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Abstract: Bioethanol is the most widely used alternative transportation fuel to petrol. Bioethanol is
considered a clean, renewable, and environmentally friendly fuel that can contribute to climate change
mitigation, decreased environmental pollution, and enhanced energy security. Commercial bioethanol
production is based on traditional agricultural crops such as corn, sugarcane, and sugarbeet, primarily
used as food and feed. In order to meet the growing demand for this fuel and decrease competition
in the food and biofuel sectors for the same feedstock, other raw materials and process technologies
have been intensively studied. Lignocellulosic biomass is one of the most abundant renewable
resources, with it being rich in compounds that could be processed into energy, transportation fuels,
various chemical compounds, and diverse materials. Bioethanol production from lignocellulosic
biomass has received substantial attention in recent decades. This review gives an overview of
bioethanol production steps from lignocellulosic biomass and challenges in the production process.
The following aspects of bioethanol production are covered here, including pretreatment methods,
process strategies, strain development, ethanol isolation and purification, and technical hurdles.

Keywords: biofuels; bioethanol; lignocellulosic biomass; bio-refinery; pretreatment; bioethanol
recovery; downstream processing; bioethanol dehydration; advanced hybrid process

1. Introduction

Increasing public concern over the sustainability of natural resources, the climate,
and environmental issues have encouraged the development of environmentally friendly
processes and new sustainable natural bio-based products relying on recent technological
advances in biotechnology. Energy plays a decisive role in human and social improve-
ments as well as economic development. The growing demand for energy and depleting
petroleum sources encourage extensive research for renewable and environmentally ac-
ceptable alternative fuels and the development of their production [1]. Today, bioethanol is
the most common liquid biofuel, predominately produced from sugar- and starch-based
feedstocks which are also used as food and animal feed. Second-generation bioethanol is
produced from non-edible lignocellulose-rich biomass such as energy crops, agricultural
and forestry residues, and industrial and municipal waste [2]. Such lignocellulosic feed-
stocks are not directly associated with food security for energy conversion and are available
at a reasonable price as a renewable source [3]. In this context, forestry and agro-industrial
residues, such as sugarcane bagasse and straw, wheat straw, rice straw, rice husk, corn
stover, cotton stalks, and wood chips and sawdust, have been investigated as raw materials
in process development for biofuel production and use.

Lignocellulosic biomass, widely available at relatively low cost in different forms, is a
suitable raw feedstock for bioethanol production due to its relatively high carbohydrate
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content. It consists mainly of cellulose (30–50%), hemicelluloses (20–40%), and lignin
(20–30%). Carbohydrate composition differs regarding biomass origin [4]. Cellulose and
hemicelluloses can be converted into fermentable sugars, chemicals, and materials. Lignin
is a source for producing high-value-added products, such as phenolic resins, epoxy resins,
adhesives, and polyolefins.

The biochemical conversion of lignocellulosic biomass into bioethanol by microbial
fermentation is considered attractive due to the mild operating conditions. Due to its com-
plex and recalcitrant structure, lignocellulosic biomass cannot be directly used as a carbon
source for microorganism growth and bioethanol production. Therefore, lignocellulosic
biomass is subjected to pretreatment before the saccharification step and fermentation [5,6].
Pretreatment changes the physical, chemical, and rheological properties of lignocellulosic
biomass, increasing the sugar yield through the hydrolysis of structural carbohydrates and
thus improving bioethanol titer, yield, and productivity. The additional step in bioethanol
production from lignocellulosic biomass significantly increases production, making it
economically uncompetitive with conventional fossil fuels or first-generation bioethanol
produced from sugar or starch-based feedstocks [7]. After pretreatment, lignocellulosic
biomass is subjected to cellulase hydrolysis and fermentation by the yeast Saccharomyces
cerevisiae [8].

2. Recalcitrant Structure of Lignocellulosic Biomass

Lignocellulosic biomass mainly comprises cellulose, hemicelluloses, lignin (Figure 1),
and minor amounts of proteins, ash, and pectin. The composition of lignocellulosic biomass
and plant parts varies from one species to another, but it also depends on the growth
condition and plant age. Cellulose is most abundant in hardwoods (40–55%, wt) and
softwoods (45–50%, wt), while hemicellulose is dominant in grasses (35–50%, wt) and
wheat straw (50%, wt). Softwoods and hardwoods are rich in lignin (25–35%, wt and
18–25%, wt respectively) compared to grasses (10–30%, wt). All three major polymers
(Figure 1) are mutually connected, forming a heteropolymeric structure in plant cell walls
resistant to microbial and chemical degradation [9].

Cellulose is a linear polymer of hundreds to over tens of thousands of glucose units
linked via β-1,4 glycosidic bonds. Parallel cellulose chains (20–300) are linked together by
hydrogen and weaker van der Waals bonds forming microfibrils, which are insoluble in
water and most organic solvents. Microfibrils often associate and form bundles. Cellulose
microfibers have a highly ordered (crystalline) and disordered (amorphous) structure,
which is more susceptible to enzyme and acid hydrolysis. Cellulose microfibrils are embed-
ded with the matrix of amorphous hemicellulose. A matrix of lignin surrounds the whole,
providing mechanical support and strength to the plant [10].

Hemicellulose is an amorphous branched heteropolymer consisting of hexose (glu-
cose and mannose), pentose sugars (xylose and arabinose), and uronic acids. It usually
contains a linear chain of xylan and considerable variation in the branch backbone chains,
including glucuronic acid, mannan, galactomannan, and glucomannan [11]. Due to com-
plex branching and acetylation patterns, hemicelluloses can be more easily enzymatically
degraded than cellulose, except for particular recalcitrant oligomeric structures [12]. Also,
they are relatively sensitive to operating conditions. Therefore, the temperature and reten-
tion time must be controlled to avoid forming unwanted products, such as furfurals and
hydroxymethyl furfurals, which later inhibit fermentation [9].

Lignin is a complex, amorphous, relatively hydrophobic, and highly branched het-
eropolymer made of alcohols (monolignols) with an aromatic ring. It has been described in
many studies as being able to severely enhance the recalcitrance of lignocellulose decon-
struction. Lignin is responsible for the wall’s structural rigidity and brittleness. It fills the
space between hemicelluloses and wraps the cellulose skeleton, making a lignocellulose
matrix. Predominant structural components are p-coumaryl alcohol, sinapyl alcohol, and
coniferyl alcohol, connected via carbon–carbon and ether bonds.
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The recalcitrant structure of lignocellulosic biomass affects the subsequent steps in its
conversion to different products [13]. Factors affecting the recalcitrance of lignocellulosic
biomass are strongly connected and are complicated to separate. They are mainly related
to the cellulose-specific surface area, crystallinity, degree of polymerization (DP), pore size
and volume, chemical factors related to lignin composition and content, and the content of
hemicelluloses and acetyl groups [14].
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Figure 1. Schematic representation of the structural composition of lignocellulosic biomass along
with the action of the major lignocellulolytic enzyme involved in lignocellulosic biomass degrada-
tion: (a) Cellulase action mechanism; (b) hemicellulase/xylanase action mechanism; and (c) ligni-
nase/Laccase action mechanism. Modified from Rajeswari et al. [15].

3. Pretreatment of Lignocellulosic Biomass

The bioenergy industry depends on specific biomass feedstock, whether producing
biofuels, biopower, or other bioproducts. Biomass cannot be fed into conversion infeed
systems until it undergoes some form of pretreatment level, such as size reduction. From
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an economic point of view, pretreatment is one of the most critical steps in lignocellulosic
biomass conversion to bioproducts, and the efficiency of pretreatment is a crucial issue in
obtaining a higher product yield. The different natures and complex hierarchical structures
of lignocellulosic biomass have presented pretreatment as the most critical step during
biomass conversion to biofuels [5]. The most important objectives of the pretreatment
step are increasing the biomass surface area, dissolving hemicellulose and/or lignin, and
reducing biomass particle sizes. During pretreatment, chemical and/or physical modifica-
tion of the lignocellulosic structure improves cellulose hydrolysis by cellulases due to the
increased accessibility of the substrate surface to enzyme/s [6]. However, the difference
in the chemical composition and physical and rheological properties of lignocellulosic
biomass of various origins directly affects bio-refinery capacity, increases pretreatment and
conversion costs, and reduces yield [7].

Various pretreatment methods serve to fractionate, solubilize, and hydrolyze the
biomass and separate cellulose, hemicellulose, and lignin from lignocellulosic biomass.
Pretreatment methods are classified into four main types, physical, chemical, physico-
chemical, and biological. Physical pretreatment mainly increases the accessible surface
area for hydrolysis through biomass size reduction, while some methods also reduce the
crystallinity of the lignocellulosic biomass. Chemical methods loosen the holocellulose
and lignin structure network and/or dislocate lignin and hemicellulose in the presence of
chemicals (e.g., alkalies, acids, organic solvents, etc.). Physico-chemical methods combine
harsh conditions such as high temperatures, pressure, and/or the presence of chemicals. In
biological pretreatments, natural microorganisms (fungi, bacteria, and microbial consortia)
are used to break the cell wall of lignocellulosic material. Biological pretreatment methods
are eco-friendly, involve no chemicals, and cause the delignification of lignocellulosic
biomass [6].

Therefore, ideal pretreatment procedures must meet specific criteria: (1) increase the
surface area accessibility; (2) decrease cellulose crystallinity; (3) increase the hemicellulose
and lignin solubility; (4) alter the lignin structure; (5) improve enzymatic hydrolysis to fer-
mentable sugars; (6) diminish the loss of sugars; (7) minimize the formation of by-products
that inhibit subsequent hydrolysis and fermentation processes; and (8) be economically
profitable [16].

3.1. Physical Pretreatments

Physical pretreatments can open the structure of lignocellulosic biomass by disrupting
its surface structure and reducing the particle size using shear or compression forces [17].
The biomass characteristics and final particle size are the most decisive influencing factors
for physical pretreatment. However, the high energy consumption and relatively low
efficiency are the main drawbacks of this technology [18]. Table 1 shows a review and the
mode of action of different types of physical pretreatments as well as the advantages and
disadvantages of each.

3.1.1. Extrusion

Extrusion is the most conventional mechanical method of biomass pretreatment where
the lignocellulosic biomass is subjected to high temperatures (>300 ◦C) under shear mixing.
The crystalline and amorphous regions of biomass residues are disrupted due to the
combined effects of high temperatures in the vessel and the shearing force caused by
rotating screw blades. Screw speed and barrel temperature are two factors responsible for
the disruption of lignocellulosic biomass and cause fibrillation, defibrillation, and fiber
shortening. Depending on the varied extrusion conditions, the method increases glucose
from 44% to 66% [17]. The process is cost-effective because it requires significant energy
and is difficult to scale up for industrial purposes [18].
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Table 1. Mechanisms, advantages, and disadvantages of different physical pretreatment methods.

Pretreatment
Method

Mode of
Action Advantages Disadvantages

Extrusion High temperatures and
shear mixing

Works at high solids loading, good
mixing, and heat transfer competence,
disruption of crystalline and
amorphous regions with a decrease in
particle size, and no inhibitor
generation

Cost-effective, significant energy
consumption, residual lignin, and
hemicellulose, limited enzymatic
digestibility, and primarily suitable
for herbaceous feedstocks

Mechanical
pretreatment

Mechanical grinding,
chipping, and milling

Reduction in particle size, DP, and
cellulose crystallinity, works at high
solids loadings, improved
digestibility
of lignocellulosic biomass, and no
inhibitory formation

Mass and heat transfer restrictions,
high power and energy consumption,
type and duration of method
influence the crystallinity reduction,
and limited enzymatic digestibility

Microwave Chemical bonds
destruction

Simple, short-time operation,
energy-efficient, fast heating rate,
degradation of the cellulose structural
configuration, and no need to add
other reagents

Expensive, inadequate delignification,
formation of some inhibitors, in
combination with other pretreatment
technologies, and difficulty for
scale-up

Ultrasound Chemical bonds
destruction

Fast operation, reducing particle size,
improved accessibility of cellulose,
no need to add other reagents

The need for expensive equipment,
high energy consumption, poor
energy efficiency, and expensive for
large-scale production

3.1.2. Mechanical Pretreatment

Mechanical pretreatment is usually the first step in bioethanol production. This can be
carried out by milling, chipping, or grinding. Particle size reduction is needed to simplify
the handling material and enhance the specific surface area. The desired particle size is
dependent on the subsequent steps that will be followed during the entire process. The raw
material size is usually between 10 to 30 mm when chipping and 0.2 to 2 mm in milling
or grinding [19]. Processes like vibratory milling, colloid milling, hammer milling, and
two-roll milling are used to enhance lignocellulosic biomass digestibility compared to
traditional ordinary ball milling [20]. The parameters to be considered for effective milling
operation include the biomass feeding rate, initial biomass size, technology parameters,
time, and biomass moisture content. Factors like capital and operating costs, possibilities of
scale-up, and equipment depreciation are crucial for this process. However, a requirement
of high energy input makes it economically non-feasible [21].

3.1.3. Microwave

Microwave-assisted pretreatment of lignocellulosic biomass is a robust and very
efficient process in pretreating switchgrass and Miscanthus, resulting in high lignin removal
and increased reducing sugar yields, ranging from 40 to 60%. A large microwave irradiator
is required for large-scale pretreatment, which is expensive, energy-consuming, and has
limited use in industrial processes. The second major disadvantage is the non-uniform
heating of biomass and high-temperature generation, which leads to the formation of
inhibitors, which lower expected yields and increase operational costs. For higher efficiency
and cost-effective results, the microwave method is usually used in combination with
chemical pretreatment [21].

3.1.4. Ultrasound

Ultrasound pretreatment is another method used to enhance the digestibility of lig-
nocellulosic biomass through delignification and surface erosion. The processing time is
short, and pretreatment is conducted under lower operating temperatures with minimal
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chemical usage. The results show that when the cellulosic suspension is treated with energy
by irradiation, enzymatic hydrolysis is enhanced by approximately 200%, though the mode
of action is still unknown. Therefore, it is assumed that the hydrogen bond of the cellulose
crystalline structure breaks upon supplying adequate energy. The ultrasound method
efficiency could vary depending on the ultrasonic frequency, the solvent used, and the
reactor design. This method is often combined with other pretreatment methods, similar to
microwave-assisted pretreatment [22].

3.2. Chemical Pretreatments

Chemical pretreatment is the most applied method on a commercial scale. Compared
with the other pretreatment methods, this method is considered very promising since it
can effectively degrade more complex structured substrates [23]. Chemical pretreatment
can be carried out using organic or inorganic compounds, which leads to the disruption
of the lignocellulosic structure through interaction with the intra or intermolecular bonds
of cellulose, hemicellulose, and lignin [24]. Chemicals, including acids, alkalies, organic
solvents, ionic liquids (ILs), deep eutectic solvents (DESs), oxidizing agents, and ozone,
are some of the standard chemical pretreatment methods used in biorefinery. The mode
of action, advantages, and disadvantages of different chemical pretreatment methods are
summarized in Table 2.

Table 2. Mechanisms, advantages, and disadvantages of different chemical pretreatment methods.

Pretreatment
Method

Mode of
Action Advantages Disadvantages

Acids

Hemicellulose
hydrolysis and
cellulose hydrolysis under
higher severity conditions (acid
concentration, temperature,
and pressure)

Fast reaction rates (1–90 min), no need
for enzymatic hydrolysis, hydrolyzes
hemicellulose to xylose and other
simple sugars, and changes lignin

High cost of corrosion-resistant
equipment, high generation of inhibitors,
a requirement for neutralization before
enzymatic hydrolysis or fermentation,
need for recovering used acids, and
environmental pollution

Alkalies

Reduction in the DP
of cellulose, hemicellulose
hydrolysis,
and extracts and removes lignin

Mild reaction conditions (low room
temperatures, less sugar degradation
compared to acid pretreatment,
removal of lignin, increased accessible
surface area, utilizes lower temperatures
and pressures, most caustic salts can be
recovered and/or regenerated, and low
inhibitors formation

Long residence times are required,
chemical requirements, dependent on the
lignin content of the lignocellulosic
biomass, requires acid neutralization, the
neutralization step results in salt
formation, and neutralization difficulties

Organic
solvents

Extracts and removes lignin and
slightly removes hemicellulose

No need for size reduction, a pure form of
cellulose, able to depolymerize
hemicellulose and lignin, formation of
high-purity and -quality lignin, suitable
for woody biomass, low temperature, and
pressure requirements, and easy recovery
step

Suitable for high lignin-containing
biomass, high cost of organic solvents
required, high capital costs for operating
conditions and safety steps to prevent
environmental pollution, and the
generation of inhibitors

Ionic
liquids

(ILs)

Separation of
polymer parts and
removes lignin

Non-flammable, non-corrosive, high
thermal stability, negligible vapor
pressure, recyclable, and eco-friendly

High pretreatment temperatures, high cost
of ILs, high solid loading, high energy
consumption, recovery requirements for
ILs, and long processing time

Deep eutectic
solvents
(DESs)

Removes lignin Less volatile and toxic, eco-friendly,
low cost, and recyclable High viscosity

Oxidizing
agents

Degrades and removes lignin
and slightly removes
hemicellulose

Low reaction conditions, lignin
removal, high efficiency, absence of
inhibitors formation, and eco-friendly

High cost of oxidants, the flammable and
corrosive effect require a cooling systems,
and expensive process

Ozonolysis High delignification efficiency
Low formation of inhibitors and
operates at room temperature and
normal pressure

High costs for ozone on-site production
and utilization, and flammability and
toxicity of ozone
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3.2.1. Acids

Acid pretreatment is one of the most widely used pretreatment methods. The tech-
nology relies upon certain factors, including the type of acids (weak or strong), their
concentrations (diluted to concentrated), liquid-to-solid ratios, and temperature (30 ◦C to
210 ◦C). It causes lignin and hemicellulose solubilization and an improvement in cellulose
accessibility. The method is suitable for low lignin content biomass since the lignin is not
degraded from the raw material [25]. This process has significant limitations in forming
inhibitory compounds like furfural, 5-hydroxymethyl furfural, phenolics, etc. [26]. There
are two types of acid pretreatments:

1. Weak acid hydrolysis or dilute acid hydrolysis is one of the most commonly applied
techniques for lignocellulosic biomass. There are two ways to approach this process:
first, a continuous flow process at a high temperature is used mainly for low solids
loading when T > 160 ◦C and the substrate concentration is 5–10% wt. The second
way is a batch process at low temperature, mainly for high solids loading when
T ≤ 160 ◦C and the substrate concentration is 10–40% wt. Organic acids, like maleic
acid and fumaric acid, can be used for this pretreatment method instead of inorganic
acids [27]. This method has shown good performance in recovering hemicellulosic
sugars, but these sugars might be further converted to furan compounds, furfural, and
5-hydroxymethyl furfural, potent inhibitors of microbial fermentation. Also, acids are
corrosive. This method is most suitable for lignocellulosic biomass with low lignin
content, as lignin is not removed in this process.

2. Strong acid hydrolysis: Sulfuric acid and hydrochloric acid have been used widely to
treat lignocellulosic biomass as they are potent reagents for cellulose hydrolysis [28].
Enzymes are not needed after concentrated acid hydrolysis for saccharification. Ad-
vantages include feedstock flexibility, high monomeric sugar yield, and mild tem-
perature requirements. The drawbacks are the corrosive nature of the acids, and
acid recycling is needed for the economy. Several industries are in the process of the
commercialization of the strong acid hydrolysis treatment of lignocellulosic biomass
for bioethanol production. Concentrated acid requires corrosion-resistant equipment
as it is corrosive and toxic. On an industrial scale, dilute acid treatments are more
feasible [28].

Acid pretreatment can also be categorized using two different approaches. The first
is high temperatures and short reaction times; the second is low process temperatures
and longer reaction times (30–90 min). The main drawbacks of acid hydrolysis are (1) the
high energy input requirement as a high temperature is needed, (2) a corrosion-resistant
specific reaction vessel being required because of the corrosive nature of acids, and (3) the
generation of inhibitory compounds [29].

3.2.2. Alkalies

Similar to acid pretreatment, alkaline pretreatment is one of the major chemical pre-
treatment technologies. It has shown great promise for the solubilization of lignocellulose
biomass using various bases, including NaOH, KOH, Ca(OH)2 (lime), aqueous ammonia,
NH4OH, and NaOH in combination with H2O2 or others [23]. Pretreatment with alkalies
causes biomass swelling, which increases the internal surface area of the biomass and
decreases both the degree of polymerization and cellulose crystallinity. One significant
effect of alkali pretreatment is its selectivity to remove mainly the lignin portion of ligno-
cellulosic biomass without degrading carbohydrates. However, it increases the content of
the reactive holocellulosic part (total polysaccharide fraction, cellulose, and hemicellulose),
which is suitable for enzymatic hydrolysis. They saponify intermolecular ester bonds,
which crosslink xylan hemicelluloses and lignin [30]. During treatment, alkalies react
with hemicellulose by removing the acetyl groups and various uronic acid substitutions,
improving the accessibility of enzymes to hemicellulose and cellulose [31].

Since salts are formed using these compounds, which can be incorporated into the
substrate, they need to be recycled or removed [32].
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The process conditions are relatively mild, and the reaction time can be very long.
Mild conditions prevent lignin condensation, resulting in high lignin solubility, especially
for biomass containing low lignin content (softwood, grasses, etc.). Mild conditions also
prevent sugars’ degradation to furan compounds and organic acids. Oxygen or air addi-
tion to the reaction mixture significantly improves the delignification process [33]. The
effectiveness of alkaline pretreatment varies, depending on the substrate and treatment
conditions. In general, alkaline pretreatment is more effective on hardwood, herbaceous
crops, and agricultural residues with low lignin content than on softwood with high lignin
content [34].

3.2.3. Organic Solvents

This method combines organic or aqueous organic solvent mixtures with or without
inorganic acid catalysts for delignification. Various organic solvent mixtures have been
used, like triethylene glycol, ethylene glycol, ethanol, methanol, tetrahydrofurfuryl alcohol,
and acetone under specific temperatures and pressures and with specific catalysts [29].

Organosolv pretreatment has been used extensively for high-quality lignin extraction
(value-added product). Due to efficient lignin removal, around 90% of the sugar was
recovered after enzymatic hydrolysis of the treated biomass. The main drawback of
the organosolv process is solvent and catalyst costs. Solvent removal and recovery can
reduce operational costs considerably [28]. As organic solvents are flammable, the safety
measures should be impeccable. Uncontrolled use can be the cause of fires and explosions.
This additional cost makes the process non-economical. Organic solvents have shown
an inhibitory effect on enzymatic hydrolysis; therefore, their removal is required before
hydrolysis, which increases operation costs [35].

3.2.4. Ionic Liquids (ILs)

Another pretreatment solvent is ionic liquids (ILs), which represent salts of organic
origin with melting points below 100 ◦C [36].

The use of ionic liquids (ILs) in the pretreatment of lignocellulosic biomass is attracting
increasing attention due to the high solubility of biomass in ionic liquids, which results in
increased sugar and carbohydrate yields [37].

This method uses biomass with ILs in a ratio of 1:10 w/w, while the temperature
ranges from 100 ◦C to 150 ◦C. Ionic liquids behave like salt, combining small inorganic
anions and large organic cations. They exist as a liquid at relatively low temperatures (room
temperature). At high temperatures, room-temperature ionic liquids can form hydrogen
bonds with cellulose as anions like formate, acetate, chloride, or alkyl phosphonate are
present. It has enormous potential for substrate production, achieving more than 90%
cellulose digestibility [38]. However, some significant limitations exist for ILs used for
bioethanol production from lignocellulosic biomass. ILs or room temperature ionic liq-
uids (RTIL) that remain in the biomass can interfere with hydrolytic enzyme activity and
downstream fermentation processes, which affects sugar and ethanol yields [39]. Also, the
disadvantages are the high energy requirement to recycle pure ILs, increased waste genera-
tion with difficult recovery, and the high cost of the process. Despite these limitations, the
development of this pretreatment could offer significant potential for biorefinery processes
in the future.

3.2.5. Deep Eutectic Solvents (DESs)

The utilization of deep eutectic solvents (DESs) as a class of the chemical pretreat-
ment process started in 2015 [40]. DESs are considered as a green solvent like ILs, but
comparatively, DESs are cheaper and easier to prepare than ILs [41]. They are used for the
delignification of lignocellulosic materials without condensation reactions [42]. The results
are the efficient dissolution of biomass components and increased carbohydrate recovery
yield, allowing the breakage of the strong intermolecular hydrogen bond [43]. One of the
novel classes of DESs, hydrogen bonding DESs (formic and acetic acids), showed successful
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a delignification rate and cellulose digestibility on rice straw as substrate [44]. However,
to fully understand the mechanism of DESs, additional research is needed to improve the
efficiency of the pretreatment process.

3.2.6. Oxidizing Agents

The most commonly used one is hydrogen peroxide, which helps the delignification
process during treatment. At 25–30 ◦C, 1–2% H2O2 is effective in the recovery of most
hemicelluloses; 50% of lignin can be dissolved using hydrogen peroxide. The results are
fivefold higher than with NaOH [45]. During this process, several reactions occur, like
electrolytic substitution, alkyl or aryl ether linkage breakage, side chain displacement, or
the oxidative breakdown of aromatic nuclei. The result is the formation of carboxylic acid,
which acts as an inhibitor to microbial growth and has to be removed by washing [46]. This
method is effective for the pretreatment of rice hulls, with it showing 96% sugar conversion
after hydrolysis [47].

3.2.7. Ozonolysis

Ozonolysis is a very efficient oxidative pretreatment method. In this method, lig-
nocellulosic biomass is pretreated with ozone, which does not affect the holocellulose
portion; it degrades only lignin by attacking its aromatic ring structure. Various types of
lignocellulosic biomasses have been treated using ozone, such as wheat straw, bagasse,
pine, and peanut [48]. This process usually occurs at room temperature (around 30 ◦C)
and under normal pressure. Inhibitory compounds are not generated during this process;
therefore, the saccharification and fermentation are unaffected, and the pretreatment pro-
cess is sustainable [49]. Two major factors influence this process: the type of lignocellulosic
biomass and the moisture content. Ozonolysis is a successful method due to lignin poly-
mer degradation and minimal effects on cellulose and hemicellulose content. Still, the
requirement of a large amount of ozone makes the process expensive and non-feasible at
an industrial scale [50].

3.3. Physicochemical Pretreatments

Several promising, non-classical methods, including the use of steam explosion (SE)
and liquid hot water (LHW) pretreatment, CO2 explosion, wet oxidation (WO), and ammo-
nia fiber expansion (AFEX), have been proposed as commercial solutions for lignocellulosic
biomass pretreatments. Table 3 highlights the mode of action and the advantages or
disadvantages of the physicochemical pretreatments discussed in this work.

3.3.1. Steam Explosion (SE)

Steam explosion (SE) is also called autohydrolysis and is one of the most promising
used lignocellulosic biomass pretreatment methods (catalyzed or uncatalyzed) [51]. Boiling
water is maintained as saturated steam (160–250 ◦C) in a pressured container for a short time
(30 s to 20 min); then, the pressure is dropped suddenly to disrupt the recalcitrant nature
of the biomass. Hemicellulose is usually broken down with the additional significant
transformation of lignin and the conversion of the acetyl branches of hemicellulose to
organic acids. The reaction catalyzes favorably and contributes to easier digestion of
the lignocellulosic biomass [52]. This method is generally considered a cost-effective and
greener pretreatment method compared to chemical processes as no toxic waste is produced
from chemicals or catalysts [53].

The SE pretreatment process is carried out in two steps: (1) a steam boiling phase and
(2) an explosion phase. The temperatures in this first stage are around 160 ◦C–260 ◦C to
provoke the hydrolytic breakdown of the lignocellulosic matrix. The process’s second stage
corresponds to converting thermal energy into mechanical energy. The pressure suddenly
drops down, leading to vapor expansion inside the fibers and disrupting the fibrous
structure [54]. Various factors influencing this process are the residence time, reaction
temperature, moisture content in the biomass, and raw material particle size. To improve
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the results, acids or alkalies have been tested. SE’s advantages include the high recovery of
sugars, lower capital investment and environmental impact, more energy-efficient strategy,
the possibility of using larger particle sizes, the addition of an acid or alkali catalyst, and
the feasibility at an industrial scale [55].

Table 3. Mechanisms, advantages, and disadvantages of different physicochemical pretreatment
methods.

Pretreatment
Method

Mode of
Action Advantages Disadvantages

Steam
Explosion (SE)

Increases cellulose
porosity and dissolves
hemicellulose

No need for size reduction, results in
lignin transformation, cost-effective,
increasing the accessible surface area,
short processing time, among the
most effective and promising
techniques for industrial application,
low energy
demand, and no pollution

Incomplete disruption and
breakdown of the hemicellulose and
lignin, the formation of inhibitors,
chemicals are required, and needs
harsh conditions

Liquid hot
water (LHW)

Dissolves hemicellulose
and removes
part of the lignin

No need for size reduction, no
chemicals are required, an increased
contact area between the cellulose
and enzyme, high cellulose recovery,
and no or minimum formation of
inhibitors

High demand for water, high energy
consumption, complex hydrolysate,
large feed liquid–solid ratio, suitable
for a low lignin content feedstock,
and high costs

CO2 explosion
Effectively removes
lignin and increases
substrate digestibility

Low CO2 costs, increases the
accessible surface area, no formation
of inhibitory/toxic compounds,
low-temperature conditions,
non-flammability, handling high
amounts of solids, readily available at
low cost, and environmental
acceptability

High capital costs for high-pressure
equipment and depends on the type
of lignocellulosic biomass

Wet oxidation (WO)

Improves lignin removal
and produces sugar
oligomers
from hemicellulose

Good lignin removal and enhanced
enzymatic digestibility

High capital and operating costs,
high energy consumption, and low
hemicellulose recovery

Ammonia
fiber

expansion (AFEX)

Improves the
hemicellulose
degradation rate

Increases the accessible surface area,
removal of lignin, hydrolysis of
hemicellulose, high efficiency and
selectivity, negligible generation of
inhibitors, and promising processes
for industrial applications

Not efficient for biomass with high
lignin content, less suitable for
softwood, chemical requirements,
high energy consumption, high cost
for ammonia recovery, and health
concerns about using ammonia

3.3.2. Liquid Hot Water (LHW)

Liquid hot water is a hydrothermal pretreatment method requiring no catalyst, chem-
ical addition, or rapid decompression. High pressure is used at high temperatures to
maintain the liquid state of water. Hydrothermal pretreatment, hydrothermolysis, aqueous
fractionation, solvolysis, or aquasolv terms are also used. The temperature ranges from
170 ◦C–230 ◦C, and pressure (>5 MPa) is usually used from seconds to hours during the
process [56]. The liquid hot water pretreatment removes hemicelluloses from lignocellu-
losic biomass, increasing cellulose accessibility. The slurry obtained after pretreatment
contains liquid and solid fractions. The liquid fraction contains hemicellulose-derived
sugars, and the solid fraction contains cellulose. Better pH control (4–7) minimizes the
non-specific degradation of sugars and avoids toxic compound formation [57]. Liquid hot
water can primarily result in a high hemicellulosic sugar fraction in the form of oligomers
and reduce by-product formation. The residence time and reaction temperature are the
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most significant factors in this process. Three methods have been developed to promote
effective contact between the liquid hot water and biomass, i.e., co-current, counter-current,
and flow-through.

In the co-current method, biomass slurry and water are heated to the desired tem-
perature and held for an optimized residence time, after which they are cooled down.
In the counter-current method, the slurry biomass and liquid hot water move opposite
each other. In the flow-through process, the biomass is kept stationary, and the liquid hot
water is passed through it [58]. As no catalyst or corrosion-resistant material is required in
this process, it is considered economical. The main advantages are high pentose recovery
and lower toxic compound generation. Still, increased water demand and high energy
requirements make it non-feasible at an industrial scale [59].

3.3.3. CO2 Explosion

Supercritical carbon dioxide (scCO2) explosion has attracted much attention as a viable
and greener alternative than other biomass pretreatment techniques [60]. Supercritical
fluids refer to any substance above its critical temperature and pressure and exhibit unique
physicochemical properties such as liquid-like solvating power and gas-like mass transfer.
Typically used as an extraction solvent in many applications, CO2 has become important as
a solvent for the pretreatment of different varieties of biomass. When combined with water,
carbonic acid forms, which favors polymer hydrolysis. Once the biomass is pretreated, the
explosive release of CO2 disrupts the cellulose and hemicellulose structure, thus increasing
the accessible surface area for enzyme hydrolysis. The lower temperatures used in the
process aid in the stability of the sugars and prevent the degradation observed in other
pretreatments [61].

CO2 is an abundant, non-toxic, non-flammable, and recyclable gas, revealing a low
critical temperature and pressure (31.1 ◦C and 73.8 bar, respectively) [62]. In addition,
CO2 is emitted from various industrial production processes, including brewing, ethanol
fermentation, and cement production; therefore, it can be supplied in large quantities and
at a relatively low cost [63]. Compared to ammonia-based pretreatment methods, this
method is cost-effective, and toxic compound generation is much lower than in steam
explosion [64].

3.3.4. Wet Oxidation (WO)

Wet oxidation (WO), a pretreatment method of treating lignocellulose with water, air,
or oxygen for 30 min at temperatures above 120 ◦C, has been effective for different biomass
resources. Wet oxidation is well-suited as a pretreatment method for producing ethanol
and biogas from agricultural residues. This method is suitable for biomass with high lignin
content. The process becomes exothermic when the temperature reaches more than 170 ◦C,
making it self-sufficient with heat [65]. This approach for pretreatment catalyzes acid
formation from oxidative and hydrolytic reactions. The entire portion of lignocellulosic
biomass (cellulose, hemicelluloses, and lignin) is affected during the process. Hemicellulose
effectively breaks down into very low molecular weight sugars soluble in water. It also
facilitates the de-esterification of hemicellulose acetyl groups to produce organic acids.
Cellulose degrades partially, and lignin undergoes cleavage. Due to degradation, the
surface area of the cellulose becomes highly accessible for hydrolysis. The addition of
alkaline agents (e.g., Na2CO3) enhances hemicellulose solubilization [66].

3.3.5. Ammonia Fiber Expansion (AFEX)

AFEX is another type of pretreatment process in which liquid ammonia is used to
treat biomass at a relatively mild temperature (90 ◦C–100 ◦C) for a limited time (30–60 min),
followed by rapid pressure release [67]. The method involves contacting raw material with
gaseous or liquid ammonia at a relatively high concentration (0.3 to 3.0 g ammonia/g dry
biomass) within a pressurized vessel. The moisture from the biomass reacts with ammonia
to produce ammonium hydroxide. The result is physical disruption of lignocellulosic
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biomass fibers and the decrystallization of cellulose to some extent. Due to swelling caused
by the rapid expansion of liquid ammonia, this process can modify or reduce the effective
crystallinity of the cellulosic fiber and lignin matrix [68]. It increases the digestibility of
biomass through the deacetylation process. Toxic compounds are not produced using it;
washing with water is not compulsory. AFEX is less effective in the pretreatment of woody
biomass than agricultural residues and herbaceous biomass [69].

3.4. Biological Pretreatments

The biological pretreatment of lignocellulose biomass is considered a cheap, environ-
mentally friendly, and efficient alternative to conventional pretreatment technologies. The
enzyme extracts or the ligninolytic potential of certain microorganisms and macrofungi
are used to reduce the raw material’s insubordination and enhance its digestibility by
hydrolytic enzymes. However, the enzymes are generally considered costly [70].

Pretreatment can be performed directly by growing the microorganism or macro-
fungi on the lignocellulosic biomass or indirectly using the enzyme extracts. The typical
candidates are filamentous fungi (molds), filamentous macroscopic fungi, and microbial
consortia [71].

Based on the composition of the specific lignocellulosic biomass, a suitable microbial
consortium or lignocellulosic enzyme mix is used to remove lignin and hemicellulose
effectively. The optimum incubation temperature, pH, and incubation time depend on the
microbial consortium.

Biological pretreatments are eco-friendly and inexpensive compared to organic sol-
vents or AFEX, where the cost of chemicals and infrastructure is high [72]. However, to
carry out biological pretreatment on a large scale, a capacious sterile area is required, and it
is necessary to maintain aseptic conditions during the pretreatment process, which may
be expensive. The second disadvantage of this technology is that the employed microor-
ganisms consume a significant portion of carbohydrates (cellulose or hemicellulose). This
results in lower outputs and increases the treatment cost [70]. The mode of action and
the advantages and disadvantages of biological pretreatments are presented in Table 4.
Despite environmental benefits, biological pretreatment is still not a viable alternative to
conventional methods for large-scale applications, mainly owing to the slow process of the
biodegradation of lignocellulosic biomass. Expanded knowledge about existing ligninolytic
and cellulolytic systems includes discovering new enzymes with the potential for effective
pretreatment and full utilization of lignocellulosic biomass in biorefineries.

3.4.1. Fungal

Over the past few decades, the fungal pretreatment of lignocellulosic biomass has
been widely investigated due to the ability of fungi to depolymerize and mineralize
lignin. In addition to cellulase-degrading enzymes, endoglucanases, exoglucanases, and
β-glucosidases, fungi secrete ligninolytic enzymes, including laccases, lignin peroxidases,
and manganese peroxidases [73]. They are generally classified into brown-rot, soft-rot,
and white-rot fungi due to their specific ability to utilize the different components of
lignocellulosic biomass and the morphological characteristics and the type of decay. White
and brown-rot fungi belong to Basidiomycota, while soft-rot are primarily members of the
Ascomycota phylum [74].

White-rot fungi such as Phanerochaete chrysosporium, Ceriporiopsis subvermispora, Echin-
odontium taxodii, Physisporinus vitreus, Pleurotus, and Bjerkandera species possess an oxidative
ligninolytic system which degrades lignin and opens the phenyl rings. This system of
lignin-modifying enzymes, LMEs, comprises a phenol oxidase, laccase (Lcc, EC 1.10.3.2),
and three peroxidases, lignin peroxidase (LiP, EC 1.11.1.14), manganese peroxidase (MnP,
EC 1.11.1.13), and versatile peroxidase (VP, 1.11.1.16) [75]. Laccase was first described
130 years ago and is one of the oldest known enzymes. LiP and MnP were first discovered
in P. chrysosporium. Versatile peroxidase (VP) is a new addition to the group of LMEs and
was found in a strain of Pleurotus eryngii [76].
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Table 4. Mechanisms, advantages, and disadvantages of different biological pretreatment methods.

Pretreatment
Method

Mode of
Action Advantages Disadvantages

Fungal
Removes lignin,
partially remove
hemicellulose

Strong degradability, high efficiency,
and downstream yield, simple
operating condition and equipment,
no need for chemical recovery, low
energy consumption, no or negligible
inhibitor generation, and no pollution

Long treatment period due to the
strain growing time (weeks to
months), polysaccharide
consumption for culture growth, and
continuous control of the fungi
growth

Bacterial
Removes lignin,
partially removes
hemicellulose

Adapted to an extreme environment
(low and high pH and temperature),
faster growth than fungi, simpler
genetic manipulation than fungi, less
costly than fungi, and no or minimal
inhibitor generation

Long treatment period due to the
strain growing time (a few hours to
days), loss of carbohydrates, low
efficiency, and low downstream
yields

Microbial
consortia

Removes lignin,
partially removes
hemicellulose

High processing efficiency, useful in
the hydrolysis of cellulose,
hemicellulose, and lignin, substrate
accessibility, and
enhanced productivity

Competition among the
microorganisms, the strain may
consume the produced sugar, the
need for stable metabolite generation
for lignin decomposition, and
sensitive to the environmental
fluctuations

Enzymatic Removes lignin
and hemicellulose

Low energy consumption, ability to
deal with target substrates, simple
operating conditions, and equipment,
low downstream facilities costs, and
no or minimum inhibitor formation

Long treatment time and high costs of
enzyme production and purification

Brown-rot fungi (Tyromyces balsemeus, Poria placenta, and Lentinus lepidius) can degrade
cellulose and hemicellulose by slightly modifying the lignin structure. Endo-cellulases, exo-
cellulases, cellobiohydrolase, and β-glucosidases cause cellulose degradation. In contrast,
the action of other enzymes such as endo-xylanases, endo-α-L-arabinase, β-galactosidase,
and β-glucosidases induces hemicellulose degradation. These microorganisms can com-
pletely degrade lignin to CO2 and H2O due to the action of lignin-degrading enzymes such
as Lcc, LiP, and MnP regulated by carbon and nitrogen sources [77].

Soft-rot fungi were not classified as a decay type until the 1950s, although their
damage to wood was first observed in the 1860s [78]. Most soft-rot fungi belong to the
Ascomycota species. There are two types of soft-rot attacks. Type 1 involves the formation
of diamond-shaped cavities aligned with the cellulose microfibril angle within the S-2 cell
wall layer. Type 2 is a more generalized erosion of the S-2 cell wall layer from the lumen
outward [79]. Type 2 attacks can be noticed more often, but some species can produce both
types of damage depending on the timber and environmental conditions. Soft-rot fungi
are often found in extreme and wetter conditions less suitable for white- and brown-rot
fungi. Soft-rot damage presents an exciting mixture of white and brown rot characteristics.
Several soft-rot fungi are known to produce laccase, also involved in white-rot fungi lignin
degradation. However, they can degrade lignin, as evidenced by the cavities and erosion
they cause [79].

3.4.2. Bacterial

Different species of bacteria, such as Bacillus, Clostridium, Streptomyces, Cellulomonas,
Microbispora, and Nocardia, can produce cellulases [28,80]. Also, they are known for their
characteristics in alteration, solubilization, and lignin degradation. They adapt relatively
quickly to new conditions and substrates and multiply after a longer or shorter lag phase.
Unlike fungi, bacterial strains degrade lignocellulose by tunneling into the interior cell
walls or making erosions in the cellulose microfibrils and have extensive interactions for
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lignin degradation, which shows the potential to process lignocellulosic waste biomass.
Bacterial ligninolytic enzymes are actively involved in degrading phenols, aromatic amines,
and other xenobiotic molecules [81].

Aerobic bacteria have a mechanism for breaking down lignocellulosic biomass through
the free enzyme system. In contrast, anaerobic bacteria use an alternative lignocellulolytic
system that uses complex protein structures such as cellulosomes and xylanosomes as
supporting enzymes for hydrolysis lignocellulosic biomass [82]. Bacteria also possess
many characteristics for producing hydrolytic enzymes, which are vital for the degra-
dation of lignocellulosic biomass. Several studies have shown the bacterial degradation
of lignocellulosic biomass with some identified bacteria such as Acetovibrio, Bacillus, Bac-
teroides, Cellulomanas, Clostridium, Erwinia, Microbispora, Ruminococcus, Streptomyces, and
Thermomonospora [83].

3.4.3. Microbial Consortia

This type of biological pretreatment involves using enzyme-producing microorgan-
isms that can co-exist naturally or through adaptation in pretreatment activities. The
enzymes produced are purified and used for pretreatment, or the microbe growth is al-
lowed to yield the enzyme directly into the medium [71]. Single strains or microbial
consortia can secrete hydrolytic enzymes during their metabolism, disintegrating the ligno-
cellulosic biomass to convert the biopolymers into smaller fragments [84]. Studies have
shown that multi-species consortia produce more active lignocellulosic enzyme complexes
than single-strain cultures because they demonstrate higher stability to environmental
conditions (temperature, pH, inhibitors, and others) and higher redundancy.

Although biological pretreatment, including single or mixed strain cultivation, has
been applied in the hydrolysis of lignocellulosic materials, these strategies are not in ac-
cord with the degradation characteristics of lignocelluloses in nature. Lignocellulosic
biomass is degraded with the cooperation of many microorganisms that produce various
cellulolytic and hemicellulolytic enzymes under aerobic and anaerobic conditions. Micro-
bial consortia are ideal for converting lignocellulose biomass substrates by providing the
complex metabolic functions necessary for efficient polymerization. The degradation of
cellulosic materials utilizing microbial consortia or complex communities has been pro-
posed as a highly efficient approach for biotechnological application since it avoids the
problems of feedback regulation and metabolite repression posed by single isolated strains.
Bacteria members of the specialized communities were isolated and identified, like Raoul-
tella/Klebsiella, Enterobacter amnigenus, Arthrobacter intermedia, Citrobacter, and Pseudomonas
putida and the fungi species Penicillium citrinum and Coniochaeta ligniaria [85]. Several
researchers have successfully constructed a mixed microbial consortium and obtained good
results in applying the hydrolysis of lignocellulosic materials [71]. However, although their
metabolic degradation capacity was tested, the main reasons for the selection have not been
fully clarified.

3.4.4. Enzymatic

Biological pretreatment can also be carried out by adding enzymes directly to the
lignocellulosic substrate, thereby eliminating the requirement for microbial growth. En-
zymatic pretreatment involves purified, semi-purified, or crude enzymes (oxidative and
hydrolytic) principally produced by bacteria and fungi [53]. It is gaining attention due to
its relatively short reaction periods and more accessible control. Compared to microbial
cells, most cellulolytic enzymes, as free catalysts, are less sensitive to lignocellulose-derived
inhibitors [86].

Because of its complexity, the hydrolysis of lignocellulose requires numerous enzymes
with different specificities to work synergistically. Those enzyme cocktails performed
better than the single enzyme [87]. Also, it was found that the soluble chemical oxygen
demand released by the mixed enzyme treatment was more than twice that of the single
enzyme [53]. The variation in structure between substrates from different sources and the
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effect of different pretreatments increases the complexity of developing a standard method.
In a generic sense, microorganisms produce two types of enzyme systems for lignocellulose
degradation: (1) freely released enzyme systems, which are produced mainly by many
aerobic bacteria and fungi, and (2) multi-enzyme complexes named cellulosomes, which
are primarily found in anaerobic bacteria such as Clostridium [88].

Three major groups of enzymes are required to work synergistically to degrade cellu-
lose: endoglucanases, exoglucanases (cellobiohydrolases), and β-glucosidases. Endoglu-
canases (endo-β-(1,4)-glucan hydrolases) are characterized by their hydrolysis of internal
β-(1,4)-glucosidic linkages. These enzymes attack the low-crystallinity regions of the cel-
lulose fibers. Exoglucanases (exo-β-(1–4)-glucanases) remove the cellobiose units from
the free chain ends. They have a preference for attacking longer chain substrates than
β-glucosidases. In addition, β-glucosidases hydrolyze cellobioses and other short-chain
β-1,4-oligosaccharides, releasing glucose monomers. Most β-glucosidases are active on a
range of β-dimers of glucose [89].

Due to its more complicated composition compared to cellulose, hemicellulose requires
a more significant number of different enzymes to be hydrolyzed effectively. Enzymes
involved in the degradation of hemicellulose can be divided into depolymerizing enzymes
(cleaving the backbone) and those that remove substituents [90].

Two main classes of enzymes catalyze lignin degradation: peroxidases (lignin and man-
ganese) and laccases. These enzymes, working together, lead to the complete degradation
of lignin. Lignin peroxidase is a heme-containing glycoprotein that degrades non-phenolic
lignin units and requires hydrogen peroxide as the oxidant. Manganese peroxidases act
on phenolic and non-phenolic lignin units through lipid peroxidation reactions. They
oxidize Mn2+ to Mn3+, which then oxidizes phenol rings to phenoxy radicals, leading to
the decomposition of the compound. On the other hand, laccases catalyze the oxidation of
phenolic units, phenolic compounds, and aromatic amines to radicals [91]. Industries are
significantly expected to implement ligninolytic enzymes for delignification and bleaching
systems. Still, no fundamental concept of these discoveries can fulfill the efficiency of
its application. Auspicious results have been obtained using ligninolytic enzymes for
delignification. However, it still shows a high cost of application or even restriction in
performance or technical feasibility, which depends on the enzymatic system.

There are indications that many other enzymes contribute to lignocellulose degrada-
tion in poorly understood ways. These so-called accessory enzymes act on less abundant
linkages found in lignocellulosic biomass and include carbon-binding modules (CBMs),
arabinases, lyases, pectinases, galactanases, and several types of esterases and polysaccha-
ride monooxygenases (PMOs). Among these auxiliary enzymes, the most relevant groups
are CBMs, PMOs, and the glucuronyl esterase family-15 class (CE15) [92].

Enzyme catalysis has the characteristic of high efficiency, but the degradation ability
of a single enzyme is limited due to the complex and diverse structure of lignin. The overall
performance of the enzymatic pretreatment of lignocellulosic biomass is yet to be evaluated
thoroughly. The major drawback is the high cost of enzymes, which sometimes may not be
commensurate with the yield of products. A techno-economic analysis should be performed
to compare it to physicochemical procedures for possible industrial implementation [93].

4. Bioethanol

The production of biofuels is of rapidly growing interest for several reasons, including
energy independence, reducing reliance on fossil fuels, the development of rural regions,
and a reduction in greenhouse gas emissions [94]. The annual production of biofuels
globally increased from 139.4 in 2016 to 174.9 billion liters in 2022, with an incline of 8%
due to the COVID-19 pandemic in 2020. The leading producers of biofuels are still the USA,
with 57.5 and 14.5 billion liters of bioethanol and biodiesel, respectively, followed by Brazil,
with 35.6 billion liters of bioethanol. Still, most of the ethanol is produced from sugar-based
feedstocks, sugarcane in Brazil, and corn in the United States of America (USA), while the
production of lignocellulosic bioethanol is negligible (<0.2 of total annual production) [95].
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Bioethanol is a widely used biofuel for transportation and is available in different blends
with gasoline for use in conventional and flexible fuel vehicles. Nowadays, most vehicles
use E10 and E15 blends with 10 and 15% ethanol, respectively. In comparison, flexible
fuel vehicles run on the blend E85, which contains from 51% to 83% ethanol, depending
on geography and the season, and pure hydrated ethanol (93% ethanol; 7% water) [94,96].
Nowadays, bioethanol is commonly produced in bio-refineries, which integrate several
processes, generating multiple products, including energy, various chemicals, and biomate-
rials derived from feedstock/s to enhance the sustainability and economic competitiveness
of production and reduce environmental concerns.

4.1. Bio-Refineries

A bio-refinery is a facility for sustainable biomass processing into food/feed ingredi-
ents, chemicals, materials, and bioenergy in an environmentally sound, socially acceptable,
and cost-competitive manner (Figure 2). The most commonly used biomass is classified
into four groups based on origin:

(1) Energy crops: herbaceous energy crops (e.g., switchgrass, miscanthus, bamboo, AND
sweet sorghum), woody energy crops (e.g., hybrid poplar, hybrid willow, silver maple,
AND eastern cottonwood), agricultural crops (oil crops, e.g., jatropha, oilseed rape,
sunflower, castor oil, palm, and coconut; cereals, e.g., barley, wheat, oats, maize, and
rye; and sugar and starchy crops, e.g., sweet sorghum, potato, and sugarcane), and
aquatic crops (e.g., giant kelp, other seaweed, and microalga);

(2) Agricultural residues and waste: agricultural residues (e.g., sugar cane bagasse, corn
stover, cobs, stalks and leaves, wheat straw, rice straw, rice hulls, nut hulls, and barley
straw) and by-products and waste (wood processing by-products, e.g., sawdust, bark,
branches, and leaves/needles; animal manure);

(3) Forestry waste and residues harvested for non-commercial purposes (e.g., renewal
pruning and forest restoration);

(4) Industrial and municipal waste: e.g., municipal solid waste (e.g., wastepaper, card-
board, wood waste, and yard waste), sewage sludge, and industrial waste. [2].
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A similar concept used in bio-refineries has been applied for decades in the food
processing industry to produce starch from potatoes, wheat, and corn, crystalline sugar,
wine, beer, and vegetable oil, as well as in pulp and paper production. A range of mar-
ketable products has been developed from intermediate or final products as well as waste
streams such as feed, materials, biomaterials, energy, chemicals, etc. The production of
fossil fuels from crude oil in convectional petroleum refineries is based on a comparable
concept. In addition to fuels for transport, petroleum refineries generate electricity and
various high-value chemicals using optimized and mature technology, creating additional
income [97].

Several classification systems of biorefineries are described in the literature based
on the source of feedstock, technological implementation status and biomass conversion
route used, and product(s) targeted [97]. The commonly used classification is based on
the feedstock. First-generation biorefineries utilize cereal (e.g., wheat, corn, rice, and
barley), edible oilseed crops (e.g., rapeseed, sunflower, and soybeans), and sugar crops
(e.g., sugar beet and sugarcane). Most of the currently produced biofuels are classified as
first generation. The production of biofuels in second-generation bio-refineries relies on
non-edible feedstocks such as lignocellulosic biomass (agriculture and forest residues such
as corn stover and cobs and wheat straw), food waste, and energy crops like Jerusalem
artichoke, Miscanthus x giganteus, millet, and jatropha. In third-generation biorefineries,
phototrophically grown algal and microalgal biomass is processed into biofuels and other
value-added products [98,99].

Feedstock for the production of biofuels greatly affects the economic and environmen-
tal sustainability of the process. The production costs for biofuels produced from edible
crops (first-generation biofuels) are significantly lower compared to biofuels produced
from lignocellulosic biomass and waste (second-generation biofuels), photographically
grown algae (third-generation biofuel), or genetically modified microorganisms and crops
(fourth-generation biofuel). In 2018, the price of bioethanol produced from sugarcane was
USD 0.56/L, while the price of bioethanol produced from sugarcane bagasse was more than
two times higher (USD 1.33/L) [100]. The production of advanced biofuels still strongly
depends on subsidies and other market interventions to compete economically with fossil
fuels. Despite limitations related to the cost-effectiveness in scaling to the commercial
level, second- to fourth-generation biofuels have greater potential to reduce greenhouse
gas emissions than first-generation biofuels. The environmental and economic feasibility of
first-generation biofuel production is questionable since it depends on edible crops that
compete with food production for the same feedstock and requires arable land, fertilizers,
and water for plant growth. Moreover, increased feedstock demand leads to land use
change and deforestation, accelerating climate change and biodiversity loss [98].

4.2. Strategies for Bioethanol Production

Two major routes for converting lignocellulosic biomass to biofuels are (1) biochemical
and (2) thermochemical (Figure 3). Gasification, pyrolysis, and hydrothermal liquefac-
tion are extensively used thermochemical methods for the conversion of lignocellulosic
biomass. The main products of thermochemical conversion are gases (gasification) and
liquids (pyrolysis and hydrothermal liquefaction), which are processed into biofuels and
other valuable chemicals. Gasification includes the thermal decomposition of biomass at
high temperatures (>800 ◦C) followed by a partial oxidation process to produce a mixture of
gases consisting mainly of carbon monoxide and hydrogen, called synthetic gas or syngas,
which are further used for the production of mixed alcohols or Fischer–Tropsch hydrocar-
bons via catalytic reaction [101,102]. Pyrolysis also involves the thermal decomposition
of lignocellulosic biomass, which is conducted at lower temperatures (400–600 ◦C) in the
absence of oxygen. Lignocellulosic biomass is converted into liquid bio-oil, solid biochar,
and non-condensable gases rich in CO, CH4, and H2. After purification, bio-oil is used as
feedstock for the production of different biofuels [103]. Hydrothermal liquefaction, also
known as hydrous pyrolysis, involves the slow thermal decomposition of biomass under
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pressure from 4 to 22 MPa and temperatures lower than other thermochemical conversion
processes (temperature: 250–400 ◦C). Hydrothermal liquefaction is less energy-intensive
and more economically feasible due to lower operating temperatures and the omission of
the drying step needed in other thermochemical conversion processes [104].
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The biochemical route of bioethanol production involves three main steps: pretreat-
ment, enzymatic hydrolysis, and fermentation. The pretreatment step alters the recalcitrant
structure of lignocellulosic biomass, making the structural carbohydrates more accessible
to hydrolytic enzymes in the subsequent step. Pretreated biomass is further hydrolyzed to
simple sugars by cellulases and hemicellulases. Besides enzymes involved in the hydrolysis
of carbohydrates, commercial enzymatic mixtures may also contain lignin-degrading auxil-
iary enzymes and lignin-modifying enzymes that improve the rate of hydrolysis and yield
of simple sugars [105]. The reducing sugar-rich hydrolyzate obtained by enzymatic sac-
charification is further used as a carbon source for bioethanol production by Saccharomyces
cerevisiae.

Lignocellulosic hydrolysate is mostly composed of hexoses (glucose) and pentoses
(xylose and arabinose), which theoretically yield 0.51 g ethanol per 1 g of sugar. In most
of the current pilot, demonstration, and commercial plants, hydrolysis of lignocellulosic
biomass and fermentation of sugars are performed separately or simultaneously. Separate
hydrolysis and fermentation (SHF) is a process in which hydrolysis and lignocellulosic
biomass are performed in separate tanks under optimal temperature for cellulase and xy-
lanase hydrolysis (45–50 ◦C) and microorganism growth (30–37 ◦C; Figure 3). Nevertheless,
this process also has several drawbacks that outweigh these advantages, including the
higher capital cost for separate tanks, cellulase inhibition by end-products (glucose and
cellobiose), and microorganism inhibition by the high osmotic pressure in lignocellulosic
slurry. Simultaneous saccharification and fermentation (SSF) lowers the capital costs by
performing hydrolysis and fermentation in one tank, consequently decreasing the energy
cost, risk of contamination, cellulase and microorganism inhibition, and process time. Fur-
thermore, potential sugar loss is avoided by omitting the filtration step after enzymatic
hydrolysis. The major drawback of this process is the conditions (i.e., pH and temperature)
under which fermentation and enzyme hydrolysis are conducted. The temperature of
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~37 ◦C at which SSFs are usually running is suboptimal for microbial growth (optimal
T = 30–32 ◦C for yeasts) and cellulase hydrolysis (optimal T = 45–50 ◦C). The ethanol yield
in SSF is generally higher than in SHF [106,107]. Table 5 presents several SSF and SHF
processes using different lignocellulosic biomass. In order to further enhance the ethanol
productivity and sugar yield by SSF, thermotolerant yeasts that are more resistant to a
higher temperature range of 40–45 ◦C have been applied in production. Several strains,
such as Kluyveromyces marxianus, Candida brassicae, and Saccharomyces uvarum have shown
relatively high ethanol yields [108,109].

Lignocellulosic biomass may contain 5%–20% or more of the carbohydrates composed
of pentose sugars such as xylose and arabinose [110]. Several techno-economic studies
have shown that using pentoses for bioethanol production directly contributes to economic
ethanol production [111]. Instead of S. cerevisiae which is unable to ferment xylose, bacterial
and non-conventional yeast strains that metabolize a wide range of sugars, including
xylose, can be used in bioethanol production, e.g., Candida intermedia, Scheffersomyces stipites,
Candida shehatae, Kluyveromyces marxianus [108,112–114], and Bacillus macerans [115,116].
Despite wide substrate acceptance, the ethanol yield of these microorganisms is significantly
lower than S. cerevisiae.

In order to improve the conversion yields of xylose-to-ethanol and ethanol concentra-
tion, specific traits of S. cerevisiae, non-conventional yeasts, and Escherichia coli have been
modified by genetic engineering. However, the conversion of xylose to ethanol and ethanol
productivity is rather low [117–119] (Table 5).

In SSH and SSF processes, cellulose- and hemicellulose-containing streams produced
by pretreatment are separately fermented. Using wild-type or recombinant microorganisms
capable of the simultaneous conversion of pentose and hexose to bioethanol reduces
the number of steps in SSH and SSF processes regardless of whether fermentation and
hydrolysis are conducted separately or simultaneously (Figure 3). Thus, bioethanol can
be produced through the simultaneous scarification and co-fermentation (SSCF) of xylose
and glucose or by co-fermentation of these sugars after the hydrolysis step by separate
hydrolysis and co-fermentation (SHCF) [106,107].

The conversion of lignocellulosic biomass to bioethanol includes several steps depend-
ing on the process configuration, substrate composition, and microorganism characteristics,
which inevitably increase the product price. Conversion of the substrate to bioethanol in a
single step, used in the production of first-generation bioethanol, would reduce capital and
production costs and make the process of second-generation bioethanol more economically
competitive. According to techno-economical studies, the most economically feasible strat-
egy for bioethanol production is consolidated bioprocessing (CBP) (Figure 3) [106,120]. This
process combines cellulase/hemicellulase production, saccharification, and fermentation.
The integrated process relies on microorganisms which, in addition to high specific growth
rates, high ethanol yield, and productivity, produce enzymes for lignocellulosic biomass
hydrolysis and metabolize pentose and hexose simultaneously. Wild-type microorganisms
and genetically modified bacterial, yeast, and fungi strains were applied in CBP, obtaining
low productivity and product yields [106,121]. An efficient and robust strain with preferred
properties for industrial application has not yet been reported in the literature (Table 5).
Davison et al. reported on S. cerevisiae strain coexpressing genes from Trichoderma reesei en-
doglucanase and Saccharomycopsis fibuligera β-glucosidase and producing 4.05 g/L ethanol
with a conversion yield of 83.7% [122]. Another approach includes co-culturing wild-type
microorganisms that produce enzymes needed for the hydrolysis of lignocellulosic biomass
and the fermentation of a glucose–xylose mixture in a single step. Co-cultivation of As-
pergillus oryzae and S. cerevisiae NCYC479 on brewer’s spent grain resulted in a high ethanol
yield of 37 g/L [123]. The critical challenge in the further progress of the CBP strategy is
still developing efficient microorganisms using advanced methods of genetic engineering,
mutagenesis, and adaptive evolution. Alternatively, screening for microbial diversity, in
particular, microbial communities living in extreme environments, might reveal novel
microorganisms with a combination of favorable properties.
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The low ethanol concentration in culture broth produced by batch cultivation on
lignocellulosic hydrolysate negatively affects the economy of the fermentation process
as well as product isolation and purification. The increased volume of the bioreactors
and tanks for hydrolysis enlarges the capital costs for bioethanol production. Therefore,
increasing the bioethanol concentration should be one of the goals for improving the cost-
effectiveness of the process. Consequently, the bioprocess efficiency would increase, while
the capital, labor, and energy costs as well as the water demand would decrease [124].

Thermochemical pretreatment is commonly used as a pretreatment step since it ef-
ficiently reduces the recalcitrance of lignocellulosic biomass by degrading the lignin and
decreasing cellulose crystallinity. However, pretreatment generates several degradation
by-products, such as furans, phenols, and organic acids, negatively affecting microorgan-
ism growth, product yield, and cellulase/hemicellulase activity. The inhibition effect is
most pronounced in fermentations at high substrate loadings due to the increased inhibitor
concentration [58,106,125,126]. The inhibitory effect could be decreased or avoided by
applying several approaches. First, implementing SSF instead of SHF enables the microor-
ganism to adapt to the increasing concentration of inhibitors and improve the product
yield. Also, different chemical, biological, and physical methods can be applied to detoxify
lignocellulosic slurries. High inoculum loading can help to overcome the inhibition effect,
or instead of commonly used producing strains, one can adopt microbial species and strains
exhibiting resistance to inhibitors. Finally, the adaptation of the producing strain through
mutagenesis or improvement through genetic engineering can also be applied [126].

A critical factor in developing a cost-effective biorefinery includes utilizing low-valued
feedstocks such as lignocellulosic biomass and efficient conversion into biofuels and dif-
ferent bio-based products that generate income and contribute to the economic feasibility
of production. Regardless of the pretreatment method and fermentation configuration
employed in bioethanol production, lignin-rich waste streams in the form of black liquor
after the pretreatment step and solid (together with cell biomass) obtained by centrifuga-
tion of the culture broth after fermentation are obtained. Depending on the lignocellulosic
biomass composition and production process, these streams can contain more than 20%
(w/w) of lignin calculated based on the total lignocellulosic biomass weight used in the
process. Lignin can be used as an energy source for power generation in biorefineries
and feedstock for the production of biofuels and valuable chemicals (such as asphalts,
bioplastics, biopolymers, and resins). Furthermore, the sugar streams generated in the
process can also be used to develop several sugar-based coproducts (Figure 3, [127]).
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Table 5. The efficiency of bioethanol production related to the pretreatment method, used microorganisms, and process configuration.

Lignocellulosic
Biomass Pretreatment

Enzyme
Hydrolysis/Substrate

and Conditions
Microorganism Process

Config. Major Findings Ref.

Oil palm empty fruit
bunches

Two-step pretreatment:
(1) 0.2 M H2SO4 at

121 ◦C for 53 min, and (2)
0.2 M H2SO4 at 121 ◦C

for 53 min; biomass
loading: 12.50% (w/v)

Enzyme: 20 FPU
cellulase/gLCB

a and 4
IU ß-glucosidase/gLCB

b

substrate loading 10%
(w/v)

hydrolysis at 37.5 ◦C for
72 h;

K. marxinus SHF, batch Ethanol yield: 0.258 g/gLCB
c

Ethanol concentration 25.80 g/L [128]

As above As above
Enzyme: 20 FPU

cellulase/gLCB
a and 4

IU ß-glucosidase/gLCB
b

As above SSF, batch
Ethanol yield 0.281 g/gLCB

c

Ethanol concentration 28.10 g/L
Substrate loading: 10% (w/v)

[128]

g Woody and herbaceous
biomass

h Steam explosion
conditions: 190–210 ◦C,
2–8 min depending on
lignocellulosic biomass

Enzyme: 15 FPU/gLCB
a K. marxianus CECT10875 SSF, batch

Ethanol concentration
16.2–19.0 g/L

Ethanol yield 60.9–71.2% of
theoretical yield

Fermentation temperature:
42 ◦C

[129]

Corncob residue KOH pretreatment

Enzyme: 22 FPU
cellulase/gLCB

a

substrate loading 7.5%
(w/v)

S. cerevisiae TC-5 SSF, fed-batch

Ethanol concentration 31.96 g/L
Ethanol productivity

0.222 g/L h
Fermentation temperature:

40 ◦C

[130]

Wheat straw Steam explosion: 220 ◦C
and 2.5 min

Enzyme: 15 FPU
cellulase/gC

e and 15 IU
ß-glucosidase/gC

f

Kluyveromyces marxianus
CECT 10875 SSF, fed-batch

Ethanol concentration 36.2 g/L
Ethanol yield: 0.33 g/gG

d

Substrate loading: initial 10
(w/v) + 4% (w/v) addition after

12 h;
Fermentation temperature:

42 ◦C

[131]
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Table 5. Cont.

Lignocellulosic
Biomass Pretreatment

Enzyme
Hydrolysis/Substrate

and Conditions
Microorganism Process

Config. Major Findings Ref.

Sugarcane bagasse
Steam pretreatment with

0.5% (w/v) H2SO4 at
121 ◦C for 30 min.

15 FPU/ gLCB
a Saccharomyces cerevisiae SSF, fed-batch

Ethanol concentration 65.43 g/L
Cumulative substrate

concentration ~20% (w/w)

Corn cobs
2% NaOH at 120 ◦C for
15 min; solid-to-liquid

ratio of 1:5 (w/v)
-

S. cerevisiae YI13
co-producing BGLI and

EGII
CBP, batch

Ethanol concentration 4.05 g/L
Conversion yield (83.7%) after

168 h
[122]

Brewers spent grains Dried and ground -
Co-culture Aspergillus
oryzae and S. cerevisiae

NCYC479
CBP, batch Ethanol concentration 37 g/L

after 10-day incubation at 15 ◦C [123]

a Cellulase loading, FPU per g of lignocellulosic biomass (FPU/gLCB); b ß-glucosidase loading, IU per g of lignocellulosic biomass (U/gLCB); c ethanol yield, g of ethanol per g of
lignocellulosic biomass (g/gLCB); d ethanol yield, g of ethanol per g of total glucose in the pretreated lignocellulosic biomass (g/gG); e cellulase loading, FPU per g of cellulose in
lignocellulosic biomass (FPU/gC); f ß-glucodidase loading, IU per g of cellulose in lignocellulosic biomass (U/gC); g lignocellulosic woody (poplar and eucalyptus) and herbaceous
(Sorghum sp. bagasse, wheat straw and Brassica carinata residue) biomass; hpoplar and eucalyptus biomass, 210 ◦C, 4 min; wheat straw, 190 ◦C, 8 min; sweet sorghum bagasse, 210 ◦C,
2 min and B. carinata residue, 210 ◦C, 8 min.
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4.3. Bioethanol Recovery and Purification

The final step of bioethanol production is the recovery of the product from the cul-
ture broth, commonly achieved by conventional distillation. Dehydration methods are
further applied to reduce the water content below 0.2% (v/v) or 1.0% (v/v) according
to two well-established fuel standards, EN 15376 (Europe) and ASTM D 4806 (USA), re-
spectively [132,133]. Distillation and dehydration are the most energy-intensive steps
significantly contributing to greenhouse gas emissions (e.g., CO2). A low bioethanol con-
centration in the culture broth adds significant capital and operating costs and negatively
affects the energy balance of the process. The concentration of bioethanol produced by
different bioprocesses using sugar-based substrates is typically between 5–12% (vol /vol),
while the concentration of bioethanol produced from lignocellulosic biomass is lower,
below 40 g/L (Table 5). According to several studies, the distillation of culture broth with
an ethanol concentration below 40 g/L is economically unfeasible [124,134]. Distillation
is the most common unit operation based on the relative volatility or boiling temperature
difference of the components in the mixture. Distillation of the water–ethanol mixture
results in an azeotrope binary mixture containing 95.6% (wt) ethanol at 78.15 ◦C, and
further enrichment of the vaporous phase with ethanol is not possible. Therefore, the
process of ethanol recovery and purification on a large scale is conducted in two steps.
Diluted ethanol solution, i.e., the culture broth is first concentrated by ordinary distillation
at atmospheric pressure to 92.4% (wt) ethanol, followed by dehydration. Several separa-
tion methods have been developed for recovering anhydrous ethanol (>99.5%, wt) which
include various distillation techniques and hybrid processes that combine distillation with
other unit operations for breaking the azeotrope, like adsorption (distillation + molecular
sieves) or pervaporation (distillation + membranes) [135,136].

4.3.1. Distillation-Based Processes

In order to separate ethanol from the azeotropic mixture by distillation, the condition
and configuration of the distillation process have been modified. Several distillation tech-
niques used for breaking the azeotropic mixture have been reported in the literature: simple
vacuum distillation, azeotropic distillation, extractive distillation, and pressure-swing dis-
tillation. However, these distillation techniques are tremendously energy-demanding and
require high capital costs. Anhydrous ethanol can be obtained by simple distillation under
low pressure (0.11 atm), i.e., vacuum distillation. However, due to high operational costs,
vacuum distillation is not applied in industrial ethanol separation [135].

In azeotropic distillation, the third component, the entrainer, is added to the azeotropic
ethanol–water mixture in order to modify the equilibrium and obtain pure products. The
entrainer forms a ternary azeotropic mixture, changing the relative volatilities of the other
two components. Various entrainers for the separation of ethanol–water mixtures have been
studied: benzene [136–138], toluene [139], cyclohexane [136], gasoline additives (tert-amyl
methyl ether, TAME) [140], etc. Azeotropic distillation is conducted using two columns:
first, a dehydration column for the generation of pure ethanol (>99%), and second, an
entrainer column for entrainer recovery. The water–ethanol mixture is introduced into
the dehydration column (first column), and the entrainer is fed above the feed tray. The
entrainer is recovered from the overhead area of the column, while bioethanol is collected at
the bottom. The entrainer can form a homogenous (homogenous azeotropic distillation) or
heterogeneous mixture (heterogeneous azeotropic distillation) with ethanol–water solution
along the distillation column. If a heterogeneous mixture is formed, the overhead vapor
is condensed and fed to decenter to separate the ethanol–entrainer and water–entrainer
streams. The ethanol–entrained phase is refluxed back to the dehydration column (first
column), while the water–entrainer phase is further processed in the second column for the
recovery of the entrainer which is fed to the dehydration column [135].

Like azeotropic distillation, extractive distillation also requires an entrainer to sep-
arate ethanol from an aqueous solution. For a long time, it was considered as a special
type of azeotropic distillation. However, these two types of distillations have different
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process configurations and obey different feasibility rules [141]. Various types of en-
trainers have been studied in the literature: liquid solvents (e.g., ethylene glycol [142],
glycerol [143], dissolved salts (e.g., lithium chloride, calcium chloride, sodium chloride,
and potassium chloride [144]), ionic liquids (e.g., 1-butyl-3-methylimidazolium chloride,
1-ethyl-3-methylimidazolium tetrafluoroborate) [145], 1-ethyl-3-methylpyridinium ethyl-
sulfate [146], hyperbranched polymers (polyesters and polyesteramides and polyethylene
glycol) [147], and complex solvents [148]. Extractive distillation configuration depends
on the entrainer used for ethanol purification. Conventionally, liquid solvent with a high-
boiling point used as an entrainer is introduced in the extractive distillation column above
the ethanol–water feed. The extractive column is divided into three sections: the recti-
fying section (above the entrainer feed), the extractive section (between two feeds), and
the stripping section (stages below the ethanol–water mixture feed). The addition of an
entrainer increases the relative volatility of the ethanol without forming the new azeotrope.
Ethanol goes to the top of the column while water collects at the bottom of the distillation
column with added solvent. The solvent is recovered by distillation and returned to the
extractive section of the extractive column [149]. The main disadvantage of this type of
extractive distillation is the high solvent-to-feed (ethanol–water) mass ratio, which exceeds
5:1, entailing large energy consumption for costs involved in reboiler and condenser duty
(extractive distillation) and entrainer recovery (second distillation column). A substantial
energy saving could be achieved using soluble salts instead of liquid solvents. Dissolving
salt in an ethanol–water mixture enhances the relative volatility of ethanol due to the
salting-out effect on ethanol. The salt is directly introduced at the top or near the top trey
of the extractive distillation column. Salt dissolves in the reflux stream, flows downward
along the column concurrent with the water stream, and collects as the bottom product. It
is further recycled by evaporation or drying. Ethanol (extracted component) evaporates
due to higher relative volatility compared to water and collects as a top distillate product
free of the entrainer. When potassium acetate is used as an entrainer instead of ethylene
glycol, the ratio of entrainer to feed is reduced by 50 times (0.06 mol/mol). Due to the
low entrainer-to-feed ratio, extraction distillation with dissolved salt is much less energy
intensive and has a higher production capacity than extraction distillation with liquid
solvents. Furthermore, salts are less toxic and not volatile, so they do not contaminate the
overhead product. Ionic liquids (ILs) have also been investigated as alternative entrainers
that could replace conventional volatile organic solvents in extractive distillation due to
unique properties such as non-volatility, thermal stability, environmental benignity, and
easy recovery after extraction. The addition of ILs has a similar effect on the separation of
components of an azeotropic mixture such as dissolved salt. ILs can be easily recovered
using simple flash distillation or gas stripping [146,150].

Unlike the other distillation methods, pressure-swing distillation does not depend on
an entrainer to separate the ethanol–water azeotrope. It relies on the change in azeotrope
composition with applied pressure. Two distillation columns are used, the first operating
at high pressure and the second operating at low pressure. In the case of an azeotrope
with minimum boiling, such as water–ethanol, high-purity product streams are collected
on the bottom of columns while the distillate stream from the high-pressure column is
recycled back to the low-pressure column. Iqbal and Akhlaq produced nearly pure ethanol
(99.7%, mol/mol) obtained at the bottom of the high-pressure column (10 atm), while water
(99.5%, mol/mol) was collected at the bottom of the first column (1 atm) [151].

4.3.2. Adsorption

Adsorption is a cost-effective and environmentally friendly alternative to extractive
and azeotrope distillation and is used on a large scale to purify ethanol. Many tradi-
tional porous adsorbents have been applied to capture either water or ethanol from distil-
lates and culture broths, such as zeolites [152–155], silicate [156], activated carbons [157],
composite adsorbents (e.g., polyvinyl alcohol/zeolite/carbon composites, and composite
silica–divinylbenzene) [158–160], polymeric resins, activated carbons metal−organic frame-
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works [160,161], etc. Biomass has also been investigated as an alternative adsorbent since it
is an abundant, eco-friendly, inexpensive, and easily regenerated material. Various starch
and lignocellulose-based biomaterials have been applied for that purpose, including canola
meal [162], oat hull, flax shives [163], cassava starch [164], rice straw, and paddy husk [165].

Depending on the configuration of the ethanol production and purification process,
the adsorbent is applied to the ethanol–water mixture in the vapor or liquid phase. A
vaporous stream leaving the top of the distillation column after the first purification
step by conventional distillation can be directly introduced to the adsorption column,
avoiding additional vaporization steps and reducing production costs. Regeneration of
the adsorbent for next cycle application is usually carried out by heating (for zeolites:
200–250 ◦C), lowering the pressure, and reducing the pressure in combination with purging
the adsorbent bed with an inert gas [152].

The similar physical–chemical properties of water and ethanol make the search for
suitable adsorbents challenging. Both molecules are highly polar and bind strongly on
common adsorbents. The molecular size and polarity of water and ethanol are 2.8 and
4.4 A and 0.36 and 0.65, respectively [135,152,153]. The separation efficiency depends on
the pore dimensions of the microporous structure of the adsorbent with respect to the
molecular sizes or interactions between the adsorbent and components of the mixture. The
adsorbent can also be applied to the liquid phase containing ethanol–water binary mixtures
or complex mixtures such as fermentation broth. The 3A and 4A zeolite molecular sieves
(with microspores smaller than 3 and 4 Angstroms, respectively) have been used to dry
ethanol from liquid and vapor ethanol–water mixtures. Unlike ethanol, water molecules
easily penetrate into the microporous channels of molecular sieves and adsorb [152,153].

Although bio-based adsorbents have lower separation capacity than adsorbents ap-
plied to large-scale ethanol purification (e.g., zeolites), the main advantage of using adsor-
bents is the possibility of omitting the regeneration step. The water-saturated adsorbent
can be directly used as feedstock (substrate) for bioethanol production and fresh biomass
for the ethanol dehydration step. Many conventional adsorbents have been studied for
ethanol separation, but most of them exhibit stronger interactions with water than ethanol.
Since water is the main component in the cultivation broth, it is essential to capture the
component present in relatively low concentrations, i.e., ethanol. Therefore, designing new
adsorbents that selectively capture ethanol from dilute ethanol mixtures is crucial for the
feasibility of bioethanol production. Another advantage of in-situ ethanol removal is an
increase in process productivity. Applying zeolite NaZSM-5 for in situ ethanol recovery
during fermentation in bioreactor growth inhibition by-products was avoided, improving
the process efficiency [166].

4.3.3. Membrane Separation

Over the last few decades, membrane separation processes and materials have been
extensively studied and evaluated. The membrane process emerged as a sustainable and
energy-efficient alternative to conventional azeotropic distillation. Membrane systems are
built in a modular form that is adaptive to any particular demand. The main characteristics
are easy operation, low maintenance, and low space requirements. Different membrane pro-
cesses have been employed for bioethanol isolation and dehydration, including membrane
distillation [167], pervaporation [168–170], vapor permeation [171], nanofiltration [172],
reverse osmosis [173], and forward osmosis [174].

Pervaporation is one of the most studied processes for ethanol dehydration (ethanol–
water mixture with high ethanol concentration) and isolation and purification from diluted
mixtures, i.e., culture broth. The membranes comprise a selective layer that accomplishes
separation and a porous support layer to provide mechanical strength. The ethanol-
containing stream is brought into contact with the selective side of the membrane. The
membrane acts as a semipermeable barrier that allows specific component(s) to permeate
the membrane to the permeate side and retain the other components of a mixture (retenate).
The three steps in pervaporation separation are the sorption of the specific component on
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the feed side of the membrane, permeation through the membrane, and desorption by
evaporation on the permeate side where the permeate vapor is condensed at atmospheric
pressure (condenser). The driving force for molecules’ permeation through the perva-
poration membrane is a difference in chemical potential on both sides of the membrane.
The chemical potential difference is maintained by purging with inert gas (sweep gas
pervaporation) or applying a vacuum (vacuum pervaporation) on the permeate side of the
membrane or by keeping the temperature difference (thermopervaporation) on both sides
of the membrane [135,175].

Pervaporation membranes are symmetric (dense) and asymmetric (dense/porous)
based on their morphology. Due to limited permeate flux through relatively thick layers,
dense membranes are unsuitable on an industrial scale. Asymmetric membranes composed
of a thin separation layer on the surface of microporous support has a higher total flux
of permeate compared to dense membranes. Pervaporation membranes are manufac-
tured in three types of geometries: flat-sheet, tubular, and hollow-fiber membranes [168].
Membranes used for the separation of binary ethanol–water mixtures are ethanol-selective
(hydrophobic) or water–selective (hydrophilic). Pervaporation with ethanol-selective hy-
drophobic membranes is considered the most promising alternative to the conventional
processes currently used for ethanol recovery on a large scale since the concentration of
ethanol in the culture broth is rather low. Based on the materials used for manufactur-
ing membranes, they are polymeric, inorganic, and mixed-matrix membranes made of
polymeric and inorganic materials [135,175,176].

Inorganic membranes are produced from silica, alumina (Al2O3), or zeolite. Due to
their narrow pore size distribution and intrinsic surface properties, these membranes exhibit
excellent separation performance, including having a high separation factor and permeation
flux. Furthermore, inorganic membranes have high solvent resistance, temperature stability,
and mechanical strength. Unlike polymeric membranes, they do not suffer from swelling
problems [177]. Zeolites are hydrated aluminosilicates characterized by pores and cavities
of molecular dimensions. Zeolite membranes consist of a polycrystalline zeolite layer
on top of a porous inorganic layer which provides mechanical strength with low mass-
transfer resistance. These membranes can be water- or ethanol-selective. The most studied
hydrophobic ethanol selective zeolite membranes are silicate-1 (pure silica) and ZSM-5
(some Si atoms substituted by Al). The silicate-1 membrane is more hydrophobic than
ZSM-5 since it does not contain aluminium atoms in its structure. Incorporating tri and
tetravalent elements, such as aluminium, boron, germanium, and iron zirconium, into
a zeolite structure change the pore size and hydrophobicity of the membrane, affecting
the sorption and diffusion properties of the zeolite material and changing the membrane
flux and selectivity (e.g., Al-ZSM-5, B-ZSM-5, etc.) [168]. The best-performing ethanol
selective membrane, Ti-silicate-1, with a separation factor of 127 and permeate flux of
770 g m−2 h−1 has substituted titanium atoms into the silicate-1 structure [Chen et al.,
2008]. For the dehydration of ethanol solutions containing 5–10% of water the following
inorganic materials are used: hybrid silicas and three types of zeolite, Linde Type A (NaA),
Chabazite (CHA) and T-type, and are reported in the literature. The Linde Type A (LTA)
zeolite has incorporated sodium counter ions in the 1:1 Si:Al aluminosilicate lattice, also
known as NaA or 4A zeolite [169,178]. The stability of NaA membranes in acidic and
high-water activity environments has been improved using more stable zeolite materials
recently developed and commercialized. Lower Al content in T-type membranes compared
to NaA zeolite decreases their hydrophobicity and improves acid stability [169].

Mixed-matrix membranes (MMM) combine the favorable characteristics of inorganic
and polymeric membranes, easy processability and low costs of polymeric materials,
and the superior selectivity and high stability of inorganic materials. They consist of
inorganic moieties in the form of micro or nano-particles (discrete phase) incorporated
into a polymer matrix (continuous phase) [168,170]. Most of the ethanol-selective mixed-
matrix membranes are based on polydimethylsiloxane (PDMS), although other materials
have been studied, such as poly(1-trimethylsilyl-1-propyne); PTMSP [179,180], poly(ether
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block amide) [181], poly(methylphenylsiloxane) [182], etc. The most common inorganic
materials used as filler are zeolites (silicalite-1 and ZSM-5) [183], fumed silica [184], metal–
organic frameworks [185], zeolitic imidazolate frameworks (ZIFs) [186], and carbon nan-
otubes [187], etc.

Diverse polymeric materials have been extensively investigated as potential materials
for pervaporation membrane manufacturing. Hydrophobic polymeric membranes made of
polydimethylsiloxane (PDMS) and poly(1-trimethylsilyl1-propyne) (PTMSP) have been
widely applied in ethanol removal from diluted ethanol solution. The separation factor
and permeation fluxes for PDSM membrane are generally below 10 and 1000 g m−2 h−1,
respectively. PTMSP membranes exhibit better separation characteristics than PDMS mem-
branes (so-called silicone rubber), with separation factors ranging from 9 to 26. Despite
good performance characteristics, PTMSP membranes have not been applied on a large
scale due to membrane deterioration caused by the chemical and physical degradation of
polymer structure. In order to improve the separation characteristics and stability, PDMS
and PTMSP membranes have been modified. Various modifications of these membranes
have been reported in the literature, including blending, blocking, or grafting with differ-
ent polymers by incorporating fillers forming the mixed-matrix membrane (MMM) [168].
Furthermore, asymmetric composite membranes consisting of thin selective layers of
polymer on highly porous support material exhibited improved separation performance.
Li et al. synthesized a composite membrane consisting of a PDMS ultra-thin selective
layer (thickness from 0.5 to 8 µm) on porous polytetrafluoroethylene (PTFE) support. The
membrane exhibits a high flux of 2016 g m−2 h−1 with a separation factor of 12 for the
separation of ethanol from a 5 wt% solution with stable operation over 200 h [188]. Fur-
thermore, several other polymers have been proposed for the recovery of alcohol diluted
aqueous solutions by pervaporation, including homopolymers and copolymers of siloxane
(e.g., polymethylethoxysiloxane (PMES), polymethylphenylsiloxane (PMPS), polyphenyl-
methylsiloxane (PPMS), polydimethylsiloxane-imide (PDSI), polysiloxaneimides (PSI),
polyoctylmethylsiloxane (POMS), etc.), poly(vinyltriethoxysilane) (PVTES) and PVTES
copolymerized with other substances (e.g., dimethyldiethoxysilane and PDMS), poly(ether
block amide) (PEBA), polytetrafluoroethylene (PTFE), perfluoroprpane (PFP), etc. [168].
Compared to inorganic membranes, polymeric membranes have high processability, lower
separation performance (separation factor, permeate flux, and stability), and low cost [189].

4.3.4. Advanced Hybrid Processes

The high operational costs of the distillation-based process encourage the develop-
ment of new innovative separation processes. Integrating bioethanol separation with the
fermentation process enables maintaining bioethanol at low concentrations by continuous
removal. Avoiding yeast inhibition increases ethanol yield and process efficiency, shortens
the fermentation time, and decreases the production costs. Several advanced hybrid pro-
cesses for in situ bioethanol removal have been described in the literature, which combine
fermentation with vacuum fermentation [190,191], flash fermentation [113,191,192], gas
stripping [193,194], adsorption [195–197], solvent extraction [198–202], and membrane
pervaporation [168,203,204].

In vacuum fermentation, a bioreactor is maintained under vacuum using a vacuum
pump, allowing ethanol to boil off from the culture broth at the fermentation temperature.
Ethanol is recovered by condensation in the condenser. Also, carbon dioxide, a known
inhibitor of yeast metabolism, is also removed, improving the fermentation rate. Due to
continuous product and by-product removal, high productivity is obtained, especially
when substrate feeding is applied (fed-batch cultivation). Huang et al. studied bioethanol
production by vacuum fermentation using food waste as substrate at high solid loading
(35%, w/w) and obtained complete sugar conversion and increased the product yield (358 g
of ethanol /kg substrate by vacuum fermentation versus 327 g of ethanol /kg substrate in
conventional fermentation) [190]. However, several difficulties are connected with applying
a vacuum during fermentation. Carbon dioxide generated by yeast metabolism must be
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compressed from the bioreactor pressure up to atmospheric pressure, increasing production
costs [205]. Furthermore, yeast cells have to be supplied with oxygen to ensure growth and
product accumulation. Instead of air, culture broth has to be aerated by pure oxygen due to
the low solubility of oxygen under reduced pressure [191].

These difficulties are overcome in flash fermentation, where the fermentation process
is separated from ethanol recovery. The low ethanol concentration is maintained by the
periodical circulation of culture broth to a vacuum chamber while the bioreactor remains at
atmospheric pressure. Since the fermentation is conducted at atmospheric pressure, dis-
solved oxygen levels can be maintained by adding air instead of pure oxygen. Furthermore,
this process configuration enables a reduction in compression costs since carbon dioxide is
not compressed [191,192].

Gas stripping is a simple, low-cost method for the in situ removal of ethanol. Stripping
gas, air, CO2, or N2 is sparged in the culture broth, causing the evaporation of volatile
compounds, including bioethanol, which is further recovered in a condenser. The main
benefits of in situ ethanol removal are the improvement of productivity and the reduction
in process water and energy use, especially in fermentation conducted at higher substrate
loadings. Nevertheless, applying high substrate loadings in batch and fed-batch fermenta-
tions accumulates toxic non-volatile compounds in culture broth that can originate from
yeast metabolism or pretreated lignocellulosic biomass [194]. Wang et al. continuously
removed produced bioethanol during the simultaneous saccharification and solid-state
fermentation of rice straw using nitrogen as the stripping gas. In situ product removal
resulted in low concentrations of bioethanol and high substrate consumption [193].

Bioethanol and inhibitors from pretreated lignocellulosic biomass can be removed by
liquid–liquid extraction by mixing culture broth with organic solvent during fermentation.
Desirable solvent characteristics are high capacity for ethanol (described by equilibrium
distribution coefficient, KD), high selectivity for ethanol over water, and biocompatibility
(nontoxicity) with producing microorganisms. The extracted bioethanol can be recovered
by distillation or back extraction. Numerous solvents were tested as extractants for ethanol
recovery from culture broth, including alcohols, esters, alkanes, hydrocarbons, synthetic
aliphatic hydrocarbon solvents, ketones, amines, acids, chlorinated hydrocarbons, aromat-
ics, polymers, ionic liquids, etc. [198–201]. Despite high selectivity, alcohols and esters
show toxicity to ethanol-producing microorganisms [198]. In order to avoid cell death,
extraction can be conducted in separate containers with cell-free culture broth instead of in
a bioreactor. The test against the producing microorganism showed that toxicity of alcohol
decreases with carbon chain length. Thus, toxicity experiments showed growth inhibition
of Zymomonas mobilis by n-amyl alcohol. However, using n-amyl alcohol as a solvent in
extractive fermentation with Zymomonas mobilis improved ethanol yield and productivity
compared to conventional fermentation [202].

Adsorption by a molecular sieve is a commonly used method for removing the remain-
ing water from bioethanol–water mixtures in the final step of the commercial production of
fuel-grade bioethanol. The adsorption method has also been applied in several studies for
the in situ removal of bioethanol from culture broth during fermentation to maintain the
low bioethanol concentration and avoid inhibition. The main disadvantages of the direct
application of adsorbent in fermentation broth are a decrease in adsorbent capacity due
to the unspecific binding of microbial cells and fermentation broth components (nutrients
and cell metabolites), the toxicity of adsorbents to microbial cells, a decrease in adsorbent
lifetime due to irreversible adsorption, etc. The toxicity of the adsorbents to cells could
be overcome by using immobilized microorganisms instead of free cells or by conducting
the adsorption in separate steps (e.g., fluidized bed or fixed-bed column) with cell-free
culture broth after cell separation [191,195–197]. Jones et al. used F-600 activated carbon
in bioethanol fermentation using E. coli KO11 (ATCC 55124). The direct addition of an
optimized quantity of adsorbent to the fermentation broth improved ethanol yield and
resulted in the complete depletion of the carbon source [195]. Hashi et al. studied in
situ bioethanol removal by combining carbon dioxide stripping and the adsorption of



Energies 2023, 16, 7003 29 of 38

bioethanol onto activated carbon WV-B 1500. A mathematical model was developed to
predict the performance of the adsorption column [196]. A similar approach was applied by
Seo et al. in recovering pure bioethanol. Bioethanol was first recovered from fermentation
broth in three steps: gas stripping of bioethanol from the culture broth, preconcentration
from the gaseous phase by adsorption onto molecular-sieving carbon (5A), and selective
dehydration driven by the molecular-sieving effect during the desorption phase [197].

Pervaporation is an effective and energy-efficient separation method for the dehy-
dration of alcohols from water–alcohol mixtures like ethanol, isopropanol, butanol, etc.
Nowadays, pervaporation is commercially used for the dehydration of the azeotropic
ethanol-water mixture at a large scale in the production of fuel-grade bioethanol. Perva-
poration is also a promising method for in situ bioethanol recovery from diluted complex
mixtures such as fermentation broth since the pervaporation membranes are nontoxic to mi-
croorganisms and conditions under which the pervaporation process is conducted, which
do not influence cell growth [206]. Polydimethylsiloxane (PDMS) is mostly studied for the
separation of ethanol from aqueous solution on a lab scale due to its excellent stability and
satisfactory separation performance [203]. The dramatic decline in pervaporation mem-
brane performance (bioethanol permeability and selectivity) is observed upon membrane
exposure to fermentation broths. Deterioration of membrane performance is attributed to
the adhesion of components in culture broth such as sugars, inorganic salts, extracellular
polymers like lipids, polysaccharides and peptides, cell metabolites, and biofouling of the
membrane surface through the adhesion of microorganisms and growth in the form of
biofilm [168,203]. Therefore, the design of a hydrophobic pervaporation membrane with
anti-fouling properties is critical for the application of pervaporation in the recovery of
bioethanol from fermentation broth. Lowering the membrane surface hydrophobicity not
only decreases the adhesion of culture broth components and cells to a membrane but
also decreases separation performance. Biofouling of the membrane could be decreased
by using immobilized cells in a fluidized bed or fixed-bed column instead of free cells
(stirred tank bioreactor) or cell-free culture broth (after cell harvesting by centrifugation
or microfiltration), which can be used as a feed stream in the pervaporation module [204].
Vapor permeation, currently used in the dehydration of organic solvents from aqueous
mixtures at an industrial scale, is a more suitable method for the separation of bioethanol
from fermentation broth since direct contact between the membrane with the culture broth
is avoided [207,208].

5. Conclusions

The current global energy crisis and environmental issues are the major problems
facing our society today. Biofuels produced from renewable and sustainable feedstocks
through environmentally friendly routes enhance energy security, mitigate climate change,
and contribute to rural development and economic growth. Second-generation bioethanol
production in a biorefinery manner relies on using abundant and low-cost biomass such
as plant biomass, agriculture, forestry, and industrial and municipal waste rich in ligno-
cellulose. The production costs of lignocellulosic bioethanol significantly exceed the cost
of bioethanol production from sugar- and starch-based feedstocks due to the complexity
of production and high energy consumption. The main challenges in production include
lignocellulosic recalcitrance, high enzyme costs, the inhibition of cellulases, hemicellulases
and microorganisms by simple sugars and lignocellulose-derived inhibitors, low bioethanol
yield, and the high energy demand for bioethanol recovery and dehydration. The pre-
treatment step is one of the costliest and most energy-intensive steps in second-generation
biorefineries, which reduces the recalcitrance structure of lignocellulosic biomass and im-
proves the sugar yield by hydrolysis. The major disadvantage of the physico-chemical
pretreatments, which have been recognized as the most cost-effective methods for large-
scale production, is the generation of diverse inhibitors that decrease the enzyme cellulase
and hemicellulase activity and microorganism growth rate. Therefore, the improvement of
established and the design of new sustainable pretreatment methods with lower energy
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and/or chemical consumption, reduced water use, minimized inhibitor generation, an
improved delignification rate, and carbohydrate recovery is needed. Moreover, the design
of new genetically modified microorganisms with preferable traits, including cellulolytic
and hemicellulolytic activity, simultaneous assimilation of hexose and pentose sugars, and
high resistance to inhibitors would improve the production yields, simplify the production
process, and reduce the production costs.

Despite the intensive research on developing new and improving conventional
bioethanol separation methods in the last few decades, distillation-based methods are
still used in recovering bioethanol from fermentation broth. In recent years membrane
separation techniques have emerged as a sustainable and energy-efficient alternative to con-
ventional methods. The application of hybrid processes consisting of azeotropic distillation
and membrane pervaporation for the dehydration of azeotropic ethanol–water mixtures
have decreased the energy and operating costs of large-scale bioethanol separation. New
advanced hybrid methods for in situ bioethanol recovery integrate fermentation with
bioethanol separation. These methods can potentially reduce the energy and operating
costs of bioethanol recovery, but further research is needed for their optimization before
transfer to large-scale production.
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