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Abstract

Lignocellulosic biomass is one of the most abundant raw materials in the world, and it is mainly composed of carbohydrate
polymers (cellulose and hemicellulose) and lignin. Its applications vary from the production of pulp and paper, to the most recent
plant-based bioethanol production, which has challenge due to low hydrolysis conversion rates by the inherit recalcitrance of
biomass. The biomass is naturally resistant due the high complexity in the component organization and interaction in the cell
wall. The application of pretreatment technologies is one of the most used strategies to overcome biomass recalcitrance. These
techniques often require a catalyst to modify the lignocellulosic structure which can be acids, alkaline compounds, ionic
solutions, organic solvents, and even pressurized steam among others. The type of catalyst dictates the name of the pretreatment
involved. This work presents an overview of these strategies, along with some recent contributions from the scientific community
to improve biomass conversion technologies. The discussion is focused on the key factors related to the recalcitrance and

conversion process, as well as the composition and physicochemical properties.
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Introduction

The study and use of biomass for biorefinery have increased
significantly on the past few years due to the need to obtain
new resources of energy that accomplish the demand for substi-
tution of fossil fuels. These energy sources should be renewable
with low environmental effects [1]. In this context, the lignocel-
lulosic materials are promising alternative for replacing petro-
leum and its refined derivative forms for energy production, since
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they are available in huge amount and their conversion routes
into industrial use products are well-known [2].

The global annual production of dry lignocellulosic mate-
rial is around 10 to 50 billion tons, which represents approx-
imately 50% of the income of biomass product on the planet
[1]. The remarkable characteristic of lignocellulosic substrate
is its high amount of carbohydrates (up to 75%). This
carbohydrate-rich material is now an essential source of fer-
mentable sugar for the production of biofuels, as well as a
variety of chemical products and biodegradable materials
[3]. The fermentable sugars available in the lignocellulosic
biomasses have potential as feedstock for biorefineries.
However, the compact and rigid structure of these biomasses
results in the resistance to chemical and biological conversion
due to their high degree of recalcitrance [1].

The biomass recalcitrance is closely associated with the
physicochemical properties of the plant cell wall (PCW).
The presence of lignin, hemicelluloses, pectin, ashes, etc.,
and their interconnections in the cell wall have built physical
barriers that protect cellulose from enzyme or chemical decon-
struction. The factors that affect the biomass cellulose from
enzymatic hydrolysis include the rate of lignin, hemicelluloses
and acetyl groups, cellulose crystallinity, polymerization
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degree, specific surface area, pores volume, and particle size
[1, 4-7]. Although these factors have been exhaustively stud-
ied, the lignocellulosic biomass conversion routes remain eco-
nomically unfeasible at industrial scale.

Several pretreatment methods have been developed on the
last decades aiming to increase the material digestibility, such
as acids [7-11], the alkaline [11], steam explosion [11-13],
biological [14, 15], wet oxidation [16], organic-solvents
[17-19], liquid hot water [20], ammonia water [21], ammonia
fiber expansion (AFEX) [22], and ionic liquid [23]. All pre-
treatment approaches have the purpose of decreasing the re-
calcitrant barriers of biomass and increasing the enzymatic
digestibility of cellulose. Thus, the understanding of how
chemical compositions and physical structures influence the
biomass recalcitrance and how they affect the lignocellulose
enzymatic hydrolysis would greatly improve the current pre-
treatment technologies and to promote the development of
new pretreatment processes [1].

The lignocellulosic material recalcitrance is originated
mainly from the PCW structure, which consists of a matrix
of reticulated polysaccharide nets, glycosylated proteins, and
lignin 24. The vegetal biomass developed elaborated mecha-
nisms to resist the attack of microorganisms (like bacteria and
fungi), insects, and herbivores [24]. The biomass recalcitrance
refers to the complex properties of PCW to protect its carbo-
hydrates from degradation by microorganisms or deconstruc-
tion by enzymes or chemical products. This resistance is at-
tributed to the aspects including (i) the epidermal tissue, cuti-
cle, and the epicuticular waxes; (ii) the relative amount of
sclerenchyma-like tissue (composed of thick-walled cells);
(iv) the lignification degree; (v) the structural heterogeneity
and the complexity of the cell wall microfibrils and matrix
non-cellulosic polysaccharides; and (vi) the inhibitors of sub-
sequent fermentations that naturally exist on cellular walls or
that are generated during conversion processes [24].

The biomass heterogeneity of plant tissue and fractions, pre-
dominant type of cells, and lignin distribution also collaborates
with material recalcitrance [4]. In addition, the crystallinity of
the cellulose and the presence of inhibitors—such as the acetyl
group, the proteins of the cell wall, and the uronic acid—
contribute to the recalcitrance of the lignocellulosic biomass.

Structural changes are caused by the pretreatment process-
es applied to reduce the enzymatic digestibility. For instance,
the high mechanic pressure from record feeders collapses the
natural vascular structure; the acid pretreatments allow cellu-
lose to repair, leading to cellulose being hornificated into
microfibers; and some pretreatments solubilize and expand
lignin onto the cellulose surfaces during the cooling off phase.
In this article, we will discuss aspects of biomass heterogene-
ity, as well as its main structural components (cellulose, hemi-
cellulose, and lignin). Also discussed are the pretreatments
applied in them and how they can influence the modification
of the biomass for its industrial application.
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Biomass Model

Sugarcane: the Standard Biomass for Tropical
Countries

The sugarcane is a perennial plant that stocks C4-kind sucrose
(areference to the way in which CO, is primarily organized in
a compound containing four carbon atoms) belonging to the
genus Saccharum, which was originated from Asia. The sug-
arcane is cultivated in tropical and subtropical countries all
around the world, and the main producers are Brazil (739
million tons), India (341.2 million tons), China (125.5
million tons), and Thailand (100.1 million tons) [25].

The sugarcane plant is a clump forming cylindrical tall
grass that grows erect reaching up to 5 to 6 m. The plant is
divided in culms (called stems or stalks), leaves, and a system
of roots. The unbranched aerial culms are differentiated into
internodes and nodes with annular leaf scars (placed just be-
low the bud, being a point of attachment of the leaf sheath to
the stalk found at the node when the leaf drops off the plant)
and loosely defined rows of adventitious root primordia in a
several-tiered band that emerge just above each node. The bud
is found at the root band of each node alternating between one
side of the stalk to the other. The sprouting of the bud may
give raise new plants. The sugarcane leaves are usually at-
tached alternately to the nodes and are differentiated into leaf
blade (comprising the lamina with a thickened midrib) and
leaf sheath (which encloses the immature developing culm
and young leaves) separated by a blade joint. In a mature
plant, the number of green leaves per stalk is around 10. As
characteristic of monocots, leaf venation runs parallel to each
other from base to tip in both the blade and sheath. The below-
ground system of roots in sugarcane enables the intake of
water and nutrients from the soil, which strongly influentiate
the plant-water-soil relationship, and to anchor the plant to the
soil. The volume of soil available for water and mineral uptake
determines the depth of root system. Two types of downward-
oriented buttress sugarcane root systems emerge from the
nodes after planting a portion of sett (stem), the sett and shoot
roots. The former are thin and much branched roots grow from
the nodes of the sett in a young plant. The latter in comparison
with sett roots are thicker, lesser white, succulent, and lesser
branched and emerge from the base [26, 27].

In terms of morphological heterogeneity, it manly consists
in a set of fibers and other elements, like vessels, parenchyma,
and epithelial cells [28], being visually divided in culms,
leaves, and a system of roots. The culm structure is heteroge-
neous, made by long and cylindric articulations (internode)
interpolated by small nodes [29]. The external surface of the
culm is covered by wax and impregnate with cutin, which is
characteristic of the epidermis structure. The epidermis con-
sists of a single coat with small and big alternating cells [29],
resulting in a dense structure in which its content depends on
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the type of plant [30]. The epidermis is organized in parallel
walls covered by a thick impermeable coat called cuticle [29].
Moreover, from the recalcitrance and anatomy point of view,
there is an elevated number of vascular bundles close to the
epidermis. This region, defined as external fraction, is respon-
sible to the recalcitrance of this region [4]. The external frac-
tion is the most recalcitrant fraction of the sugarcane, followed
by the node and internode [31], while the internal part of the
internode is the less recalcitrant region [32].

According to Cerqueira et al. [33], a ton of sugarcane gen-
erates around 280 kg of bagasse. So, taking this prevision into
account, approximately 1.7 x 10% tons of dry sugarcane will
be produced in 2017/2018. In addition, a huge amount of this
bagasse is used in the energy cogeneration. Also, there are
biotechnological applications being studied with the aim to
produce high-value molecules and biofuels, including
second-generation ethanol (E2G), or cellulosic ethanol. In
the past decades, the bagasse and straw were investigated as
possible factors of environmental risks [34]. This thought was
changed with its massive uses in the energy cogeneration.
However, because of the importance of energy and building
blocks replacing petroleum sources, the sugarcane bagasse
and straw are agroindustrial residues with interest to be used
in developing methods for the biofuel production and other
high-value compounds that have economic advantages.

Corn: an Important Biomass for USA

Corn, the common name of the species Zea mays, is a tropical
American plant that has been domesticated all over the world.
It has Mexican-origin and is currently the third largest food-
oriented crop in the world [35]. Corn is an annual C-4 plant
with wide adaptation to different conditions of environments.
Corn is used for green fodder, animal, and human feeding,
since it is very energetic because starch is its main component,
and also for the production of biofuels such as ethanol [36].

Like sugarcane, corn represents a source of abundant lig-
nocellulosic material for biotechnological applications.
According to data from the United States Department of
Agriculture (USDA) [37], it was produced 1.037.9
million tons of maize worldwide in the 2016/2017. From this
amount, the USA accounted for more than 37% of the pro-
duction, totalizing 384.8 million tons. For comparison, the
production in Brazil, Argentina, Paraguay, and Uruguay, the
main producers in South America, reached about
124,265,000 tons, being Brazil the largest producer, with
around 84,480,000 tons. Corn is for the USA just like sugar-
cane is for Brazil: a large production, which generates sur-
pluses that could be used to generate other value-added prod-
ucts. For example, maize residues have huge potential for
bioenergy production.

Corn plant has a single (in most cases) cylindrical culm that
grows vertically upward from the ground, regularly reaching

up 2 to 3 m at maturity (sometimes much taller). Near from the
base of the main culm secondary stalks, called as tillers, may
be produced. Typically, the plant is divided in culm (called
stems or stalks), leaves, sheaths, cobs, and husks. The un-
branched culm corresponds to approximately to 60% of the
plant dry mass and is divided in internodes and ring-like
nodes. From each node leaf forms, totalizing 16 to 22 alter-
nately arranged leaves around the entirety of the culm. The
leaf blades are linear to linear-lanceolate in shape with prom-
inent whitened midrib. The leaf venation runs parallel to each
other from base to tip in the blade. Two distinct sets of roots
are found, the brace and fibrous roots. The brace root
(adventitious) grows from the first node just above the soil
while the fibrous roots develop from the lowest four nodes
that are below ground. From the top of the stalk—above all
leaves—emerges a single terminal many-ramified inflores-
cence named tassel, a male part the plant in which several
small flowers are located. Many pollen grains, containing
the male sex cells, are released from the flowers. The repro-
ductive female part of the plant is axillary pistillate inflores-
cence called “ear,” which grows at the tip of a shank, a small
stalk-like structure that emerges from the leaf nodes located
midway from the top to the bottom of the stalk. Several ears
are found in the plant, and they are surrounded by the husk—a
group of the green leaves attached to the shank—that plays
function in the protection of the edible part of the plant, the
kernels (or fruit). From the tip of the husk, the silk (long shiny
fibers) grows [38—41].

The corn residues are basically composed of cobs, husks,
stems, and leaves, which are currently used in limited quanti-
ties for animal bedding, furfural production, pulp production,
and part of feeding rations [42]. Although, the straw that stays
in the field provides erosion control, most of this residue is not
removed from the field. As a by-product of maize production,
corn cobs are produced in significant quantities in the USA,
with an estimative of 68 tons generated each year. The process
of harvesting and supplying corn bran for biorefineries is a
first step towards energy generation from the material [43].

The chemical properties and physical characteristics of
corn cobs make them a suitable raw material for various en-
ergy generation methods. Corn cobs contain about 32.3—
45.6% of cellulose, 39.8% of hemicelluloses—mostly com-
posed by pentoses—and 6.7-13.9% of lignin [44, 45]. Some
studies have shown that, from corn residues, the corbs repre-
sent about 15-20% of this material [46].

As in sugarcane, the recalcitrance of the lignocellulosic
material is a barrier to the conversion of the maize biomass.
The composition of the corn stover may vary according to the
harvest, location, climatic conditions, plant phenotype, etc.
All these variables represent important determinants of cellu-
lose, hemicellulose, and lignin determination [47].

Fractionating lignocellulosic material based on its compo-
sitional and anatomical differences might be useful in
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separating the more recalcitrant fractions (i.e., cobs, stalk)
from less recalcitrant portions (i.e., leaves, husk). It was found
that the untreated leaf fraction gave the highest glucan con-
version of 91%, whereas the untreated cobs and stalks had
efficiencies of 63 and 33%, respectively. The trend is rather
intuitive since the stalk is mostly composed of internodes rich
in lignified xylem vessels with high degree of recalcitrance
[48]. In the context of biorefinery and bioenergy production,
this biomass is very important and may be a viable source of
lignocellulosic material.

Heterogeneity of Biomass

PCW is an important characteristic of the plants (Fig. 1),
which contributes to their survival, for being a physical barrier
for pathogens and plays metabolic role for the maintenance of
the plants. The PCW contains mainly cellulose, hemicellu-
lose, and lignin. However, different crops have significant
differences in the proportions of these biomolecules, as well
as in the type of hemicellulose and/or the rate of monolignol
monomers in lignin. Each type of plant presents distinct pro-
portions of wall compositions in different parts of the plant.

This biomass heterogeneity leads to great difficulty to its use
as an industrial interest product [1].

The ligneous biomass is more abundant in cellulose and
lignin molecules, while the grassy biomass has higher
amounts of hemicellulose (mainly xylan) (Table 1). For
biorefinery industry applications, cellulose, hemicellulose,
and lignin are the main targets [1]. Cellulose (Fig. 1) is the
most abundant renewable polysaccharide on earth. It is com-
posed by a chain of unbranched homopolysaccharides made
up of units of anhydroglucose linked by f3-1,4-D-glucose.
This gives rise to a crystalline structure due to extensive intra
and intermolecular hydrogen linkages, which facilitate its as-
sembly into fibrils [50]. The cellulose microfibrils have highly
and poorly organized regions, defined as crystalline and amor-
phous regions, respectively. The native cellulose is a polymor-
phic structure, defined as cellulose I, which can be converted
into polymorphs II, III, and I'V through a variety of treatments.
The native cellulose is found as two crystalline phases, known
as I e Ig [S1].

One unit of cellulose, known as elementary fibril, suffers a
self-mounting to form microfibrils of several sizes, which is
coated by hemicelluloses originating macrofibers, thus creat-
ing resistance to chemical and enzymatic degradation [52].
The degree of polymerization refers to the amount of glycose

Fig. 1 Cell wall structure,
detailing its subunits, like major
components of cellulose,
hemicellulose, and lignin [49]
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Table 1 Main chemical

components of several typical Feedstock Cellulose (%) Hemicellulose (%) Lignin (%) References

biomass feedstocks
Nutshells 25-30 25-30 3040 53
Hybrid poplar 48.6 15.7 21.8 1
Poplar 49.9 25.1 18.1 1
White oak 43.6 23.7 23.2 1
Red oak 434 23.5 25.8 1
Walnut 46.2 20.9 21.9 1
Maple 44.9 23 20.7 1
Corn cob 45 35 15 53
Corn stover 35.6 22.1 12.3 3
Sugarcane bagasse 44.7 28.8 19.5 54
Wheat straw 38.2 247 23.4 3
Rice straw 34.2 245 11.9 3
Switchgrass 45 314 12 53
Spruce 434 18 28.1 3
Pine 46.4 229 29.4 3
Birch 38.2 19.7 22.8 3
Willow 43 29.3 24.2 3

monomers present in the polymer in which the efficiency of
the enzymatic hydrolysis is influenced. The natural cellulose
structure is primarily resistant to the enzymatic hydrolysis as a
result of its highly organized crystallinity and also its high
polymerization degree, besides cellulose being water insolu-
ble [53].

The hemicelluloses are recognized as the second most re-
newable polysaccharide in the world [30, 53]. However, the
hemicelluloses are intimately associated to cellulose through
physical connections and hydrogen links, meanwhile, lignins
are linked to hemicellulose by covalent bonds (Fig. 2), mainly
R (radical)-benzil and ether [53]. Generally, the hemicellu-
loses are branched polysaccharides made up by around 80 to
200 units of sugar residues with low molecular mass. The
general chemical formula for the hemicelluloses is
(C5H804)n or (C6H1206)n, and they are classified as pen-
toses and hexoses, respectively [55]. The most abundant kind
of hemicellulose in annual plants is arabinoxylan, which con-
tains D-xilopiranosyl residues connected by glycosidic 3-(1—
4) connections. Sugarcane bagasse’s hemicellulose is defined
as L-arabino-(4-O-metyl-D-glucurone)-D-xylan [56, 57].
Connected to them, as simple unit chains, in positions C-2,
C-3, or both, there are «-L-arabinofuranose and «-D-
glucuronic acid (or its derived one, 4-O-metil) [58]. Xylan,
which occurs naturally, contains O-acetyl groups located in
some of the hydroxyl groups, in carbons 2 or 3. The most
abundant kind of hemicellulose in annual plants is
arabinoxylan, which contains D-xilopiranosyl residues con-
nected by glycosidic 3-(1-4) connections. Sugarcane ba-
gasse’s hemicellulose is defined as L-arabino-(4-O-metyl-D-
glucurone)-D-xylan [56, 57]. Connected to them, as simple

unit chains, in positions C-2, C-3, or both, there are «-L-
arabinofuranose and «-D-glucuronic acid (or its derived one,
4-O-metil) [58]. Xylan, which occurs naturally, contains O-
acetyl groups located in some of the hydroxyl groups, in car-
bons 2 or 3, in its main chain [58].

The ramification degree in the hemicellulose is given by
the rate arabinose/xylose; therefore, the lower the rate, the
higher the polymerization degree, and, likewise, the higher
this rate, the smaller the polymer chain. The hemicellulose,
in contrast to cellulose, is chemically heterogenous, and its
composition shows a large proportion and content variation,
as well as branches, resulting in an amorphous and hydrophil-
ic structure. According to its composition and structural char-
acteristics, hemicellulose is, therefore, more easily removed
from PCW than cellulose, depending on the species, type of
tissue, growth phase, and environmental and physiological
conditions [30, 59, 60]. The xylose and the xylo-oligomers
are frequently the main products obtained from hemicellulose
pretreatment and enzymatic hydrolysis, allowing their use as
fermentable sugars for ethanol generation, for instance [61].
Other products with aggregated value or intermediary com-
pounds, such as xylitol, furfural, and levulinic acid, used for
the production of chemicals and polymers, can also be gener-
ated from hemicellulose through appropriate catalytic ap-
proaches [62]. Other authors have suggested that the content,
as well as the composition of the hemicellulose, may also
affect the recalcitrance of the cell wall [63]. It is also believed
that the interactions between the microfibers from cellulose
and hemicellulose, as well as the lignin-carbohydrate connec-
tions, are capable of stopping the attack from the enzymes
[64]. Transgenic Arabidopsis, with small content of methyl
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Fig. 2 Physical interaction
among xylan, cellulose, and
lignin in the plant cell wall [54]
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groups in the side chains of glucuronoxylan, has released
more xylose than the kind of wild control in less severe con-
ditions after enzymatic hydrolysis [65]. Hemicellulose com-
position and proportion vary according to the biomass.
Harwood and grasses usually are formed by pentosans (main-
ly xylans) and softwood by hexosans.

Lignin (Fig. 1) is known as the most abundant aromatic poly-
mer in nature. It is a tridimensional phenolic biopolymer with
amorphous structure. The lignin biosynthesis may be considered
as a result of the polymerization of three main types of
phenylpropane units, such as the monolignols: p alcohols—
coumaryl, sinapyl, and coniferyl, which are responsible for its
hard shape [42]. These monolignols may then be the origin of the
p-hidroxyphenyl (H), syringyl (S), and guaiacyl lignin units [66],
and these components vary according to the biomass, as well as
hard and softwood grasses. Table 1 shows the relation between
the amounts of celluloses, hemicelluloses, lignin, ashes, and ex-
tractives in some ligneous and grassy biomasses.

Lignin, Definition, and Function

Among the renewable resources available on earth, there is lig-
nin, an amorphous macromolecule of high chemical and struc-
tural complexity which is widely available [67]. Lignin is com-
posed basically of phenylpropane-derived units linked between
themselves, creating a three-dimensional matrix. In 1838,
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Anselme Payen discovered a substance which would be later
called lignin by Schulze in 1865, after a little bit less than
100 years later, the advances in analytical tools in biochemistry
allowed the researchers to discover more about lignin [68]. In
fact, lignin is a macromolecule of complex structure which varies
according to the biomass of origin, and is basically constituted of
different structures composed of aromatic rings, linked one to
another by covalent bonds between carbon and carbon-oxygen
[69]. This macromolecule plays a crucial role in plants, offering
mechanical support due to the links of the fibers, while also
decreasing the permeability of xylem cells, thus helping with
the transport of water and nutrients through the plant, and offer-
ing protection to the cell against external enzyme attacks, and
also increasing its structural strength [70, 71].

Although the challenge, there are many biotechnological
applications for this macromolecule, like the production of
biofuels, products of industrial interest like carbon fibers and
many chemicals like aromatic compounds [72], cationic floc-
culants that have high dye removal rate [73], lignin can also be
used in bio-based composites to modify its properties, such as
crystallinity and hydrophobicity [74], and even in
supercapacitors, which are used as a form of energy storage
for wind turbines and electrical cars. A study showed that
supercapacitors made of lignin derived activated carbon fibers
had almost 400 F g ™' of capacitancy at 1 Volt of potential [75].

The precursors of the lignin-forming molecules are three,
the para-coumaric acid, the para-coumaril-CoA, and the para-
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coumaraldehyde [76]; these molecules are incorporated in the
lignin macromolecule in the form of phenylpropanoid units,
which are three: p-hydroxyphenyl, guaiacyl, and syringyl;
these are derived respectively from the monolignols p-
coumaryl, coniferyl, and synapyl alcohols [77]. The basic
structure of the monolignols is separated into two, the pheno-
lic fraction and the tri-carbonic chain, with the hydroxyl group
being the only reactive structure of the molecule. Monolignols
are composed of a C3 side chain coupled with an C6 aromatic
ring [78]. When it comes to dry mass, most superior plants
have between 20 and 25% of lignin [79].

As seen before, the lignin is comprised of three
“monomeric” building blocks, the H, S, and G units; these
units are not incorporated in the same ratio in all plants; there
are variations between plant groups, in example, angiosperms
have low amounts of H lignin incorporated and somewhat
similar amounts of S and G lignin, while in gymnosperms,
the amount of H lignin is still low but also the amount of S
lignin, meaning that its cell wall is composed mostly of G-type
phenylpropanoid units. In grasses and monocots, we have
higher amounts of H lignin incorporated in the macromole-
cule, and a somewhat similar ratio of S to G lignin [81] (Fig. 3)

The synthesis of lignin in the cell wall occurs in an irregular
mechanism; the phenylpropanoids are transported to the
peripheric portion of the cell and incorporated in the cell wall
through the action of oxidative enzymes, leading to the produc-
tion of radicals that can create links between themselves,
resulting the macromolecule of lignin. All genes related to
monolignol synthesis have been described, and some of them
have been modified or regulated to modify lignin production
such as the ferulate-5-hydroxylase (F5H) and the caffeic acid
O-methyltransferase (COMT); the regulators of lignin genes
can also be targets of genetic studies [82]. Some research pub-
lished by [83] showed that the suppression of the COMT gene
could reduce the amount of lignin by 35% in Brassica napus in
comparison with a wild specimen. There are however some cases
where genetic modification of lignin-related genes results in
problematic phenotypes such as dwarfism, sterility, and overall
increase to environmental-related problems which can cause cell
wall-related pathological conditions [83].

The lignin gives the lignocellulosic material a new recalci-
trant characteristic, especially due to the binding capacity to

OH OH OH
' e ~
9 g
OH OH CH, CH, OH CH,

3

Fig. 3 Chemical structure of the three common monolignol components
of the lignin [80]

the many kinds of molecules present in the cell wall [84], in a
way that efforts are being made to obtain different varieties of
genetically modified plants where the lignin content is inferior
to the natural [85]. Although modifications in the amount of
lignin can lead into an increasing in plant development prob-
lems, alterations in the composition of the lignin macromole-
cule seems to have no negative effect in plant growth [86],
which can be explored to obtain new varieties with industrial
favorable lignin chemical composition.

Other strategies are being developed to overcome those
problems, and instead of focusing in modifying the expression
of lignin biosynthesis genes, targeting the monomers can lead
to better results, and the incorporation of some molecules into
the lignin structure like coniferyl ferulate improves enzymatic
hydrolysis glucose yield [88]. Another alternative to reduce
lignin recalcitrance is to enhance the production of other lignin
precursors of C6C1 structure; these compounds have lower
polymerization capacity as they lack two carbons from the
side chain, which correspond to one of the main reaction re-
gions in common monolignols, known as the beta position
[79]. Such strategy is efficient because it reduces lignin con-
densation in plant tissue making it easier to reach cellulose
during the hydrolysis steps (Fig. 4).

Impact of Lignin in Biotechnological
Processes

The use of lignocellulosic biomass as a material for ethanol
production offers some challenges. The lignin, due to some of
its characteristics such as complexity and structural and chem-
ical resistance, shows itself as a problem for cellulose acces-
sibility, mainly because of the enzymatic inhibition caused by
the formation of inhibitory substances. Lignin works as a
physical barrier protecting the cellulose from the action of
hydrolytic enzymes like cellulases. The polymer is distributed
within the empty spaces in the cell wall, interacting covalently
with other molecules of that cell structure, granting the cell
wall extra resistance. To overcome this problem, a series of
different pretreatments have been developed to modify or re-
move lignin. It is also important to note that most of the pre-
treatment techniques also modify in some way the physico-
chemical properties of the biomass, leading to increased glu-
cose yield [89].

The adsorption of the enzyme depends of the structure and
composition of the lignin in the substrate; for this reason, it is
important to study how to remove or modify lignin, in order to
produce better results [1]. Lignin prevents access to cellulose by
“capturing” cellulases as well, binding itself with the enzymes,
sometimes irreversibly, causing a decrease in the reaction veloc-
ity by reducing the amount of available enzymes in the solution
[90]. Lignin from grasses has lower unproductive adsorption
rate in comparison to softwood lignin [91]. In natura lignin
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can have lower unproductive adsorption rates in comparison
with biomass pretreated by steam explosion, that happens
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mainly due to the lignin sub products generated [92]. The addi-
tion of non-ionic surfactants seems to reduce the enzyme-lignin
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interaction by the use of surfactants such as Tween 20 in con-
centrations up to 0.05% resulted in higher rates of glucose con-
version [93]. The article also shows other important results com-
paring the hydrolytic conversion rate using other surfactants
based of poly-ethylene glycol (POG), and the POG-
octylphenyl ether showed the highest score, improving the con-
version rate up to two times when in comparison with the reac-
tion without the surfactant, while Tween 20 improved the yield
rates in about 50%. The surfactant addition increases the cellu-
lose conversion rates, and the polyethylene glycol 4000 (PEG
4000) increased the conversion rate in about 80% [94]. Further,
experiments conducted by Vaidya (2014) [95] demonstrated that
the addition of PEG of up to 0.20 g of surfactant per gram of
substrate increased the conversion rate of cellulose to glucose by
more than 100%. In addition to that, he showed in his experi-
ments that the usage of PEG in the enzymatic hydrolysis process
increases enzyme activity, reducing incubation time and, possi-
bly, enzyme loading.

Enzymes, such as albumin, could also be used to prevent
lignin unproductive binding, making it so that instead of binding
with cellulases, lignin ends up binding itself with the second
enzyme, which has no effect in the hydrolysis reaction and
therefore is disposable. Siqueira et al. (2017) [90] has observed
a 136% increase in cellulose conversion of steam-pretreated
sugarcane bagasse just by the addition of bovine serum albumin;
the results of enzymatic hydrolysis using NaOH as reactant in
the pretreatment also showed a 120% increase in glucose yield
in comparison with the reaction without albumin (Fig. 3).

Modification of the lignin biosynthesis pathway can result
in lower content increasing the enzymatic hydrolysis efficien-
cy. Lignin structure and composition can be modified in order
to decrease the severity of the conditions of the required pre-
treatments. The understanding of lignin biosynthesis can help
redesign lignin, modifying its properties to make the process-
ing easier and thus giving this molecule new economically
viable industrial applications, all that without compromising
plant development [96].

There are some correlations between genetic expression,
lignin content, and enzymatic hydrolysis efficiency. In switch-
grasses, the expression rate of one gene is related to lignin
content (S/G ratio and overall lignin concentration) and to
higher yields of glucose after hydrolysis, both with and with-
out pretreatment, leading to an increase of up to 25 and 38%
respectively, in comparison with the non-genetically modified
specimen [97]. The syringyl/guaiacyl unit relation (S/G ratio)
has been identified as a dominant factor in the cellulose acces-
sibility, that happens mainly because it is easier to depolymer-
ize S lignin in comparison with G lignin, as the ester bonds are
easier to remove in the first case. In Populus trichocarpa,
higher syringyl content resulted in higher yields of glucose
after enzymatic hydrolysis [97].

Other studies suggest that S/G ratio has impact in
cell wall disruption during chemical treatment and thus
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Fig.5 Pretreated sugarcane bagasse cellulose hydrolysis yields after 72 h
of hydrolysis and the effects of addition of bovine serum albumin [90]

increasing cellulose conversion rates. The variance in
this ratio has other impacts in the overall cell wall
structure, influencing the cross-linkage between lignin
and other constituents of the wall, increasing the num-
ber of micropores in the cell structure, consequently
improving enzyme accessibility [98] (Fig. 5).

Pretreatment Effects on Lignin

Enzymatic hydrolysis, as said previously, is the technique
used to convert polymerized sugar, mostly in form of cellu-
lose, to its monomeric form, glucose. For that conversion to
happen, the enzymes responsible for breaking the chemical
bonds between the sugars must have access to the polymer,
and that is where lignin comes to turn things a little bit more
complicated.

Pretreatment technology is the area of biomass processing
that needs most improvements, and lignin is one of the mole-
cules responsible for that, due to its presence and the ability to
form covalent links with hemicellulose. To overcome those
problems, pretreatment conditions must be severe, which make
the process expensive, and sometimes too demanding of cellu-
lose, converting part of it in degradation products. An efficient
pretreatment must disrupt and remove the cross-links between
lignin and hemicellulose, disrupt the hydrogen bonds formed
between cellulose fibers, and increase the total surface area of
cellulose for improved enzymatic hydrolysis results [99].

Some pretreatments can efficiently remove or modify lig-
nin; sulfite soaking, for example, can delignify the material
which, in turn, leads to an increase in cellulose accessibility;
the main downside to the application of these techniques is the
cost, which is too expensive; therefore, complete
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delignification is not an option for the industry if they want to
develop a competitive product [100].

The dilute acid pretreatment, used mainly to improve the
digestibility of the lignocellulosic material, and attack the
hemicellulose solubilizing it, making the cellulose more ac-
cessible [7, 101]. The conditions used vary, but it is commonly
used in moderate temperatures and short reaction time [97].
The effect of this pretreatment method on lignin is the modi-
fication of its structure, leading to the formation of globes in
the surface of the fibers as it gets solubilized and then
repolymerized. On the other hand, the removal of lignin can
be done with pretreatment technologies such as alkaline pre-
treatment and the oxidative pretreatment [4, 102].

Pretreatments with temperatures above 120 °C exceed the
melting point of lignin, transforming it into a fluid, allowing
the lignin to leave the cell wall matrix; and after the tempera-
ture cool down, the solubilized lignin will repolymerize upon
the cell wall surface [103]. The lignin content increases during
the enzymatic hydrolysis, meaning that as the reaction pro-
gresses and the accessible cellulose is hydrolyzed, the lignin
droplets start to accumulate with other lignin residues in lower
layers of the tissue, increasing the concentration of lignin de-
posited on the fiber [103]. This work showed that the lignin
concentration started to increase up after 8 h of reaction, and
with 144 h, the residual lignin had fully covered the substrate,
preventing the action of the enzymes. Other work showed that
the enzymatic hydrolysis slowdown is mainly provoked by
enzyme and substrate factors [104]. Among the substrate fac-
tors, the lignin/cellulose ratio increases to 3.2, suggesting that
the residual cellulose is protected by the lignin. During the
enzymatic hydrolysis, the accessibility also decreases due
the cellulose removal and lignin enrichment [104].

The acid pretreatment and steam explosion provoke in-
crease in the percentage of insoluble lignin (Klason lignin)
in comparison with the untreated biomass. The increase in
the lignin content is because of hemicellulose removal, and
mainly due to the polymerization of components to form a
compound called pseudo-lignin [105, 106]. This material is
not necessarily originated from lignin during the pretreatment.
This compound is formed especially in severe conditions even
using carbohydrates as substrates. The pretreatment of xylan
and avicel resulted in the formation of pseudo-lignin leading
to reduction of enzymatic hydrolysis glucose yield [107]. This
work demonstrated that the color of the material changes ac-
cording to the severity of the pretreatment (varying severity
from 1.94 to 3.56), going from white, indicating the presence
of cellulose and xylose (untreated), to black, indicating the
presence of pseudo-lignin, when the pretreatment severity
was the highest. The results indicate that the pseudo-lignin is
formed from sugar degradation processes.

The steam explosion pretreatment is one of the most studied
technologies for lignocellulose material conversion. In this meth-
od, the biomass is put in a reactor which is then heated to high
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temperatures and high pressure for a short period; after that, the
reactor is suddenly depressurized, which “explodes™ the ligno-
cellulosic matrix, causing the rupture of the fibers, solubilizing
part of the hemicellulose, offering similar results to the dilute acid
pretreatment [ 108—110]. The steam penetrates the fibers and be-
comes condensed due to pressure; after the decompression of the
system, the water formed inside the fibers evaporate quickly caus-
ing disturbance between the fibers and in the material. This pre-
treatment leads to the liberation of acetyl groups which will cata-
lyze the hydrolysis of some polysaccharides [111].

The effects of this pretreatment on lignin depend on the bio-
mass type; in hardwoods, for example, the break of ether type
bonds leads to the formation of low molecular weight com-
pounds and the increase in phenolic content; the increase in
temperature also leads to the surging of condensed structures.
Guaiacyl lignin shows the highest resistance to this method, and
thus, the use of steam explosion pretreatment for softwoods
leads to concentrations lower than 30% of soluble lignin
[112]. To overcome this problem, it is necessary to pre-
impregnate with SO,, making the process more efficient for this
type of biomass [113]. The percentage of insoluble lignin ob-
tained through alkaline methods applied after the steam explo-
sion pretreatment varies with the type of biomass, and soft-
woods like Picea abies (Norway spruce) and Pinus sylvestris
(Scots pine) yield a maximum of 14 and 27% of insoluble
lignin, respectively, while hardwoods like Birchwood and
Aspen wood, the concentration of soluble lignin increases up
to 86 and 48%, respectively. For sugarcane bagasse, the content
of insoluble lignin after steam explosion followed by alkaline
delignification reached 92% [55]. Even though the rates of sol-
ubilization were high, the combining of these two pretreatment
technologies leads to a loss of about 31% of total cellulose,
which is a considerable loss for the ethanol industry [55].

The content of lignin after the process increases according
to the pretreatment conditions, and the higher is the severity,
more is the residual lignin in the pretreated material [7]. This
increase in lignin content can be justified by not only hemi-
cellulose solubilization and condensation of lignin in the fiber
surface, but also to the formation of pseudo-lignin due to sugar
degradation processes [114].

There are other pretreatment technologies being developed
to reduce lignin content and improve digestibility of cellulose.
Nasirpour et al. (2014) [115] demonstrated that the combined
usage of ionic liquids and surfactants such as Tween and PEG
to pretreat sugarcane bagasse leads to a difference in digest-
ibility of about 20% for tween, and 25% for PEG after 72 h of
incubation.

Cellulose

The primary walls of plant cells contain cellulose assembled
into long microfibrils a few nanometers in diameter [116].
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Cellulose is so abundant in the globe that its annual biosyn-
thesis reaches numbers varying between 10'' and 10'? tons
[117]. It is composed of a non-branched linear chain, formed
by D-glucose units linked by 3 (1 — 4) bonds. The cellulose
macromolecules form a rigid network, resulting in a compact
structure [118]. This network can be found inside the plant cell
walls, where cellulose is organized in long and organized mi-
crofibrils, resulting in extensive fibers and producing a stiff
structural reinforcement [119]. Cellulose is associated with
other components such as hemicellulose, pectin, proteins,
and lignin [120]. In a general view, the hemicellulose mole-
cule structure, the cellulose fibers, and the lignin fill the spaces
between these polysaccharides [121].

One of the most important properties of cellulose is the
crystallinity. This property is observed in more organized re-
gions of the cellulose chain, contrasting with its amorphous
less organized regions. Crystalline regions are formed by mi-
crofibrils, which are paracrystalline structures of dozens of
hydrogen-bonded (1,4) 3-D-glucose chains, giving them a
more organized cellulose chain than the other amorphous re-
gions [122]. The hydrogen bonds (intra and interchain) in the
crystalline regions give the materials higher recalcitrance, rais-
ing their resistance to enzymes and hindering cellulose digest-
ibility and accessibility [1]. The x-ray diffraction method is
commonly used to determine the crystallinity degree of cellu-
lose; in the ligonocellulosic material, it is referred as biomass
crystallinity index [1]. The diffraction intensities in the
diffractograms allow to separate the crystalline regions from
the other components of the cellulose (if pure) or the material
in the case of lignocellulose [123].

Besides crystallinity, the degree of polymerization plays a
large role in accessibility. Cellulose is a carbohydrate formed
of glucose units whose number in the cellulose chain is what
defines the degree of polymerization. A higher degree of po-
lymerization hampers enzymatic activity as it produces a big-
ger and sturdier structure [1]. The degree of polymerization
can be measured through the TAPPI T230 test method [124].
The degree of polymerization is positively correlated to enzy-
matic hydrolysis glucose yield for pure cellulose. However, no
correlation is observed for cellulose degree of polymerization
in lignocellulosic material [37].

Accessibility

Several factors influence the conversion of lignocellulosic
biomass into biofuel and high-value molecules. Cellulose ac-
cessibility and the high cost of the technologies applied to
solve these problems are among them. Among the factors
related to substrate, the accessibility has been indicated as
the most important since it directly correlates to the enzymatic
hydrolysis glucose yield [125]. The accessibility is a reference
of how much cellulose is exposed to enzyme action. Substrate

properties on their own can influence the accessibility, due
properties such as crystallinity, degree of polymerization,
hemicellulose and lignin content/protection, and structural
heterogeneity [126]. One of the biggest barriers to overcome
is the limited access to a great portion of cellulose that is
protected by a rigid and organized microfibril structure [127].

Evidence shows there is a positive relation between internal
surface area and enzymatic hydrolysis effectiveness [128],
considered one the most important factors hampering biomass
hydrolysis [129]. In details, more than 90% of the enzymatic
extract’s digestibility comes from pore size distribution, much
more than what the external surface area offers [130].
However, cellulases can reach internal surface by adequately
size pores [131]. In fact, pores with diameters smaller than
5.1 nm are not big enough to allow enzyme entrance in the
lignocellulosic material [132]. Furthermore, enzymatic hydro-
lysis studies use dried pretreated materials that diminishes
digestibility due to pore size shrinkage [133].

A low degree of polymerization offers a larger number of
binding sites for cellulases, promoting hydrolysis of the ma-
terial. However, cellulose needs to be accessible to receive
enzymatic action. Changes in the degree of polymerization
are always accompanied by changes in porosity and crystal-
linity, as milling shortens the fibers and raises pore size distri-
bution [1]. On the other hand, depolymerization is a process
where polysaccharides are converted into monomers or a mix-
ture of monomers [134]. The depolymerization of cellulose
chains is part of the hydrolysis process. Cellulases are depo-
lymerization agents as they break glucose into monomers
[135]. The enzymes employed in the process and the substrate
are worth noting as well. Enzyme diffusion through the pores,
the binding sites used during hydrolysis, product inhibition,
and the presence of other enzymes capable of attacking the
plant cell wall are characteristics that should be considered to
estimate cellulose accessibility [136].

Particle size can also be related to biomass digestibility
since its influences the material surface [126]. Measuring par-
ticle size is a difficult task as it possesses irregular shapes and
has a tendency to form agglomerates [137]. Sizes can be vi-
sually measured with the use of microscopy, image analysis,
or by automated particle analyzers. However, these methods
do not distinguish superficial topology and cracks on the sur-
face that can raise the exposed surface area. Still, we can
consider that smaller particles raise digestibility by offering a
bigger exposed surface area for enzymatic hydrolysis [126].
Summarizing, not only hemicellulose and lignin removal im-
pact biomass accessibility, but also the physical properties of
the material.

The presence of lignin and hemicellulose interferes in the
cellulose accessibility, altering pore distribution and the effec-
tiveness of pretreatments and enzymatic components action
[136]. Lignocellulosic materials are porous heterogeneous
substrates with a superficial area divided into an external area
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and an internal area, each with its own set of properties [126].
Looking at the internal surface, its accessibility can be mea-
sured by its superficial openings, rifts, and empty spaces cre-
ated by the removal of non-cellulosic components like hemi-
cellulose and lignin through pretreatments such as vapor ex-
plosion, diluted acid, alkaline, peroxide, and variants [137].
Hemicellulose removal can be considered a more impactful
factor in cellulose accessibility than delignification [138].
Hemicelluloses act as physical barriers that hinder enzymatic
hydrolysis due to their placement between and round the cel-
lulose microfibrils inside the secondary cell walls [139].
Methods employing liquid phase analysis confirmed higher
glucose yield during enzymatic hydrolysis on biomass that
had its hemicelluloses removed [140].

Lignin naturally inhibits cellulolytic enzymes by creating a
physical barrier and causes non-productive adsorption with
consequent deactivation of adsorbed enzymes [100].
Adequate pretreatments may cause lignin removal and reduce
or eliminate enzymatic hydrolysis inhibition [141].
Pretreatments that employ sulfite, ammonia, or even
organosolv are capable of effectively delignify lignocellulosic
materials, but complete lignin removal would be a far too
expensive process [142]. A pretreatment condition with partial
delignification increasing the accessibility could result in via-
ble enzymatic hydrolysis yield with feasible scale up process.

Evaluating Accessibility

Several methods have been applied to measure and evaluate
the accessibility of the lignocellulosic material, with certain
advantages and disadvantages; they are correlated to enzymat-
ic hydrolysis yield. Among the most used method are 3D
electron tomogram, Simons’ Stain, mercury intrusion, gas ad-
sorption, and thermoporometry.

The Simons’ stain method uses dyes to measure the micro-
scopic damage caused on the fibers of lignocellulosic material
as influence of the process [143]. The dye mixture used is
composed of Direct Blue 1 and Direct Orange 15. First,
Direct Blue molecules occupy the smaller pores in the fiber,
while Direct Orange enters the bigger pores and covers the
substrate’s surface [126]. Tests showed that pore size expan-
sion through physical or fungi action results in Direct Orange
molecules gaining access to the larger pores and removing the
Direct Blue molecules, a consequence of their higher affinity
with the hydroxyl groups within the cellulose [144]. This
method was efficient when comparing relative accessibility
in pretreated cellulose samples [22]. Methods that employ
only one dye such as Congo red are also effective. The dye
covers the exposed cellulose surface area and has its superna-
tant quantified through spectrophotometry.

The mercury intrusion method can be used to measure the
porosity of lignocellulosic materials [145], characterizing
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pores within the 3-nm and 100-um size range. This method
employs liquid mercury to analyze pores of solid and indefi-
nite substrates. Liquid mercury is a non-stick substance, re-
quiring pressure to penetrate into the pores. The required pres-
sure is inversely proportional to the pore’s radius, reaching
350 Mpa with 3-nm pores. This method offers information
not only about the pores within the substrate, but also about
the rifts between the particles inside the smaller portions of the
material [146].

Gas adsorption is another method capable of measuring
porosity where gases are enriched (adsorptive) in a solid sub-
strate (adsorbent), allowing us to observe the volume of gas
adsorbed (cm®STP/g) [147]. Van der Walls interactions not
only determine the physical adsorption controlling the inter-
molecular forces between adsorptive and adsorbent, but also
the binary interactions between adsorptive molecules. The
isotherm adsorption is obtained by measuring the adsorbed
gas in the substrate while in crescent adsorptive pressure and
constant temperature. Lowering the pressure allows evalua-
tion of the desorption process. To avoid interferences within
the adsorption process and release all adsorption spots avail-
able in the surface, a thorough purification of the samples
must be done to remove any impurities. Degasification pro-
cesses in high temperatures and low pressures are employed to
purify the samples [146].

Thermoporometry is technique used to analyze wet porous
materials, not requiring prior drying the material. The sample
is washed with water that goes through temperatures ranging
from freezing to melting extremes when confined in pores
with diameters reaching submicrometers. This procedure al-
lows to associate temperature variance with pore radius. Using
an excess of liquid in the process produces two enthalpy peaks
in freezing and melting thermograms. One of the peaks is
related to an excess of free milligrams water on the sample
surface, and the other, to low temperatures related to confined
water or water bounded to the pores. This temperature varia-
tion corresponds to the positional difference between the
confined/free water peaks and pore radius. Micropores with
less than 2 nm cannot be analyzed because the superficial
energy of the pores freezes the liquids [146].

The 3D electron tomography method allows to partition a
tomogram in biomass and empty spaces, resulting in not only
a volumetric map describing each type of biomass and rift, but
also in a way to compute the biomass surface. It can be used to
extract the nanoscale geometry of the cellulose microfibrils,
reaching well-protected regions of the material [148]. The
amount of exposed surface accessible to catalyzers of deter-
mined sizes in the biomass can be analyzed [146].
Furthermore, the generated images can be used to quantita-
tively measure pore size distribution [38] and have previously
been used to verify the thickness of other solid objects [149].

Accessibility of the exposed surface area within the cellu-
lose can be evaluated by hydrogen-deuterium exchange with
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water. The heavy water is capable of labeling the accessible
hydroxyl groups of cellulose exchanging hydrogen with water
molecules [150]. This method was capable of offering infor-
mation on the morphology and size of the cellulose fibril ag-
gregates. In cotton cellulose, this method showed that the
fibrils are arranged in a way that readily accessible surfaces
are more abundant than slowly accessible ones, offering a
different and more complex view of the material [151].

Pretreatments Affect the Accessibility

Several types of milling process can be used as step that pre-
cedes all pretreatments (Fig. 6), even though they can be con-
sidered one. Milling raises enzymatic hydrolysis effectiveness
[152]. The material is milled to reduce particle size and raise
the exposed surface area, diminishing the cohesiveness of the
cellulose fibers [153]. The most utilized mills are the ball mill,
which uses spheres of different sizes and materials to generate
cuts and impacts to pulverize the biomass [154], and the discs
mill, crushing the biomass with serrated plates [155]. Process
involving milling is considered expensive and prohibited to
large scale process. However, a combination of factors such as
a properly biomass, partial milling associated to a chemical or
physicochemical pretreatment could result feasibility.
Furthermore, a milling step is necessary for size reduction
prior pretreatment methods.

Acid pretreatment is recognized to solubilize hemicellulose
with lower attachment to the cellulose. Acid pretreatments
normally use sulfuric acid at 150 °C and 1 atm pressures [7].
The acid reaction can be divided into seven steps: (1) proton
diffusion via wet lignocellulosic matrix, (2) protonation of the
ether-oxygen bonds between the monomeric sugars, (3)
breakage of the ether (glyosidic) bond and production of an
intermediate carbocation, (4) solvation of the carbocation with

Fig. 6 Different pretreatment
effects on the lignocellulosic
biomass
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water, (5) regeneration of protons and monomeric sugars (can
be oligomers and polymers as well), (6) distribution of prod-
ucts in liquid phase, and (7) process returns to the second step
[156]. Regarding the cellulose, acid pretreatments can cause
losses up to 20% of the cellulose content [157]. The crystalline
nature of the cellulose requires very low pH, high tempera-
tures, and long reaction periods to hydrolyze significant por-
tions of cellulose into glucose. These conditions favor acid
hydrolysis of the cellulose, but degrade glucose into formic
acid and levulinic acid [158]. Under mild conditions, the de-
gree of polymerization suffers notable changes, rapidly de-
creasing in the initial stages and stabilizing after roughly
30 min of reaction [159]. The initial decrease in the degree
of polymerization could be caused by the hydrolysis of the
amorphous regions within the cellulose [41]. The ratio be-
tween amorphous and crystalline regions decreases after the
pretreatment due to the partial removal of hemicellulose from
the material [160].

As accessibility and enzymatic digestibility are severely
affected by hemicellulose and lignin contents [161], their re-
moval is a crucial part of the biomass conversion study.
Hemicellulose has a branched structure, being much more
susceptible to acid pretreatments than cellulose. Thus, hemi-
cellulose can be completely removed without causing signif-
icant damage to the cellulose with the use of acid pretreat-
ments [162]. The removal rate depends on the pretreatment
conditions. Steam explosion using SO, 2% at 200 °C for
2 min was capable of recovering 65% of xylan in corn straw,
while pretreatments at 170 °C were able to recover only 18%
[163]. The acidifying agent also influences hemicellulose re-
moval. Sugarcane bagasse pretreated with H,SO, resulted in
complete hemicellulose removal while the steam explosion
employing SO, was not able to remove as much. Despite
removing all hemicellulose, the sulfuric acid pretreatment
generated more degradation products than the sulfur dioxide
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method due to its aggressive behavior, attacking the broken
sugars and generating furfural [164]. The sugars forming the
hemicellulose are released in solution as oligomers or mono-
mers, depending on temperature, reaction time, and acid con-
centration [48]. Raising the temperatures [12] and the acid
concentration promotes hemicellulose removal [160].

Lignin removal by acid pretreatments is low regardless of
biomass used and acidifying agent [146]. Generally, the in-
crease of the severity of the acid pretreatment lowers the lignin
solubilization, provoking lignin enrichment in the solid
pretreated material [7]. Lignin removal is accompanied by
the production of aromatic monomers in liquid phase, with
phenolic types varying according to the type of biomass and
pretreatment conditions [165]. Studies employing microscopy
of the solid fraction revealed drastic changes in lignin mor-
phology and distribution, showing spherical droplets in the
cell wall with traces of lignin [61]. The morphology and loca-
tion of these droplets on the biomass point to a cycle of break-
ing and condensation that would be responsible for the low
removal and accumulation of the lignin [166].

Sodium, calcium, and potassium hydroxides can be used in
alkaline pretreatments [167]. During this type of pretreatment,
the first reactions that occur are solvation and saponification,
causing swelling and raising accessibility to enzymes in the bio-
mass. Severe pretreatment conditions cause dissolution, peeling
of reducing ends, degradation, and decomposition of the dis-
solved polysaccharides [144]. Polysaccharide loss occurs mainly
through hydrolytic reactions and peeling of the reducing ends
present in the sugars [46]. The main purpose of alkaline pretreat-
ments is the removal of lignin from lignocellulosic materials,
reducing enzyme obstacles and improving polysaccharide reac-
tivity. It is believed that this mechanism includes intermolecular
saponification of the ester bonds between hemicelluloses and
lignin, increasing porosity [165]. Peroxide in alkaline medium
bursts the hemicellulose and lignin removal, resulting in a
pretreated material with high enzymatic digestibility [102].
High yield of hemicellulose solubilization can be reached,
around 90%, with low residual lignin [168].

Adding air to the reactive solution significantly increases
delignification of materials rich in lignin [154]. The removal
of acetyl groups from hemicelluloses through alkaline pre-
treatments exposes the cellulose, improving the enzymatic
hydrolysis of both hemicellulose and cellulose [146]. In addi-
tion, alkaline pretreatments cause partial hemicellulose re-
moval and cellulose swelling and decrease crystallinity
[151]. This method provokes lower sugar degradation than
the acid pretreatments. Lastly, the material is neutralized to
adjust its pH and removes lignin, inhibitors, salts, and pheno-
lic acids [154].

Recent studies used surfactants such as Tween 20 and
Tween 80 combined with ethyl-3-methylimidazolium acetate
as a pretreatment, soaking the material overnight to have the
surfactants penetrate the pores. Cellulose fraction reached
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65.6%, while hemicelluloses decreased to 17% and lignin to
14.7%. These results were also accompanied by a solid recov-
ery of 83% at its best, denoting that material loss was caused
mostly by hemicellulose and lignin removal. In addition, the
material crystallinity was decreased and the microfibers within
the cell wall were disrupted, increasing the exposed surface
area. Porosity was also improved, as shown by the Simons’
stain method. Similarly to other pretreatments, increased se-
verity resulted in cellulose degradation [169].

Enzymatic Hydrolysis Influenced
by Accessibility

Celullases are an enzymatic system of various components
that depolymerize cellulose into glucose though breakage of
glycosidic bonds. Cellulases are composed of at least three
enzymes: endo-3-1,4-glucanases, exo-f3-1,4-glucanase, and
[3-glucosidases. The cellulases act in synergic way, where
the effect of the enzymes combined is bigger than the effect
of them acting separately [157]. Among the cellulases, the
endoglucanases are responsible for cleaving the cellulose
through the interchain; the exo-[3-1,4-glucanases are capable
of acting on the free ends of the cellulose chain generated by
the endo-[3-1,4-glucanases, releasing water-soluble cellobi-
ose; and the 3-glucosidases ending the process by hydrolyz-
ing cellobiose into glucose monomers [125]. The enzyme ac-
tion is described as considering pure cellulose. However, in
the lignocellulosic material are hemicellulose and lignin af-
fecting the access of enzyme to cellulose chain. Probably,
the endo-f3-1,4-glucanase is the most affect enzyme in this
process since this enzyme is recognized as initiate hydrolysis
of the cellulose. The exposed cellulose, accessible to enzyme
action, is directly correlated to the enzymatic hydrolysis glu-
cose yield [7].

Cellulose chain hydrolysis can be schematically divided
into five steps: (1) transference of the enzymes from a liquid
medium to the cellulose particles surface; (2) enzyme adsorp-
tion and formation of the enzyme-substrate complex; (3) cel-
lulose hydrolysis; (4) transference of the oligomers, glucose,
and cellobiose from the particles surface to the liquid medium;
and (5) hydrolysis of oligomers and cellobiose into glucose in
liquid medium [56]. This process is influenced by many fac-
tors such as the presence of lignin and hemicellulose in the
substrate, forming a chemical and physical barrier to the en-
zymes (Fig. 7) [170]. Moreover, during the enzymatic hydro-
lysis kinetics, the lignin content is increased, provoking slow-
downs in the process. During enzymatic hydrolysis, the sub-
strate changed, reduced the cellulose content, and increased
the lignin physical barrier effect [148].

The delignification of substrates promotes better enzymatic
conversion of cellulose, especially when lignin levels are low-
er than 10% [171]. Besides increasing hydrolysis efficiency,
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Fig. 7 Increased accessibility allows an efficient enzymatic hydrolysis

the amount of enzymes recovered after the process is also
improved, probably due to reduced unproductive bind to lig-
nin [69]. If not sufficiently removed, lignin can go through
redeposition and occupy pores that were accessible before
[172]. Moreover, cellulases adsorb unproductively into the
lignin portion of the material, incapacitating the enzymatic
hydrolysis [173]. In fact, lignin content in the raw biomass is
indicated as a selection parameter for conversion process [33].
The pretreatment severity increases resulted in higher glucose
yield since the accessibility increased [7].

Concluding Remarks

There are many contributions being made to improve our
understanding of biomass composition, structure, and re-
calcitrance to enable better usage of this type of material.
However, there are still plenty of questions that need to be
answered as well as obstacles that need to be overcome.
The cost of bioethanol conversion and other emerging
technologies that require structural modification, solubiliza-
tion, and purification of chemical components obtained
from lignocellulosic biomass is still high, mainly due to
the cost of the required reagents. In addition, the elevated
cost is related to the low final concentration of the prod-
ucts obtained. Cellulose, hemicellulose, and lignin interact
to create a matrix that offers structural rigidity and phys-
ical and chemical protection along with other properties
that enable a plant to survive and dominate the environ-
ment in which it is grown. These three lignocellulosic
macromolecules are composed of different monomers with
different properties, making the lignocellulosic biomass a
singular component. The differences in concentration,
structure, and composition of each component dictate the
physicochemical characteristics of biomass, and thus
choosing a variety with a high cellulose content and a

low syringyl/guaiacyl ratio along other well-studied prop-
erties will result in better conversion rates and reduced
cost. If such varieties do not provide the expected results,
pretreatments employing acid, steam, and alkaline agents
can increase the pore size distribution and accessibility.
However, based on the information gathered in this re-
view, it is possible to conclude that the use of lignocellu-
losic biomass to produce biotechnological components of
economic importance is here to stay, as it is the most
widely available renewable resource worldwide. Its impor-
tance in reducing gas emissions and petroleum exploration
is undeniable. Thus, improving existing technologies and
developing new strategies to reduce the costs of lignocel-
lulosic material conversion into bioethanol is an important
step for popularization of this product.
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