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Chapter 1 ®)
Circular Economy Based on Residue oo
Valorization

To meet the population’s demand for products and services, it is inevitable that
industry will interact with the environment during the search for inputs and outputs
in the production processes. With the globalization of the market, it is no longer
efficient or sustainable for companies to employ linear economic models in which
the fundamental idea is to extract raw material, transform it, and discard it at the end
of its life cycle [1].

For industries to adopt new models, fundamental concepts of the laws of nature
must be pursued; the natural cycle of materials is one of the foundations of the circular
economy. The expression circular economy has been used since the 1970s. Itis based
on the concept of an economy being restorative and regenerative with continuous
development based on natural preservation and reduction [2]. Circular economics
seeks to link business in the form of a network when, a material is no longer, it
can be reallocated within a company or may be shared with another organization or
segment that can take advantage of it and thereby generate revenue streams [3].

The development of the circular economy requires the adoption of systems that
tend to move away from the traditional modules of food production, energy, and
water use, seeking integrative adoption of practices that increase the conversion and
valuation of residues into products that add value. Furthermore, it seeks to reduce
the use of natural resources and wastes generated in agrobusiness, livestock farming,
and other industries [4].

The benefits of a circular production system are categorized as short term and
long term. In most cases, the advantages of modifying a production process are
more intense at the end; in the short term, these changes require social and cultural
transformations within organizations. Because this is a system based on the natural
cycle, enterprises that adopt it must internalize the fact that the regeneration of
resources such as water and energy requires time and space [5]. The values added
to the circular economy, in addition to sustainability, are based on environmental
quality, economic prosperity, and social equity, based on amenity values, economic
resources, sinks for residual flows and support for increasing life cycles; all these
bases are intertwined (Fig. 1.1) [6].
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Fig. 1.1 Summary of the context of circular economy with an emphasis on biomass valorization.
Source Authors

Many efforts have been made globally. The AgroCycle European program has
sought to fully evaluate the capacity for recycling and valuation of agricultural waste
to create new sustainable chains, accounting for the economic outlook [7, 8]. World-
wide, main products are identified using the circular chain approach and are used to
valorize agro-industrial waste, mainly agriculture and livestock, for the production
of biofuels, biofertilizers, water recycling, and reusable steam [9—11]. Residues such
as lignocellulose derivatives and animal effluents are used for recovery of struvite,
phosphorus [12], and noble metals [13] as well as serving as substrates for highly
valued products [14, 15], including noble enzymes.

Throughout the last decade, the circular economy has become a doctrine for the
agricultural, livestock, and agro-industrial sectors, using minimum inputs into the
system to reduce costs and to close cycles of nutrients, water resources, and energy,
reducing negative impacts to the biome, such as the emission of greenhouse gases
and release of wastes. The circular economy will be more profitable with long-term
implementation. Reuse and water recycling stand out among economic, social, and
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environmental strategies. The use of steam is an example because it is a by-product
of several productive processes, permitting heat transfer and water recycling [16].

Reuse in agriculture and livestock is carried out in culture, animal supply, agro-
industrial supply, and rural populations and is adopted to reduce the demand for
drinking water. Water reuse is tied to its nutritional characteristics for fertilization
and ferti-irrigation purposes. It is necessary to consider that, in these forms of water
reuse, there is re-utilization of nutrients that augment growth and yield of crops
because the wastewater contains large quantities of organic matter. Another source
of recycling is bioenergy, using biogas and bioethanol, an emerging technology for
valorization and optimization of biomass and water resources. Nevertheless, it is
necessary to consider the need for control of bacterial, parasitic, and viral pathogens
and toxic substances, such as heavy metals [16, 17].

Worldwide, biogas is generated mainly from food debris, animal waste, and human
waste used for anaerobic digestion. Residues of livestock (poultry, cattle, and swine)
have high energy potential for biogas, as do wastes from the sugar and alcohol
industries, biodiesel production processes, dairy industry, citriculture, brewing, paper
industries and pulp, urban solid waste, sewage treatment, and urban cleaning [18,
19].

In the production of first-generation ethanol (1G), sugarcane, corn, beets, and other
cultivars are used. This practice has been widely debated, with a focus on environ-
mental and socioeconomic problems associated with production processes and the
need for exclusive cultivation of raw material affecting food demand, water security,
and biodiversity. Second-generation and third-generation (2G and 3G) bioethanol
focuses on the reuse of agricultural residues, such as, waste from the paper industry,
glycerol, and by-products of the food industry [20]. It should be noted that, within
the circular economy, ethanol production demands large amounts of water, requiring
a reduction of the water footprint. There is a demand for water recirculation in the
ethanol production chain and a constant emphasis on the reduction of freshwater use
and its replacement by seawater, by wastewater and use algal biomass from treatment
systems [21, 22].

It should be noted that the economic balance is essential for there to be interest and
investment in new technologies based on the circular economy. The global energy
appeal and cost—benefit pressures for such productions require efficient biotechno-
logical methods with business models that are plausible for companies and industries
in a company, business, or industry, focusing on reducing material flows and inter-
connected management [23].

The economic feasibility of reclaiming biomass lies precisely in the capacity to
reuse goods and services and the use of biodiversity, microorganism technology,
and recycled water resources. These processes are necessary to maintain environ-
mental health and safety. The circular economy becomes a model largely based on
ecosystems that produce energy, minimizing the impacts of waste [24].

In this sense, it is necessary to understand the biomass to be used with respect
to its nutritional, structural, and molecular composition. These characteristics are
essential to delineate the recycling of the biomass and the technology to be used, as
well as its energy value. Advanced analytical methods are employed for structural and
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non-structural characterization of biomasses to be evaluated, using chromatography,
mass spectrometry, electron microscopy, and X-ray diffraction (Chap. 2). Based on
the characteristics of the biomass, it is necessary to choose pretreatments essential for
the biomass to be bioavailable in conditions suitable for particular bioprocesses, such
as biofuel production based on microbial activities. Within the concept of circularity
and its economic aspects, it is emphasized that pretreatments (physical, chemical,
biological, or combined) require investment in time and energy; this is the crucial step
for the success of bioprocesses (Chap. 3). In addition, many inhibitory by-products
can be generated that are inherent to pretreatments and detoxification processes
(mainly employing enzymes) many of which are necessary to reduce inhibitory
impacts (Chap. 4).

From this perspective, this book presents worldwide tendencies of productive sec-
tors, focusing on agriculture, agroindustries, and livestock, in the ambit of economic
circularity, because food producers and nutritional sources demand a great deal of
natural resources, generating large amounts of waste that can be valorized by material
engineering and biotechnological studies.
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Chapter 2 )
Structure of Residual Biomass Geda
Characterization

2.1 Primary Constituents of Biomass

Agro-industrial waste is essentially made up of oxygen-containing organic poly-
mers. Unlike fossil fuels, organic waste biomass is highly oxygenated owing to the
presence of carbohydrates. In decreasing order of predominance, carbon (C) is the
main constituent (ranging from 30 to 60%) on a dry basis (db). Next is oxygen (O)
(30-40%) by weight (db), hydrogen (H) (5-6%) (db), and finally nitrogen (N), sulfur
(S), and chlorine (Cl) that are generally present in lower quantities (1%) (db) [1].
All these elements are organized in the form of sugars and other compounds (here 1
would like to add a few more) providing an attractive source for exploiting valuable
resources in the energy and biorefinery sector.

These chemical elements in waste biomass are usually organized in an orderly
fashion, forming complex structures such as lignocellulosic material. Lignocellulosic
structures represent recalcitrant complexes that are biopolymeric and difficult to
hydrolyze because they are associated with hemicellulose and are surrounded by
lignin, which has a limited covalent bond with hemicellulose. There remains in its
structure the potential for the formation of six hydrogen bonds (four intramolecular
and two intermolecular), giving it a highly ordered and compact structure [2]. This
structure is highly crystalline and tangled, requiring pretreatment steps to convert
the raw material into products of interest [3].

Generally, lignocellulosic biomass consists of 35-50% cellulose, 20—35% hemi-
cellulose, and 10-25% lignin. Cellulose is the main component of lignocellulosic
biomass, representing a structure formed by subunits of sugars that form chains of
elementary fibrils linked by hydrogen bonds and van der Waals forces [4, 5]. It is
estimated that about half of the organic carbon in the biosphere is present in the form
of cellulose and the exploitation by this resource is of fundamental importance for
obtaining biofuels and valuable chemicals [6-8].

Hemicellulose represents the second most abundant polymer in lignocellulosic
material; its molecular weight is lower than that of cellulose [4]. The main difference
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between the two is that hemicellulose branches consist of short side chains with
different sugars, whereas cellulase possesses oligomers that hydrolyze easily [5].

Lignan is an aromatic polymer synthesized from phenylpropanoid precursors [5].
Itacts as aresistant and rigid glue on the cell wall, preventing the passage of pathogens
and insects as well as contributing to the strengthening of plant tissue [9].

At the other end of the biomass spectrum, the microalgae are primarily the focus of
the food and cosmetic sector, not the energy sector. Nevertheless, microalgae biomass
has shown potential as an alternative raw material in biotechnological processes,
including biogas, bioethanol, biodiesel, bioherbicide, among others [10—-12].

Algae are organisms that inhabit aquatic environments and settle with ease, owing
to their metabolic diversity. Within this large group of organisms are microalgae,
particularly photosynthetic prokaryotes and unicellular eukaryotes [13].

The possibilities of application of microalgal biomass are directly related to their
characteristics, because this biomass is mainly composed of lipids (2-90% dry mat-
ter), proteins (10-60% dry matter), and carbohydrates (5-50% of dry matter). These
values are dependent variables of the microalgae species [11]. This biomass diffuses
rapidly in a biased way because of several advantages: environmental conditions
of rapid cultivation, even in nutrient-rich wastewater, high growth rates, being even
more efficient than terrestrial biomass [14, 15], with efficiency in fixing CO, and lack
of competition with arable land for food crops [16], in addition to being a low-cost
biomass [17].

Biomass from food waste appears abundantly in the global scenario, representing
the increase in population and problems associated with disposal of these wastes
[18, 19]. Most of the time, this biomass is composed of fruit remnants, vegetables,
and leftovers from food. The non-utilization of these residues can be considered a
waste of energy, because the composition of this biomass presents great value as an
energetic resource [20].

Biomass composed of fruit residues adds substantial value to biotechnological
processes because of the presence of fermentable sugars that serve as sources for the
production of energy and environmentally sustainable fuels. The residual biomass of
fruit consists of pectin (3—12%), cellulose (20-50%), hemicellulose (1-50%), and
low lignin content (1-20%) [21, 22].

In the structure of these components, there a number of other elements, mainly
sugars. Pectin can be subdivided into glucose, fructose, galacturonic acid, arabinose
and galactose [23], glucose and cellobiose [24], whereas hemicellulose is composed
of xylose, arabinose (pentoses), mannose, glucose, and galactose (hexoses) [25].

The composition of fruit biomass makes it clear why it is such a valuable biomass:
The sugars by which it is formed are precursors to biotechnological processes, includ-
ing second-generation ethanol. This biomass also presents low lignin content and,
therefore, lower energy costs of pretreatment methods [26].
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2.2 Lignocellulosic Biomass Characterization Methods

One of the most important steps during lignocellulosic biomass pretreatment pro-
cesses is its characterization and evaluation of the structural changes that occur in this
material after various pretreatment techniques. Among the forms of characterization,
we highlight the analysis of the structural composition of biomass, using imaging
techniques (SEM, TEM, and AFM) and crystallinity indices (FTIR and XRD). These
techniques help determine whether pretreatment was effective.

2.2.1 Analysis of the Structural and Non-structural
Composition of Biomass

The basic composition of lignocellulosic biomass can be divided into extrac-
tives, fixed solids (ashes), structural carbohydrates (cellulose and hemicellulose),
and lignin. The mass percentage of cellulose is quantified mainly by the sum
of monomers, glucose, cellobiose, and 5-hydroxymethylfurfural. Hemicellulose is
quantified as the sum of the monomers xylose, arabinose, furfural, and acetic acid.
Total lignin is calculated by the sum of its two fractions, soluble in acid and not
soluble.

It should be noted that, at the end of the structural characterization process, the
mass percentage will barely reach 100.0%, because several compounds can be formed
during characterization steps, some of which are not possible to quantify by the
methods described below.

2.2.1.1 Quantification of Extractives and Fixed Solids (Ashes)

Extractives’ determination has two purposes: to quantify the extractives for the com-
posite analysis and to remove the non-structural material before the quantification of
lignin and carbohydrates such that there is no interference in these analytical steps
[27].

First, one must determine the moisture content of the material [28]. Subsequently,
approximately 4.0 g of the sample is added, discounting the moisture content, to
the extraction cartridge having its mass duly noted. After extractor assembly, the
biomass-filled cartridge should be properly inserted into the Soxhlet extraction tube.

Extractables should be extracted for 6 h in the Soxhlet with distilled water and
then for an additional 6.0 h with 95.0% ethanol. A total of 200.0 mL of each solution
is added to each extraction flask together with glass beads. The temperature should
be set to a cycle of 10 siphonings per hour. The process is considered finished when
the liquid around the extraction cartridge becomes colorless, indicating the removal
of biomass extractives. At the end of extraction, the solids should be washed with
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100.0 mL of ethanol and dried at 105.0 °C to constant mass using an analytical
balance.

The content of fixed solids or ashes may be determined after burning the muffie
samples at 800.0 °C for 20.0 min and repeated for a further 15.0 min until a constant
mass is found [29].

2.2.1.2 Quantification of Structural Carbohydrates and Lignin

To determine the cellulose, hemicellulose, and total lignin content in the lignocel-
lulosic biomass, aggressive hydrolysis of the material with 72% H,SOy is required,
requiring extra care in the analysis.

Work with particles smaller than 20 mesh should be sought; particles larger than
this can lead to misleading results if hydrolysis is not complete. If the lignocellulosic
material has a particle size larger than 20 mesh, it must be ground again for its
characterization [30].

About 0.3 g dry sample (discounting moisture content) should be treated with
3.0 mL 72% H,S04 (v v~1) for one hour at 30 °C in a thermostatic bath. The mixture
should be stirred every 5 min with a glass rod without removing it from the test tube,
always keeping the biomass in contact with the acidic solution and in the bath. Then,
the contents of the test tube are quantitatively transferred to a 250-mL flask with
using 84 mL water for dilute acid hydrolysis. The mixture should be autoclaved at
121 °C for one hour. It is essential that the Erlenmeyer flasks are sealed to prevent
loss of reaction liquid. After the period of dilute acid hydrolysis, the Erlenmeyer
flasks should be cooled before opening to avoid evaporation of the reaction liquid
inside [30]. The reaction liquid should be filtered through pre-calcined and weighed
glass Gooch crucibles through 45-pm fiberglass membranes using a vacuum pump.
Material retained on the membrane should be washed with approximately 1.5 L of
distilled water and dried to constant mass in an oven at 105 °C. This residue corre-
sponds to the acid-insoluble lignin after weighing. This residue can be recalculated to
determine the fixed solid content present in this fraction. The filtrate is then analyzed
for carbohydrate content in a chromatographic system [30].

Chromatographic analysis for the determination of glucose, xylose, cellobiose,
arabinose, and acetic acid may be performed using liquid chromatography with a
mass spectrometer (CL-MS) equipped with column-operated refractive index detec-
tor (DIR-10 A). Aminex® Biorad HPX87H using as mobile phase H,SO4 0.005 mol
L', isocratic mode, temperature 45.0 °C, injection volume 20.0 nL, and flow
0.6 mL min~!. Samples should be properly diluted in the eluent and filtered through
a45-pum cellulose acetate filter. The eluent should be vacuum filtered with a 0.45-pm
polytetrafluoroethylene (PTFE) membrane and then degassed in an ultrasonic bath
for 15 min. The concentration of compounds should be determined using calibration
curves with specific LC-MS standards [31, 32].

The quantification of furfural and 5-hydroxymethylfurfural (HMF) can be per-
formed in CL-MS equipped using a diode array detector (DAD) operated with a C18
column using 1:8 acetonitrile/water mobile phase with the addition of 1% acetic acid.



2.2 Lignocellulosic Biomass Characterization Methods 11

Table 2.1 Absorptivity constants for acid-soluble lignin measurement for select biomass types

Biomass type Recommended wavelength Absorptivity at recommended
(nm) wavelength (L g,f1 cm™)

Pinus radiata-NIST SRM 240 12

8493

Bagasse-NIST SRM 8491 240 25

Corn stover-NREL supplied 320 30

feedstock

Populus deltoides-NIST 240 25

SRM 8492

Oven temperature should be 30.0 °C, isocratic mode, with an injection volume of
20 L and a flow rate of 0.8 mL min~'. Samples should be properly diluted in the elu-
ent and filtered through 45-pm cellulose acetate syringe filters. The eluent should be
filtered with 0.45-pm polytetrafluoroethylene (PTFE) membranes and then degassed.
The concentration of compounds is again determined using calibration curves with
LC-MS specific standards [31, 32].

Acid-soluble lignin content can be determined using UV spectrometry, adopting
an approximately 100-fold dilution of the reaction liquid to maintain absorbance
values less than 1. The absorbance standard is expressed as L g=! cm™! and can be
found in Table 2.1 [30].

The absorptive value most appropriate for the type of biomass being analyzed
should be determined. Lignin content is expressed as the sum of the insoluble and
acid-soluble fractions.

The procedure presented by Sluiter et al. [30] is optimal for the analysis of typical
lignocellulosic matrices. However, it has not been optimized to characterize biomass
such as urban solid waste, manure, or algae. Nevertheless, the indiscriminate use
of analysis of a non-recommended number of substrates has been reported in the
literature; in some cases, adverse reactions occurred, affecting the results of the
analysis and causing distrust of the responses obtained [33].

2.2.2 Image Analysis

After an analysis of biomass composition, it is sometimes necessary to investigate
the effects of pretreatment of the lignocellulosic matrix using other methods, because
it is not sufficient to know how much lignin is in a given sample; it is also important
to know where lignin is located, as well as how it interacts with other components,
celluloses, and hemicelluloses.

Currently, SEM, TEM, and AFM are widely used to investigate the structures of
nanoscale lignocellulosic materials. Although they are qualitative methods, they can
provide insight into biomass structures that cannot be obtained using further analysis,
e.g., images of microcracks and cell walls [33].
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2.2.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is one of the most widely used imaging tech-
niques for investigating the surface of the lignocellulosic matrix [34]. It provides
information regarding the superficial and morphological characterization of the
microstructure.

SEM equipment can be adjusted to perform energy-dispersive spectroscopy
(EDS). This analysis can determine elemental composition with some precision.
It is possible to observe surface erosions, deconstruction, and relocation of cell wall
components to approximate the accessibility of this biomass [35].

Samples can be subjected to SEM which must possess conductivity. To make the
samples conductive, they can be coated with a vaporized metal (gold) or carbon.
The electron beam can damage samples, and this is the primary limitation of the
technique [36].

Avoid drying of samples in ovens and kilns, as this may result in significant
deformation and surface collapse. The key recommendation is lyophilization of the
samples to avoid surface tensions that distort the analysis. Staining can also be used
to illuminate various fractions of biomass using KMnOj, and to localize lignin within
the cell wall [37].

2.2.2.2 Transmission Electron Microscopy (TEM)

TEM is used to detect deconstruction of the cell wall. The staining of samples for
traditional TEM is done using KMnOQy, thereby providing information regarding
changes that occur in the lignocellulosic matrix after pretreatments [38]. Electronic
tomography, an extension of TEM, is used to capture the three-dimensional structures
of lignocellulosic biomass [39]. Donohoe and colleagues [40] formulated the most
suitable methods for sample preparation to obtain better imaging results using TEM.
It should be noted that great care is needed in preparing biomass with specific resin
and appropriate thickness; otherwise, the results obtained will be inconclusive [33].

2.2.2.3 Atomic Force Microscopy (AFM)

AFM, also known as scanning force microscopy, is used to investigate the topo-
graphic, physical, and chemical properties of lignocellulosic biomass. In typical
AFM, the interaction forces a 1-10 nm probe tip, allowing the sample to be mea-
sured. Using topographic imaging, it is possible to follow the structural changes
of biomass fibers (e.g., fiber surface characteristics and fiber cross-sectional areas)
throughout the hydrolysis or pretreatment process [33].

Cell wall boundaries, middle lamellae, and microfiber arrangement can be
observed as closely as possible to the native state [36]. AFM can be used to inves-
tigate surface properties, e.g., by measuring the roughness of biomass. In addition,
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AFM can be used to directly evaluate the interaction forces between various com-
ponents (cellulose, lignin, and hemicellulose). Hydrophilic and hydrophobic regions
of lignocellulose can also be mapped using AFM.

SEM and TEM can provide two-dimensional images, while high-resolution three-
dimensional images can be obtained using AFM without sample preparation, stain-
ing, dehydration, or metal coating. AFM can be combined with a variety of optical
microscopy techniques, including fluorescent microscopy for greater applicability.
Some of the limitations of AFM are very slow scanning speeds and image analysis
that is more difficult than SEM and TEM images [33].

2.2.3 Analysis of the Crystallinity Index

The crystallinity index is a parameter used to indicate the relative amount of crys-
talline (ordered) and amorphous (less ordered) regions of a cellulosic structure. Such
values strongly depend on the method of information collection and subsequent
methodology of data analysis.

2.2.3.1 Analysis of Fourier-Transform Infrared Spectroscopy (FTIR)

To determine chemical changes in lignocellulosic biomass, FTIR spectra can be
obtained using an infrared spectrometer. Dried samples should be compressed into
tablets containing KBr. The mass ratio of KBr for biomass samples should be approx-
imately 100: 1. Sample spectra should be obtained by scanning from 4000 to 400 cm™!
with a spectral resolution of 2.0 cm™!, with an average of 40 scans. Table 2.2 presents
a compilation of the meaning of the main absorbance peaks presented in a typical
lignocellulosic biomass analysis [41-44].

Typical appearance of an infrared spectrum of a corn stalk biomass before and
after different chemical pretreatments can be seen in Fig. 2.1.

2.2.3.2 X-Ray Diffraction (XRD)

XRD provides information related to crystalline and amorphous fractions of cel-
lulose. The crystalline cellulosic fraction returns strong signals, while the non-
crystalline cellulose fraction shows broader and weaker signals in the diffraction
pattern [45]. Obtaining XRD data is easier than other methods; however, data anal-
ysis is quite challenging [33].

In 1959, Segal and colleagues [46] developed a method for analyzing XRD data
based on the use of focusing and transmission techniques. In this method, known as
peak height, the crystallinity index is calculated simply by dividing the peak height
(200) (the maximum interference; 1200) by the minimum height between the peaks
(200) and (110) (intensity in 28:18°; Tam):
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Table 2.2 Wavelengths that correspond to a given functional group and respond to infrared spec-

troscopy

2 Structure of Residual Biomass Characterization

Wavelength (cm_l)

Assignment

3348 O-H stretch (hydrogen cellulose connection bond)

2900 C-H stretch (methyl/methylene cellulose group)

1734 Carbonyl bonds (associated with removal of the lignin side chain)
1716 Carboxylic acids/ester groups

1633 Aromatic ring stretch (associated with lignin removal)
1604 Aromatic ring stretch (changes in lignin structure)

1516 Generic lignin

1516/897 Lignin/cellulose ratio

1373 Phenolic O-H stretch (changes in lignin structure)

1319 Syringyl ring stretch (changes in the lignin monomer)
1251 C-O absorption (result of acetyl-lignin groups’ cleavage)
1110 Crystalline cellulose

1059 C-0O-C stretch (cellulose and hemicellulose)

897 Amorphous cellulose

1110/897 Crystalline/amorphous cellulose ratio

833 C-H flexion of syringyl

771 Crystalline cellulose (Iot)

719 Crystalline cellulose (If)

7717719 Ratio of crystalline cellulose polymorphs (Ia/IB)

Source Reference [31]

Wave Number (cm™)
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Fig. 2.1 FTIR spectra of untreated and pretreatment biomass. Source Reference [31]




2.2 Lignocellulosic Biomass Characterization Methods 15
Crystallinity Index (Crl) = (Ixoo—1anm)/ 200 * 100

This method is most widely used for calculating Crl. Nevertheless, the exact
amount of crystalline water may be higher at the peak area than at its height [47].

Another method used to measure the crystallinity index is based on the decon-
volution (curve fitting) of the peak for the crystalline and amorphous fractions. The
calculation is based on peak intensity for If cellulose and a single broad peak for
amorphous fractions. In this method, itis assumed that the widening of the peak is due
to the increase in the amorphous region. The difficulty in selecting the appropriate
peaks is the main challenge of this technique variation [47].

It should be emphasized that XRD data obtained from the same sample and ana-
lyzed using various methods may lead to conflicting results, and this requires some
caution in the use of such technique [33, 48].

In addition to the aforementioned characterization techniques, there are many
variations of the ones presented above, each with its own peculiarities and purposes.
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Chapter 3
Waste Biomass Pretreatment Methods G

Pretreatment of residual biomass is one of the key elements in integrated conversion
processes such as biorefineries. Biotechnology projects rely heavily on the efficient,
technical, economic, and environmental feasibility of pretreatments. Pretreatment is
a unitary operation that precedes a certain process, and it is not itself the ultimate
goal of the activity. Nevertheless, the inclusion of this step increases the efficiency of
subsequent processes by increasing accessibility to the primordial biomass structure,
facilitating access to enzymes and reagents used in the development of high added-
value products.

The need for cost-effective pretreatment technologies is the highlight of newly
developed biotechnological processes, always seeking treatments that are efficient,
with a high degree of activation of key biomass components, the formation of low by-
product concentrations and low reagent consumption [1]. Among the pretreatment
methods reported in recent literature are physical pretreatments (mechanical, ultra-
sound, microwave, thermal), chemical methods (alkaline, acidic, oxidative), biolog-
ical methods (microorganisms and enzymes), and combined processes that include
two or more pretreatment methods. The mechanisms of action of each method will
be detailed and discussed throughout this section.

3.1 Physical

Physical pretreatment comprises unitary operations designed to modify physical
properties of waste biomass without the addition of chemical reagents or microor-
ganisms. Physical pretreatment techniques include mechanics (grinding, screening,
extruding), ultrasound, microwave, and heat.
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3.1.1 Mechanics

Mechanical pretreatments are widely used to reduce particle size and to increase
porosity and biomass surface area. Grinding and screening are highlighted in the
literature for waste biomass for simplicity and ease of use. The absence of chemical
reagents, as well as the non-generation of inhibitors and toxic products, makes the
mechanical processes attractive, especially when subsequent biological processes
such as bioenergy production or enzyme production are applied. Mechanical meth-
ods are among the most suitable for preliminary treatment of biomass in industrial
expansion, resulting in reduced structure stiffness and crystallinity and increasing
the concentration of available nutrients in biomass cells facilitating the subsequent
processes [2].

Grinding is often used as a preliminary mechanical treatment in combination
with other processes such as heat, ultrasound, chemical treatments, acting on biomass
through physical force, increasing the diffusion of biomass compounds by increasing
surface area and sample uniformity, thereby enhancing system performance [3, 4].
For high lignin structures such as corn husk, when fragmented by particle grinding
of 40—60 mm, the cell wall is destroyed, causing disruption in cell structure such that
cellulose layers become more available, resulting in particles with high reactivity
due to the increase in accessible surface area and due to structural disorder [5].

All processes that occur with biomass are heterogeneous and the reaction rate
and yield to obtain the final product strongly depend on the surface area available
for the reaction. This is the case of lignocellulosic biomass which when applied
in substance extraction processes limits the process of direct diffusion through the
complex lignocellulosic matrix. As such, large-scale processing usually includes
first-stage milling [1].

The most widespread equipment in the milling process is knives and hammers
that differ depending on the size of the milling bodies; however, there remain others
such as disk mills, ball mills, bead mills, and vibration mills.

In the hammer mill, the grinding process is performed in two steps. The first occurs
by the impact of biomass with the grinding bodies, and in the second, the rotor presses
the particles against the screen mesh of the equipment, where the material is crushed.
This equipment is widely used and has high productivity and relatively low power
consumption. The main limiting factor is that reducing the size of the screen mesh
reduces the performance of the equipment, creating the difficulty of developing a
mesh capable of supporting the mechanical load during grinding. Nevertheless, this
is the most commonly used equipment for preliminary biomass treatment, reducing
particle sizes from tens of centimeters to tens of millimeters [1].

Destruction models and force theories for biomass grinding processes are myriad.
In the application of these devices, the mechanism that explains particle reduction
is based on the type of mechanical action, and the same equipment involves several
mechanisms. The main types of action in grinding processes are cleaving, shearing,
crushing, cracking, cutting, sawing, abrasion, limited impact, and free impact [1, 6].
For the process of cleavage, shearing, cracking, and sawing, it is necessary that the
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biomass particles have sizes comparable to the equipment working body. With units
above millimeters, these are generally used for primary biomass preparation. The
crushing action is suitable for fragile biomass. Cutting and sawing reduce particle size
by several centimeters and are usually applied in robust biomass grinding equipment.
Finally, actions such as cutting, abrasion, and impact are used to grind rigid biomass
such as plants [1].

Pretreatment using a knife mill has been described by Lee and Mani [7] as fiber
shear action for nanofibril cellulose production, with relatively lower specific energy
expenditure than other equipment used for this same process. Pirich et al. [8] com-
pared various mechanical pretreatment processes, including the colloid milling pro-
cess, characterized by grinding action, and shown to be essential in the isolation of
cellulose nanofibrils. In this context, it is important to highlight that the economic
costs involved in the grinding processes do not make the process unfeasible and
must be evaluated for each reality and biomass varying for each production; there-
fore, the optimization of processes and characteristics of biomass determine much
of the consumption of this stage.

Another mechanical process is extrusion, used for fractionation of residual
biomass. This is a simple process, with mild temperature conditions, not neces-
sarily needing the addition of chemicals, and operating continuously. This process
is effective and versatile, effectively mixing pretreated biomass. The yield is contin-
uous, and there is the possibility of adaptation to various process configurations [9,
10].

In the extrusion process, the biomass passes through an extrusion barrel, where
it is subjected to high shear. As a result, regions of high pressures and temperatures
develop that cause the defibrillation and shortening of the fibers that compose the
biomass [10—12]. During the process, the moisture of the biomass comes out of steam
as a result of the sudden drop in pressure, causing pore expansion and opening [12,
13]. The high mechanical shear developed inside the extruder barrel breaks down
the biomass structure, and this process facilitates contact between residual biomass
structures and subsequent processing agents [11, 12].

Extrusion stands out among the mechanical methods because it is a viable tech-
nology, without generation of by-products, acting under mild conditions, reducing
the degradation of compounds, and capable of fractionation with high solids loads. It
works with considerably larger biomass sizes than other methods, leading to greater
economic profitability than processes aimed at reducing biomass size [10, 12].

Compared to residual wheat and soybean meal biomasses, mechanical milling
processes using hammer mills and extrusion have shown to be promising. The extru-
sion process showed higher yields compared to residual wheat bran biomass. Higher
temperatures for shorter times and lower temperatures for longer times gave rise to
extrusion process with higher yields [11].
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3.1.2 Ultrasound

Ultrasonic energy accomplishes pretreatment process by cavitation, the result of the
propagation of strong waves of frequencies higher than 20 kHz that propagate lon-
gitudinally in liquid with alternating pressure periodically in a continuous cycle of
rarefaction and compression; this generates negative and positive pressures, respec-
tively [14—16]. As acoustic energy propagates in the liquid and generates negative
pressures in the medium, gaseous microbubbles form and fill with vapor; dissolved
gases distribute throughout the liquid [15, 17]. The negative pressure that results in
microbubble formation is called the cavitation threshold [15]. Microbubbles expand
and retract, reaching a maximum diameter of 4-300 mm, varying according to the
frequency of the ultrasonic wave pulse. This phenomenon is called stable cavitation
when microbubbles are generated under conditions where the maximum sound pres-
sure. In the rarefaction cycle, it is not strong enough to force the bubble to expand
its collapse radius [15, 16, 18]. The compression and rarefaction (radial oscillation)
cycles due to the pressure oscillation in the medium caused by the ultrasonic waves
cause the microbubbles to continue to grow over a few cycles until they reach a critical
diameter, high temperature (5000 K), and high pressure (100 mPa), enter an unsta-
ble stage, and collapse violently, generating a microjet with dominant shear stress,
turbulence, increased pressure and temperature at the site. This process is referred
to as “transient cavitation” and is referred to when acoustic pressure exerted on the
microbubble causes it to expand at its resonant radius amid several acoustic cycles,
resulting in collapse. This force is sufficiently strong to destabilize structures, disrupt
cells, and increase mass transfer [15, 16, 19-21]. Collapse occurs within approxi-
mately 400 ps [16, 22].

Cavitation occurs in a liquid system, and when applied to solid biomass emerging
from the liquid, the cavitation bubbles collapse and generate high-velocity microjets
toward the biomass surface, causing flaking, erosion, breakdown of cell walls, so as
to increase the diffusion of biomass matrix compounds, inducing intense macrotur-
bulence, micromixing, and consequent collision [15, 23]. These phenomena increase
particle reactivity. Mass transfer is also increased because of increased surface area
[23].

Ultrasound describes the result of the transformation of electrical energy into
thermal and vibrational energy that is then converted into cavitation and is also
lost by sound reflection. It is through the combination of pressure, temperature, and
turbulence that we obtain a variety of effects in ultrasonic systems in the most diverse
biomass and end products.

The efficiency of ultrasound in residual biomass pretreatment techniques depends
on several factors. Solvent viscosity is a parameter that should be considered when
using ultrasound in pretreatment processes, because cavitation requires negative
pressure that must overcome the natural cohesion forces of the liquid. Cavitation
is diminished in viscous liquids, where the natural cohesive forces are stronger than
the negative pressure of cavitation formation. This factor may reduce the process
yield. To increase the cavitation threshold, simply increase the viscosity of the liquid



3.1 Physical 23

[14,24-26]. Increasing polysaccharides in the solvent may reduce the cavitation pro-
cess by increasing the viscosity of the medium [25]. The increase of the solid/liquid
ratio in a system pretreated with ultrasound can be achieved to a point where the
increased solids in the medium correlate with decreased system yield because of the
increase of viscosity, resulting in difficulty of cavitation formation [24].

Another factor that affects the process and should be noted with caution is the
temperature of the solvent, which changes viscosity and surface tension, inducing
an increase in vapor pressure. As a result, the rate of chemical reactions changes,
affecting the threshold and intensity of cavitation and resulting in a greater num-
ber of bubbles that will collapse less violently and reduce the effects of cavitation
processes [14, 23]. High temperatures near the boiling point of the solvent used in
the process may negatively affect ultrasound pretreatment [23]. Optimization of the
process temperature is important, considering that, for residual biomass, ultrasonic
pretreatment can be conducted at relatively high temperatures giving higher yields.
Yield decreases would occur only in regions near the boiling point of the solvent.

Two devices apply conventional high-power ultrasound pretreatment techniques:
ultrasonic baths and probes. These systems use a transducer as a power source.
The ultrasonic bath is widely used for its simplicity, low cost, and ability to treat
several samples simultaneously. This equipment usually operates at 40 kHz and has
temperature control. The amount of energy dissipated in the ultrasonic bath is not
easily quantifiable and depends on the size of the equipment, the vessel in which the
reaction occurs, and the position of the sample within the tank. These factors influence
the reproducibility and potency of ultrasonic waves in pretreatment samples [23].

The ultrasonic probe is more powerful than the bath because of the intensity
provided by the system that is delivered only by the probe tip that releases energy
directly into the solvent where the biomass is emerging, resulting in less energy loss
from the cavitation waves. The selection of the ultrasonic probe model should be
made by studying the application, biomass, and volume desired [23].

3.1.3 Microwave

Microwave irradiation is a widely used process for biomass pretreatment. Electro-
magnetic irradiation of microwave equipment operates in the range 0.3-300 GHz,
within the electromagnetic spectrum between infrared and radio frequency [27, 28].

Microwaves work via two mechanisms: thermal and non-thermal. Thermal effects
are governed by temperature differences, and non-thermal effects (acceleration,
change in reactivity and selectivity of biomass) refer to the circumstances of a synthe-
sis that are microwave conditions [28]. There are arguments against the non-thermal
effects, particularly that microwave photon energy (0.0016 eV) is not sufficient to
break chemical bonds [29].

The electrical component of the electromagnetic field is responsible for heating
(thermal effect) during the microwave process through three primary mechanisms:
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dipolar polarization, ion conduction, and interfacial polarization. Generally, these
mechanisms occur simultaneously [28-30].

The dipolar polarization mechanism is the primary principle of microwave heating
that involves the process of dielectric loss heating [30]. When biomass is exposed to
microwave frequency, a dipole sensitive to external electric fields tries to align with
the applied electric field. When this applied field oscillates, an attempt is made to
realign the dipole field to the alternating electric field, though in the presence of a
field. High-frequency electrical power does not have enough time to respond to the
oscillating field, causing a phase delay that results in fields colliding with one another.
In this process, the energy is dissipated as heat by molecular friction and dielectric
loss [29, 30]. The amount of heat generated during this process is directly related to
the ability to align between the matrix and frequency of the applied field. That is,
there is a quick orientation with the applied field, and if the dipole has sufficient time
to realign itself, warming will occur [29].

The interfacial polarization mechanism, also called Maxwell-Wagner Polar-
ization, should be considered when applying the microwave process to non-
homogeneous biomasses such as biological materials in suspensions or colloids. This
process consists of components with varying conductivities and dielectric constants.
In the interface area of these components, polarization induces the formation of a
charge accumulation region that causes field distortions and dielectric loss, resulting
in heating [28].

The conduction mechanism is the heating principle that involves the creation of
an induced electric current resulting from the movement of mobile charge carriers
(electrons, ions, etc.) under the influence of a microwave electric field. These induced
currents are responsible for heating as a result of electrical resistance caused by
collisions between charged molecules [30]. The effect of conductivity has a greater
influence on system warming than does the dipolar rotation mechanism [28].

Microwave heating differs from conventional heating in that, by means of ion
conduction and dipolar polarization mechanisms, the heat wave is generated from
within the biomass structure evenly and rapidly [31]. The use of microwaves as a
pretreatment technique is based on the heating of biomass by “microwave dielectric
heating,” which depends on the ability of materials to absorb microwave energy
and convert it into heat. The heating characteristics of the biomass subjected to
microwave pretreatment depend on the dielectric properties of the material [27-29].
The dielectric properties of a material are a function of the dielectric constant and
the dielectric loss factor. The first relates to the ability of the material to be polarized
by an electric field and represents the amount of energy that is stored in the material;
the second suggests the efficiency with which electromagnetic energy is converted
to heat [28].

The use of microwaves as lignocellulosic pretreatment has been performed over
the last 30 years. In some cases, transitions from laboratory to pilot scale have already
been seen [31]. Compared to conventional heating, this technology has low sugar
degradation and by-product formation [32].
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3.1.4 Hydrothermal

Thermal pretreatment processes are techniques based on the use of thermal energy
to cause agitation and molecular changes in the structure of biomass that may cause
defibrillation, chemical bond cleavage, increased surface area, and reduced recalci-
trance.

Of all biomass pretreatment technologies, steam explosion has been considered
as a potential process for numerous products, primarily because of the low or non-
existent chemical consumption, low monosaccharide degradation under mild pro-
cess, and neutral conditions. The pH that prevents equipment corrosion as well as
the energy consumption is relatively low compared to those of other physical pretreat-
ment processes. Nevertheless, steam explosion has disadvantages such as inhibitor
generation and weight loss of the initial dry mass of biomass [33].

Steam explosion operates at temperatures of 140-240 °C and high-pressure condi-
tions at incubation times of seconds to 20 min. The mechanism of action is the result
of the mechanical effect of an adiabatic expansion of water absorbed by biomass and
the chemical effect of the action of organic acids released during the process, occur-
ring at the first moment of the solubilization of hemicellulose at high temperatures
and pressures [34, 35]. The mechanical effect results from the rapid decompres-
sion of the equipment where the process occurs, resulting in the internal explosion
of biomass fibrils disrupting the structure of the lignocellulosic complex and caus-
ing structural changes, particle size reduction, and biomass pore enlargement [33,
35-37]. The pressure and temperature conditions cleave the hemicellulose and lignin
bonds, and the secondary explosion caused by the sudden reduction in temperature
and pressure disrupts the biomass structure, increasing the solid surface area and
causing a disturbance in the crystalline region of the structure [35]. At the end of the
steam explosion process, a solid fraction containing partially modified cellulose and
lignin is obtained, with a low pH liquid fraction containing oligomers, monomers,
organic acids, and phenolic compounds [34].

Another promising technique for thermal pretreatment is liquid hot water (LHW),
based on the application of high pressures to maintain liquid water and temperatures
from 160 to 240 °C. This is a process with high removal capacity of the hemicellulose
fraction as well as changes in lignin structure of the lignocellulosic complex without
the addition of chemical reagents, making cellulose more accessible for hydrolysis
processes [34, 38]. It has been suggested that, when temperature and pressure increase
in the water, there is penetration in pores of the biomass, causing destructuring that
leads to acidification of the environment. The latter is caused by the release of organic
acids present in the structure, especially acetic acid that acts on hydrolysis of the
structure during the process, releasing mainly oligosaccharides in the liquid fraction
[34, 39, 40]. The main difference between the LHW and the steam blast technique
is that the former does not use rapid decompression for structure defibrillation.

Steam heat pretreatment is a technique with similar mechanisms to the previous
ones; the primary difference is the arrangement of the biomass in the reactor, because
the material remains at the top, having no direct contact with the water in the liquid
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state. This crucial difference causes steam pretreatment to allow higher solids charges
than steam blast and LHW techniques. The hemicellulosic fraction is the main target
of this type of pretreatment and is removed by contact with steam at high pressure
and temperature [34, 41].

Process parameters are crucial for the results obtained in the thermal pretreatment
technique, with temperature, pressure, and incubation time being the main factors to
be studied. These techniques are considered green and cost-effective because of the
process yield and not the chemical application.

3.2 Chemicals

Chemical pretreatment is operations designed to modify physical and chemical prop-
erties of residual biomass in the presence of a chemical catalyst aiming for confor-
mational changes in the biomass structure such as cleavage of bonds and generation
of specific products. The techniques of chemical pretreatment include alkalis, acids,
organosolyv, ionic liquids, and oxidative processes.

3.2.1 Alkaline

Alkaline media are popularly used for pretreatment of biomass because they are
relatively less expensive than other reagents and have less compound degradation.
Among the most widely used bases are sodium hydroxide (NaOH), calcium hydrox-
ide (Ca(OH),), potassium hydroxide (KOH), and ammonium hydroxide (NH4;OH).

The efficiency of alkaline pretreatments is associated with the ability of the base
to perform biomass delignification and reduction of cellulose crystallinity. It is gen-
erally associated with the pretreatment of lignocellulosic biomass for bioenergy pro-
duction. In addition to acting efficiently in delignification, alkaline pretreatment has
advantages such as lower sugar degradation, especially compared to other chemical
treatments such as acids or oxidizing agents, and can be conducted at low tempera-
tures and pressures. Nevertheless, depending on the complexity of biomass, longer
periods may be required for higher yields [42, 43].

Table 3.1 displays the bases applied in pretreatment processes, aiming to demon-
strate recent applications in biomass for various biotechnological purposes. All alka-
line pretreatment techniques in lignocellulosic biomass have the common effect of
increasing biomass digestibility by altering the lignocellulosic complex.

The action of alkaline pretreatments remains much discussed in recent works. It
is believed that the mechanism of alkaline pretreatments in lignocellulosic biomass
is based on two principles: the swelling of the biomass structural complex and the
reduction of crystallinity, resulting in partial cleavage of lignin structure and solubi-
lization of hemicellulose acetyl groups [50, 51]. Removal of hemicellulose is relevant



3.2 Chemicals 27
Table 3.1 Pretreatment processes applied in biomasses for biotechnological purposes
Reaction Reaction Biomass Main effect Reference
conditions
Sodium 2-8% (mm~) Pennisetum | — Reduction of hemicellulose | [44]
hydroxide NaOH hybrid and lignin content and
35, 55, and increase of cellulose
121 °C content
24-24h; 1h — Increased surface porosity
— Breakage of intra- and
intermolecular hydrogen
bonds and
methyl/methylene of
cellulose
Sodium 0.5, 1.0 and Switchgrass | — Reduction in lignin was [45]
hydroxide 2.0%pv! closely related to
NaOH temperature:
121, 50 and 85.8%—121 °C,
21 °C 77.8%—50 °C,
0.25-1,1-48 ¢ 62.9%—21 °C, at higher
1-96 h NaOH concentrations and
longer times
Calcium 0.02-0.12 g g~ | Spartina — The pH has been [46]
hydroxide Ca(OH), alterniflora neutralized in some
25-55°C samples by acids formed in
7-28 days the process due to the
breakdown of ester bonds
and neutralizing structural
carboxylic acids formed by
deacetylation of
hemicellulose
— Selective removal of
hemicellulose and lignin,
with cellulose recovery
yield between 91 and
98.7%
Ammonium | 0.5-50% mass Corn straw — Preservation of [47]
hydroxide NH3 carbohydrates
30 °C — 55% delignification with
4-12 weeks the highest NH3 load
— Increased digestibility of
biomass in the enzymatic
process
Potassium 0.5-12.5 g KOH | Wheat straw | — Lignin and hemicellulose [48]
hydroxide 20 °C content decreased with
24 h increasing KOH load

— Sugar concentration after
enzymatic hydrolysis of
pretreated biomass

(continued)
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Table 3.1 (continued)

Reaction Reaction Biomass Main effect Reference
conditions
Sodium 0.07 g NaOH/g Corn straw — High efficiency in lignin [49]
hydroxide of biomass removal from biomass
140 °C — Low structural alteration of
30 min lignin in
lower-molecular-weight
compounds
— High concentration of
lignin in the pretreatment
liquid fraction

to the effect of pretreatment on cellulose structure. Hemicellulose losses occur for
degradation products that may have an inhibitory effect on the subsequent process
[50].

Cellulose structure is disturbed by the action of alkaline pretreatment because
of the action of solvation process forces, which, in the presence of swelling of the
lignocellulosic structure and increase of the internal surface area, causes intermolec-
ular forces of the cellulose to be smaller than forces due to solvation, disrupting
the hydrogen bonds of adjacent chains of the cellulosic structure [43]. This process
may favor the penetration and propagation of reagents and enzymes in subsequent
processes. It is common for the cellulose crystallinity index to increase [42, 44] as
a result of the removal of amorphous cellulose that is more susceptible to alkaline
hydrolysis.

The intermolecular saponification process is a possible action of alkaline pretreat-
ment, and this is the process that results in the removal of lignin. The increase in the
internal biomass surface allows the alkaline agent to access the xylan-linked ester
bonds present in hemicellulose with other components. These breakdowns produce
charged carboxyl groups that cleave bonds with lignin and other lignocellulosic com-
plex compounds. It is these structural cleavages that allow the breakdown of cellulose
adjacent hydrogen bonds reported in the solvation process [42, 43, 50].

In particular, calcium hydroxide promotes lignin reduction through the formation
of a calcium-lignin complex, where calcium ions (two positive charges) tend to
attract negative lignin charges under alkaline conditions because of ionization of
functional groups, and this mechanism avoids intensive lignin solubilization [45,
52]. However, increased calcium loading may reduce lignin dissolution and may
attenuate carbohydrate loss, possibly due to the binding of calcium ions with these
compounds under alkaline conditions. [45].

Sodium hydroxide is the most often used catalyst, with high delignification effi-
ciency, increased biomass digestibility, relatively fast reaction rate, less formation
of biological process inhibitors, and increased surface area of biomass [53]. Never-
theless, between sodium hydroxide and calcium hydroxide, the latter is preferable;
because of its safety profile, relatively lower cost, ease of recovery, compatibility with
oxidizing agents, and selectivity for the structure of lignocellulosic biomass [46, 51,
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54], the residence time of calcium hydroxide pretreatment needs to be longer, as
noted in the studies reported in the table below. This factor has to do with the low
solubility of the reagent that requires longer residence time to achieve the same yield
as the other alkali reagents discussed in this section.

Ammonia-based pretreatments have been highlighted for easy reagent recovery,
non-corrosive and non-toxic nature, economically viability, and wide use in fertil-
izers. In addition, their use and industrial recovery are well-established procedures,
with viable processing options for recovery. The effects of ammonia on biomass
include delignification, increased surface area, and structural modification of cellu-
lose and hemicellulose [55, 56].

Alkaline pretreatments are interesting for high lignin and hemicellulose residual
biomass, as well as in processes where the preservation of carbohydrate structure is
desired. These methods are easy to apply, with low generation of inhibitors, and can
be applied to various biotechnological processes.

Recent studies have evaluated the use of alkaline pretreatment (NaOH) in maize
straw for chemical production. The authors used SEM and found that cell walls of the
structure were swollen and that the rupture caused by the pretreatment of biomass
exposed the internal areas of the structure, triggering an increase in the porosity
of the material. The authors were able to remove between 63.90 and 81.91% of
lignin at temperatures at 60 °C, with 1-h pretreatment, and low NaOH concentrations
(0.25-0.75 mol dm—3, respectively) [57].

Hashemi et al. [58] studied the effects of ethanolic ammonia pretreatment on sug-
arcane bagasse for biogas production. The authors observed that lignin—carbohydrate
and lignin bonds were hydrolyzed and lignin was removed from the biomass. They
also found that glucan and xylan recovery were higher with pretreatment supple-
mented with ethanol than with ammonia alone. The effect of ethanol on this system
is believed to cause soluble xylan to precipitate into solid structures that facilitates
the recovery of this sugar for anaerobic digestion processes [58, 59]. Another similar
work defined pretreatment for ethanol and aqueous ammonia immersion, now focus-
ing on corn straw biomass, and found that the effect of ethanol contributed to the
preservation of cellulose in solid form. The addition of ethanol at 20% (by weight)
resulted in an optimal concentration for glucan and xylan digestibility [59].

Alkaline pretreatment (NaOH) in wheat straw reduced the lignin fraction by 36%
and significantly reached hemicellulose (35% reduction) after pretreatment [60]. The
predicted effects for the reduction of lignin and hemicellulose were associated with
saponification and cross-linking cleavage processes between xylan and lignin that
also caused increases in internal surface area, as previously reported [61, 62].

3.2.2 Acids

Pretreatment techniques that use acids as catalysts are commonly used for various
biomasses at high or diluted concentrations, with inorganic acids such as sulfuric
acid (H,SOy,), hydrochloric acid (HCI), and phosphoric acid (H,PO4) being most
common.
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Pretreatment with an inorganic acid in lignocellulosic biomass is widespread on
the industrial scale, because it is a chemical reaction facilitated in complex structures
and because the process is efficient in fractionating the hemicellulose of the biomass
structure by increasing the surface area and accessibility of the biomass structure
in downstream processes [32, 63]. Furthermore, this pretreatment may be useful in
dissolving lignin in lignocellulosic biomass, even though it generally acts less effi-
ciently with respect to removal of this compound compared to hemicellulose cleavage
[64]. Nevertheless, biological process inhibitors such as alcoholic fermentation for
ethanol production form during hemicellulose and lignin cleavage, solubilization,
and degradation, including furans because of dehydration of monomers and pheno-
lic compounds [65].

When the technique is performed by applying concentrated acid, the temperature
is generally low and results in high yield of monosaccharides in lignocellulosic struc-
tures derived from the cellulose structure. However, the hydrolysis rate of amorphous
cellulose is slow compared to that of hemicellulose that has an amorphous structure;
therefore, the concentrated acid technique generates high concentrations of furan
inhibitors due to dehydration of monomers of the chemical structure of hemicel-
lulose. Another disadvantage is equipment corrosion, high chemical consumption,
high toxicity for the environment, and high energy demand for acid recovery [43].

Another application of the chemical pretreatment is the hydrolysis using dilute
acid, where high-temperature and high-pressure applications are required to increase
the yield from crystalline cellulose, consuming fewer chemicals than the prior tech-
nique. However, this usually results in the degradation of sugars because of more
severe temperature and pressure conditions, causing solubilization of hemicellulose
chains and dehydration of pentoses and hexoses in inhibitors [43, 66—68].

With the search of continuous advances in biomass pretreatment processes,
organic acids have become alternatives to inorganic acids for some biotechnological
processes, including dicarboxylic (malic, oxalic, fumaric) and monocarboxylic acids
(acetic acid). Compared to inorganic acids, organics have advantages such as lower
equipment corrosive capacity and less environmental damage, lower energy demand
for compost recovery, longer long-chain cellulose insulation capacity, lower inhibitor
generation, and higher pH in relation to inorganic acids [43, 69, 70]. Organic acids
are an efficient alternative to the pretreatment of high cellulose and hemicellulose
biomasses such as aquatic plants and rice straw [71, 72].

The interaction mechanisms between biomass and acid in pretreatment processes
strongly depend on the factors involved in the process, especially the temperature
and composition of the material subjected to pretreatment. The main purpose of acid
application in biomass pretreatment reactions is to weaken or disrupt the chemical
structure, being generally based on hemicellulose hydrolysis and reduction of crys-
tallinity of other compounds [73, 74]. It is suggested that this action occurs through
the cleavage of aryl ether bonds, a set of abundant bonds in lignin macromolecules that
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have low binding energy that facilitates direct cleavage in this branch. Through cova-
lent bonds, lignin remains in the lignocellulosic complex associated with polysaccha-
rides, especially hemicellulose. Lignin cleavage into macromolecules causes depoly-
merization of biomass and exposes the structural chain of hemicellulose and cellu-
lose, facilitating access to hydrolysis of these polysaccharides [75-78]. Under opti-
mized process conditions, it is possible to remove lignin without causing severe
disruption of the monosaccharides of interest from cellulose and hemicellulose. In
processes with dilute acid applied at high temperatures, the system is influenced by
the thermal process that results in pore opening in the biomass structure; cleavage of
the structure is performed by acid as the chemical catalyst of the process [50].

Application of acids in the pretreatment process is a widely explored technique,
with established industrial processes; there nevertheless remains a need for improve-
ments aimed at cost reductions, lower generation of process inhibitors, higher yields,
less degradation of essential compounds in the production system, lower reagent con-
sumption, and reduction of environmental impacts.

3.2.3 Oxidizers

Oxidative pretreatment techniques are performed using agents such as hydrogen per-
oxide (H,0,), ozone, and oxygen, involving processes with high yield in biomass
delignification. These techniques are associated with electrophilic substitution pro-
cesses, chemical bond displacement, alkyl-aryl ether bond cleavage, and/or aromatic
ring cleavage [4, 50, 79].

Oxidative processes occur because of the high reactivity of these oxidizing agents
to aromatic rings. They have a direct effect on lignin structure, and they consequently
access the hemicellulose structure of the lignocellulosic complex. Because there is
no selectivity, for the chemical structure of lignin, these oxidizing compounds can
aggressively attack hemicellulose and cellulose, causing loss of valuable compounds
to the downstream process; therefore, strict control in use of this technique is essential
[4, 50].

Hydrogen peroxide is a widely applied oxidizing agent for this technique and has
great potential for pretreatment of biomass, mainly because it leaves no residue in the
material as it degrades in oxygen and water [79, 80]. Even so, its lack of selectivity
can lead to high concentrations of inhibitors from lignin and hemicellulose [50].

The H,0, delignification potential is related to the release of hydroxyl ions and
superoxides released by reagent degradation at pH 11.5-11.6, a range determined by
Gould [81], who demonstrated that at pH less than 10 and greater than 12.5, there is
no efficiency in the pretreatment process of lignocellulosic biomass by H,O,.

The mechanism of action of H,O, in lignocellulosic biomass is the result of the
presence of hydroxyl ions and superoxides released in the degradation of H,O, that
have high reactivity, resulting in the immediate cleavage of bonds with low energy
activation in the lignocellulosic complex, resulting in mass loss of the structure [4, 35,
79]. The H,O, concentration should be greater than 1%, and the reagent-to-biomass
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ratio should be 0.25 for good yields [81]. In addition to the loss of lignin by cleavage
resulting from the release of reagent ions, cleavage of the hemicellulosic structure
was reported for pretreatment of lignocellulosic biomass by H,O, and solid with
high cellulose percentage [80].

Wet oxidation is an oxidative pretreatment technique where oxygen is injected
into the liquid phase under high temperatures (120-325 °C) and high pressures
(0.5-20 MPa) to increase oxygen solubility and velocity of reaction, leading to con-
tact biomass oxidation, resulting in the formation of organic salts, simple biodegrad-
able compounds, or complete oxidation forming carbon dioxide and water [4, 82-86].
The reaction mechanism of the wet oxidation process in relation to biomass is gen-
erally explained by free radical chain reactions in the system and/or by reaction
pathways based on self-catalysis by the release of intermediate products of structure
degradation of biomass such as acetic acid and formic acid [84, 87, 88].

Ozonolysis is a promising oxidative pretreatment technique based on the use of
ozone to reduce biomass recalcitrance. It is widely studied for bleaching processes
in the pulp industry and for wastewater treatment, and it is currently gaining promi-
nence as an alternative for pretreatment of lignocellulosic biomass [89]. The ozonol-
ysis technique is considered green because ozone is a powerful oxidant with high
oxidation potential in contact with biomass and when decomposed forms oxygen
and can be safely released into the environment; the system is run at environmental
temperatures and pressures [90, 91].

Ozone is highly reactive to lignin; however, like other oxidative reagents, it has low
selectivity and can react with carbohydrates and other compounds, causing degra-
dation of products of interest to the downstream reaction system [89]. The reaction
between ozone and lignocellulosic biomass is thought to be mediated by mechanisms
involving C—C bonds and cleavage of aromatic centers and glycosidic bonds [89, 92].
High ozone reactivity is a result of electron deficiency in a terminal molecule during
resonance, directly affecting compounds with high electron density (C—C bonds and
aromatic rings), resulting in attack on lignin and carbohydrate structures [89, 91, 93].
Travaini et al. [94] studied sugarcane biomass pretreated with ozone and reported
partial attack of insoluble lignin, transforming it into soluble lignin, with loss of total
lignin, and demonstrating the efficiency of delignification in ozonolysis process.

The application of this technique has advantages such as low generation of
inhibitory compounds and low degradation of hemicellulose and cellulose under mild
and mild operating conditions. Usually, ozone is produced and used on site, reduc-
ing the need for reagent transport. Furthermore, there is no need for the addition of
chemical catalysts; this reduces pollution by depleting residual ozone as oxygen. By
contrast, ozone has exothermic characteristics that may require a cooling system; it
is highly reactive, flammable, and corrosive, requiring resistant materials for reactor
construction [89].
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3.2.4 Ionic Liquids

Ionic liquids (ILs) are pure salts with low melting points (<100 °C), composed
of organic cations and organic or inorganic anions. ILs with melting points below
room temperature are known as ionic liquids. Most ILs are non-flammable and have
low or negligible vapor pressure, chemical, and thermal stability, and their physical
properties can be adjusted for a specific task by varying the cation and anion amounts
[95].

There are several types of ILs, including acidic ionic liquids (AILs) that turn can
be subdivided into Lewis acidic ionic liquids (LAILs) and Bronsted acidic ionic
liquids (BAILSs) [96]; protic ionic liquids [97], and dicationic ionic liquids [95].

The mechanism of action of ILs in biomass usually involves lignin attack, dis-
solving it by the deconstruction of the lignocellulosic matrix by breaking the bonds
between the basic units. Lignin consists of seven different types of linkage bonds,
including B-O-4, a-O-4, B-5, 5-5, 4-O-5, B-1, and B-B. However, the B-O-4 bond
accounts for between 50 and 60% of total bonds. During cleavage of the 3-O-4 bond,
an intermediate B-1 interlock is formed prior to further degradation, while the -5
bond is converted to stilbene. Stilbene is a comparatively non-reactive and colorless
compound initially present in lignin that is insoluble in water and has mainly two
isomers [95].

According to molecular dynamics simulations, the interaction between ILs and
biomass depends to a large extent on IL solubility [98]. Lignin degradation perfor-
mance through ILs depends on solvation parameters, as predicted by the Kamlet—Taft
solubility model. The model is widely used to predict three empirical parameters of
IL polarity in biomass pretreatment: hydrogen-bond acidity, hydrogen-bond basicity,
and dipolarity/polarity [99].

Because of their low vapor pressure, ILs are thought to be green alternatives to
volatile organic solvents. ILs that contain anions with high hydrogen-bond basicity
such as chloride, phosphates, phosphonates, and carboxylates are excellent solvents
for cellulose dissolution [100]. They also have high potential for energy-efficient
biomass pretreatment, recyclability, and various properties that can be adjusted to
the product that needs to be obtained. Some liquids can be prepared from renewable
biomass raw materials [95]. One of their disadvantages is that liquids can become
more viscous in pretreatment processing, making them difficult to use and opening
up their operational processes [101]. Anther difficultly with pretreatment with ionic
liquids is that the largest of these is toxic to cellulase and should be removed prior
to subjecting the biomass to enzymatic hydrolysis [102].

Pretreatment of lignocellulosic biomass generally involves heating the dry and
milling biomass to moderate temperatures, containing the excess ionic liquid in
question, such that the LI can be recycled later. These pretreatment processes must
be further refined, modified, optimized, and expanded. This process has been studied
for many years [100].
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Studies have reported successes in biomass pretreatment experiments using
IL. Da Costa Lopes et al. [101] reported that lignin content and cellulose crys-
tallinity decreased significantly when wheat straw was treated with 1-ethyl-3-
methylimidazole acetate. Monosaccharide yield increased to 81-97%, and the liquid
has been reused more than 20 times. The fractionation of completely dissolved wheat
straw materials led to cellulose-rich and hemicellulose-rich components. Pretreat-
ment also produced high-purity lignin [103].

Semerci and Giiler [97] investigated IL 1-butylimidazolium hydrogen sulfate
(HBIMHSO,) as pretreatment of cotton stalks. They used 20% (m m~") of water and
15% (m m~") of biomass at 120 °C for four hours. Pretreatment resulted in signifi-
cant structural changes in biomass. The lignin content of cotton stalks was reduced
by 35%, and the cellulose content increased from 36 to 55%. Enzymatic hydrolysis
of biomass increased almost fivefold despite an increase in biomass crystallinity.
Morphological changes in cotton stalks observed using SEM analysis revealed dif-
ferences in composition and enzymatic accessibility of biomass samples subjected
to pretreatment.

3.2.5 Organosoly

The pretreatment technique using organosolv has applications for many compounds
including methanol, ethanol, acetic acid, peracetic acid, and acetone, being mixed in
water and exposed to biomass. This technique is notable for high yields in the removal
of lignin and hemicellulose from lignocellulosic complexes, generating substances
of high purity as well as keeping the cellulose solid and relatively intact [104].

The action of organosolv in lignocellulosic biomass pretreatment processes occurs
through the separation of the lignocellulosic complex in the cleavage of internal lignin
and hemicellulose bonds that are isolated in low-molecular-weight fragments and
generally dissolved in the supernatant. Cellulose maintains solid structure susceptible
to hydrolysis processes [77, 105]. The process of removing lignin and hemicellulose
structure increases pore volume in biomass and surface area and reduces recalcitrance
[105].

Biomass pretreatment with organosolv is a promising technique for the genera-
tion of high-purity, low-molecular-weight lignin and xylose polymers. This structural
fractionation is directly related to the effects of solvent property on delignification
and precipitation. The use of organosolv in process integration concepts is compelling
because it generates purity by-products that can be used for various purposes [104,
105]. Organosolv has high economic value; therefore, the use of the pretreatment
technique depends on the reagent recovery processes, usually performed by distilla-
tion and recycling to the system, considerably increasing energy consumption and
requiring high throughput at this stage to make the technique viable [104]. Another
obstacle to the application of the technique is the need for extreme rigor to avoid
solvent volatilization owing to the high flammability potential of these substances
[77, 104].
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To reduce the energy consumption of the operation of this technique, some inves-
tigators addressed the addition of a catalyst, usually an inorganic acid, to improve
the delignification process and to increase the efficiency of the technique [77, 104,
106]. The technique was applied at high temperatures (>185 °C), where the release
of organic acids from the structures is believed to act as a catalyst in the process
of rupture and stabilization of lignin macromolecules [107]. In this context, it is
understood that the pretreatment process with organosolv can be evaluated in three
fractions, the lignin fraction, the solubilized hemicellulose fraction, and the solid
medium cellulose fraction.

The most commonly used organosolv in pretreatment techniques are alcohols,
mainly methanol and ethanol, because of their low boiling point, facilitating the
recovery process and generating low acquisition costs. High-boiling alcohols were
also studied, although they require high energy consumption for recovery. Other
compounds such as organosolv (e.g., formic acid and acetic acid), organic peracids
(e.g., peracetic acid and pericetic acid), cetone (e.g., acetone), and others such as
dioxane, phenol, and ethylenediamine have also been applied in the technique [104,
106, 107].

The mechanism of pretreatment with organosolv is the result of three chemical
reactions: (1) degradation of lignin and hemicellulose by cleavage of internal bonds
of ether, ester, and 4-O-methylglucuronic acid ester bonds; (2) disruption of the gly-
cosidic bonds of hemicellulose and the amorphous regions of cellulose, this process
being dependent on the solvent and the conditions applied to the pretreatment; (3)
under severe conditions, mono- and oligosaccharides are dehydrated in HMF and
furfural, or in acids such as levulinic and formic, followed by condensation between
lignin and reactive aldehydes [104, 108—110]. In pretreatments using organosolv, the
swelling of the crystalline cellulose region has been reported, increasing the surface
area of this structure and facilitating hydrolysis [106, 111].

Pretreatment with organosolv is a process of removal of lignin and hemicellulose
by solvation and solubilization of compounds. Selective cleavages of the structures of
the lignocellulosic complex are the most efficient mechanisms within this technique,
as well as the generation of compounds with high purity. However, because the
biomass to which pretreatment is applied varies in terms of source and composition,
and because solvents that can be used for pretreatment are also diverse, further
investigation is required as to the behavior of the mechanism of action, the technique,
and the delignification process [104].

Organosolv pretreatment is still considered a technique with high economic costs.
Nevertheless, within current concepts of the circular economy and biorefineries, this
technique can provide high added-value by-products and may be considered for
integration and optimization of processes, making the use of organosolv a promising
technique for pretreatment of various biomasses.
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3.2.6 Thermochemicals

Thermochemical pretreatment is a technique used to modify biomass properties in the
presence of catalysts. Thermochemical pretreatment techniques include supercritical
CO, and ammonia fiber explosion (AFEX).

Among pretreatment processes using supercritical fluids, carbon dioxide (CO,)
stands out for its high performance in chemical structure compound extraction pro-
cesses, because it is non-flammable and toxic, recoverable, low cost, and inert, in
addition to presenting safer critical pressure and temperature conditions than other
solvents [112, 113].

The supercritical point is reached when the temperature and pressure applied to
the system are higher than the critical values, such that the fluid can be considered an
expanded liquid or a compressed gas [114]. CO; has a critical point in temperature
of 304.2 K and a critical pressure of 7.38 MPa, and at this point, it has near liquid
density and near gas viscosity [112]. The biomass moisture has a positive influence
on the supercritical CO, process, being responsible for good yields in hemicellulose
partial hydrolysis reactions. This is because wet biomass in contact with supercriti-
cal CO, dissociates hydrogen bonds of microfibrils of hemicellulose and cellulose,
resulting in increased accessibility and contact surface. Water present in biomass
under supercritical conditions causes biomass swelling, facilitating deeper access of
CO; molecules to the biomass structure and increasing reaction yield. Subsequently,
an explosive release of pressure occurs and supercritical CO, breaks the biomass
fibers, reducing structure recalcitrance [113, 115-117].

AFEX is a technology that utilizes high pressure (e.g., 250-300 psi) and moder-
ate temperature (e.g., 90—100 °C) associated with chemical catalyst (ammonia) to
increase accessibility to the biomass structure [118]. The action mechanism of this
technique is based on the cleavage of lignocellulosic complex bonds through struc-
tural modifications in the biomass cell wall, gradually increasing the internal pores
of the biomass and solubilizing the structures of the lignocellulosic complex. Two
reactions occur simultaneously, ammonolysis and hydrolysis, converting acetyl and
ester bonds into amines and organic acids [119, 120]. A major advantage of AFEX
is that nitrogenous residues serve as an important source of nitrogen in biological
processes that may be of interest to the system [121]. AFEX reduces lignin recalci-
trance and promotes partial depolymerization of hemicellulose and decrystallization
of cellulose [118].

3.3 Biological

Biological pretreatments offer a potential alternative to ensure the unlocking of com-
plex lignin structures and thereby enabling access to sugars and products of interest
[122]. Access may be possible through lignolytic enzymes that are capable of disrupt-
ing complex lignin structures and making energy-bearing organic carbons accessible
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[122]. The by-products produced during the biological pretreatment stage generally
do not affect subsequent hydrolytic processes, because the pretreatment conditions
are generally mild. Furthermore, in this process, the use of chemicals is not involved,
and there is no need for recycling of chemicals in the final phase of the process [123].
However, some of the greatest challenges to be overcome in this type of model are
the high cost (application of special enzyme) and the time. Other disadvantages such
as substantial loss of holocellulose (cellulose and hemicellulose) and scale-up (reac-
tor design and decontamination) also need to be addressed to make an industrial
application viable [124].

Chen et al. [122] found that white-rot fungi were the most effective microorgan-
ism model of lignin degradation. For biofuel production, these microorganisms are
preferred for fungal pretreatment because they ensure highly delignified cellulose-
rich biomass. The mechanism of degradation is mainly associated with the action
of enzymes through oxidative processes such as laccases (benzenediol oxygen oxi-
doreductase, EC 1.10.3.2) and various types of peroxidases (lignin peroxidases (LiPs;
EC 1.11.1.14), manganese peroxidases (MnPs; EC 1.11.1.13), versatile peroxidases
(VPs; E.C.1.11.1.16), and manganese-independent peroxidases (MiPs; EC 1.11.1.7))
[122, 125, 126]. In addition to these enzymes, some low-molecular-weight metabo-
lites may also be associated with lignin biodegradation, including chemical oxidizing
agents and natural mediators of ligninolytic enzymes [127, 128].

Lignin peroxidases are known for the oxidative capacity of high potential redox
aromatic rings, including compounds such as veratryl (3,4-dimethoxybenzyl) alco-
hol, methoxybenzenes, and non-phenolic lignin model dimers. For this enzyme,
non-phenolic aromatic substrates are preferred [126]. It has also been seen that oxi-
dation of phenolic compounds may be possible with the presence of veratryl alcohol
that provides a cation radical to act as a redox mediator [129, 130].

Manganese peroxidases act on both phenolic and non-phenolic lignin units
through lipid peroxidation reactions [131]. The mechanism of action is associated
with the oxidation of Mn?* to Mn3* that oxidizes phenol rings to phenoxy radicals,
thereby leading to decomposition of compounds [123].

Lignin peroxidase and manganese peroxidase are the two main supporting
enzymes acting on the lignolytic system. Both are heme-containing glycoproteins
that require hydrogen peroxide as an oxidizing agent. Some of the fungi that produce
them are Phanerochaete chrysosporium, Pycnoporus cinnabarinus, Ceriporiala cer-
ata, Ceriporiopsis subvermispora, Cyathus stercoreus, and Pleurotus ostreatus [123,
132].

Laccases are another class of enzymes that have effects on lignin. Catalysis is
associated with the oxidation of phenolic units of lignin and phenolic compounds
and aromatic amines to radical. The action of laccases on this material, together
with lignin peroxidase and manganese peroxidase, may lead to complete degrada-
tion of lignin. However, they also require a redox mediator for potential effects
on lignocellulosic materials such as 3-hydroxyanthranilic acid, 2,2-f-azino-bis (3-
ethylthiazoline-6-sulfonate) [123].

Studies reported promising effects with an 82% increase in hydrolysis rate with
the use of white-rot fungus Irpex lacteus after 28 days of pretreatment on corn stalks.
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The effect of this significant increase was associated with the variety of extracellular,
hydrolytic, and oxidative enzymes produced by the fungus during pretreatment. Such
enzymes and other metabolites left in pretreated corn stalks could also continue to
play important roles during material hydrolysis at later stages [133].

In general, the use of fungi during biological pretreatment is a suitable option
for the delignification processes. Nevertheless, their slow growth, lasting for several
weeks or months, is the principle disadvantages of fungal pretreatment: the issue of
time and loss of holocellulose previously reported. The use of enzymes for direct
treatment of biomass is an encouraging alternative to overcome such challenges. The
action of enzymes during the process is closely associated with the mechanism for
each of them as described above; however, in this case, they are not produced by
microorganisms in the same system.

Factors such as temperature, pH and enzyme concentration are important during
enzyme pretreatment. Ramos et al. [134] tested the effect of crude enzymatic extract
of P. chrysosporium on sugarcane bagasse for mechanical pulp production. They
found that crude enzyme extracts (containing lignin peroxidase, manganese perox-
idase, and laccase) were more advantageous than pretreatments using fungi. In this
system, 36 h of enzymatic pretreatment with H,O, addition resulted in a higher pulp
yield than fungal pretreatment for two weeks.

In some cases, it has been shown that pretreatment with crude extracts resulted
in a synergistic action of various enzymes on the substrate [135, 136]. For example,
enzymatic pretreatment of wheat straw with lignolytics (laccase and peroxidase) and
cellulolytics (carboxymethylcellulase (CMCase) and avicelase) contributed to an
in vitro degradation of wheat straw cell walls [136]. Nevertheless, further studies are
needed to examine the influence and characteristics of various types of enzymes, as
well as their interactions with the substrate, when mixed in the biological pretreatment
of biomasses.

3.4 Combined Pretreatments

In general, pretreatment methods aim to intensify the results of subsequent steps,
including hydrolysis of biomass to produce fermentable sugars, among others.
Combined pretreatments, such as grinding, screening, use of dilute aqueous
ammonia and ultrasound have been employed on lignocellulosic biomass, includ-
ing corn cob, sorghum stalk, and corn husk. The biomass was ground and sieved
in 20-40 mesh, ammonia was added at 1.0-4.0% and the samples were inserted in
a 90 W and 59 kHz ultrasonic processor where the temperature was maintained at
40-70 °C for 1-4 h. The crystallinity of the samples was monitored in their crude form
and pretreated using an X-ray diffractometer, and surface analyses were observed
using scanning electron microscopy (see Session 2.2). In corn husks, alkaline pre-
treatment was positive and the concentration of 2.0%, 60 °C and intermediate time
of 2 h obtained the highest sugar yields; however, the removal of lignin and hemicel-
lulose was very low. For the corn cob and sorghum stalk, the trend was the same as
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those of pretreatments, because lignin and hemicellulose contents decreased when
the combination of ultrasound and alkaline treatment was used, improving the sugar
yield, that is, coupled with increased contact surface between biomass and hydrolyz-
ing enzymes, an effect linked to ultrasound. Electron micrographs demonstrated the
effect of pretreatment, because the raw biomass appears compactly, and after treat-
ment, it has a rough and looser surface, suggesting that parts of the hemicellulose
and lignin were removed during the process [137].

In term of industrial-scale processes, the application of wood chips for power gen-
eration presents a promising logic, especially when it comes to constant charge flows.
The benefits and limitations of this technology were evaluated using ultrasonic pre-
treatment, and its effectiveness was tested as the physical characteristics of biomass
(SEM, see Sect. 2.2.4.1) and bio-oil yield. Waste from a pulp and paper mill was
milled on a 5-mm grid and subjected to an ultrasonic bath (250 W L~") with a capac-
ity of 34 L, and the wood chip biomass treatment was carried out under the following
conditions: 0.5 h and 170 kHz followed by 1.5 h to 40 kHz with power of 1000 W and
maximum temperature of 76 °C [138]. From the analysis of biomass morphology
by scanning electron microscopy, it was observed that the treated wood presented
openings in its surface and no chemical or inhibitor formation was observed during
the process. More specifically, ultrasound treatment improved the accessibility and
caused small erosions on the surface of the particles, improving heat and mass trans-
fer rates, favoring the subsequent processes of use of this biomass, and enhancing
the yield. Nevertheless, in this type and treatment, attention must be paid to factors
such as exposure time and energy invested, as they can degrade the material to the
point of making it non-usable for the process.

The use of combined pretreatment technologies presents the essence of the pos-
sibility of positively developing the expected result. Generally, there is a synergistic
effect aiming to pretreat substrates with high efficiency; for example, the combina-
tion of ultrasound and alkaline and acidic treatment techniques is compelling for the
disintegration of organic particles and improving their solubilization [139].

Studies aimed at improving the efficiency of anaerobic digestion for biogas pro-
duction have focused on the combination of chemical and microwave pretreatments.
The addition of a chemical compound (sodium citrate) initially disintegrates the struc-
ture of biomass and the input of energy provided by the microwaves facilitates the
solubilization of organic matter; consequently, the synergy between the pretreatments
helps permeabilize the biomass. The yield was considerably higher when combining
treatment techniques, proving the beneficial effect of these processes acting together
[140].

In similar fashion, studies have combined NaOH with ultrasonic treatment
to accelerate biomass biodegradability [141]. To study effective waste manage-
ment in the cosmetic industry, investigators combined thermo-alkaline, thermo-
sonication, and thermo-alkaline-sonication treatments. Combined treatment with
thermo-alkaline-sonication showed higher degradation value (66.1%) of biomass
and favored methane production by 50%, increasing energy consumption by only
1.1% [142].
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The choice of the appropriate pretreatment methodology considers several factors
such as biomass characteristics and their potential application in biotechnological
processes, especially with respect to cost reduction and development of environ-
mentally viable processes, as well as the generation of products with added value,
according to the principles of circular economy.
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Chapter 4 ®
Subproducts and Inhibitors ez

In order for the conversion of lignocellulosic biomass to biofuels to be efficient,
the use of pretreatments of the raw materials is fundamental to transform stable
lignocellulosic structures, overcoming the recalcitrance of lignocelluloses, chemical
composition, and digestibility in soluble sugars, thereby improving the subsequent
process of fermentation [1-3]. As seen in the previous sections, there are several
types of pretreatments (biological, physical, chemical) as well as the possibility
of combining these. Nevertheless, some of the approaches used may suffer from
significant disadvantages in terms of economic production, industrial scales, and
ecological impacts [4].

Lignocellulosic resources avoid competition with food agriculture and are very
abundant, reducing the costs of raw materials, because they can be obtained from
a wide range of agricultural, forestry, and energy crop residues [5]. The action of
pretreatments in this type of biomass can trigger a series of undesirable products
and by-products that need to be evaluated and monitored when the objective is the
production of biofuels and enzymatic production (Fig. 4.1). Often, the choice of
the appropriate type of pretreatment should consider not only the transformation
efficiency of the complex structures, but also the generation of by-products and
inhibitors that interfere with the metabolism of microorganisms in the stages of
hydrolysis and fermentation by which the bioconversion happens.

Bellido et al. [6] found that the concentration and composition of inhibitors formed
are influenced by the types of raw materials used and the intensity of the pretreatment
employed. Jonsson and Martin [7] reported that, in addition to chemical differences
in raw materials, inhibition problems are often more significant because by-products
accumulate via water recirculation and the high solid loads that are used to obtain
the concentrated sugar.

In this section, we will present the generation processes for inhibitors associated
with pretreatments to be applied to the residual biomasses. We will also discuss the
existing models for the removal of these undesirable compounds and the interest of
their application for other purposes, allowing added value of the by-product. We will
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Fig. 4.1 Schematization of the main by-products and inhibitors formed from the use of pretreat-
ments of residual lignocellulosic biomass. Source Authors

also discuss the major challenges and the major advances in this important stage
that precede the hydrolytic and fermentative processes, as well as the enzymatic

production.

4.1 By-products and Inhibitors from Physical
and Chemical Pretreatments

Pretreatments such as acid hydrolysis, steam blasting, and ammonia expansion on
lignocellulosic materials produce a number of inhibitors because of the severity with
which they are applied to promote fiber rupture. Chandra et al. [8] analyzed the
various characteristics of the lignocellulosic substrate at the level of fibers, fibrils,
and microfibrils that were modified during pretreatment. They found that the initial
characteristics of the biomass and the pretreatment applied played significant roles in
the properties of the substrate that in turn governed the effectiveness of the enzymatic
hydrolysis. The use of ammonia fiber expansion, for example, facilitated cellulose
hydrolysis by cellulase, but generated amide inhibitors such as feruloyl amide derived
by ferulic acid that attack biofuel models, while presenting new potential biological

properties [9-11].
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Most of the unwanted by-products present after pretreatment comprise three major
groups: dehydrated sugar monomers (furans), degraded lignin polymers (phenols),
and small organic acids [12].

4.1.1 Furans

By-products such as 5-(hydroxymethyl)-2-furaldehyde (5-HMF) and furan-2-
carbaldehyde (furfural) are the major degradation compounds of xylose and glucose,
respectively [13, 14]. In addition to these, various other products such as aldehydes
and aliphatic and aromatic acids can also be formed by producing an inhibitory action
on enzymes and yeasts (Fig. 4.1) [14].

Pretreatments with high temperatures and high acid concentrations are commonly
used to promote the removal of lignin in the structure and convert the hemicellulose
into simple sugars such as xylose, arabinose, lactose, and mannose [15]. These char-
acteristics are the main factors related to the formation of undesirable compounds
such as furans [16-20]. Together with the characteristics of this type of pretreatment,
the amount of the carbon atoms in the monomeric sugar structures has influence on
the type of compound formed, because 5S-HMF may be the result of the dehydra-
tion of hexoses (six carbon molecules) and furfural, resulting from the dehydration
of pentoses (five carbon molecules) [12]. At least, four routes for the formation of
HMF from glucose and three routes for the formation of furfural from xylose are
possible [14]. However, under neutral and basic conditions, the degradation of these
sugars occurs through alternative routes [19].

The high concentration of furans mixed with other compounds in the same system
as acetic acid, furfural, and lignin derivatives can be harmful to microbial growth
and cause losses in the fermentation response [21]. It was found that the synergis-
tic combination of acetic acid, furfural, and lignin derivatives resulted in greater
decreases in ethanol yield and productivity than caused by the combined inhibition
of single compounds [22]. In fermentations involving ethanol production, furfural
may be more toxic than HMF, promoting the inhibition of enzymes acting on carbon
catalysis, including acetaldehyde dehydrogenase, alcohol dehydrogenase, aldehyde
dehydrogenase, glyceraldehyde 3-phosphate dehydrogenase, and pyruvate dehydro-
genase [23]. It was also found that 2.0 g L™! furfural, 2.0 g L~' HMF, and 3.0 g L~!
acetic acid formed after acid treatment were sufficient to compromise the efficiency
of fermentation [13]. A study showed that the production of furfural was lower with
the use of dilute organic acids such as fumaric acid and maleic acid than with sulfuric
acid (most commonly used) [24].

The choice of alkaline pretreatment methods such as wet oxidation and AFEX
that are carried out at high pH may result in the formation of relatively low furan
compounds [12]. In general, AFEX degradation products increase metabolic yield
by reducing formation of fermentation by-products [10].

Furans are probably the most undesirable group of inhibitors, because the fer-
mentability of hydrolysates obtained by acidification is inversely related to the con-
centration of these compounds [25]. Most of the time, the concentrated acid must
be recovered from the system in order to make the process economically viable. In
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some cases, enzymatic hydrolysis can be avoided because the acid itself hydrolyzes
the biomass into fermentable sugars [26].

Technological innovations such as the use of molecular dynamics simulations and
quantum dynamics modeling along with experimental evidence of various mecha-
nisms of degradation of monosaccharides in furans suggest that the formation of
products can be controlled by adjusting process parameters [14]. This idea gener-
ated strategies to form efficient industrial processes that are more attractive with
minimization of inhibitory by-products such as furans.

The choice of hydrothermal and alkaline pretreatment methods such as wet oxi-
dation and AFEX that are performed at high pH may result in the relatively low
formation of furanic compounds (Fig. 4.1) [27, 28]. In general, AFEX degradation
products increase metabolic yield by reducing formation of fermentation by-products
[10].

4.1.2 Phenolic Compounds

Formation of phenolic compounds is associated with the molecular weight, polar-
ity, and side-chain characteristics of the lignin structure as well as the influence of
some types of pretreatments applied in the lignocellulosic biomass, among which are
acidic, basic, mild alkaline, and oxidative methods (Fig. 4.1) [7, 21]. The great prob-
lem with the presence of these compounds after the pretreatment of the biomass is the
precipitation and strong irreversible inhibition that they cause in the enzymes [29].
Studies have shown that high concentrations of phenolic compounds present after
acid treatment cannot be exclusively attributed to lignin breakage [30]. Phenols pro-
duced under alkaline conditions exhibit very high reactivity due to the ionization of
hydroxyl groups [31]. Michelin et al. [32] evaluated the effect of phenolic compounds
of pretreated sugarcane bagasse in liquid hot water (180-200 °C) on cellulolytic
and hemicellulolytic activities. The effect of this pretreatment technique solubilized
hemicellulose, acetic acid, and sugar oligomers from lignocellulose, while simultane-
ously solubilizing the phenolic compounds. Phenolic compounds inhibit cellulolytic
enzymes and increase the pretreatment severity with liquid hot water, causing the sol-
ubilization of phenolic compounds to increase [29, 32]. In addition to the degradation
of lignin, these compounds may be derived from phenolic ester groups associated
with hemicellulose [33]. In addition, phenolic compounds are capable of promoting
loss of integrity in biological membranes, reducing cell growth, affecting the ability
to serve as barriers and enzymatic matrices, decreasing the assimilation of sugars,
and interfering with protein synthesis by breaking DNA and inhibiting RNA [34,
35]. DNA damage may be associated with the formation of reactive oxygen species
because it has a high positive charge on one side of the aldehyde group, especially
if this group is bound to the next carbon with a double bond [36].

Studies have shown that phenols produced during pretreatment of sugarcane
bagasse through wet oxidation are intermediate compounds during the process,
because they are reactive and can condense to a greater extent during pretreatment
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to form carboxylic acids [30, 37]. The concentration of total phenolic compounds
was higher under acid pretreatment conditions than under alkaline conditions. The
most abundant phenols are derived from G units (vanillin, vanillic acid, acetovanil-
lone, vanillyl alcohol, guaiacol, and homovanillic acid), S units (syringaldehyde,
syringic acid, acetosyringone, and syringol), and H units (p-hydroxybenzaldehyde, p-
hydroxybenzoic acid, p-hydroxyacetophenone, and p-hydroxybenzyl alcohol) [30].
Some of these, including 4-hydroxybenzaldehyde, vanillin, syringaldehyde, acetosy-
ringone, vanillic acid, syringic acid, and (4-hydroxy-3,5-dimethoxyacetophenone),
were found in wheat straw pretreated with alkaline wet oxidation in the range
0.04-0.12 g 100 g\, [371.

In addition to phenolic compounds, some non-phenolic but aromatic compounds
can be found in pretreated lignocellulosic hydrolysates [7]. Among the most frequent
are benzoic acid [38, 39], para- and ortho-toluic acid [19], benzyl alcohol [39],
cinnamic acid [40], cinnamaldehyde [41], and 3,4-dimethoxycinnamic acid [39].
The reason that some of the respective acids are clustered in the phenolic groups,
and not in aliphatic carboxylic acid groups, is explained by the fact that they have
phenylpropanoid structures, suggesting that they originate from lignin or from the
hydrolysis of esterified phenols. They are generally found at low concentrations in
the lignocellulosic hydrolysates, and the inhibitory effect becomes more potent than
the aliphatic carboxylic acid species [7].

Rasmussen et al. [42] discovered and quantified 28 oligophenolic inhibitors of
cellulase hydrothermal pretreatment of wheat straw biomass. The authors suggested
that pentoses are directly involved in the formation of compounds and proposed that
the hydrothermal pretreatment contributes to the formation via reactions with auto-
condensation of pentoses involving aldol condensations, 1,4 additions to «,  unsat-
urated carbonyl compounds, decarboxylation, and oxidation of 3-ketoacid. Xylose
is the precursor in the reaction pathways for the formation of these inhibitors, and
many may still trigger the formation of pseudo-lignin. Therefore, protecting the reac-
tive anomeric center of xylose could reduce the formation of inhibitors. The process
of protection of the reactive anomeric center was carried out by the authors using
ethylene glycol ether together with hydrothermal pretreatment, effectively reduc-
ing the level of oligo-phenols by 73%. That study provided a new way to develop
reactions that hinder the formation of inhibitors of the lignocellulosic source [42].
Nevertheless, technological improvement is still required for recovery of xylose and
separation of ethylene glycol monobutyl ether from the aqueous reaction mixture
[42].

The occurrence of p-hydroxyphenyl derivatives after pretreatment techniques can
be attributed to the lignin solubilization of the secondary wall of lignocellulosic
biomasses that is rich in p-hydroxyphenyl units [30, 43]. The existence of p-coumaric
acid in the cell wall as a non-constitutional part of the lignins may undergo oxidative
pretreatment and may be one of the reasons for the formation of p-hydroxyphenyl
derivative compounds [30].

Other types of pretreatments have been associated with the formation of
these compounds. Steam blasting can trigger the generation of syringaldehyde, 4-
hydroxybenzaldehyde, and vanillin [44]. Dry pretreatments (AFEX and pretreatment
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with ethylenediamine) may even reduce water consumption, while increasing the
concentrations of soluble phenolics for enzymatic hydrolysis [45, 46]. Hydrothermal
processes based on hot water pretreatment release phenolic compounds that affect 8-
glycosidase or -xylosidase components of the enzyme cellulase and hemicellulose
[32].

4.1.3 Organic Acids

Acetic acid is a by-product of the cleavage of acetylated groups present in hemi-
cellulose during thermal and chemical pretreatments [19], including acid pretreat-
ment [13]. For example, acetyl and uronic acid groups may be present at the 2" and
3’ position of sugar in wheat straw residues [47]. In other cases, with the use of
hydrothermal pretreatment of the biomass, the formation of acetic acid can occur
by means of acetylated galactoglucomannans that result from hydrolytic cleavage of
the acetyl substitutions during pretreatment of acetylic bonds in xylan [14]. Acetic
acid, although considered a small organic acid, is the most abundant in most cases.
In addition to acetic acid, uronic acids, formic acid, and levulinic acid can also be
formed from the degradation of sugars such as xylose and glucose [7, 13] and degra-
dation of HMF and furfural [48]. In wet oxidation, monomeric sugar molecules can
be oxidized to formic acid and acetic acid [37]. Pretreatments with organic acids can
fractionate the lignocellulosic biomass in cellulosic solid (greater than 85% cellu-
lose and lignin contents below 10%), hemicellulosic syrup, and high-purity lignin.
However, the delignification process triggered an acylated (acetylated or formylated)
cellulose. The presence of the acetyl group and its degree of acylation may increase
the cellulose chain diameter, limit the enzymatic hydrolysis of cellulose, and also
impair the recognition of the cellulase enzyme for this substrate [49-51].

Levulinic acid was produced under strongly acid pretreatment conditions, while
negligible concentrations were produced at higher pH. This trend was similar to the
previously reported 5-HMF and furfural productions. The most likely explanation for
this phenomenon is that levulinic acid is formed after further degradation of 5S-HMF
under strongly acidic conditions [19, 48, 52]. Formic, acetic, and levulinic acids
were also detected after pretreatment by steam explosion on cellulosic material; it
was observed that, after the rinsing of the treated raw material, formic acid and lev-
ulinic acid affected the activity of cellulase enzymes [44]. Other studies also reported
that severe pretreatment conditions with steam explosion generate inhibitors such as
aromatic compounds and dehydration by-products such as weak acids and their weak
derivatives that influence subsequent hydrolysis processes [53—56]. Recent studies
that verified the potential of corn straw in methane production suggested that the
inhibition caused by the rigorous pretreatment conditions of steam explosion may
be due to the formation of pseudo-lignin; high lignin contents that are present in the
pretreated material affect methane yield [57]. One of the reasons found for the for-
mation of pseudo-lignin with severe explosion conditions may involve condensation
and re-polymerization reactions that lead to increased acid-insoluble lignin fractions
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[57, 58]. One of the ways to minimize the generation of inhibitory compounds and
improve the efficiency of vapor explosion pretreatment is the addition of catalysts
such as H,SOy4, H3POy4, SO,, or CO, [59-62]. However, this effect combined with
the high severity also affects the formation of inhibitors such as carboxylic acids
(acetic acid, formic, among others), as well as aromatic aldehydes (5-HMF, furfural,
phenols) (Fig. 4.1) [62].

In ethanol fermentations, the use of combined severity (CS), consisting of a single
parameter involving residence time, temperature, and sulfuric acid concentration as
pretreatment conditions, showed that the additional increase of CS and formation of
formic and levulinic acid simultaneously increased along with increased yields of
mannose and glucose under these conditions [63].

As seen so far, acid pretreatment of biomasses is thought to be one of the most
critical in the formation of inhibitory by-products. In addition to furan aldehydes and
phenyl aldehydes, it is likely that small aliphatic aldehydes are also ubiquitous in
biomass after this type of pretreatment [64]. Even though they are considered volatile
compounds and are easy to vaporize, more research should be needed to understand
the meaning of the aliphatic aldehydes present in this system [7].

A recent study applied data modeling to systematically evaluate the prediction of
the inhibitors present in the pretreated lignocellulosic biomass in the fermentation of
bioethanol using the yeast Saccharomyces cerevisiae. With the objective of reducing
experimental costs, the authors used mathematical models of nineteen representative
inhibitors in the fermentation of bioethanol individually and in combination. Accord-
ing to the authors, this was an innovative methodology to evaluate inhibition and to
eliminate the stronger inhibitors that exist in pretreated lignocellulosic hydrolysates

[3].

4.2 Ocxidative Pretreatments: From Challenges to Trends

Oxidative pretreatments have been shown to be effective in making the solid cellulose
fraction more accessible for enzymatic hydrolysis and fermentation. These methods
include wet oxidation and oxidative lime with liquid hot water [19, 65, 66]. The
combination of wet oxidation with alkaline compounds minimizes the formation of
furanic and phenolic aldehydes [7].

Among the alternatives to existing pretreatments, ozonolysis is one of the most
promising methods of oxidative pretreatments of lignocellulosic biomass for the
degradation of lignin, generating reduced effects on hemicellulose and cellulose. Its
mode of action is preferentially on the structure of lignin because the deficiency of
electrons in the terminal oxygen causes its action to be in an electron-rich substrate
such as lignin that presents many more electrons than do other carbohydrates [67].
For applications that require the use of delignified biomass such as biofuels (biogas,
bioethanol, butanol, biohydrogen) and even the production of enzymes, the use of
this method is compelling [68].
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The challenges that are encountered in prior processes such as high generation of
inhibitors during pretreatment processes are minimized with this technology. Fur-
fural and HMF, commonly found as sugar-degrading compounds, are not detected.
However, ozonolysis during the degradation of sugar generates mainly oxalic acid,
formic acid, acetic acid, and levulinic acid [67, 69]. For all processes of treatment of
lignocellulosic biomass using Os, acetic acid is a by-product. This does not have to
be considered a serious problem, because acetic acid can be converted to biogas that
may be used for the production of heat and electricity [70].

Ozonolysis for the pretreatment of sugarcane bagasse generated acetic acid, formic
acid, lactic acid, and xylitol, however, at lower concentrations than other published
pretreatments of sugarcane [68].

The inhibitory effect of carboxylic acids is directly related to pH. For these com-
pounds to penetrate the cell membrane of microorganisms, they must be present in
a no dissociable form. Because intracellular pH is commonly higher, there is disso-
ciation of carboxylic acids, leading to decreased internal pH, consequently affecting
cellular functions. For subsequent hydrolysis and fermentation processes not to be
affected, it is proposed that this form of pretreatment could be improved with increas-
ing pH [67].

One of the great challenges that this method must overcome is scaling-up. Never-
theless, technological advances are reducing costs for ozone production by increasing
prospects for application in the near future [70].

4.3 From Biological Methods

Phenolic compounds, furan derivatives, and weak acids are toxic inhibitors formed
after the application of chemical, physical, and physicochemical pretreatments that
must be removed in an additional stage of detoxification [71]. The formation of
these inhibitors, in addition to causing disadvantages to hydrolysis, contributes to
the corrosion of equipment that results in a compromise of the process. The use of
biological pretreatments is an alternative because it reduces the additional steps of
residual flows for detoxification and is considered an environmentally more promis-
ing model. Nevertheless, some disadvantages have been reported, including the need
for longer durations of lignin degradation; furthermore, some of the cellulose and
hemicellulose can be degraded [72, 73].

According to Carrillo-Nieves et al. [73], the goals of consolidated bioprocesses
are as follows: to find a microorganism that has the capacity to promote rupture by
means of enzymatic forms of lignin, avoiding the use of aggressive chemicals that
subsequently need treatment; to tolerate the high inhibitory concentrations produced
during the process; and to produce enzymes necessary to transform cellulose and
hemicellulose into sugars.

Wang et al. [74] investigated a biological pretreatment of corn straw using ligni-
nolytic enzymes and reported that the formation of microbial inhibitors was reduced
with this technique.
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4.4 Methods for Detoxification

Several methods of detoxification are used to remove toxic compounds from plant
biomass hydrolysates, including enzymatic biological treatments (laccase), physical
treatments, evaporation and extraction, chemical treatments with alkaline agents
(NaOH, CaO, Ca(OH),), and physical-chemical treatments involving adsorption
with activated carbon and ion-exchange resins [25].

According to Travaini et al. [67], in several publications, the use of washing water
resulted in an effective phase of removal of inhibitory compounds, increasing glucose
release after enzymatic hydrolysis when pretreatment with ozonolysis was used. In
ozonated wheat straw washing water, Schultz-Jensen et al. [75] found various lignin
degradation products, including phenolic carboxylic acids, phenolic, vanillic, acetic,
citric, and other products.

Several methods to detoxify the culture medium can be used, including phys-
ical (detoxification-mediated), chemical (addition of Ca(OH),), adsorption (using
activated carbon ion-exchange resins), and biological (microbial and enzymatic) to
combat the inhibitors of xylitol production [76].

Cetoxification may also reduce the amount of sugars and consequently decrease
the efficiency of fermentation [77]. Piotrowski et al. [11] showed that the search for
new strains that decrease the inhibitory effects of degraded lignocellulosic biomass
is an economically more favorable strategy than applying expensive detoxification
methods that reduce the sugar content of biomass.

4.5 By-products and Inhibitors: A Form of Valorization

Given the great impasse that the by-products and inhibitors of the degradation of
lignocellulosic materials cause in enzymatic production processes and biofuels, there
is aneed to search for solutions to add value to the by-product. Often, the purpose of a
pretreatment is not to form monomeric sugars and raw materials for biofuel synthesis
or enzymatic production, but rather to pay attention to the valorization advantages
of other chemical compounds formed during pretreatment.

Furfural is a chemical solvent that has been used to separate saturated and unsat-
urated compounds in oil, gas, oil and diesel refining industries [78]. The aldehyde
group present in the structure and the unsaturated bonds make this material a highly
versatile compound for the production of a wide range of industrial chemicals, includ-
ing plastics, pharmaceuticals, and agrochemicals [79]. The production of this com-
pound involves the acid-catalyzed hydrolysis of the hemicellulosic biomass frac-
tions of pentose (such as cornstalks and corncobs, oat and peanut husks, as well as
other agricultural surpluses) and consecutive cyclodehydration of pentose monomers
(xylose being the most predominant pentose in most feedstocks) [80].

HMF can be transformed into a number of compounds, including 5-ethoxymethyl
furfural [81], 5-arylaminomethyl-2-furanmethanol, 5-hydroxymethylfuroic acid,



58 4 Subproducts and Inhibitors

furfuryl alcohol, levulinic acid, and levulinate esters [82]. 5S-HMF and furfural deriva-
tives also have the potential to replace petroleum-based chemicals and building
blocks, offering more sustainable routes for the production of polymers, fuels, and
fine chemicals [83].

According to Luo et al. [84], furfural production with high selectivity and pro-
ductivity is a challenging but crucial process to alleviate dependence on petroleum-
derived chemicals. The production of furfural with high selectivity and yield requires
catalysts; organic solvents are the most common methods for the depolymerization of
dissolved hemicellulose. In particular, the adjustment of biphasic systems of organic
solvents and NaCl is a compelling choice to produce furfural because it avoids sec-
ondary reactions and the formation of undesirable compounds, directing the balance
of the system exclusively toward the formation of furfural [84].

There are no synthetic routes available for the production of furfuraldehyde; it
is exclusively produced from renewable biomass resources through acid-catalyzed
dehydration of pentoses [85].

Value-added products can also be obtained from the conversion of lignin with the
probability of offsetting the additional costs caused by pretreatment processes. The
technologies of pretreatment provide refining of biomass, and further facilitating
recovery of lignin, together with processes in engineering, will allow the use of
biopolymers such as low-cost carbon fibers, plastics and thermoplastic elastomers,
polymer foams, and other fungible fuels [86].

Lignin pretreatment processes that involve oxidative methods can trigger the for-
mation of aromatic compounds and aldehydes that do not have much market value,
because they contain aromatic rings. However, oxidation also results in open-ring
organic acid productions that are more highly valued. Natural oxidative pretreat-
ments, based on the depolymerization of lignin via oxidative enzymatic process with
the use of laccases and peroxidases secreted by white-rot fungi, have been a new
strategy for obtaining aromatic compounds of low molecular weight [§6—89].

Carbon and energy storage compounds such as hydroxyalkanoate polyester, in
this case polyhydroxybutyrate (PHB), present in alkaline pretreatment liquors, can
be synthesized through aromatic rings by means of bacteria and may be comparable
with the mechanical properties of petroleum-based plastics or in the pharmaceutical
industry because of their biocompatibility and degree of polymerization. Studies in
this area reinforce the notion that sustainable models in the context of biorefineries
with enzyme-mediated supplementation strategies in synthesis processes can provide
a more attractive economic outlook.

For some types of waste pretreatment methods, adjustments are made to allow
a more affordable fraction of products with high added value. Phenolic compounds
have wide use in food additives, the pharmaceutical and cosmetics industries, ener-
gies, diverse chemicals, and phenolic resins [90]. The residue of grape marc is a raw
material with great potential that is a rich source of phenolic acids, anthocyanins,
colored flavonoids, and tannins. The pretreatments of this material are aimed at
extraction of phenolic compounds, lactic acid, xylitol, bioadsorbents, and oligosac-
charides [91]. The extraction of phenolic compounds from this type of residue is a
focus of study because of its compelling activities including antioxidants [91, 92].
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To date, more than 90% of phenol production is derived from the synthesis of
benzene, obtained from fossil fuels and triggering concern for the limitation of this
resource and the aggravating factors of environmental pollution [93]. By contrast,
production of phenol via the degradation of lignin is a method of manufacturing
phenol from renewable raw material [94].

Studies of the role of phenolic compounds in the secondary metabolism of plants,
including several biological functions, have associated the antioxidant properties
of these substances with existing benefits such as healthy diets and prevention of
chronic diseases through the consumption of fruits and vegetables rich in phenolic
compounds [95, 96].

Phenolic compounds can also positively or negatively affect the sensory charac-
teristics of foods, including color, taste, and astringency. This impact needs to be
evaluated and becomes important so that health-promoting products are also palat-
able and are widely consumed [95]. In addition to antioxidant functions, phenolic
compounds prevent diseases through other mechanisms, including cell signaling,
gene expression, and modulation of enzymatic activity [97].

Although phenolic compounds can be transformed into high-value food additives,
antioxidant recovery has not yet been achieved on an industrial scale [98]. One of
the most valuable phenolic compounds resulting from lignin is vanillin, presenting
good prospects in the polymer industries [99].

Levulinic acid, another compound that has received substantial attention in the
preparation of pharmaceuticals, dyes, plastics, pesticides, additives, resins, and lubri-
cating additives, is considered by the US Department of Energy to be among the
12 most valuable platform compounds [100]. Among other possible applications,
upgrades of liquid fuels such as levulinic acid and methanol can produce methyl and
ethyl esters under the action of acid catalysts [101]. In food, it can serve as a raw
material for jasmine flavors. In addition, when mixed with 2-methyltetrahydrofuran,
these compounds can also be added to gasoline (up to 70%) without the need for
engine modification [101, 102].

Other modes of levulinic acid valorization, described by Li et al. [101], include the
synthesis of pyridinyl levulinate, 2-methyl-3-indole acetic acid, pesticidal intermedi-
ates, 2-mercapto-4-methyl-5-thiazole acetic acid, and indomethacin pharmaceutical
intermediates. In addition, calcium decanoate obtained by levulinic acid and calcium
carbonate can be useful in the medical field for intravenous injections to maintain
the excitability of muscles and nerves and to assist in bone formation. They can also
be used in skin care products and cosmetics for the treatment of acne, sebum, and
even as anti-inflammatory and antibacterial treatments [101].

The recovery of the liquid fraction after pretreatment by steam explosion and enzy-
matic hydrolysis of the lignocellulosic biomass was shown to be beneficial for biogas
production, because the energy recovery can be associated with the digestibility of
lignin inhibitors and polymers in the transformation of methane [5].
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Chapter 5 ®)
Biotechnology Application of Pretreated e
Biomass

Among the proposals for the application of pretreated biomasses, those that make
possible the realization of the circular economy appear as alternatives in several
areas of biotechnology [1]. Given this circular economy proposal, processes for this
purpose can be adapted. When referring to pretreatment methods, some indicators
should be considered, including energy cost, formation of inhibitors, sugar content
(in some cases as production of ethanol), yield and its effects on the environment,
and if necessary, existing methods can be adapted [2, 3].

In the global scenario, the loss of food and consequently the generation of waste
is a major challenge. Some 222 million tons of waste are produced by developed
countries, because approximately 40% of these losses derive from post-harvest and
processing of food [4]. Some residues may be returned to supplement the food chain;
however, others will be transformed into a source of biomass for processes with a
biotechnological bias. In this development of technology, it is essential that these
residues are raw materials with potential for industrial application that may reduce
the impacts of inadequate disposal of waste in the environment, and that instead add
value [5, 6].

The spectrum of application of these biomass possibilities is broad; focusing on
biotechnological processes can subdivide the fate of these raw materials into three
major categories: (a) enzyme production, (b) bioenergy, and (c) waste management.
Figure 5.1 illustrates some of the application paths for these pretreated biomasses.

5.1 Production of Enzymes from Pretreated Biomasses

Industry is attracted to enzymes as biomolecules with specific actions and biocatalysis
potentials in various reactions. The search for increasingly optimized and efficient
processes drives the demand for rapid, low cost, and dynamic catalysis reactions; in
this regard, enzymes perform admirably [7].

The commercially produced enzyme sector is consolidated worldwide and com-
mands the market with enzymes of industrial interest that act in specific ways in
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Source Authors

various processes. Biomasses are compelling alternatives, performing essential func-
tions. In biotechnological processes, they create the potential to generate lower-cost
enzymes. They must possess specificity and capacity to adapt to adverse situations, in
addition to stimulating the principles of the circular economy, obtaining new products
through residues [8—11].

In the scenario of enzymatic production through residues, microbial strains appear
as an essential part of the process, because the production of enzymes by fermen-
tation occurs through the action of microorganisms (mainly fungi and bacteria) in
these substrates. As products, there is a range of enzymatic production. Various (pre-
treated or untreated) residues are sources of enzyme production with high added
value that are essential for industrial and technological processes. These include
amylase, cellulases, xylanase, and laccase, among others, all of which are produced
by microorganisms [5].

Cellulases have the potential to hydrolyze biomasses composed of cellulose.
These in turn are popularly known as lignocellulosic biomasses and because of their
complex nature. This is because of the simultaneous action of three other enzymes
(endoglucanase, cellobiohydrolase, and B-glycosidase) that act on specific parts of
the cellulose, breaking long chains in short chains, until obtaining glucose [12].

Xylanases aid in the breakdown of xylan formed by xylose (pentose) and present in
biomasses containing hemicellulose. The literature suggests that the microorganisms
such as Trichoderma reesei, Humicola isolens, and Bacillus are excellent producers
of this enzyme; cellulases and xylanases also form an enzymatic complex, composed
of endo-1,4-p-xylanase, B-xylosidase, a-arabinofuranosidases, and esterases. Xylan
is considered heterogeneous; therefore, the synergistic action of an enzymatic pool
is necessary [12].
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Peroxidases are reductive oxidizing enzymes that consist of the enzyme lignin
peroxidase and manganese peroxidase. The former acts on biomasses containing
phenolic and non-phenolic aromatic compounds and produces cations and the latter
acts by oxidizing phenolic substrates [12, 13].

Following the oxidative enzymes, the laccases act by oxidizing biomass that con-
tains copper, in plants, insects, and microorganisms. Laccases are widely used in
the degradation of lignin present in the biomass used in bioprocesses. In this sense,
white-rot fungus acts through laccase [12].

Keratinases are in the class of proteases that have potential for performance in
complex substrates, especially keratinous ones, with heterogeneous structures that
are difficult to degrade [14-16].

Lipases act on water-insoluble substrates, catalyzing reactions such as esterifi-
cation, hydrolysis. They structurally modify oils and fats by specifically catalyzing
these substrates. These enzymes are responsible for the breakdown of long lipid
chains into smaller chains of fatty acids [17].

Amylases catalyze the breakdown of long starch molecules into smaller chains
such as maltose and glucose. These enzymes are of great industrial interest, mainly
in the productive sectors of paper, detergents, syrups, and sweeteners. Because of
their wide use, they represent a significant portion of the world market for enzymes,
about 25% [18-21]. Pectinases are of great importance mainly to the food industry,
because they can be used at several stages of fruit processing to facilitate stages
of development of the final product, essentially those related to the clarification of
juices, wines, coffees, and teas [22, 23].

It is possible to obtain an enzymatic cocktail by means a series of biomass; the
formation of enzymes is only possible with the presence of microbial strains capable
of using these biomasses as source for their development and enzymatic production.
In some cases, the microorganisms are not able to access them, so the pretreatments
act as facilitators of these processes [5, 12].

Studies of enzymatic production by means of residual biomass aim not only to
obtain new products, but also to evaluate wastes that would be discarded, thereby
stimulating the development of the circular economy. In this sense, the possibilities of
biomass are amplified. Some of them are summarized below, highlighting enzymes
that can be obtained from these sources. The need or lack of need for pretreatment
of biomass is displayed in Table 5.1.

5.2 Production of Bioenergies from Pretreated Biomass

The world’s energy demand has experienced exponential growth, on account of which
high prices of fossil fuels and reduction of natural resources becomes inevitable.
Therefore, the development of environmentally sustainable technologies using alter-
native and low cost of biomass presents greater potential than conventional fossil
sources [7].
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Table 5.1 Compilation of enzymatic production from the evaluation of residual biomasses in the
absence or presence of pretreatment methods

Enzyme Source of biomass Pretreatment Reference

Cellulase Soybean hulls and waste paper | Autoclave [24, 25]
Corn cobs, carrot, orange, Alkali [24, 26]
potato, pineapple peelings,
wheat bran, wheat, straw,
sawdust, and rice husk
Rice husk, soybean hulls, Autoclave [1]
sugarcane bagasse, powder
toothpick, and yerba mate
Tobacco solid waste Milling [27]

1% HySO4
NaOH in ratio 1:5 (w v™!).

Xylanase White and red grape, vine * [28]
shoots trimming and grape
stalks from the winery industry.

Organic crude olive pomace

and exhausted olive pomace,

and brewer’s spent grain

Grape pomace Autoclave [24, 29]

Peroxidase | By-product of olive oil * [30]
extraction
Rice bran Milling [31, 32]

Sodium phosphate buffer (pH
5.0) at a ratio of 1:10 (w v™1)
under mechanical agitation

Laccase Fruit juice waste * [33]
Soybean pod and coffee husk NaClO 0.5% [34]

Dry, crush and sieve
Olive leaves Milling and sieve [35]

Keratinase | Human hair, pig hair, chicken * [16, 36-38]
feather meal,
raw chicken feathers, and
bovine horn

Lipase Waste cooking oil Ultrasound [39]
Mango residues from juice Milling [40]
preparation (peel and seed)

Amylase By-products of wheat Milling [20]
Kitchen waste and peels of Alkali (NaOH) and autoclave [24, 41]
vegetables
Banana peel Wash (H>0), milling and [24, 42]

autoclave

(continued)
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Table 5.1 (continued)

Enzyme Source of biomass Pretreatment Reference
Pectinase Citrus pulp of floater * [43]
Melon peel Chemical (citric acid) [44]
Potato pulp Acid (sulfuric, hydrochloric [45]
and citric)

* Not provided

To exploit these biotechnologies in realistic scales, it is necessary to study the
stages of the process, especially with regard to the raw material being used. Ligno-
cellulosic biomasses are notable for their potential to produce bioenergies; however,
they often require high energy and process costs introduced by pretreatment [7, 46,
47]. Therefore, the search is underway for biomasses that are cheaper, more efficient
and that allow promotion of the circular economy. Biomass from the food sector has
been presented as an opportunity for innovation, primarily in the sense of having low
costs and acting as a substrate for the synthesis of biotechnological products with
high added value [7, 48, 49].

Considering the imminent shortage of fossil fuel reserves and the high price of
automotive fuels, as well as the large amount of food lost during processing, there is
considerable interest in renewable biomass with high energy. Studies regarding the
transformation of this biomass as substrate for the application in biorefineries have
already been conducted [7, 50]. The concept of biorefineries refers to all biomass
(including biofuels) that can be used for the energy sector. The principle of this
process is the premise of obtaining technological, economically viable, and environ-
mentally sustainable processes [7, 51].

Second-generation biofuels are those that use residual biomass from other pro-
cesses, mainly lignocellulosic ones; for this reason, they require additional stages,
i.e., pretreatments. The efficiency of pretreatment is related to the potential of sim-
plifying biomass through low-cost techniques, low energy demand, high yields, and
the lowest possible impact on the environment [3]. Lignocellulosic biomass is also
compelling in the sense of reducing greenhouse gas emissions and non-competition
with agricultural crops, consequently directly affecting the food sector, because this
occurs when treating biomass as first-generation biofuels [12, 52].

Bensah, K4ddar and Mensah [3] used lignocellulosic biomass in your study, rubber-
wood (Hevea brasiliensis), bamboo wood (Bambusa vulgaris), Siam weed (Chromo-
laena odorata), and elephant grass (Pennisetum purpureum). The biomass underwent
a combination of pretreatments: milling in the knife mill (2-mm), alkaline treatment
(KOH), and glycerol, after which the samples were autoclaved, followed by enzy-
matic hydrolysis (cellulase and xylanase). Ethanol fermentation was carried out using
Saccharomyces cerevisiae. KOH pretreatment was the most promising, producing
the highest amount of ethanol (9.8 g 100 g-! ).

biomass
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Some studies have also evaluated the potential of eucalyptus biomass for the
production of second-generation ethanol. The biomass was pretreated with a com-
bination of the solvent and acid method (50 mM H,SQy). As a result, the rate of
enzymatic hydrolysis was increased by 94.3% for one kilo of pretreated eucalyptus
biomass, suggesting that the method was promising for efficient conversion of cellu-
lose to glucose for subsequent application in the production of bioethanol, as well as
for generation of high-value-added products, including xylitol and phenolic lignin
resins that are widely used industrially [53].

Agricultural biomass residues are usually harvested from crops and are transported
to a central depot to continue to biorefineries, their final destination. Recent studies
have sought to simplify the logistics processing of this type of biomass, decentralizing
the pretreatment stage, such that the costs of transportation would be significantly
reduced [54-59]. The pretreatment, in this case, must be dry, because the biomass
needs to be dry for transportation; furthermore, if water is used in the process, it will
need to undergo treatment, in the same, way pretreatments that require high energy
consumption (such as steam explosion) not are viable [54, 60]. The modified diluted
sulfuric acid (dry acid) pretreatment was applied to crop biomass residuals involving
corn, wheat, and rice straw; this increased the initial biomass solids content by 70%
by reducing residual water. As a final result, 260 kg of ethanol can be produced from
one metric ton of pretreated biomass, a relevant yield when compared to the yield of
liquid ammonia pretreatment, in which a maximum yield of 205 kg of ethanol from
one metric ton of biomass [57, 61, 62].

In spite of the environmental appeal surrounding the use of residual biomasses
in high value-added biotechnological processes, care must be taken with respect to
the pretreatment used, because it may end up making the whole process unfeasible.
Therefore, a comparative approach is needed and aimed at investigating environmen-
tal performance of various pretreatments and estimating the consequences of these
techniques. What is required is a scenario in which lignocellulosic biomass under-
goes various pretreatments, and identifying the technique that presents the lowest
environmental impact and greater biomass conversion efficiency for ethanol. Such
studies would quantify the entrances and exits of the process, including indicators
such as energy consumption and products and emissions generated. In one such
study, the pretreatment techniques used were ammonia, sodium hydroxide, sulfuric
acid, and methanol; with regard to the emission of greenhouse gases, the pretreat-
ment with sodium hydroxide was the one that expressed the greatest amount of these
gases, about 12.03 kg CO,, followed by sulfuric acid (7.77 kg CO,) and methanol
(0.0019 kg COy,). A relevant fact in this study is that methanol was also the most
effective treatment for the conversion of biomass to ethanol, presenting a smaller
carbon footprint, demonstrating the potential to become a product for pretreatment
[63].

It is worth highlighting that the environmental impact assessment is specific to
each process, biomass and type of pretreatment used. In this sense, the important
thing is to verify the possibility of reuse, reduction, and recycling of products or
by-products during the pretreatment process with the purpose of minimizing the
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generation of effluents and the use of drinking water, stimulating environmentally
safe processes.

Microalgae are alternative biomasses for the production of biofuels, primarily on
account of their formation containing carbohydrates that can be transformed into
starch, glucose, polysaccharides, and absence of lignin, facilitating their hydrolysis;
however, in the same way as with lignocellulosic biomass, microalgae need to go
through pretreatment, which in this case aims to break their cell wall and release
compounds of interest for ethanolic fermentation as the starch that is trapped within
the cell [64—66]. There are a number of pretreatment methods that can be employed
for this purpose, some of which have already been mentioned in Sect. 3 of this
volume: acid treatment, ultrasonic, hydrothermal, biological, and enzymatic, among
others. Recent studies have used the combined treatment of acid and water at high
temperature and pressure (hydrothermal) of the biomass of Chlorella spp. to evaluate
the production of ethanol. Using experimental and statistical analysis, the authors
obtained a maximum yield of 5.1 g L™! of ethanol concentration, with intermediate
temperature (130 °C), maximum time (40 min), and maximum concentration of
sulfuric acid (1.5 v v—') among the trials in the studied range. The concentration of
the acid was the only variable that had a significant effect on ethanol production from
the pretreated microalgae biomass; this can be explained by the tests in which no
acid was used and also no ethanol production, possibly due to the low concentration
of glucose in the treated biomass; therefore, it is understood that with the presence
of the acid, rupture of the cell wall occurred, facilitating the release of sugars [66].

In addition to the production of bioethanol, the lignocellulosic biomass also has
potential for generation of bioenergies by means anaerobic biodigestion of these
residues, that is, for the production of biogas. Other biomasses including agricul-
tural, landfill, food, and aquatic biomass residues (e.g., microalgae) can be used as
substrates for energy production [67].

Raposo et al. [68] compiled information regarding the type of biomass, pretreat-
ment, and biogas yield. The most promising biomass were corn straw and empty fruit
bunches, both pretreated in alkaline form, as well as straw from beans, pretreated
in an autoclave. They reported yields of 372.4, 404, and 440 mL CH4 gVS;llde(l,
respectively.

Venturin et al. [69] studied only one biomass, corn stalks, that were subjected to
various pretreatments: varying concentrations of sulfuric acid and hydrogen perox-
ide in an orbital shaker. The authors obtained interesting results. With the alkaline
pretreatment (peroxide) there was an increase in biogas production of 22%, in addi-
tion to removing 71.6% of the lignin and 19.3% hemicellulose providing a cellulose
content of 73.4%.

Using biological pretreatments, it is possible to use the natural microbial func-
tions in favor of the treatment process, which in the case of lignocellulosic biomass
is to degrade the lignin or to the microalgae, to break down the components of the
cell wall [70]. Most fungal pretreatments refer directly to studies for lignocellulosic
biomass, aiming to degrade lignin, for which the fungi of white rot, brown rot (Basid-
iomycetes family), and rotting fungi (Ascomycetes group) are considered ideal for
these processes. A disadvantage of this pretreatment is the possibility of removal of
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components important for the later stages, e.g., significant losses of cellulose and
hemicellulose caused by use of non-selective fungal strains. Some studies have iden-
tified potential fungal strains pretreatments considering the high efficiency of lignin
removal and the low losses of cellulose and hemicellulose during treatment. The
fungus Ceriporiopsis subvermispora stands out in this scenario because of its poten-
tial to remove lignin with very low loss of cellulose. In these studies, the biomasses
pretreated by the fungus were corn straw, rubber, grasses, and hardwoods [71-73],
obtaining high overall process efficiencies. This was due to the selectivity of the
fungi that secrete lignolytic enzymes and assist in the hydrolysis of the biomass.

In a study aimed at biogas production, a pool of lignocellulosic biomass, corn
straw, wheat straw, flax, hemp, miscanthus, and willow were used. All under-
went enzymatic treatment with laccase and peroxidase enzymes, both produced by
microorganisms (Trametes versicolor and Bjerkandera adusta, respectively). Bio-
gas production through the addition of a bovine manure effluent in these pretreated
biomasses has enhanced the yield and quality of biogas and treated effluent [74].

Observing the yield of the fermentation process after the pretreatment step gives
us the information on how effective the chosen method was. The literature suggests
higher yields in microalgae biomass, because their structure to be obtained by the
pretreatment is more flexible; by contrast, the lignocellulosic biomasses present lower
yields and this is due to their structure being more rigid and more difficult to access by
enzymes (cellulases, xylanases, among others) or hydrolytic microorganisms. This
can be seen in studies in which raw biomass yields were quantified untreated in their
crude form. The differences between the two types of raw materials are presented in
Table 5.2.

It is difficult to reach objective conclusions about these processes. It is necessary
to have a broad view of the whole structure and composition of biomass, conditions
of pretreatment processes, yields, as well as technological and economic viabilities,
among others. One can see the vast possibility of applying pretreated biomass to
stimulate a world energy sector that is facing a serious crisis. These approaches
allow the insertion of frequently unused biomasses into biotechnological processes
with high benefit.

5.3 Valuation of Residues from Pretreated Biomass

Usually, waste management is carried out in the most well-known ways, composting,
incineration, or disposed in landfills. Nevertheless, this does not mean that these are
the most appropriate practices, despite worldwide acceptance [7, 78].

The valuation of residues appears as a management possibility, mediated by sus-
tainable conversion of these residues. This approach offers a number of advantages,
especially in the economic and environmental sector, as it reduces waste disposal in
landfills and consequently decreases the possibility of contamination, stimulating a
circular economy culture [7].
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Table 5.2 Studies showing the yield differences between lignocellulosic and microalgae biomass

Biomass Pretreatment Yield and Reference
application
Lignocellulosic | Rice straw Fungal (Pleurotus Yield 120% for [75]

ostreatus and methane yield
Trichoderma
reesei)

Corn straw Fungal Yield 263% for [73]
(Phanerochaete ethanol
chrysosporium)

Switchgrass Fungal Yield 50% for [71]
(Pycnoporus sp.) sugar

Microalgae Scenedesmus Enzyme (cellulase, | Yield 485% for [76]

obliquus esterase, protease, methane
and endogalac-
touronase)

Scenedesmus Enzyme (esterase Yield 273% for [76]

obliquus and protease) methane

Nannochloropsis Bacteria Yield 114-159% [77]

gaditana (Raoultella for methane
ornithinolytica)

Management of the vast accumulation of waste requires efficient strategies. In
this sense, it is desirable to focus on the conversion of waste biomass for use in
processes of biotechnological interest such as the bioenergy sector [7]. By 2050, it
is estimated that the increase in population will lead to an increase in global food
production, a determining factor for the implementation of the circular economy. For
these reasons, transforming residues into substrates that do not need to be burned or
grounded and which have priority to close the cycle are extremely relevant [28].

Among the possibilities of waste valuation, the production of enzymes from
residual biomasses appear as compelling low-cost alternatives, but with high added
value, because these enzymes often have potential application in biotechnological
processes. In this sense, Leite et al. [28] evaluated the production of the enzymes
B-glycosidase, cellulase, and xylanase by combining the biomasses of olive mill,
winery, and brewery wastes using solid-state fermentation with filamentous fungi
(Aspergillus ibericus, Rhizopus oryzae, and Aspergillus niger). They found high
activities of cellulase, xylanase, and B-glycosidase, respectively, in the fermentation
products. In addition, the enzymes produced oxidative phenolic compounds. Bio-
logical pretreatment and production of an enzymatic pool permitted generation of
antioxidant by-products in a low cost and environmentally viable biotechnological
process.

Another example of biomass valuation is the use of chicken feathers from the
poultry industry. A study carried out in Malaysia in 2016 found that about 43 thou-
sand tons of waste feathers were generated during the processing of cut poultry.
This waste has a most common destination landfills and incinerators, contributing to
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greenhouse gases and environmental contamination [79]. Studies have focused on
alternative solutions for the management of residue, highlighting the valuation of this
residue as a form of biomass for use in biotechnological processes. However, feathers
have rigid structures, and keratin must be pretreated so that it can be used in other
processes, as described by Cheong et al. [79]. The authors combined pretreatments
(alkaline NaOH, microwave, autoclave, and enzymatic with commercial protease)
for feather solubilization and protein recovery. They found that degradation of the
feathers was low, possibly because of disulfide bonds between the keratin chains that
hampered the access of enzymes [80]; by contrast, the tests with pretreated NaOH
and microwave presented more efficient results of protein recovery; these techniques
may be promising for the utilization of chicken feathers from the protein processing
industries.

Animal protein processing demonstrates that keratin-rich residues constitute
biomass of great interest for the development of new processes and product valoriza-
tions, particularly chicken feathers and swine hairs. Recycling these wastes expands
the range of biotechnological applications (production of enzymes, biomolecules,
fertilizers, biogas, among others), considering the principles of the circular econ-
omy, as well as the environmental and economic sectors involved in these processes
[16, 81-84].

India invests heavily in waste management, as a populous country with relatively
small territory. Studies of urban waste valuation in these regions are relevant and
are technology drivers. Recently, food waste, fruit peel, vegetable peels, and garden
pruning have been used as raw materials for biogas production. The total substrate
composition was 50% cooked food waste, 25% vegetable peel and fruit peel, and
25% garden waste. A combination of milling and hydrothermal pretreatments was
applied at temperatures of 80, 100, 120, 140, and 160 °C with durations of 0, 15, 30,
60, and 120 min. After pretreatment, authors observed better dissolution of carbo-
hydrates, proteins, and lipids. At lower temperatures (80 and 100 °C), the biomass
pH also decreased, suggesting thermal hydrolysis; nevertheless, these temperatures
were not sufficient to degrade cellulose or hemicellulose. This was made possible
under the most severe pretreatment conditions, in which methane production was
also increased, reaching a yield of 200 mL g;é [85]. This suggests that hydrother-
mal pretreatment allowed the solubilization of complex organic matter, making the
degradation of microorganisms and enzymes present in the biodigestion process more
accessible, thereby reducing retention time, and making the process more efficient.

Residual biomass is placed in the waste valuation scenario as an important source
in the most diverse biotechnological processes, with the potential to produce high
value-added by-products. Although the waste valuation process offers an opportunity
and is compelling from an environmental and economic point of view, it presents lim-
itations regarding an efficient conversion. This is basically due to the heterogeneous
constitution of these biomasses. In this scenario, studies appear as alternatives to find
suitable strategies in which it would be possible to carry out the waste management
while extracting value from them [24].
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Chapter 6 ®)
The Future of Biomaterials Engineering e
and Biomass Pretreatments

The energy and environmental crises that the world is facing are forcing us to reassess
the efficient use of natural resources and to identify alternative uses through clean
technologies. In this sense, lignocellulosic biomass has considerable potential to
meet the current energy demand of the modern world. Trends drive biotechnology in
search of improved products. To overcome current energy problems, lignocellulosic
biomass, in addition to the circular economy, is expected to be the main focus of
research in the near future.

Some technical challenges of biomass pretreatments that need to be addressed
to be commercially viable in biomass processing are described below. We cover
general and then specific promising techniques, with recommendations that provide
directions for future research.

6.1 General Challenges

Laboratory-scale experiments of pretreatments were thoroughly discussed, including
the reaction mechanisms, optimal conditions of the various processes, and the degra-
dation kinetics. Future research should focus on optimizing the techniques reported
in previous chapters, as well as on how and where they are being used. For example,
in catalytic and enzymatic pretreatments, new compounds and enzymes need to be
studied to increase efficacy while decreasing long-term toxicity.

Pretreatment process parameters should be studied with process optimization
techniques, including experimental design, to increase production and maximize
energy consumption [1]. Various response difficulties can be resolved using alter-
native techniques, sequentially or concomitantly. The combination of two or three
pretreatment methods can be considered for commercial-scale process development.
A physical pretreatment method such as extrusion can be integrated with biological
and ionic pretreatment methods. An integrated method can overcome many eco-
nomic, environmental, and technological problems of a single pretreatment method.
An example of this may be the integration of ionic pretreatment with microwave
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or ultrasound methods instead of conventional heating, dilute acid or alkaline treat-
ments, and steam explosion. In so doing, the advantages of each technique can be
realized and the disadvantages can be minimized.

Another challenge is the establishment of scale-up rules and rheological studies.
The study of hydrodynamics and kinetics of reactions occurring during pretreatments
is extremely important for the development of large-scale processes. Studies involv-
ing the design and optimization of pretreatment reactors are rare in the literature.
Normally, dimensional analyses are performed to establish scaling rules. Dimen-
sional analysis is a mathematical method involving measurements of mass, length,
and time to establish scaling rules. We recommend that the knowledge obtained
on the laboratory and bench scales be used to establish scaling rules and to study
hydrodynamics and reaction kinetics on a large scale [2].

Rheological investigation of pretreatment reactions to understand mass and heat
transfer mechanisms and identify ways to improve process efficiency and solvent
recovery, where appropriate, is of paramount importance. Future work should focus
on the effects of shear rate, temperature, concentration, and viscosity of the employed
fluids. We should leverage our understanding of Newtonian, non-Newtonian, and
pseudoplastic behavior of reaction liquids under different operating conditions [2].

6.2 One-Off Challenges

Some pretreatment techniques deserve to be highlighted as promising and consid-
ered the main alternatives for the future. However, in addition to opportunities, they
nevertheless present challenges that need to be overcome.

6.2.1 Microwave

Microwave can be considered an affordable and environmentally friendly technology,
yielding gains over those of conventional heating reactions. Microwave pretreatments
lead to high yields and reduce process times. However, there are few studies on the use
of microwave reactors for lignocellulosic biomass, requiring pilot- or industrial-scale
pretreatments to dedicate efforts in this area. The development of microwave reactors
and systems is required to operate at high loads and high pressures to prevent the
formation of hot spots that lead to the formation of inhibitor compounds; therefore,
homogeneous heat transfer should be performed.

Microwave heating to decrease lignocellulosic biomass recalcitrance is a tech-
nology that is just beginning to be developed and can be considered as a technique
that is not well established because of the few types of biomass that have been stud-
ied. The dielectric properties of lignocellulosic biomass should be studied to select
the most suitable microwave materials and to facilitate the establishment of optimal
pretreatment conditions [3].
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Despite the fact that microwave irradiation has advantages and increases biofuel
production, there remain some aspects of technology that require further investiga-
tion, including the formation of inhibitors. Biomass pretreatment results in better
digestibility and improved biofuel production through anaerobic digestion and fer-
mentation processes; however, pretreatments can also generate inhibitors. Studies
of microwave pretreatment in lignocellulosic biomass have reported generation of
inhibitors such as 5-HMF, furfural, phenolic compounds, and acetic acids [4-7].
One of the strategies to circumvent this inhibition is the use of activated charcoal
for microwave-assisted hydrolysate detoxification; nevertheless, the use of activated
charcoal as a detoxifying agent has also resulted in glucose losses [4, 7]. Studies
involving inhibitor removal represent an area for future research. It is desirable to
document effects of inhibitors managed without influence on carbon production,
including the acclimatization of microorganisms to inhibitors before the production
of biofuels, using recalcitrant and larger substrates to prevent formation of inhibitors.

Another aspect that remains to be improved regarding microwave irradiation
is energy efficiency. Pretreatment was successfully applied to various biomasses
improving biofuel production in most studies. However, energy efficiencies were
negative in most studies, suggesting that increased biofuel production would not
compensate for energy input from microwave systems. Biodiesel production, on the
other hand, is an example where it was found that the microwave-assisted was more
energy efficient than conventional process [§—12]. The energy efficiency and energy
consumption of microwave-assisted pretreatment techniques should be the focus of
future research, as this will determine the economic viability and even scalability of
this technology.

Technical aspects such as the addition of microwave absorbers should also be stud-
ied. Only dielectric compounds are able to absorb microwaves for subsequent heating.
Biomass in general has poor dielectric properties; therefore, a microwave absorber
becomes indispensable in processes that need to reach high temperatures [13, 14].
Heterogeneous materials can produce non-uniform heating, creating additional prob-
lems [15]. Another major challenge of large-scale application is that microwaves
cannot penetrate through a large amount of raw material [16, 17]. This imposes a
severe restriction on the amount of materials that can be heated. If the amount of
raw material that can be processed is very low, this severely affects the viability of
pretreatment technology and the process of producing biofuel on a large scale.

Process parameters involving microwave heating for biomass pretreatment will
need optimization and should consider the raw material that will be pretreated to
minimize inhibitor formation and maximize biofuel production, energy efficiency,
and process economics. Mathematical modeling of such processes prior to large-scale
implementation will be an important tool in determining the feasibility of technology
[18].
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6.2.2 Biological

Pretreatments involving microorganisms and enzymatic cocktails have great poten-
tial; however, some challenges have yet to be overcome. These challenges include
long pretreatment times, non-selective lignin breakdown, and relatively low yields
compared to other thermochemical methods. Biological pretreatment results may
vary depending on biomass composition and degree of recalcitrance, strains, and
variations in the metabolic efficiency of microorganisms, and even the high selectiv-
ity of enzymes precludes successful performance for various types of biomass.

On the other hand, some studies reported a higher efficiency of biological pretreat-
ments compared to conventional techniques. Fungal pretreatment is the best approach
among biological pretreatments; however, the long incubation time restricts its appli-
cation on a large scale. By contrast, bacterial growth is faster, resulting in shorter
pretreatment times; however, the yields are lower [19-21].

Non-selective lignin removal or loss of cellulose and hemicellulose strongly
depends on the fungal strains, the pretreated biomass, and the operating conditions.
Although holocellulose loss, especially hemicellulose, was also observed in conven-
tional methods with the formation of several inhibitors, carbohydrate loss appeared
to be greater with fungal pretreatments, because microorganisms end up using these
fractions as substrates for their growth [22-24].

To overcome such challenges, biological pretreatments must be combined with
other techniques to reduce overall pretreatment time and increase efficiency. For
example, the combined pretreatment of fungus and milling resulted in a significant
improvement in delignification of rice straw from 92% (fungus) to 165% (fungus +
milling) [25, 26].

Another interesting strategy is the use of microbial consortia, knowing that such
associations are able to reduce pretreatment times. Isolation and use of microbial
strains with high selective power have been suggested to minimize carbohydrate
loss. Such losses can be further reduced by optimizing the pretreatment conditions
and genetic modification of genes encoding ligninolytic enzymes [27, 28].

One of the research trends involving biological pretreatments is the selection of
microorganisms residing in the alimentary canal of ruminant animals. These microor-
ganisms hydrolyze various recalcitrant components present in the plant cell wall by
producing various extracellular hydrolytic enzymes [29-33].

Additional efforts should be focused on achieving the best efficiency, specificity,
and tolerance by applying metabolic engineering, mutagenesis, and genomic muta-
tion. Several techniques are available for gene editing that can also be applied to
ligninolytic microorganisms to increase pretreatment efficiency [34-36]. The devel-
opment and application of genetically modified organisms are intended to overcome
the challenges encountered from naturally occurring strains.

In many cases, we are still in the process of developing tools to manipulate par-
ticular species; nevertheless, advances are being made on the laboratory and pilot
scales [37]. Genetically modified organisms have a unique potential not only to
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produce more enzymes but also to generate those that can tolerate extreme oper-
ating/environmental conditions [37, 38]. Recent research has focused on the direct
application of genetic engineering to enzyme production as well as to microorgan-
isms, significantly improving the ability of enzymes to break down lignocellulosic
biomass. This technique led to the fusion of enzymes from two species of bacteria
to solubilize lignin [39, 40].

Enzyme recycling is another approach to reduce the amount of enzyme con-
sumed during the pretreatment process, consequently minimizing operating costs
[41]. Recycling the insoluble biomass fraction after enzymatic pretreatment to the
start of the process recovered cellulase activity, and as a result, enzyme consump-
tion was reduced by 30% without significant change in final glucose yield [42]. It is
noteworthy that for an industrial plant, the cost of recycling facilities (dewatering,
pumping, etc.) will increase the plant’s capital cost; therefore, further studies are
needed to investigate whether cost savings from enzyme recycling can offset the
additional capital investment of extra processing equipment [40, 43].

Again, the implementation of large-scale biological pretreatments remains ham-
pered by various techno-economic issues. Consequently, further studies are needed
to develop biological pretreatments. Key issues to be addressed in these scale-up
studies should include reactor designs, biomass supply chain, decontamination and
cooling of raw materials, inoculum preparation or enzymatic cocktails, microbial
growth and metabolism monitoring, temperature control and ventilation, and finally,
evaluation of economic factors for cost estimation [26, 28, 40, 44].

Compared to conventional thermochemical pretreatment techniques, biological
and enzymatic pretreatments have lower energy consumption, requiring milder oper-
ating conditions and less by-product formation. Biological and enzymatic pretreat-
ments are gaining increased attention and will be the main forms of pretreatments in
the future.

6.2.3 Ionic Liquids

Some challenges for the use of ionic liquids in pretreatments have yet to be overcome,
even with their demonstrated effectiveness.

Generally, ionic liquids tolerate high temperatures; however, there are exceptions,
and such solvents have varying tolerance ranges. Biomass pretreatments usually
occur at high temperatures (100 °C); therefore, the ionic liquids used should be stable
at these temperatures; however, most studies are not concerned with this. The cation
of the ionic liquid easily decomposes at elevated temperatures, and such dissociation
is favored by the associated anion. Currently, thermogravimetric analysis is the best
analysis to determine the stability of the obtained compounds, calculating the weight
loss of the sample in relation to the temperature [45, 46].

Another central problem with ionic liquid pretreatments is moisture sensitivity.
These substances should not contain water, and even the water content of lignocellu-
losic biomass should be removed prior to treatment with ionic liquids. The presence
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of water above 0.15% in ionic liquids causes cellulose precipitation, thereby sub-
stantially affecting the dissolution process [47]. The presence of water also affects
regeneration and recycling. To avoid such problems, the biomass must be kiln-dried
prior to processing, a process that entails an operation prior to the pretreatment itself.
New pretreatment techniques that are moisture-tolerant should be sought [48].

Tonic liquid research should recognize the possible dangers that these substances
may cause to the environment and to humans. Fortunately, ionic liquids are considered
to have low environmental impacts; nevertheless, some of their toxic effects have
been observed during ecotoxicological and biodegradation studies, suggesting that
these chemicals should be handled with care. Because of their nonvolatile nature,
ionic liquids do not enter the environment through the air; however, they are highly
miscible in water and can cause damage upon entering receptor bodies [49—-54]. The
biocompatibility of ionic liquids with enzymes used for fermentation has yet to be
improved to allow enzymatic hydrolysis in a combined reactor process [46].

As with all state-of-the-art technologies, ionic liquids are costly because the
reagents used for their production are expensive. Therefore, a challenge is precisely
in the production of cheap ionic liquids. Alternative methods and resources are being
discovered to reduce the cost of synthesis. One alternative is recycling, which can
contribute considerably to reducing the effective cost of ionic liquids for biomass
pretreatment; this should be done quickly and cheaply [55]. As an example of cost
reduction in manufacturing, one study reported synthesis based on various alkyl
ammonium cations and hydrogen sulfate anions and their use in pretreatment. In
another study, ionic liquid was recovered from the mixture after pretreatment at high
percentages. The calculation of the cost of this technique was presented using a
technical-economic model [56]. Several authors claimed that ionic liquid is priced
relatively low at $1000 per ton [57-59]. Preparation of ionic liquids from natural
sources should be sought as this will generate more economical solvents.

Ionic liquids have been studied for some years for the pretreatment of ligno-
cellulosic biomass, because of their high efficiency, reasonable economic viability,
eco-friendly, and non-toxic physicochemical characteristics. With high capacity for
pretreatment of biomass components, however, it is necessary to develop econom-
ical, high-yield, ecologically correct, and viable ionic liquids for process scaling at
the industrial level. Doing so will make biomass available and so abundant it can be
used properly, applying all the circular economy concepts that should guide future
bioprocesses.
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Chapter 7 ®)
Final Considerations Check for

Research and development of processes using biomass involve understanding the
advantages and disadvantages of each pretreatment and the factors that act on the
lignocellulosic matrix recalcitrance breakdown mechanism to improve cellulose,
hemicellulose, and lignin separation and/or hydrolysis.

Utilization of the constituents of the various biomasses should be maximized,
homogenizing the diversity of physicochemical and constitutional characteristics of
biomasses located near production plants, with the purpose of generating products
with unique pretreatment requirements. Combined pretreatments tend to provide
better yields during enzymatic hydrolysis of lignocellulosic biomass. Nevertheless,
rising operating costs may be involved simultaneously. Proper combination pretreat-
ment should not only improve the digestibility of biomass at relatively low operating
costs but also maximize the utilization of its components.

In this context, biomaterial engineering applied to waste biomasses uses should
consider the lowest possible number of degradation reactions of its components
and generation of pollutants, aiming at natural resources optimization, minimization
secondary and tertiary residues with technical and economic feasibility, considering
aspects of sustainability, and safety of the circular economy approach.
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