 6. Production of Bioethanol by Hydrolysis and fermentation

. . Productivit . Yield of
Microorganism X [gLY] ethanol L'%I'E? Type of hydrolysis fermentation [%] Ref.
Chlorella sp. KR-1 50 12-14 Enzymatic (pectinase) 80 [80]
Chlorella vulgaris 10 0.58 Enzymatic (pectinase) 89 [81]
Chemo-enzymatic
Dunaliella tertiolecta 50 8-9 (amyloglucosidase and 82 [82]
HCI)
Synechococcus 100 30 Enzymatic (glucanases) 86 [72]

6.2. Production of butanol.

Butanol is a colorless liquid that, at high concentrations, causes a narcotic effect. Due
to its high solubility in organic solvents and low miscibility in water, it is used as a solvent in
biopharmaceutical, chemical, and cosmetic applications. Its physical properties closely
resemble those of gasoline, making it a possible partial or full additive to fuel transport. Butanol

https://biointerfaceresearch.com/ 3045


https://doi.org/10.33263/BRIAC123.30343054
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.30343054

can also be used as a gasoline-driven engine substitute fuel with minimal to no modifications;
it can also be combined with gasoline in a much higher composition than ethanol because
butanol has an energy content close to that of gasoline. In comparison to ethanol, it can be
added to gasoline at the refinery and circulated via the current gasoline pipeline, as butanol is
less corrosive and does not absorb water [83]. It is possible to synthesize butanol, a four-carbon
primary alcohol, both chemically and biochemically; butanol's chemical synthesis is carried
out mainly through three methods: Oxo synthesis, Reppe synthesis, and hydrogenation
crotonaldehyde. However, the topic of this chapter is restricted to the biochemical conversion
of Butanol biomass Butanol is a fermentation result of anaerobic bacteria in the metabolic
cycle. Acetobutyliticum clostridium, Butyricum clostridium, etc. During World War I, the
industrial development of butanol dates back to 1914 as a by-product of the production of
acetone (used in war ammunition) by fermentation. While there was no immediate application
of butanol during that period, it was used in the USA later in the 1920s to replace amyl acetate,
a substance derived from amyl alcohol, a lacquer solvent in the automotive industry [84]. By
the 1950s, 66% of the butanol used in the world was biochemically made. However, due to
higher biomass costs and low crude oil prices, butanol was replaced as a transportation fuel by
crude oil. Substrates used to produce butanol may come from both starch and cellulose, such
as molasses, corn fiber, wheat straw, etc. However, the controversy over the use of food
substrates for fuel production regulates the use of starch-based substrates. Butanol can also be
included in Figure 9, which illustrates the flow of processes for ethanol. However, biomass
fermentation is carried out by bacteria containing butanol. Via the glucose-pyruvate-
butyraldehyde pathway, butanol formation takes place. Butanol fermentation is a biphasic
transformation that takes place during the exponential growth period and solventogenic phase,
consisting of an acidogenic phase. Acid-forming pathways are triggered during the acidogenic
process, and the key products produced include acetate, butyrate, hydrogen, and carbon
dioxide. Solventogenic process products that arise during the exponential growth phase are
acetone, butanol, and ethanol/propanol. The solventogenic phase is a reaction to the increased
solventogenic phase production of acid during the acidogenic process, which would lead to a
decrease in extracellular pH if not initiated, and finally to cell death due to the increasing
gradient of protons between inner and outer cell environments. pH regulation, therefore, has a
very important impact on the production of butanol, and for the solventogenic process, it needs
to be in the acid range. Another major concern that causes cell death is solvent toxicity due to
the weakening of the cell wall in the presence of acetone, ethanol, and butanol (the most toxic
compound), leading to low concentrations and productivity of the substance [85]. By continuous
elimination of the solvents by different unit operations, solvent toxicity can be overcome.
Traditionally, butanol is separated by distillation, which is a cost-intensive process due to its
high boiling point. Adsorption, gas stripping, liquid-liquid extraction, prescription,
pervaporation, and reverse osmosis are alternative methods for butanol separation. Each of
these processes has certain drawbacks, among which, despite low selectivity, gas stripping is
easy and effective as it can be used for butanol removal in a continuous operation. The use of
a solvent that is non-inhibitory to the microbes is needed for liquid-liquid extraction. Butanol
is selectively diffused through the membrane during pervaporation and evaporated without
removing the medium components required for microbial growth. Nevertheless, it is restricted
by the fouling of membranes by the particles found in the broth of fermentation.
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Figure 9. Butanol fermentation pathway of Clostridium acetobutylicum.
6.3. Production of biohydrogen.

Hydrogen (H2) is an energy resource with very high latent heat that is environmentally
friendly. It is important to remember that it is feasible for both photo-fermentation and dark-
fermentation to produce anaerobic hydrogen. Photobiological, microalgae can produce H:
because they have the metabolic and enzymatic features to do so. Usually, under anaerobic
conditions, Eukaryotic-type microalgae can generate H" and oxygen during CO: fixation in
reaction conditions. By using these hydrogen ions, the Hz gas molecules are then produced in
the presence of a hydrogenase enzyme [84]. The potential routes for the development of
hydrogen using glucose as a model substrate are led by acetate (Eq. 3) or butyrate (Eq. 4)
production:

n — $2Acetate + 2CO, + 4H
Glucose + 2H,0 2 2 AG =-184 K] (3)

Glucose —————» Butyratet+ 2CO, + 4H, AG = -257 KJ @)

Fermentation of acetate is well known to be energetically more desirable than
fermentation of butyrate. And the efficiency of Hz in the first approach is potentially superior
compared to the second approach. Melis and Happe recorded a two-stage photosynthesis
process based on green algae in which a maximum vyield of 200 kg of H2 ha*d! is obtained.
Hydrogen will pass dynamically between the product side and the reactant side, depending on
the protons interacting with hydrogen, as the photosynthetic mechanism is reversible. The
oxygen released during photosynthesis is very harmful to the Hz-producing hydrogenase and
should, as such, be subject to anaerobic conditions in the biomass culture. In addition, the by-
products (acetate and butyrate) can cause the product to inhibit the activities of microalgae
during hydrogen fermentation. Particular care should therefore be taken to decrease product
inhibition during biohydrogen production.

6.4. Production of bioethanol from Sorghum.

Via three key conversion processes, sorghum biomass is transformed into many major
biofuels such as bioethanol, biodiesel, biohydrogen, biogas, bio-oil, biochar, and syngas:
chemical, thermochemical, and biological Figure 10. Chemical conversion is consistent with
the transesterification of biodiesel from sorghum oil. Direct combustion, gasification,

https://biointerfaceresearch.com/ 3047


https://doi.org/10.33263/BRIAC123.30343054
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.30343054

pyrolysis, and liquefaction are used in thermochemical conversion. Since direct combustion,
under air conditions, uses sorghum biomass as a solid fuel to generate heat, it is not considered
here at all. Incomplete oxidation of sorghum biomass, which creates syngas consisting of CO,
COg2, and hydrogen, is gasification [84]. Pyrolysis is the high-temperature decomposition of
sorghum biomass that creates biochar, bio-oil, and syngas in the partial or complete absence of
oxygen. Specifically, in the absence of oxygen at high temperatures, torrefaction transforms
biomass into biochar. Hydrothermal liquefaction (HTL) transforms sorghum biomass into bio-
oil at high temperatures and pressures [23,24,85]. Two microbiological processes are involved
in biological conversion: Anaerobic digestion and alcoholic fermentation. Alcoholic
fermentation is used using ethanol-producing microorganisms to generate bioethanol from
sorghum sugars, starch, and lignocellulosic materials. Anaerobic digestion using a collection
of microorganisms creates biohydrogen and biogas from properly pretreated sorghum biomass
[25-27,86].
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Figure 10. Routes of sorghum conversion into biofuels.
7. Conclusions

Because conventional fossil fuels like coal and petroleum are nonrenewable, they
cannot supply the world's ever-increasing energy demands. Furthermore, increased global
warming as a result of unconstrained CO2 emissions has become a major environmental
concern. Bioenergy is a good alternative to address this issue because it is renewable,
environmentally benign, and has the potential to create jobs. The primary feedstock
(agricultural, food waste, municipal solid waste, algal biomass, waste cooking) is converted
using various relevant conversion procedures and can be transformed to renewable and non-
toxic biofuel (ethanol, biodiesel, and biobutanol). The conversion techniques could be
thermochemical (including pyrolysis, gasification, and direct liquefaction) or biochemical and
biological. The present review is an attempt to discuss the latest advances in the field of
biofuels. Nanotechnology has proved to be an emerging breakthrough in biofuel industries that
can help to reduce the cost due to increased reusability of immobilized enzymes, and biofuel
yields can be enhanced multifold. Blending nanomaterials with biofuel would certainly lower
the emission of toxic gases. Moreover, the less energy exhaustive distillation routes viz., feed
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splitting, ohmic distillation, membrane technology, and pervaporation processes can be better
alternatives to economically and ecologically viable biofuel production. The high purity
bioethanol can be achieved through these processes to sustain and compete in real-world
applications.

Reports covering bioengineering of microorganisms and crops have also been
intensively analyzed as the strain improvement techniques have an immense significance for
improving the yields. This review presents an overview of the present-day scenario on recent
developments and sustainability aspects in bioenergy and biofuels. The majority of studies
considered can be performed at the bench or pilot scales. However, more research efforts need
to be focused on practical aspects of technology development and newer methods of producing
energy sources to support benign environmental management. Extensive research efforts and
well-organized and reproducible rational investigations are needed to foster the knowledge
transfer to practitioners for developing close interactions between academia, policymakers, and
practitioners, offering clean environmental management for the benefit of society.
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