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Preface

Lignin is the second-most abundant renewable polymer found in the cell walls of
plants. Composed of various alkyl-aromatic polymer units, lignin has interesting
physical and chemical properties making it suitable for application in various
chemical industries. Its sole disadvantage is its rigidity. At present, the foremost
use of lignin is combustion to generate power and heat, but in the last decade,
catalysis has improved the efficiency of lignin processing for materials applications.
Depolymerization is the most important process used in the preparation of lignin
as a natural polymer. A great deal of research has been carried out to find efficient
lignin depolymerization processes. Despite extensive development work, lignin
remains underutilized in biorefineries.

This book describes the detailed structure of lignin, its chemical properties and
physical significance, and its chemical and materials applications. It provides a brief
history of lignin and materials derived from it by modification and describes recent
research in lignin applications for structural materials, raw polymers, adhesives,
plastics, and many more. It also highlights the challenges associated with maximizing
output, with potential solutions.

Arpit Sand and Jaya Tuteja
School of Sciences,

Manav Rachna University,
Faridabad, Haryana, India
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Chapter1

Introductory Chapter:
Introduction to Structure Properties
and Application of Lignin

Jaya Tuteja and Arpit Sand

1. Introduction

Here, the polymeric properties of naturally existing lignin and its potential in
the field of many chemical industries have been focused. The structure of lignin is
considered as the cross-linking of various polyphenols containing methoxy groups
and aldehyde functionality at terminal position. Lignin is the second most naturally
existing polymer with full of aromatic functionality. Despite being its abundance in
nature lignin, utilization is not seen in relevant areas such as polymers, adhesives, and
rubber industries.

With exponential growth of population and their energy demands, thereis a
strong urge to incline our dependency on sustainable approaches [1]. The recent
researches are focusing on the development of methods which are dependent on
sustainable or renewable sources. Lignin is a nonedible polymer with carbon-neutral
concept and is found in plenty of quantities from agriculture and forestry residues
[2]. For the low utilization of these lignin resources and considering its potential in
various chemical industries, the researchers are continuously working to develop
methods for isolation of lignin (high-quality technical) for further transformation to
various value-added chemicals [2].

2. Structure of lignin

As known from centuries, that lignin is found in the cell wall of the plants and is the
major component to provide rigidity to cell walls. The cell wall is basically constituted of
cellulose, hemicellulose, and lignin part. The utilization of cellulose and hemicellulose
can be seen in various forms in literature, but lignin owing to its complex polymeric
structure not being utilized much. As mentioned above, lignin is composed of various
aromatic units along with methoxy and aldehyde groups as their functionality. The typi-
cal composition of these monomer units is different in different plant species dependent
on their growth, their environmental condition, type of biomass, etc. [3, 4]. Despite
seeing their variation in composition, it is generally considered that every cell wall on an
average contains 15-25% of lignin along with 30-40% of cellulose and 15-30% hemi-
cellulose, and few % of other components like starch, pectin, protein, carbohydrate,
minerals, etc., exist in the cell wall [5-7]. Most of the natural polymers are made up of
single monomer; on contrary, lignin is composed of 3-D copolymer interconnected via
ether linkages of phenylpropanoid units (Figure1).
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Figure 1.
Structure of lignocellulosic biomass.

3. Characterization of lignin

It is very important to know the composition and structure well before planning to
use them as precursor for any of the applications. Since lignin can be recovered from
various plant resources and can be separated well by numerous methods, identifica-
tion of its unique characteristics is very important [8, 9]. The functional group analy-
sis in lignin is conducted by using FT-IR spectroscopy and Raman and fluorescence
spectroscopy [10]. The stretching frequencies for ether bond, methoxy, and hydroxyl
groups can be easily identified using FT-IR spectroscopy [11]. Macromolecular
structure of lignin is determined by electron microscopy such as SEM-EDX (scanning
electron microscope with energy dispersive X-ray spectroscopy) and TEM (transmis-
sion electron microscopy). UV-visible spectroscopy shows good absorption band
owing to its aromatic nature. The shape of UV-visible graph is very sensitive to its
particular type, pH, and solvent used [12].

Many structural aspects of lignin regarding its composition and reactivity can be
assessed by using advanced NMR techniques like 2D-NMR and 2D HSQC-NMR. The
basic and rough estimation of lignin structure can be done by [13] C-NMR and [1]
H-NMR, but the spectra obtained is much overloaded and complex. For better resolu-
tion, hyphenated NMR techniques gives best results [13-15]. Gel polymer chromatog-
raphy (GPC) is a type of size exclusion chromatography which is utilized in measuring
the molecular weight of lignin polymers. Various aqueous and nonaqueous solvents can
be used based on hydrophilic and hydrophobic nature of lignin molecule [16, 17].

4. Application of lignin

Target application is the only thing which defines which lignin molecule (of
which particular characteristics) is required. As a general rule, we can state that
low-quality lignin is used for the production of lignin-based polymers or plastics,
whereas high-quality lignin is used for their transformation to value-added products
of biomedical applications [18-20]. Lignin is used as food packaging material because
of its antioxidant properties due to aromatic ring with hydroxyl and methoxy groups
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functionalities present in it. It has been noticed from the literature that lignin-based
food packaging helps to protect the food against UV radiation [21]. High potential of
lignin is also observed in biofoaming. Foaming in polymers is introduced by blowing
air or chemicals between the polymer matrixes. Here, the lignin has found its impor-
tance due to polyhydroxyl groups present in it, as it can substitute natural polyols

in polyurethane [22]. Resins are the another important sector where lignin has been
found replacing phenol in phenol-formaldehyde resins [23].

Considering the tremendous properties of lignin, it has been an interest of
researchers to find out its biomedical and pharma applications in form of hydrogels,
aerogels, and sensors. Lignin-based hydrogels have been noticed to show good results
in tissue engineering and drug delivery applications owing to their porous nature and
high swelling capacity in aqueous media [24]. A review article published in 2000 has
shown the application of lignin in biosensing [25]. These lignin-based sensors are
designed to measure the biological species quantitatively.

Apart from above-mentioned applications, there are still endless applications
of lignin molecule. It is really difficult to task to enlist all the applications here. Few
such applications are absorption of heavy metals [26], flocullants [27], fibers [28],
batteries [29], and much more.

Author details

Jaya Tuteja* and Arpit Sand
School of Sciences, Manav Rachna University, Faridabad, Haryana, India

*Address all correspondence to: jayatuteja89@gmail.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

5



Lignin - Chemistry, Structure, and Application

References

[1] Delgado N, Ysambertt F, Chavez G,
Bravo B, Garcia DE, Santos J. Valorization
of Kraft Lignin of Different Molecular
Weights as Surfactant Agent for the

Oil Industry. Waste and Biomass
Valorization. 2019;10:3383-3395

[2] Melro E, Filipe A, Sousa D,
Medronho B, Romano A. Revisiting
lignin: A tour through its structural
features, characterization methods and
applications. New Journal of Chemistry.
2021;45:6986-7013

[3] Agbor VB, Cicek N, Sparling R,
Berlin A, Levin DB. Biomass
pretreatment: Fundamentals toward

application. Biotechnology Advances.
2011;29:675-685

[4] Sawatdeenarunat C, Surendra KC,
Takara D, Oechsner H, Khanal SK.
Anaerobic digestion of lignocellulosic
biomass: Challenges and opportunities.
Bioresource Technology. 2015;178:
178-186

[5] Alonso DM, Wettstein SG,
Dumesic JA. Bimetallic catalysts for
upgrading of biomass to fuels and
chemicals. Chemical Society Reviews.
2012;41:8075-8098

(6] Isikgor FH, Becer CR. Lignocellulosic
biomass: a sustainable platform for

the production of bio-based chemicals
and polymers. Polymer Chemistry.
2015;6:4497-4559

[7] Frigon JC, Guiot SR. Biomethane
production from starch and
lignocellulosic crops: a comparative
review. Biofuels, Bioproduction
Biorefining. 2010;4:447-458

(8] Stark NM, Yelle DJ, Agarwal UP.
Lignin. Polymer Composites. 2016:49-66

6

[9] Allison Tolbert AJR,

Akinosho H, Khunsupat R, Naskar AK.
Characterization and analysis of the
molecular weight of lignin for biorefining
studies. Biofuels, Bioproducts &
Biorefining. 2014;8:836-856

[10] You T, Xu F. Applications of
Molecular Spectroscopy to Current
Research in the Chemical and Biological
Sciences. 2016;2:235-260

[11] Kallavus U, Karner K, Elomaa M.
Rapid semi-quantitative determination
of aspen lignin in lignocellulosic
products. Proceedings of the Estonian
Academy of Sciences. 2015;64:105

[12] Skulcova A, Majova V, Kohutova M,
Grosik M, Sima J, Jablonsky M. UV/Vis
Spectrometry as a Quantification Tool

for Lignin Solubilized in Deep Eutectic
Solvents. BioResources. 2017;12:6713-6722

[13] Wen J-L, Yang S, Sun S-L, Yuan T-Q,
Sun R-C. Lignin Structures Analytical
Applied Biomaterial Ecological
Significance. 2014:92-109

[14] Wen JL, Sun SL, Xue BL, Sun RC.
Recent Advances in Characterization

of Lignin Polymer by Solution-State
Nuclear Magnetic Resonance (NMR)
Methodology. Materials. 2013;6:359-391

[15] Chu S, Subrahmanyam AV,
Huber GW. The pyrolysis chemistry
of a p-O-4 type oligomeric lignin
model compound Green Chemistry.
2013;15:125-136

[16] Sjostrom E, Alen R. Analytical
Methods in Wood Chemistry, Pulping,
and Papermaking. 1998

[17] Chen F, Li]. Aqueous Gel Permeation
Chromatographic Methods for Technical



Introductory Chapter: Introduction to Structure Properties and Application of Lignin

DOI: http://dx.doi.org/10.5772/intechopen.110024

Lignins. Journal of Wood Chemistry and
Technology. 2000;20:265-276

[18] Saito T, Brown RH, Hunt MA,

Pickel DL, Pickel JM, Messman JM, et al.
Turning renewable resources into value-
added polymer: development of lignin-
based thermoplastic. Green Chemistry.
2012;14:3295-3303

[19] Iravani S. Nanoparticles and their

Biomedical Applications. Springer; 2020.

pp- 217-224

[20] Witzler M, Alzagameem A,

Bergs M, El Khaldi-Hansen B, Klein SE,
Hielscher D, et al. Lignin-Derived
Biomaterials for Drug Release and Tissue
Engineering. Molecules. 2018;1885:23

[21] Shankar S, Reddy JP, Rhim JW.
Effect of lignin on water vapor barrier,
mechanical, and structural properties
of agar/lignin composite films.
International Journal of Biological
Macromolecules. 2015;81:267-273

[22] Obaid N, Kortschot MT, Sain M.
Lignin in Polymer Composites. Elsevier
Inc; 2015. pp. 217-232

[23] Kai D, Tan MJ, Chee PL,
Chua YK, Yap YL, Loh X]. Towards
lignin-based functional materials in a

sustainable world. Green Chemistry.
2016;18:1175-1200

[24] Espinoza-Acosta JL, Torres-
Chavez PI, Ramirez-Wong B,
Lopez-Saiz CM, Montano-Leyva B.
Antioxidant, antimicrobial, and
antimutagenic properties of technical
lignins and their applications.
BioResources. 2016;11:5452-5481

[25] Moreno A, Sipponen MH. Lignin-
based smart materials: a roadmap to
processing and synthesis for current and
future applications. Materials Horizons.
2020;7:2237-2257

7

[26] Maldhure AV, Ekhe JD. Effect of
modifications of lignin on thermal,
structural, and mechanical properties of
polypropylene/modified lignin blends.
Journal of Thermoplastic Composite
Materials. 2017;30:625-645

[27]1 Wang B, Wang S-F, Lam SS, Sonne C,
Yuan T-Q, Song G-Y, et al. A review on
production of lignin-based flocculants:
Sustainable feedstock and low carbon
footprint applications. Renewable

and Sustainable Energy Reviews.
2020;134:110384

[28] Fang W, Yang S, Wang X-L, Yuan
T-Q, Sun R-C. Manufacture and
application of lignin-based carbon
fibers (LCFs) and lignin-based carbon
nanofibers (LCNFs). Green Chemistry.
2017;19:1794-1827

[29] Lima RB, Raza R, Qin H, LiJ,
Lindstrom ME, Zhu B. Direct ligninfuel
cell for power generation. RSC Advances.
2013;3:5083-5089






Chapter?2

Composition and Role of Lignin in
Biochemicals

Tawaf Ali Shah, Li Zhihe, Li Zhiyu and Zhang Andong

Abstract

The term lignin is derived from lignum, which means plant wood. Plant wood
are mainly composed of extractives, hemicellulose, cellulose, and lignin. The lignin
is a cross-linked polymer, made of three phenylpropanoid precursors, p-coumaryl,
synapyl, and conniferyl alcohols. It is the most abundant polymer in plant world and
act mechanically as a natural glue to bind hemicellulose and cellulose. Lignin is amor-
phous, soluble in alkali, condenses with phenol and has high melting temperature.
The function of lignin is to protect the carbohydrates of the biomass from degradation,
thus provide stability. The chapter includes information on types of lignin, structure,
isolation, degradation, and transformation in to market value chemicals. The applica-
tion of lignin and lignin base monomers for synthesis of plastic, hydrogels, adhesives,
chemicals, fuels and other value added materials at industrial scale.

Keywords: lignin, plant biomass, polymer, pretreatment, biorefinery

1. Introduction

In organic biomass, particularly in the plant biomass, lignin is one of the rich
carbon matter. Lignin is part of plant cell wall, which provides a mechanical muscle
to keep herbs, plants and large tree standing. The process of synthesis of lignin inside
plant biomass is known as lignification. The lignin is a long amorphous polymer
containing three major synapyl, pcoumaryl alcohols and conniferyl phenylpropanoid
monomers. Due to this aromatic polymeric nature, lignin supports the other carbohy-
drates components like cellulose and hemicellulose in lignocellulosic plant biomass.
So its acts like a binder for the carbohydrates of plant biomass to make a strong cross
link and bond between hemicellulose and cellulose [1].

An estimated quantity of 5 to 36 x 108 tons of lignin is reported annually in
natural organic biomass [2]. The uppermost 26-45% of dry matter lignin part is
naturally observed in softwood whereas 15-25% a lower amount of lignin in hard-
woods biomass [3]. The value of lignin in grasses and straw is relatively low from the
softwood range between 15 and 27%, and a small percentage in algae and mosses. As
an evolutionary perception, the development of aromatic lignin structure in plant cell
wall, is for fast water transportation inside the tracheid plant cell structure [2]. This is
an important material of organic carbon polymer incorporation in plant biomass for
possible growth in dry land. The lignin makes the biomass rigid and hard, possiblily
can decrease the water loss in dry and drought condition.
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1.1 Significance of biomasses

The word biomass means organic substance made of plants materials. This could be
a forest wood, cereal crops, seaweed and leftover substrates from agriculture biomass.
Other sources of biomass are human, animals, household and industrials waste. These
biomasses contain chemical energy trapped directly from sun through photosynthesis.
Photosynthesis converts carbon dioxide and water with the help of sun energy in to
sugars units, that’s make different carbohydrates in fruits, vegetables, and other crops
plants. Biomasses for example straw, food like potato, cassava, corn starch, sorghum,
wastewaters and other agro-industrial residues are a good source of sugars (glucose,
xylose, arabinose, starch, sucrose, cellulosic, and reducing sugars) that can be recycle
for multiple products at commercial level. Biomasses (softwood, hardwood, herbs,
straw and grasess) are also a good source of organic carbohydrates materials. On the
basis of high organic contents, these biomass are favourit food for most of the living
species on the globe. Beside, food purpose, the left over residue and waste biomass can
also contribute about 7-10% to the global energy stream. These agriculture biomasses,
softwood, hardwood, herbs, straw and grasess contained high carbon and water con-
tent, thus considered a significant input carbon for production of renewable energy
like biodiesel, bioethanol, biogas, biohydrogen. Currently, 8-15% of the overall energy
stream is reported in industrials zones of developed countries, while a low amount in
developing countries as well [4, 5]. Beside, renewable energy, most of the countries
practiced to burn these biomass either in the field or for cooking in stoves, thus a
massive amounts of carbohydrates biomass containing useful carbon (lignin, cellulose
and hemicellulose) is destroyed on low price [6]. Food waste and waste lignocellulosic
biomass are of potential interest, which includes utilization for bio-methane, ethanol,
butanol, biomaterials, and biobased products [7, 8]. Food waste is easily digestible in
fermentation process for biofuel production [9], however, lignocellulosic biomass like
grasses, waste paper, wood residues, and crop residues are diffficult to convert direct
into fuel. Because the lignocellulosic biomass is comprised of mainly three basic mol-
ecules, 20-40% lignin, and 60-70% hemicellulose, cellulose and other extractives in
collectlivelly [10]. The composition of carbohydrates varies depending on the growth
and nature of the biomass. There is a big barrier in utlization of lignocellulosic biomass
containing high lignin content, due to strong crosslinking of ether and ester bonds
around polysaccharides (cellulose and hemicellulose) which confers hydrolytic stabil-
ity, resist degradation and structural recalcitrance [5]. Therefore, to utilize these lignin
containing biomasses, pretreatment process are necessory to make them digestible in
the fermentation process and synthesis of value added materials.

Energy is the eventual source need for each operation through the globe. More
than 25% of the World population is suffering the lack of energy for cooking, lighting,
power generation and transportation fuel. The consumption of the energy is higher
than the production percentage [11]. The demand for extra energy production builds
an energy crisis throughout the world. The details reports released by the European
Environment Agency and International Energy Agency (IEA), Energy Information
Administration (EIA), oil usage and cost is mounting constantly. The published
reports indicated some problems and hurdles in future for energy production and
emphasized on potential alternate resolutions. The estimated amount of energy used
for heat and power from oil 31.0%, natural gas 21.5%, nuclear 5%, coal 29.0%, hydro
3%, biofuels and waste 10.0%, and ‘other’ 4%. The electricity generation estimated
data was natural gas 22%, oil 31.1%, coal 28.9%, nuclear 12%, hydro 13%, biofuels
and waste 10.2%, and ‘other’ 6% as shown in the (Figure 1). These values specify that
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Figure 1.
The results shown here is replecting the energy production percentage around the globe with less ttention for
biofuels from waste biomass.

generation of energy from alterantive sources like biofuels and bioenergy are receiv-
ing more attention instead of fossil fuels [12, 13]. Consumption of waste biomasses
(agribiobiomass and municipal solid waste) for biofuels could meet a rational
demand of energy percentage in the future.

To solve the problems of energy crises, production of renewable energy from
waste biomass sources is getting more interest instead of fuel generation from fossil
sources. Waste biomass especially lignocellulosic biomass residue along other biomas-
sess is a good waste reserve that could be reuse for important products [14]. So, utiliz-
ing the waste biomass can produce clean bioenergy and has a benefit of to efficiently
manage solid waste to reduce environmental pollution. The agriculture waste and
waste residue which is about 60-70% around the world can be a cheap carbon mate-
rial for biofuel and bioenergy production. The cellulose and hemicellulose are carbon
source which can be transformed in to verities of fuels, which includes ethanol, buta-
nol, bio-methane and biohydrogen [1, 15]. However, lignin is an aromatic component,
cross link both cellulose and hemicellulose of the lignocellulosic biomass which makes
it recalcitrant and harder, so decrease the yield of energy production [16]. Therefore,
pretreatment process are carried out to remove the lignin, cellulose and hemicellulsoe
for the biofuel production. The separated lignin is also a good source of fine chemicals
and industrially relevant materials discussed in details below.

For the improvement of effective anaerobic fermentation processs, the choice
of waste biomass, nature and chemistry of biomass is mainly essential factors. The
lignin percentage and quantity of water are the next important properties in picking
substrates for the fermentation reaction. While the total organic carbon TOC is the
most critical concern factor in the conversion of the waste carbon biomass [17, 18].
The efficiency of the microbial hydrolysis of the biomass in anaerobic fermentation
reaction is linked to the biodegradability of biomass [19, 20].

2. Biomass components

The organic constituents in agricultural biomass have a recalcitrant structured
cell wall which is called “lignocellulose” [21]. It is evident that the three components
cellulose, lignin and hemicellulose are primery components as shown in the (Figure 2
and Table 1). The highest composition is of cellulose in plant cell wall, whereas the
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Biomass Composition
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Figure 2.
An overview of the general components of plant biomasses.

Substrates Cellulose Hemicellulose Lignin
Softwoods 45-50 25-35 25-35
Bamboo 41-49 24-28 24-26
Hardwoods 40-55 24-40 18-25
Paper 40-55 25-35 15-20
Corn cob 40-50 20-35 15-17
Peanut 40-45 15-17 20-30
Corn straw 38-45 26-34 17-20
Para grass 35-45 25-30 15-20
Corn stalk 34-36 26-27 16-21
Wheat straw 30-40 30-50 15-16
Sweet sorghum 27-38 21-25 11-17
Grasses 25-40 35-50 10-30
Switch grass 45 314 12
Rice straw 38 19 13
Barley straw 37 24 16
Sugarcane bagasse 33 23 5
Arundo donax 31 30 21
Lawn grass 30 43 3-5

Table1.
Biomass main components and their percent value.
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second copolymer is hemicellulose and the third one is aromatic protective polymer is
of lignin. The components are discussed in the details separatly.

2.1 Cellulose

Cellulose is a homopolyme of long chain basic units of 4-O-f-D-glucopyranosyl-
D-glucose and cellubiose. On hydrolysis of cellulosic polymer of most of biomasses is
usually of glucose molecule. Chemically, the cellulose has a long chain of (C6H1005)
n units in the polymer. The number of units in cellulose polymer is about 700-1000
glucose units. These glucose units are bonded togather with $-1,4 glucosidic bond
between the two connecting glucose in a long chain. The glucose units have strong
hydrogen bonds in parrallel position to support further the strength between the
molecules [22]. Cellulose has crystalline and non-crystalline structure, sorrunded by
microfibrils to form fibers. Cellulose has the capacity to absorb about 7-15% water,
and is not soluble in diluted acid and water under normal temperature. On increasing
the temperature, acid concentration can increase solubility, whereas alkali solution
separate, decrease degree of polymerization and swells the cellulose crystalline
structure [10].

2.2 Hemicellulose

Hemicellulose is the second highest heterogeneous polymer comprises of various
sugars molecules i.e. galactans, glucuronoxylan, glucomannan, and low amounts of
other polysaccharides. The other sugars molecules are glucans, xylans, galactans,
arabinans and mannans exist in the hemicellulose molecule. The glucans, galactans,
arabinans and mannans are linked togather with $-1,4 linked backbone. In the hemi-
cellulose polymer, xylan contains 1-4 linkages of xylopyranosyl units attached with
a-4-O-methyl-D-glucuronopyranosyl branch chain of glucose connected to other
xylose carbon sugar monomers [23]. Notably at ordinary temperature, the hemicellu-
lose is also insoluble in water. It is soluble in acidic solution, and the solubility increase
with concnetration of acid and temperature. Naturally, hemicellulose has various size,
shape, low polymerization in structure and is not crystalline owing acetyl groups in
the polymer. The hemicellulose make a strong backbon in plant biomass by crosslinkg
with non-covalent bonds cellulose micro-fibril chains [23].

2.3 Lignin

Lignin is different than the hemicellulose and cellulose because it comprise of
aromatic heterogeneous polymer phenyl-propane units. The long phenyl-propane
units are attached togather by ether bonds. The main function of lignin is to strongly
drag hemicellulose and cellulose in complex structure of lignin like a glue to seal
each gap in plant biomass. Therefore, this lignin make it harder for the degradation.
The concentration of lignin is depending on the size, growth, nature and properties
of plants biomass [24]. It is soluble in varios solvents, dioxane, pyridine, dimethyl
sulfoxide, acetone, and in high concentration of acidic solution at high tempera-
ture. Notably, the lignin is easily soluble in alkaline solutions at both low and high
temperature [25]. In a general thermal temperature heating of range 150-300°C
degrade hemicellulose, 315-400°C degrade cellulose and 250-500°C degrade lignin
from plant biomass. In lignin structure, three aromatic phenolic components
coniferyl (G), p-coumaryl (H), and sinapyl (S) are the major monomers (Figure 3).
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Figure 3.
Three main components in lignin structure.

Generally phenolic hydroxyl, methoxyl, and terminal aldehyde groups are present
in the lignin. Softwoods lignin comprise of guaiacyl units, while in hardwoods the
lignin contain guaiacyl-syringyl, whereas p-coumaryl alcohol units are found in
Graminaceous lignin. In lignin synthesis, alcoholic hydroxyl and carbonyl groups are
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Basic phenylpropane linkages in lignin structure.
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assimilated into the structure of lignin during enzymatic dehydrogenation. Lignin
structure has some mutual functional groups and common linkages between the
aromatic phenolic components. Few of them are, $-0-4, a-O-4, dibenzodioxocin,
B-5, 5-5, 4-O-5, B-B, and B-1 linkages. The density of the lignin structure is from
the monomers ratio, compositions pattern and due to a number of linkages options
between lignin monomers. Some of the common bonds arrange in carbon-carbon
bonds (B-1, p- B, 5-5’) carbon-oxygen bonds (a-O-4, f-O-4, and 4-0-5), carbon-
oxygen and carbon-carbon bonds ($-5'/ a-O-4, - p"/a-O-y). One the prominent
60% of total is ether f-O-4 linkage present in the polymer (Figure 4) [26].

3. Chemical groups in biomass

Plant biomass has various functional groups i.e. phenolic and furfural compounds,
among them the important groups are listed in the (Table 2). Among cellulose,
hemicellulose and lignin, highest different functional groups are present in lignin
polymer. Hydrogen and ether glucosidic bonds are common in cellulose. Thus cel-
lulose can be easily transformed and fractionated into sugars monomers. Kirk-Otmer
[27] defined the alteration, substitutions and transformations in functional groups.
In lignin cholrine and nitro groups are added in the substitution reactions of chlorina-
tion and nitration. Reaction like, acidic solutions change hydroxyl group to allylic or
aryl ether in lignin and make it water soluble. The glucosidic linkage in sugars is the
most important bond in ether groups, in lignin polymer. Removal of this ether bond
distort the chain in lignin and start separation of lignin from the rest of plant biomass.
Condition of alkaline solution reomve aromatic rings, whereas, solvolytic reaction
split ether bond, and acidic reaction transform ether bond into hydroxyl and carboxyl
prior fragmented into C3 or C2 molecules.

In hemicellulose, the common bond is hydrogen or ester bond with a hydroxyl
chain. In long chain of hemicellulos polysaccharides, the ester bond connect to either
carboxyl or hydroxyl groups but the position is not fixed between the cross linking
of hemicellulose-lignin, and hemicellulose—cellulose [22]. The glucose monomer are
connected by hydrogen bonds, oxygen atom and a hydroxyl group in hemicellulose
and cellulose polymer chains. These bonding makes the polysaccharides in plant
biomass rigid and only harsh conditions of high temperatures acids and alkali can
break bonding of the polymer structure of the biomass [28].

Group Cellulose Hemicellulose Lignin
Hydroxyl group X X \/
Carbon to carbon linkage X X Vv
Ester bond X \/ X
Hydrogen bond v v X
Ether (glucosidic linkage) \/ \/ \/
Aromatic ring X X v

Table 2.
Basic functional groups in plant biomass.
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4. Lignin types, isolation and pretreatment methods

Base on the isolation and pulping process, lignin products is termed with five
different names

1. Technical lignin = which is made of paper, pulp and cellulose at industrial level
2.Kraft lignin = containing sulfate after pulping process

3.Lignosulfonate = containing sulfite groups in pulping process

4. Alkali lignin = lignin isolated from biomass using different alkali
5.0Organosolv lignin = isolated with organic solvents treatment

As it known to us that the lignocellulosic biomass has three major components
i.e. lignin, hemicellulose and cellulose that are linked together through different
linkages and bonds between them. The details components and linkages are shown
in the Figures 3 and 4. The isolation of lignin requires to disrupt the covalent, ether
and hydrogen bonds between lignin and other fraction. The efficacy of the process
arises from the yield, purity, and the degree of transformation in lignin structure. In
each isolation process, either full or partial cleavage of bonds and functional groups
are targeted. During the isolation method, the lignin linkages can be exposed to
changes such as ether, carbon-carbon, oxygen-carbon bonds alteration and other than
degradation to small fractions. Different kinds of pretreatment methods (Figure 5)
are tested to effectively separate out the main components of plant biomasses. The
methods tested includes physicals, biologicals and chemicals to degrade and hydrolyze
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Figure 5.

Pretreatment methods and their effect on biomass.
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the targeted biomasses into its monomers. The pretretments are necessory to remove
lignin, one of the toughest structure that act as an obstacle for its utilization purposes.
Thus lignin is considered to be remove from the biomasses and makes the cellulosic
component expose for the transformation into usable materials [29].

The preeminent approach must have characteristics like (a) minimum chemicals
uses (b) high carbohydrates reclamation (c) narrow quantities of by-products (d)
economical far-reaching applications (e) appropriate for diverse biomasses and (f)
decrease the concentration of enzymes used in hydrolysis of biomasses [30]. So far
none of a single pretreatment method has all the good properties as supposed above,
but in broad-spectrum, this section will concisely focus on the common methods
reported for different biomass hydroylsis.

4.1 Mechanical treatment

Mechanical method change the solid fragments of the biomass into granular
shape, improve the precise surface area and degrade into lesser particles, remove
water content, decrease the needs high amount of energy consumption in further
pre-treatment reaction. Various mechanical methods like high-pressure homogenizer,
piston press, bead mill, grinding and sonication are reported.

4.2 Thermal method

A high temperature utilization is also applied at commercial scale that’s disinte-
grate the plant biomass and direct conversion of biomasses into polysaccharides and
carbon materials. The thermal treatment scale depends on the plant biomass materials
and conversion into target molecules. Low thermal temperature ranges from 120 to
180°C are uses for proteins, carbohydrates and other sugars molecules solubiliza-
tion. Wherase, high thermal treatment are applied for prouction of volatile organics,
carbons and gases from biomass. Thermal heating in autoclave uses steam heat under
high pressure on lignocellulosic biomass results in a considerable break in lignin link-
ages in biomass [31]. Electromagnetic radiation from microwaves with a frequency
range of 250-300 MHz energy induced molecular vibration and is showed more
efficient and less time consuming pretreatment method compared to conventional
heating [32]. The microwave heating combine with acid, alkali and organic solvents
has high impact than alone thermal treatment method [33]. So thermal treatment
with any technology can be use to disintegrate the plant biomass into its components.

4.3 Lignosulfonate process

The isolation of lignin using sulfite and bisulfite anions at industrial scale. In
this process, sulfur dioxide reacts with water with control oxygen supply in sulfur
combustion and produce sulfurous acid for making pulping liquor. This reaction use
alkali base or carbonates for pH (1-6) adjustment, and temperature adjustment of
140-160°C. The final product lignosulfonate polymer is water soluble and comprises
of 5% sulfur and carbohydrate impurities.

4.4 Kraft process

The Kraft process is a universal delignification method used in paper and pulp
industry for lignin removal. In this process sodium sulfide (NaS2) and sodium
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hydroxide NaOH are used to disassociate lignin linkages in substrates to separate out
cellulose. The addition of these alkali solutions at high temperature of 150-170°C for
about 100-120 minutes, results a brown liquid and solid pulp. The lignin is precipi-
tated through acidification from dark liquor and purified while cellulose and other
carbohydrate residues and inorganic impurities are left aside. Purified Kraft lignin is
then used to energy purpose through combustion in paper mills.

4.5 Chemical method

Chemical method with thermal heating is commonly used for fractionation of
biomass into lignin cellulose, and hemicellulose. The function of acids in low con-
centration break the outer surface and release bulk of extratives and hemicellulose of
the biomass. Wheras, the concentrated acids at high thermal treatment disassociate
the firm structure of the biomass. This treatment release both lignin and hemicel-
lulose sugars of the biomass simultaniously. Sulfuric acid, hydrocholric acid, and
nitric acid with (1-10% w/v) are mostly reported in the acid chemcial treatment
method [34]. The alkalin solutions particularly of sodium hydroxide, potassium
hydroxide, and calcium hydroxide specifical target linkages bonds in lignin and has
very less penetration power for the cellulose of biomass. The alkaline solution with
thermal heating pretreatment makes the biomass digestible for enzymes saccharifi-
cation into sugars [35] allowing maximum entrance to hemicellulose and cellulose
molecules [36]. It is hard to classify the most appropriate pre-treatment process
for different kinds of biomasses [37]. But, the right choice pre-treatment process
needs to enhance porosity of the biomass and reduce the inhibitors generation [37].
Ideally, low acids and alkal concentration has revealed optimmum separation of
lignin, hemicellulose and cellulose of the biomass without addition of inhibitors
[38]. Further, dilute acids and alkali pre-treatment can are economical for bioenergy
and biochemicals production from biomass polysaccharides at large scale. Potassium
hydroxide, calcium hydroxide and sodium hydroxide are the highly ested alkalies
for lignocellulose degradation, however, sodium hydroxide has a greater potential
reaction rate compare to other alaklies [39]. Wherase, in cost perspective, calcium
hydroxide has less cost per kg than the other and could prove to the inexpensive
pretreatment of biomass [40]. Therefore, for industrial scale process, it is better to
select the inexpensive acids and alkali with optimum thermal process for yield of
polysaccharides and biofuels production from pretreated biomass through anaerobic
fermentation.

4.6 Organosolv method

Organosolv extraction method include, an organic solvent dissolved in water at
high hydrothermal condition for biomass hydrolysis to remove a pure sulfur-free
lignin. Common tested solvents have very low boiling point and can be simply recycle
back after the pretreatment process. The subsequent lignin structure has small
changes related to the native lignin. The organosolv treatments in fact chop favorably
the bonds between carbohydrate-lignin molecules separating a partially modified
lignin. Due to this characteristic, lignin obtained with organosolv treatments is a
best monomer for making polymers, such as bio-based polymers, polyesters, poly-
urethanes, and phenolformaldehyde resins. The most universal organic solvents are
acetone, ethanol, methanol, or a mixture thereof. The purified lignin is recuperated
after the precipitation process using water.
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4.7 Biotreatment

Biotreatment is basically biological pretreatment method applying either bacte-
ria, fungi or yeast cells in sinngle culture of mix microbial communities composi-
tion. Additionally, specific enzymes in as a single entity or mixed enzymes solution
has also been used in biotreatment system. The nature and function of enzymes
and microbial culture could be different but the overall target is to fractionate the
biomass into separate polysaccahrides molecules. A number of enzymes such as
lignin peroxidases, laccases, xylanases, endoglucanases, peptidases, esterase and
hydrolases has been applied in biomass saccharification process. Beside enzymes, a
number of fungal strains Phanerochaete chrysosporium, Trametes versicolor, Pleurotus
ostreatus, Ceriporiopsis subvermispora, and bacterial speies particularly Clostridum
sp. Pseudomonas sp. LD002 [41], actinomycetes [42], Streptomyces viridosporus
T7A [43], Rhodococcus jostii RHA 1 and Pseudomonas putida [44, 45], Bacillus
sp. strains [20-23], and thermophile anaerocellum thermophilum are reported
for oxidative hydrolysis of lignin from biomass [46, 47]. Fungi like white and
brown-rot fungi has the ability to hydrolyze both lignin and cellulose [48]. Such
strains has the enzymes machinery of lignin peroxidase, manganese peroxidase,
versatile peroxidase, laccase and cellulases [49]. The eficiency and percentage of
lignin degradation depends on the enzymes and growth of the microorgansims
like Stereum hirsutum (white-rot fungi) has 14.5%, degradation of the lignin from
the wood biomass [49]. Wherase, Coniochaet ligniaria fungus reported upto 75%
of lignin degradation from pepper plant, likwise, Pleurotus Florida with 45-50%
degradation of lignin from corn straw [50]. The importance of biological treat-
ment method is consumption of low energy, safe for environment and has no
involvement of toxic chemcials. However, the problems that needs to be adjusted is
sluggish growth, optimum conditions of enzymes, products inhibition, pretreat-
ment time, enzymes purification, economical approach, feasible for the degrada-
tion of diverse agriculture biomasses [51]. However, all of these studies proposed
that biological treatment is economical pre-treatment method among the all for
inexpensive biofuels productions.

5. Lignin applications

Isolated lignin through any pretreatment methods can be use directly as unmodi-
fied crude lignin or pure lignin with further modification reactions in the applied
field. This section will briefly describe the main applications of both native lignin and
modified lignin.

5.1 Native lignin

Lignin has many applications; one of them is direct combustion of lignin as black
liquor as a fuel and power in paper and wood pulping industry. Also the native lignin
increase combustion heat to bio-fire made of propane-1,3-diol and cellulose. In view of
its binding stuffs, it is commonly used as a stabilizer in coal briquettes in which it raises
the boiling speed and strength in packing paper material. Regardless of the importance
of lignin for power generation, it has many other uses like as toluene or benzene, non-
toxic binder in pelleted feeds, nonhazardous chelating agent, transporter of nutrients
as lignosulfonate for the plants to discharge them gradually in the soil. Lignin can also
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be use as a sequestrant of heavy metals (e.g. zinc, nickel, cadmium and mercury) for
purification of polluted water due to chelating property [26, 52].

5.1.1 Polymers from native lignin

Native lignin can be an outstanding preparatory material for making of poly-
mer composites with other molecules through covalent bonds. Additionally, as an
additive the native lignin can protect polymers from high temperature, light and
oxidation. The most essential linkages are the hydroxyl groups in polymerization.
Remarkably, the steric interruption decrease the reactivity of lignin and due to fairly
small amount of free active hydroxyls, still the use of lignin in polymer materials has
been successful. For example, in the reaction between phenol and formaldehyde for
production of phenol-formaldehyde adhesives of chipboards, plywood etc., lignin
is convenient as a substitute for phenol binding reagent. Similarly, lignin can be
blended in polyethylene, polypropylene, to change its mechanical properties and
improving the oxidative resistance. Kraft-lignin as an unmodified material used in
polyesters as a reaction monomer has been reacted with sebacoyl chloride, increased
the recycling of subsequent polymer. Native lignin has many other applications also,
it can react with polyethylene glycol (PEG) and methylene diphenyl isocyanate to
make polyurethanes, biodegradable foam, cheap composites, bioplastic materials
mixed with cellulose fibers, cellulose-lignin based hydrogel, medical devices or
controlled drug release exercises [26, 52].

5.2 Modified lignin

Lignin reaction can be change and modified to add new functionalities with aim
for fine chemicals production.

5.2.1 Adding new function

Amination, a reaction to add reactive amino group to lignin to synthesize ami-
nated lignin hat has significant application as a slow-release mediator for fertilizers
and flocculant to remove anionic dyes from water solutions [26].

5.2.2 Synthesis of polymers

The native lignin can be used for synthesis of several polymers. To do this,
changes in the reactive sites such as phenol and hydroxyl groups like lignin-
phenolation is the mostly used process. Lignin-phenolation is carried out using
methanol or ethanol in acidic medium, with a boiling point temperature of the
tested solvent to make phenol-formaldehyde (PF) resins. Similarly, sulfur-mediated
demethylation is a process to remove the methyl from the hydroxyl groups in lignin
is economical and most significant reaction to synthesize phenol-formaldehyde
resins [26].

5.2.3 Catalytic reactions

There are feasibly many catalytic reactions for lignin modification; but the three
important of them are oxidation, hydrogenolysis, and hydrodeoxygenation.
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5.2.4 Oxidation

In oxidation, ether bonds are sliced of the hydroxyl-benzyl group of the lignin
structure, resulting to a combination of aromatic ketones and aldehydes that are
valuable predecessors to fine chemicals. For example, in an alkaline medium, lignin is
oxidized under high-pressure of oxygen for vanillin synthesis. Further, catalysts like
Pd/AI203 speed up the selective oxygenation of lignin for high yield of vanillin and
syringaldehyde [26].

5.2.5 Hydrogenolysis

Hydrogenolysis is a reaction that breaks ether bonds in lignin at high temperature
and hydrogen in the presence of a catalyst. For example, in the presence of Ni, lignin
is converted into aromatics compounds such as dihydroconiferyl alcohol, dihy-
droxysinapyl alcohol, guaiacol, and 4-propylsyringol. In hydrogenolysis, the selective
reaction on specific bonds of the lignin towards valuable chemicals, identification and
separation of the specific product from the complex mixture of aromatics is a chal-
lenging task [26].

5.2.6 Hydrodeoxygenation

Hydrodeoxygenation is a degradation reaction that gives rise to aromatics with low
oxygen content. In hydrodeoxygenation, under strict temperature and pressure using
a catalyst, the lignin can be converted into benzene, cycloalkanes and hydrogenated
bio-oil as a fuel [26]. A list of lignin base products synthesized through different reac-
tion process are given below in Table 3.

The high abundance and availability of lignin has a great market potential for
industrial use. In future the efficient utilization of the isolation process and chemi-
cal conversion reaction with new technologies may have significant contributions

Product Lignin or Lignin Monomers Reaction

Feruloyl and p-coumaryl Conversion of ferulate and coumarate by Acyl-CoA synthetase (HcaC) of
Acinetobacter baylyi, Cupriavidus necator
JMP134

Vanillin Conversion of feruloyl-by Acyl-CoA hydratase (HcaA) of A. baylyi

Phydroxybenzaldehyde onversion of p-hydroxybenzaldehyde by Dehydrogenase (HcaB) of A. baylyi,

Guaiacol Vanillate by Decarboxylases (VdcB, C, D) of Streptomyces sp. D7

Formaldehyde Methyl- THF by O-Demethylase systems (MetF) of Acetobacterium dehalogenans,
Sphingobium sp. SYK-6

Methanol and C8-C9 Conversion of Birch wood sawdust at 200/250°C, 40 bar, Ru/C, Pd/C, Rh/C, Pt/C

alkanes

Sugars Wood flours from Japanese beech (Fagus crenata) using catalyst 1 ethyl-3-
methylimidazolium chloride at 90-120°C

Phenol Sugarcane bagasse lignin using Raney Ni and p-zeolite at 2 h at160 oC; 2 h at 240°C
conditions

Plywood and fiber board Making of binder of through phenolation that condense lignin aromatics

binder monomers with phenol

21



Lignin - Chemistry, Structure, and Application

Product Lignin or Lignin Monomers Reaction

Adhesives Reaction of lignin with phenolic resin to make phenol-formaldehyde (PF)
adhesive

Asphalt Bitumen in asphalt can be substituted by lignin to make epoxy concrete or

epoxy-cement.

Bio-sourced battery In lithium-ion batteries for enhanced electrical systems lignin can bind cathode,
electrolyte, and anode as a bio-sourced polymer

Lignosulfonates lignosulfonates of sulfite spent liquors (SSL), calcium, and sodium can produce
wood adhesives

Medical/healthcare plant-based adhesive hydrogel using Ag-Lignin nanoparticles (NPs), The
devices hydrogels is made of a solution of poly (ethylene glycol), acrylic acid (AA), pectin,
ammonium persulfate, Ag-Lignin NPs solution, and diacrylate.

Biocomposites treatment of cotton fiber or polylactic acid (PLA) as a matrix for the composites
with native lignin extracted from biomass

Leather skeleton Lignin coated leather can replace using azobenzene in dyeing industries

Lignin coating polymer Klason lignin treatment with hexamethoxy methyl melamine, p-toluene sulfonic
acid goes for self-polyesterification with sodium hypophosphite (NaHP) to
produced polymer

Table 3.
Examples of few important lignin base products [26, 52].

for chemicals, materials and fuels from raw lignocellulosic biomass. The successful
application of novel process will build a sustainable route in future bioeconomy. In
brief the lignin can be used to be converted through the reactions described in to
many chemicals products. The lignin has valuable raw materials for several applica-
tions. The potential products from lignin for the market are

* Syngas products (Dimethyl ether, Methanol, Ethanol, C1-C7 gases)

* Hydrocarbons (Benzene, toluene, xylene, higher alkylates, cyclohexane,
styrenes, biphenyls)

* Phenols (Phenol, catechols, cresols, resorcinols, syringols, coniferols, guaiacol)s

* Oxidized products (Vanillin, vanillic acid, syringaldehyde, syringic acid,
aliphatic acids, cyclohexanol/al, p-keto adipate)

* Macromolecules (Carbon fibers, polymer alloys, composites, adhesives, binders,
preservatives, polyols)

6. Conclusion

As global fossil resources are immensely diminishing and high utilization of it
causing climate pollution due to discharging of harmful gases. Lignin was assumed
as useless materials in plant biomasses and same for other waste residue of lignocel-
lulosic substrates. So a huge amount of beneficial carbon materials vanished either
burning in the field or for cooking purpose. This chapter highlights that plant biomass
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contains cellulose, hemicellulose and lignin. All of the three main components can be
convert into industrially valuable products. This chapter described the accessibility
of huge amount of lignin along with cellulose and hemicellulose carbons, separation
methods of polysaccharides and conversion of these usable carbons to high value
chemicals production. This brief information about lignin has the possibility to be
extended for better depolymerization of lignin base biomasses, and a knowledge
source for efficient reaction to new aromatic catabolic chemicals in the future.
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Abstract

Lignin is the second most abundant natural polymer after cellulose. It has high
molecular weight and poor dispersity, which lowers its compatibility with other
polymeric materials. Accordingly, it is hard to integrate lignin into polymer-based
applications in its native form. Recently, lignin valorization, which aims to boost
lignin value and reactivity with other materials, has captured the interest of many
researchers. The volatility of oil and gas prices is one strong incentive for them to
consider lignin as a potential replacement for many petroleum-based materials. In
this chapter, lignin valorization processes, namely hydrogenolysis, pyrolysis, hydro-
thermal liquefaction, and hydro-thermal carbonization, are discussed in brief. The
chapter also discusses the synthesis of lignin-based epoxy resin as an already existing
example of a lignin-based product.

Keywords: lignocellulose, valorization, biomass, waste management, bioresins,
eco-friendly

1. Introduction

Environmental friendliness and green alternatives have been a significant con-
cern, to reduce carbon footprint and alleviate environmental toxicity problems [1, 2].
Lignocellulose is the most abundant renewable biopolymer ever existing [1, 3]. Cellulose,
hemicellulose, and lignin count up to more than 90—95% of lignocellulosic texture [4].
Lignin is an organic polymer whose structure is highly dependent on its native source.
In general, it is an amorphous, isotropic material, covered, for example, in the wooden
stem of a plant. All plants and algae comprise lignin in different amounts, in addition to
cellulose and hemicellulose [5, 6]. Lignin amount also differs according to the time of
harvesting. The lignin content gets much higher, the older the plant gets. For instance,
lignin presents about 12.4 ~ 29.4% of hemp [7] and 2.5 ~ 3.8% of flax [8]. Nevertheless,
the highest lignin content can be found in woods, with a percentage of 20 ~ 30% [9].
Lignin leads to a so-called lignification of the stem (from Latin: lignum). This makes it
more robust and stronger by gumming the cellulose part together [10]. This partly also
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occurs in leaves. It is extracted from these natural sources via physical, chemical, or
biological methods.

Physical processes include steam explosion and mechanical grinding. The physi-
cal route yields high-purity lignin. However, it is hard to be industrially upscaled.
Chemical processes commonly used for pulp and paper, such as the kraft and sulfite
process, utilize reagents that trigger reactions, yielding moderate-purity lignin,
depending on the parameters. The harsher the reaction environment and chemicals
utilized, the lower the quality of lignin will become. New processes such as organosolv
process running on water and ethanol as main solvents with an optional acid catalyst
will result in higher quality lignin due to the mild reaction conditions. However, to
obtain high-purity lignin, the respective fraction will need to undergo further treat-
ment. Finally, the biological option involves enzymes that break lignin bonds with
cellulose and hemicellulose. Despite producing high-purity lignin, this technique is
not favorable due to its low speed. The majority of industrial lignins are extracted
chemically from their sources.

Extracted lignin has high molecular weight and poor reactivity with other poly-
meric materials. Hence, its uses are limited to combustion applications. Around 98%
of lignin is burnt as a low-value fuel, while the rest is fabricated into commercial
products [11]. In order to increase lignin utility, its structure has to be modified first.
The purpose of the modification is to enhance lignin reactivity and homogeneity and
lower the probability of infusible solids formation. Boosting lignin value is called
“lignin valorization.” Table 1 summarizes different valorization processes, which are
covered in the following section.

With a share of 4.3% of the European pulp production and total production of 5
million tonnes of paper in Austria, there is an approximate market demand of 116.3
billion tonnes of pulp only in Europe. Multiplying this with a mean value of the
content of lignin in wood, taking 25%, there is a total yearly amount of 29 million
tonnes of lignin. Adding further lignin sources as mentioned above as well, the value
is significantly increasing. The following chapter addresses, how the velarization
process takes place to not waste this amount of lignin. Afterward, Chapter 3 deals

Process Temperature Atmosphere Catalyst Main Reference
range, °C and media products
Hydrogenolysis 40-200 H, Supported Mixed [12]
water (or transition aromatics
alcohol) metal
Pyrolysis 500—-1000 N,, CO, Acid, alkali, Pyrochar [13]
metal, metal and bio-oil
oxide
Hydrothermal 200-400 N,, CO, Acid, alkali, Bio-oil and [14]
liquefaction Water (or metal, metal phenolics
Organic oxide
Solvent)
Hydrothermal 160-240 N, Acid, alkali Hydrochar [15]
carbonization water (or
organic
solvent)
Table 1.

Lignin valorizgation processes.
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with further processing of lignin-based epoxy resin synthesis. Concluding, a short
chapter will summarize the findings.

2. Lignin valorization processes

To describe how to use lignin as a valuable resource (see Figure 1), this chapter
initially describes the hydrogenolysis of lignin. Afterward, the pyrolysis and gasifica-
tion are described that lignin might be used as an energy source. Material collection
on a wet basis is discussed in the chapter on hydrothermal liquefaction (HTL). This
chapter closes with a discussion of hydrothermal carbonization (HTC) of lignin.

2.1Lignin hydrogenolysis

Lignin hydrogenolysis is a three-step process. First, lignin macromolecule func-
tional groups are reduced without breaking the main structure. Second, macromol-
ecules are broken into phenolics and arenes. Third, further reduction of second-step
molecules into alkanes takes place.

2.2 Lignin pyrolysis and gasification

Lignin pyrolysis is an oxygen-free thermochemical conversion process. It aims to
recover energy and other materials under a temperature ranging from 300 to 800°C
[16]. Typical products of pyrolysis are biochar, bio-oil, and syngas. The quality of
these products is highly dependent on temperature and dwell time. Longer residence
time, or slower heating rate, reduces the bio-oil yield and boosts syngas content due
to secondary cracking [17]. Lignin molecular weight is another important factor.
Low molecular weight leads to the formation of CH,, CO, and CO, from the methoxy
group, whereas high molecular weight yields guaiacol and alkyl guaiacol [18].

While lignin pyrolysis is working in an oxygen-free environment for the pro-
duction of syn-gas as the main product, which could also be of interest for future
industries, as over 50% of syn-gas production is still petro-based and is based on
the injection of pure oxygen or steam for stoichiometric balance, crucial for the
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Figure 1.
Lignin valorization process.
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production of higher quality syn-gas from biomass. The constitution of syn-gas is
highly dependent on the biomass utilized, gasifier type, and agent, as well as opera-
tional conditions. It should be noted that lignin in itself is limited in hydrogen that
is covalently bound to the structure ranging in the region of 5—6 wt%, which would
be the maximum theoretically achievable ceiling, with respect to the energetic input
needed for extraction. With gasification utilizing stream, the hydrogen output at
higher temperatures is influenced due to the reaction between water and free carbon
in the reaction chamber. Currently, the gasification of wood as the main feedstock is
fairly common. However, the true interesting contender is biomass based on agri-
cultural residues, such as straw, husks, shells, and more, which exhibit comparable
values in syngas composition from the current benchmark in lab scale [19, 20].

2.3 Lignin hydrothermal liquefaction, HTL

Recently, HTL has been extensively studied as a biomass conversion method with
water as a reaction medium. HTL is an efficient process of lignin transformation dur-
ing which pyrolysis and hydrolysis take place simultaneously [14]. HTL is considered
an eco-friendly and sustainable technology with the advantages of short residence
time, high conversion rate, and less pollution.

Although lignin is abundant in plethoric quantities naturally, HTL has not reached
the industrial scale, not even the pilot level because of troublesome depolymerization
and separation. In contrast, lab-scale studies have been successful in lignin transfor-
mation in which 60 wt% low-weight aromatic molecules were obtained from oxidized
lignin [21].

2.4 Lignin hydrothermal carbonization, HTC

HTC is an eco-friendly, convenient, and low-cost method [22]. Comparably, HTC
offers distinctive advantages, which are not limited to no need for pre-drying, low pro-
cessing temperature (180—350°C), avoiding air-polluting nitrogen oxides, and sulfur
oxides dissolution in water [23]. During HTC operation, lignin is heated in a high-
pressure autoclave in the presence of subcritical water and pressure ranging between 2
and 10 MPa. Reaction mechanisms comprise hydrolysis, dehydration, recondensation,
decarboxylation, and aromatization [15], which are collaborative and concurrent.
Similar to pyrolysis, key roles are played by the reaction temperature, residence time,
and source of raw materials in the HTC process that yields hydrochar [24].

3. Lignin-based epoxy resin synthesis

Epoxy resins were first introduced in Europe by P. Schlack in 1939 [25]. They are a
group of thermosetting resins (see Figure 1) that require curing to harden. The ratio
of the curing agent, or the hardener, to the resin affects the overall performance of the
polymer [26]. In general, epoxy possesses excellent thermal and mechanical proper-
ties. Hence, it is favorable in the fields of coating, electronic packaging, and thermal
insulation [27], to name a few.

One of the most common epoxy resins is the diglycidyl ether of bisphenol A
(DGEBA). DGEBA is the product of an epichlorohydrin (ECH) reaction with bisphe-
nol A (BPA) in the presence of a basic catalyst [26]. Since BPA is a petroleum-based
chemical, DGEBA is not biodegradable, thereby having a great potential to damage
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Different types of epoxy resins.

the environment [28]. Being an environmental hazard has never been enough of
an incentive to search for safer options. However, the recent volatility of oil and gas
prices adds to the list of reasons that justify those options [29].

Lignin is a natural polymer whose structure is a complex network of phenyl-
propane units, namely p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol
[29, 30]. Figure 2 shows the three building blocks of lignin. Lignin structure is very
similar to that of BPA, which qualifies the former to be an excellent substitute for the
latter [28]. Luckily, lignin is the second most abundant macromolecule after cellulose.
Therefore, it is no surprise that researchers find lignin-based epoxy resins worthy of
their attention. By far, there are three methods to integrate lignin into epoxy resin
synthesis. They are a) physical blending of lignin and epoxy resin, b) epoxidation of
lignin after pretreatment, and c) epoxidation of unmodified lignin [31, 32].

3.1 Physical blending of lignin and epoxy resin

In this method, lignin is blended with petroleum-based epoxy resin to form a
binary mixture, which is then cured at a proper temperature. Simionescu et al. [33]
stated that epoxy resins with 25 ~ 50 wt% lignin exhibited good mechanical and
dielectric properties after curing at elevated temperatures. In a different study, Behin
et al. [34] reported that adding small amounts (< 2.5 wt%) of kraft lignin and Sal-A
nanoparticles to uncured epoxy resins boosted their overall mechanical performance
after cross-linking. They also mentioned that the additives had a positive impact on
the curing reaction. In particular, both peak temperature and total heat of the curing
reaction dropped significantly.
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Figure 3.
Lignin’s basic components: p-coumaryl alcohol (A), coniferyl alcohol (B), and sinapyl alcohol (C).

Pan et al. [35] considered the addition of lignin as a cross-linker. They mixed ami-
nated lignin (see Figure 3) with a regular curing agent (W93) at 80°C. Then, a proper
amount of liquid epoxy was added to the blend after cooling to room temperature.
The epoxy-hardener mixture was cured in a baking oven afterward. Results showed
that the thermal behavior of epoxy gradually improved with increasing the amount of
aminated lignin in the hardener system up to 50%. Further increase in lignin content
caused a drastic deterioration in performance, owing to agglomeration.

In light of the abovementioned studies, it is clear that the simple blending
approach is straightforward and versatile. However, owing to lignin heterogeneity
(steric-hindrance effect), the complete substitution of petroleum-based materials is
not feasible with this technique.

3.2 Epoxidation of lignin after pretreatment

Large molecular weight and poor dispersity lower lignin compatibility with
polymeric compounds. Better reactivity can be realized via chemical modification, for
example, phenolation, hydroxymethylation, and demethylation. For instance, Zhang
et al. [36] synthesized phenolated lignin, hydroxymethylated lignin, and demethyl-
ated lignin from native lignin through chemical modification. The modified lignin
types were reacted with epichlorohydrin to obtain lignin-based epoxy resins, which
were then utilized as feedstocks for new grouting materials. The newly prepared
lignin-epoxy grouts outperformed the commercial ones, displaying great potential in
replacing petroleum-based materials.

Zhen et al. [28] proposed a novel strategy (see Figure 4) to produce lignin-based
epoxy resin from phenolated lignin. They demonstrated in their work the superiority
of their new approach over the traditional one. They noticed a slight deterioration
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Aminated lignin structure.

in thermal-mechanical performance when the lignin amount exceeded 20% (80%
phenol). However, the values were still better than lignin-free resins (Figure 5).

Similar to the first approach, the steric-hindrance effect of lignin is still inevi-
table. However, its impact is not as bad as in the simple blending approach. With the
technique discussed herein, the complete substitution of petroleum-based materials
is achievable, which is a major step in the right direction toward the production of
petroleum-free thermosets.

3.3 Epoxidation of unmodified lignin
Unmodified, or technical, lignins refer to a large group of lignin by-products whose

properties are very different from their native form [37]. Kraft lignin, lignosulfonate
lignin, and organosolv lignin are some good examples of unmodified lignins [38].

Figures.
PLIEN production process as proposed by Zhen et al. [28].
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Like the previous method, BPA can be completely replaced with unmodified lignins in
epoxy resin formulation. The main difference between the two techniques is the cost.
Since technical lignins are already available as industrial wastes, no additional process-
ing cost is added, which qualifies the current method for large-scale production [32].

4, Conclusions

The current chapter reviewed the current state of the art in lignin valorization
starting from the extraction process to utilization via lignin-based epoxy resin
synthesis. The key conclusions are as follows:

* While about every plant-based source has lignin as a base building material, the
constitution will vary greatly depending on the type utilized.

* Lignin is extracted from the source either physically, chemically, or biologically
and varies in quality depending on the technology.

* The greatest majority of industrial lignins are chemically extracted from their
native sources.

* Lignin described through their bond type or content of S-, P-, and C- type
alcohols, due to their complexity, contains various chemical groups interesting
for a wide array of industries.

* Lignin cannot be utilized in its original form; due to its heterogeneity and impu-
rities from the treatment of the source material, however, it can be valorized
through fractionation to enhance its homogeneity.

* Hydrogenolysis, pyrolysis, HTL, and HTC are examples of lignin valorization
processes.

* There are three synthesis techniques to produce lignin-based epoxy resins.
They are as follows: (a) simple blending of lignin and petroleum-based epoxy,
(b) epoxidation of modified lignin, and (c) epoxidation of unmodified lignin.

* In the simple blending approach, lignin can replace a small percentage of petro-

leum-based BPA. In contrast, the other two techniques can achieve complete
substitution of BPA.

36



Perspective Chapter: Potential of Lignin Valorization with Emphasis on Bioepoxy Production
DOI: http://dx.doi.org/10.5772/intechopen.108263

Author details

Mohamed H. El-Moayedl*, Justin Kithn?, Sea-Hyun Lee?, Mahmoud Faralg3
and Sherif Mehanny'

1 Faculty of Engineering, Mechanical Design and Production Department,
Cairo University, Giza, Egypt

2 Institute of Textile Technology, RWTH Aachen University, Aachen, Germany

3 Department of Mechanical Engineering, School of Sciences and Engineering,
The American University in Cairo, New Cairo, Cairo, Egypt

*Address all correspondence to: mohamed.elmoayed@eng.cu.edu.eg

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

37



Lignin - Chemistry, Structure, and Application

References

[1] Mehanny S et al. Extraction and
characterization of nanocellulose from
three types of palm residues. Journal
of Materials Research and Technology.
2021;10:526-537. DOI: 10.1016/jjmxrt.
2020.12.027

[2] Mehanny S, Ibrahim H, Darwish L,

Farag M, El-Habbak A-HM, El-Kashif E.

Effect of Environmental Conditions on
Date Palm Fiber Composites, in Date
Palm Fiber Composites. Singapore:
Springer Singapore; 2020. pp. 287-320

[3] Refate A, et al. Influence of
electrospinning parameters on
biopolymers nanofibers, with emphasis
on cellulose & chitosan. Heliyon. Cell
Press [Under review]

[4] Mehanny S, Ammar Z, Adly M.
Influence of natural fiber content on
the frictional material of brake pads - A
review. Journal of Polymers and the
Environment. Springer [Under review]

[5] Mehanny S, Magd EEA-E, Sorbara S,
Navarro J, Gil-San-Millan R. Spanish
poplar biomass as a precursor for
nanocellulose extraction. Applied
Sciences. 2021;11(15):6863.

DOI: 10.3390/appl11156863

[6] Mehanny S, Farag M, Rashad RM,
Elsayed H. Fabrication and
characterization of starch based bagasse
fiber composite. In: Design, Materials
and Manufacturing, Parts A, B, and

C. Vol. 3. ASME. 2012. pp. 1345-1353.
DOI: 10.1115/IMECE2012-86265

[7] Brennicke A, Schopfer P.
Pflanzenphysiologie. Heidelberg:
Spektrum Akademischer Verlag; 2010

[8] Roux C, Robertson J. FIBERS —
Types. In: Encyclopedia of Forensic

38

Sciences. Elsevier; 2000. pp. 838-854.
DOI: 10.1006/rwfs.2000.0513

[9] Lourenco A, Pereira H. Compositional
variability of lignin in biomass. In:
Lignin - Trends and Applications.
London: InTech; 2018

[10] Kriiger G. Lignin - seine Bedeutung
und Biogenese. Chemie unserer Zeit.
1976;10(1):21-29. DOI: 10.1002/
€iuz.19760100104

[11] Zhang Y, Naebe M. Lignin: A review
on structure, properties, and applications
as a light-colored UV absorber. ACS
Sustainable Chemistry & Engineering.
2021;9(4):1427-1442. DOI: 10.1021/
acssuschemeng.0c06998

[12] Espinoza-Acosta JL, Torres-

Chdvez PI, Olmedo-Martinez JL,
Vega-Rios A, Flores-Gallardo S,
Zaragoza-Contreras EA. Lignin

in storage and renewable energy
applications: A review. Journal of
Energy Chemistry. 2018;27(5):1422-
1438. DOI: 10.1016/jjechem.2018.02.015

[13] Fan L et al. Fast microwave-assisted
catalytic co-pyrolysis of lignin and
low-density polyethylene with HZSM-5
and MgO for improved bio-oil yield
and quality. Bioresource Technology.
2017;225:199-205. DOI: 10.1016/j.
biortech.2016.11.072

[14] Cao L et al. Hydrothermal
liquefaction of agricultural and
forestry wastes: State-of-the-art review
and future prospects. Bioresource
Technology. 2017;245:1184-1193.

DOI: 10.1016/j.biortech.2017.08.196

[15] Mohamed GM, El-Shafey OI,
Fathy NA. Preparation of carbonaceous
hydrochar adsorbents from cellulose and



Perspective Chapter: Potential of Lignin Valorization with Emphasis on Bioepoxy Production

DOI: http://dx.doi.org/10.5772/intechopen.108263

lignin derived from rice straw. Egyptian
Journal of Chemistry. 2017;60(5):793-804.
DOI: 10.21608/ejchem.2017.1311.1080

[16] Chandrasekaran SR et al. Antioxidants
from slow pyrolysis bio-oil of birch wood:
Application for biodiesel and biobased
lubricants. ACS Sustainable Chemistry

& Engineering. 2016;4(3):1414-1421.

DOI: 10.1021/acssuschemeng.5b01302

[17] Biswas B, Singh R, Kumar J,

Khan AA, Krishna BB, Bhaskar T. Slow
pyrolysis of prot, alkali and dealkaline
lignins for production of chemicals.
Bioresource Technology. 2016;213:319-
326. DOI: 10.1016/j.biortech.2016.01.131

[18] Guo D, Wu S, Lyu G, Guo H. Effect
of molecular weight on the pyrolysis
characteristics of alkali lignin. Fuel.
2017;193:45-53. DOI: 10.1016/j.fuel.
2016.12.042

[19] Ciliberti C et al. Syngas derived from
lignocellulosic biomass gasification as

an alternative resource for innovative
bioprocesses. Processes. 2020;8(12):1567.
DOI: 10.3390/pr8121567

[20] Han T, Yang W, Jénsson PG. Pyrolysis
and subsequent steam gasification

of metal dry impregnated lignin for

the production of H2-rich syngas and
magnetic activated carbon. Chemical
Engineering Journal. 2020;394:124902.
DOI: 10.1016/j.cej.2020.124902

[21] Rahimi A, Ulbrich A,

Coon JJ, Stahl SS. Formic-acid-induced
depolymerization of oxidized lignin to
aromatics. Nature. 2014;515(7526):249-
252. DOI: 10.1038/naturel3867

[22] Mau 'V, Gross A. Energy conversion
and gas emissions from production and
combustion of poultry-litter-derived
hydrochar and biochar. Applied Energy.
2018;213:510-519. DOI: 10.1016/j.
apenergy.2017.11.033

39

[23] Kang S, Li X, Fan ], ChangJ.
Hydrothermal conversion of lignin:
A review. Renewable and Sustainable
Energy Reviews. 2013;27:546-558.
DOI: 10.1016/j.rser.2013.07.013

[24] Nizamuddin S et al. An overview

of effect of process parameters on
hydrothermal carbonization of biomass.
Renewable and Sustainable Energy
Reviews. 2017;73:1289-1299.

DOI: 10.1016/j.rser.2016.12.122

[25] Oldring PKT. In: Meyers RA, editor.
Coatings, Colorants, and Paints, in
Encyclopedia of Physical Science and
Technology. 3rd ed. Elsevier; 2003.

pp. 175-190

[26] Kangishwar S, Radhika N, Sheik AA,
Chavali A, Hariharan S. A Comprehensive
Review on Polymer Matrix Composites:
Material Selection, Fabrication, and
Application, no. 0123456789. Berlin
Heidelberg: Springer; 2022

[27] Kausar A. Polyurethane/Epoxy
Interpenetrating Polymer Network, in
Aspects of Polyurethanes. London, UK,
London: InTech; 2017. pp. 1-16

[28] Zhen X et al. Facile synthesis of
lignin-based epoxy resins with excellent
thermal-mechanical performance.
International Journal of Biological
Macromolecules. 2021;182:276-285.
DOI: 10.1016/j.ijbiomac.2021.03.203

[29] Czub P, Sienkiewicz A. In:
Parameswaranpillai J, Rangappa S,
Siengchin S, Jose S, editors. Synthesis of
Bio-Based Epoxy Resins, in Bio-Based
Epoxy Polymers, Blends and Composites.
Wiley; 2021. pp. 1-72

[30] DuL, Wang Z, Li S, Song W,

Lin W. A comparison of monomeric
phenols produced from lignin by fast
pyrolysis and hydrothermal conversions.
International Journal of Chemical



Lignin - Chemistry, Structure, and Application

Reactor Engineering. 2013;11(1):135-145.  retardant polymer systems. In: Lignin -

DOI: 10.1515/ijcre-2012-0085 Trends and Applications. London, UK,
London: InTech; 2018. p. 13

[31] Xu C, Ferdosian F. Lignin-Based

Epoxy Resins, in Conversion of Lignin into

Bio-Based Chemicals and Materials. Berlin

Heidelberg: Springer; 2017. pp. 111-131

[32] Nikafshar S, Wang J, Dunne K,
Sangthonganotai P, Nejad M. Choosing
the right lignin to fully replace
bisphenol A in epoxy resin formulation.
ChemSusChem. 2021;14(4):1184-1195.
DOI: 10.1002/cssc.202002729

[33] Simionescu CI et al. Lignin/epoxy
composites. Composites Science and
Technology. 1993;48(1-4):317-323.
DOI: 10.1016/0266-3538(93)90149-B

[34] Behin J, Rajabi L, Etesami H,
Nikafshar S. Enhancing mechanical
properties of epoxy resin using waste
lignin and salicylate alumoxane
nanoparticles. Korean Journal of
Chemical Engineering. 2018;35(2):602-
612. DOI: 10.1007/s11814-017-0301-0

[35] Pan H, Sun G, Zhao T, Wang G.
Thermal properties of epoxy resins
crosslinked by an aminated lignin.
Polymer Engineering and Science.

Apr 2015;55(4):924-932. DOI: 10.1002/
pen.23960

[36] Zhang Y et al. Preparation

and characterization of chemical
grouting derived from lignin epoxy
resin. European Polymer Journal.
2019;118(May):290-305. DOI: 10.1016/j.
eurpolym;.2019.05.003

[37] Berlin A, Balakshin M. Industrial
Lignins, in Bioenergy Research: Advances
and Applications, no. Elsevier; 2014.

pp. 315-336. DOI: 10.1016/B978-0-444-
59561-4.00018-8

[38] Mandlekar N et al. An overview on
the use of lignin and its derivatives in fire

40



Section 2

Application of Lignin

41






Chapter 4

Emulsion Stabilization with
Lignosulfonates

Jost Ruwoldt

Abstract

Lignosulfonates are biobased surfactants and specialty chemicals. Due to their
amphiphilic nature, they can be utilized in many technical applications, such as
plasticizers, dispersants, stabilizers, and agrochemical formulations. Here, their ability
to stabilize emulsions plays an important role. This chapter hence explains the funda-
mentals of emulsion stabilization with lignosulfonates. First, basic concepts are intro-
duced along with the production and chemical make-up of lignosulfonates. Second,
the interfacial activity is discussed. Parameters that affect interfacial activity and
emulsion stabilization efficiency of lignosulfonates are furthermore treated. Such
parameters may include salinity, pH, the presence of cosolvents and cosurfactants.
Third, the underlying mechanisms of emulsion stabilization are outlined. The goal of
this chapter is to introduce the reader to important fundamentals, and to draw the link
between basic research and industrial practice.

Keywords: lignin, lignosulfonates, surfactant, emulsion, dispersion, stabilizer,
interfacial activity, colloid chemistry

1. Introduction

Lignosulfonates are biobased specialty chemicals, which are generated as a by-
product during sulfite pulping of wood [1]. They are water-soluble polyelectrolytes, as
they contain ionizable moieties such as sulfonate and carboxylic acid groups. Having
preserved the polyaromatic backbone of lignin, they are functional amphiphiles with
surfactant-like behavior. Due to their rich chemistry, lignosulfonates are found in
many industrial applications [2]. This book chapter discusses the fundamentals of one
of those applications, that is, emulsion stabilization. By explaining the working prin-
ciples of interfacial adsorption and emulsion stabilization, the goal is to provide a
reference for applied and fundamental research, as well as industry and potential end-
users of lignosulfonates.

Next to cellulose, lignin is considered the second most abundant and important
polymeric compound in plants [1]. Here, it fulfills functions such as water-proofing
the cell-walls and adding to the mechanical cohesion and strength. While wood may
contain around 20-30% lignin, its abundance in aquatic and herbaceous angiosperms
is generally less. In contrast to a-cellulose, lignin is an amorphous material with a
randomly branched structure. This non-uniformity can make technical utilization
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challenging, as reactivity and availability of functional groups may vary [3]. Still,
some applications may benefit from polydispersity. For specialty chemicals such as
surfactants, it is the function or the effect that counts. Salinity changes may induce
precipitation of an ionic surfactant. If the surfactant is polydisperse, precipitation may
be limited to only a fraction of it. The remaining surfactant can then still perform the
desired function. Moreover, mixtures of dissimilar surfactants can form synergies,
where the performance may be superior over its individual components [4]. The
application of lignin as specialty chemicals can thus benefit from its inherent charac-
teristics, which includes its polydispersity. It is therefore not surprising that disper-
sants and surfactants are currently the dominant value-added applications of technical
lignin.

It is frequently stated 50-70 million tons of technical lignin are produced per year,
of which only 1-2% of are utilized for value-added products [5]. The majority is
burned for heat and chemicals recovery in Kraft mills [6]. More than 1 million tons of
lignosulfonates are produced annually [7], hence dominating the market of technical
lignin. In contrast to many other lignin products, lignosulfonates are readily water-
soluble. Their most common application is dispersants [8], for example as concrete
plasticizers, drilling mud thinners, coal-slurry or dye dispersants [9]. Roughly 50% of
the annual production of lignosulfonates were used for concrete admixtures in 1999
[10]. Other applications include dust binders, chelating and complexing agents, soil
conditioning agents, floatation agents, and water-in-oil emulsion stabilizers [8, 9,

11, 12]. As the effect on interfacial tension is limited, high shear is usually required
during emulsification [13]. Still, lignosulfonates can yield emulsions that are stable
over months and longer, finding application for example in agrochemical formula-
tions [8]. Other potential areas with less commercial importance include corrosion
and scale inhibitors, CO, flooding and enhanced oil recovery, as well as polymer
precursors and additives [2, 14-20].

Great importance is attributed to biopolymers these days, as they are inherently
renewable and largely biodegradable. By substituting fossil-based polymers with bio-
polymers, the transition to more sustainable technologies is furthered. Expanding the
use of lignosulfonates is therefore an important piece in the puzzle. Compared to the
global production of surfactants or pulp and paper products, lignosulfonates are
currently a niche application. There is hence a potential for growth, in particular for
applications that involve liquid-liquid interfaces.

2. Fundamentals
2.1 Definitions and distinctions

The term lignin is used for the natural lignin as found in lignocellulosic biomass. It
is also referred to as pristine lignin, as no treatment or modification has been done.
Chemically speaking, lignin is a biopolymer consisting of the monolignol units sinapyl
alcohol (S), coniferyl alcohol (G), and p-coumaryl alcohol (H) [21], which are
connected by various oxygen- and carbon-carbon linkages. Lignin has been described
as a polyaromatic and randomly branched biopolymer.

Technical lignin refers to the lignin-rich product obtained from biomass separa-
tion processes. While pristine lignin is a virtually “infinite” network [22], technical
lignin is a fragmentated version thereof. The molecular weight, composition, and ratio
of functional groups of technical lignin are hence different. Their abundance can be
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affected by parameters such as biomass feedstock, separation process, and purifica-
tion steps. Technical lignin usually has a purity of at least 70% (Klason lignin + acid
soluble lignin), with commercial products being closer to 85-100% of lignin per ash-
free dry matter.

Pulping of lignocellulose biomass is conducted to obtain a fibrous material.
Approximately 90% of the global pulp products are made from wood, whereas 10%
originate from annual plants [1]. Common end-products include paper, cardboard,
molded pulp, and specialty cellulose. Mechanical pulping applies force in a refiner to
defibrate the feedstock into fibers and fibrils. Chemical pulping dissolves the lignin
and other substances to liberate the cellulose fibers. Industrial processes can also be
based on a combination of mechanical and chemical treatments. Today, technical
lignin most commonly originates from chemical pulping.

A biorefinery is defined as “the sustainable processing of biomass into a spectrum
of marketable products (food, feed, materials, chemicals) and energy (fuels, power,
heat)” [23]. In other words, a biorefinery separates biomass into useful materials,
chemicals, and energy. First generation biorefineries differ from second generation
biorefineries by the choice of input material, i.e., food crops (first generation) instead
of non-food crops (second generation) [24]. Pulping of wood is thus defined as a
lignocellulosic crop, second generation biorefinery.

An overview of existing biomass separation processes with the resulting lignin
product is given in Figure 1. Technical lignin has traditionally been obtained by
chemical pulping, i.e., Kraft, sulfite, or soda pulping. Organosolv pulping is a more
recent invention, which utilizes organic solvents and often acid catalysis for
delignification [26]. The original goal of organosolv pulping was to obtain a fiber
material. Still, this process has also attracted interest for biorefinery applications,
which subsequently process the cellulose for chemical utilization [27]. The production
of technical lignin can hence be conducted as part of a pulping processes, but it is not
limited to that. An example for a non-pulping type lignin would be hydrolysis lignin,
which is produced in biorefinery sugar platforms. Here, the cellulose and hemicellu-
lose are hydrolyzed to extract sugar monomers and oligomers. The sugar can further
be converted to higher value products, for example ethanol or furfural. The residual
solids are rich in lignin and therefore termed hydrolysis lignin. Residual cellulose and
other impurities can impart poorer performance and hence lower value on this lignin
type [3, 28]. Still, recent developments have yielded increased purity and reactivity,
e.g., the Cellunolix® lignin by St1 (Finnland) [29] or the Lignova™ lignin by Fibenol
(Estonia) [30]. Because of these developments, it can be expected that hydrolysis
lignin may play a larger role in the future. Steam explosion lignin is viewed as a
separate category to hydrolysis lignin by some authors [3, 31]. Yet, both lignin types

Biomass separation process

[|
Sulfur pulping | Sulfur-free pulping ‘ | Biorefinery separation
\ \___171_ )
[ Sulfite pulping ] { Kraft pulping 1 [ Solvent pulping ] [ Soda pulping } [ Sugar platform ]
1 1 ) ! H 1 T
e i 100-200°C S Acrid hydrolysis, lonic liquids extraction,
Lot pHin1d Acetic acid / formic acid / pH=21:13 enzymatic treatment,  supercriticolsolvents,
150-170°C, NaOH

140°C, Hy50, 170°C, NaOH + Na,S
[]

: woter / ethanol etc steom explosion, etc etc.
'

4 + + ' + +
Lignosulfonate Kraft lignin Organasolv lignin Soda lignin Hydrolysis lignin lonosolv lignin,
aquasolv lignin, etc.

Figure 1.
Lignin extraction processes and their dominant products. Modified from Laurichesse and Avérous [25].
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are similar in composition and the treatments are sometimes even cascaded. Steam
explosion treatment subjects the substrate to steam at elevated temperature (ca. 160—
280°C) and pressure (ca. 7-48 bar) [32]. This induces biomass disintegration and
partial hydrolysis. Due to this, it will be considered as part of hydrolysis lignin, as
shown in Figure 1. Hydrolysis lignins can further be subdivided into acid hydrolysis
lignin and enzymatic hydrolysis lignin, with the latter being more reactive due to a
lower degree of condensation [3]. Recent advances have also yielded novel processes,
which are still in an early stage of their development. Ionic liquids have been demon-
strated to function as lignin solvents [33]. Combined with other treatments, ionic
liquids can yield new products and conversion routes with promising features; how-
ever, some economic and technical challenges still need to be addressed [34]. Another
recent invention is the use of supercritical solvents, e.g., supercritical water yielding
products such as Aquasolv lignin [35].

Lignosulfonates are traditionally extracted from sulfite spent liquors. Sulfite
pulping is usually operated at low pH, but neutral or alkaline sulfite pulping have also
been developed [1]. Sulfite liquors typically contain about 50-80% lignosulfonates,
30% hemicellulose and 10% inorganics per dry matter content [5]. Purification is
often conducted by membrane filtration, removing low molecular weight components
such as sugars. Commercial grade lignosulfonates are available in both purified and
unpurified qualities. As a result of the pulping conditions, they also tend to exhibit a
higher degree of condensation than, e.g., soda or organosolv lignin [3].

Sulfonated lignin is produced by chemical modification of lignin separated by a
process other than sulfite pulping [2]. For example, MeadWestvaco produces Kraft
lignin sulfonated with sulfite salts and an aldehyde, e.g., formaldehyde [5]. A variety
of modification processes exist and the differences between lignosulfonates and
sulfonated lignin can be marginal.

The counterion is the jon accompanying a second ionic species to maintain charge
neutrality. Lignosulfonates contain covalently bond anionic moieties, which most
importantly include sulfonate and carboxyl groups. A counter ion with positive charge
is hence necessary for charge neutrality. This counterion is frequently a remnant of the
pulping process, i.e., pulping with sodium, calcium or magnesium bisulfite will yield
sodium, calcium, or magnesium lignosulfonates, respectively. Ion-exchange may also be
conducted to replace the counterion. Protonation is furthermore possible, i.e., hydrogen
as the counter ion. However, lignosulfonate dispersants are usually the salt of
lignosulfonic acid, as this yields a more moderate pH and improves water-solubility.

A surfactant, i.e., surface-active agent, is a compound that can lower the surface
or interfacial tension of a liquid in contact with another phase [36]. This effect is
usually accompanied by adsorption at the surface or interface, i.e., enrichment at the
phase boundary [37]. Surfactants usually contain hydrophilic and lipophilic moieties,
which facilitate interfacial adsorption. Lignosulfonates have been shown to reduce the
surface tension of water [38] and can hence be classified as surfactants.

Surface tension can be observed as the tendency of a liquid surface to assume the
smallest possible surface area. It is linked to the intermolecular attraction forces
within the liquid and is commonly denoted as force per unit length or energy per unit
area. Dispersing a liquid with high surface tension hence requires more energy than
dispersing a liquid with low surface tension. In this chapter, the surface tension will be
used when discussing liquid-gas phase boundaries.

The interfacial tension is the equivalent to the surface tension at liquid-liquid
interfaces. A system with low interfacial tension requires less work for emulsification
than a system with high interfacial tension.

46



Emulsion Stabilization with Lignosulfonates
DOI: http://dx.doi.org/10.5772 /intechopen.107336

2.2 Production

Lignosulfonates are produced as a by-product during sulfite pulping of wood [1].
Sulfite pulping is a long-established method for producing cellulosic fibers [39]. The
process usually operates at low pH, utilizing sulfite or bisulfite salts to soften and
remove the lignin. The lignin undergoes a number of reactions, which include [1]:

* Hydrolysis

¢ Sulfonation

* Sulfitolysis

* Dissolution

* Degradation
* Condensation

During hydrolysis, the lignin-carbohydrate and, to a smaller extent, lignin-lignin
linkages are broken down [1]. Sulfonation introduces sulfonate groups onto the lignin.
When present in sufficient amounts, the sulfonate groups render the lignin water-
soluble, which facilitates dissolution in the cooking liquor. Sulfitolysis and degrada-
tion may further reduce the molecular weight, whereas condensation reactions
increase it. Condensation counteracts delignification by forming new carbon-carbon
bonds [1].

Natural lignin is synthesized from the three monolignols, i.e., sinapyl alcohol (S),
coniferyl alcohol (G), and p-coumaryl alcohol (H) units [21]. Coniferous lignin (soft-
wood lignin) is composed mainly of G-units, whereas lignin from broad-leaved trees
(hardwood lignin) contains a mixture of G- and S-units [40]. Lignin from annual
plants also contains H-units in addition to G- and S-units [41]. The feedstock there-
fore affects the composition of the resulting lignosulfonates, as the three monolignols
vary in their methoxy content and potential branching. The feedstock can further-
more affect the pulping process, since sulfonation of hardwood lignin is slower than of
softwood lignin [1]. Moreover, softwood lignin is more prone to condensation reac-
tions, resulting in higher molecular weight as compared to hardwood lignosulfonates
[42]. An overview of the monolignols and a schematic of softwood lignin is given in
Figure 2.

While alkali lignin can be separated by acid precipitation, this approach is not
feasible for lignosulfonates. Instead, membrane filtration (ultrafiltration) is often
conducted to purify the sulfite liquor [5]. Challenges can arise due to overlapping
molecular weight of the lignosulfonates and dissolved hemicellulose. One approach is
to cascade a series of membranes with different cut-off molecular weights [44]. An
alternative is given by the Howard process [5], which uses lime (calcium oxide) to
precipitate the lignosulfonate above pH 12 [45]. The precipitated solids can be sepa-
rated mechanically and washed to improve the purity. Other potential approaches
include amine extraction, electrolysis, ion-exchange resins, the Pekilo process
(fermentation and ultrafiltration), and reverse osmosis [5].

Several factors affect the composition of lignosulfonates, which include but are not
limited to:
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Figure 2.

Primary lignin monomers and their corresponding units (left) [25]. Schematic structure of softwood lignin
(right) [43].

* The choice of raw material, e.g., softwood or hardwood, affecting the monolignol
composition

* The choice of pulping chemicals

* The pulping conditions

* Recovery and purification

* Post-treatment and chemical modification

The composition of lignosulfonates is inherently linked to its characteristics and
behavior, and hence to the performance in technical applications [2].

2.3 Structure and composition

As discussed in the previous chapter, the structure and composition of lignosulfo-
nates is strongly dependent on their origin and production. Still, there are certain
characteristics that are worth discussing.

Due to their structure and monomeric configuration, cellulose and hemicellulose
contain a higher percentage of oxygen than lignin. Lignin furthermore has the highest
carbon content of these three biopolymers. A unique feature of lignosulfonates is their
elevated sulfur content, which arises from the pulping process. Table 1 lists a range of
elementary composition, as published in current literature. It should be mentioned
that these values should only be taken as indicators, since individual samples may be
different. In particular, the ash content may exhibit values up to 40 wt.%. Still, an
elevated oxygen content and lower carbon content can in theory indicate lower purity,
as the contributions from cellulose and hemicellulose would be greater.

The chemical structure of lignosulfonates mirrors that of both native lignin and the
modifications done during sulfite pulping. As such, the skeletal configuration of lignin is
preserved to some extent, while new carbon—carbon linkages have been formed. In
addition, sulfonate and carboxylic acid groups were added, which are not found in native
lignin to this extent. Generic structure models of lignosulfonates are shown in Figure 3.
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Parameter Approximate content in wt.% Reference
Dry matter 94-96 [46]
Ash 4-10 (3, 47]
Carbon 29-47 [48-50]
Hydrogen 5 [48, 50]
Oxygen 37-54 [48-50]
Sulfur 2-10 [46]
Nitrogen 0.02 [3]
Table 1.

Approximate elementary composition of lignosulfonates.

Figure 3.
Generic (simplified) structure of lignosulfonates according to Kun and Pukanszky [51] (left), and Fiorani et al.
[52] (right).

It is important to note that these are only approximate models, as lignosulfonates are a
polydisperse mixture of many different macromolecules. The structure hence varies
not only between different lignosulfonates, but also within a given sample. In other
words, lignosulfonates should be considered statistical entities rather than classical
chemical compounds [53].

The chemical moieties of lignosulfonates can be categorized into ionizable, polar
and non-polar groups [2]. Ionizable groups include sulfonate, carboxylic acid, and
phenolic hydroxyl groups. At a neutral pH of 7, mainly the first two can be considered
dissociated (ionized) and hence hydrophilic. Phenolic hydroxyl groups are usually
ionized at around pH 9-10 [54, 55], but values extending to pH 5-12 have been
reported [56]. Polar groups include various oxygen containing moieties due to the
higher dipole moment of oxygen-carbon and oxygen-hydrogen linkages. These
include ketones, aldehydes, and methoxy groups. Despite being polar, these groups
are not considered operative hydrophilic groups [57]. Aliphatic hydroxyl and ether
groups are also present to a great extent in lignosulfonates. These can be intrinsically
hydrophilic; however, their functionality is determined by the surrounding molecular
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structure [57-59]. Because of this, the water-solubility of lignosulfonates arises from
the presence of ionizable groups, i.e., sulfonate and carboxyl groups at neutral pH.
Nonpolar groups include aromatic and aliphatic units, as found in the skeletal config-
uration of lignin. An overview of the common functional groups and linkages is given
in Figure 4. This overview does not include additional functionalities, which may be
grafted onto the lignosulfonates, e.g., by phosphorylation, alkylation, sulfobutylation
or silylation [60].

The abundance of functional groups can be of interest for two reasons. Firstly, this
is an important parameter for chemical modification, as specific functional groups
may be targeted. Secondly, the physicochemical properties of lignosulfonates are
highly dependent on their composition. Hydrophobic interaction chromatography
(HIC) has played an important role in characterizing lignosulfonates recently [61-63].
Based on this technique, the charge-to-size ratio was reportedly lower for more
hydrophobic lignosulfonates [64]. Better performance as suspension or emulsion sta-
bilizer was furthermore seen for more hydrophobic lignosulfonates [13, 63]. This
example illustrates, how the abundance of functional groups may impact the perfor-
mance in technical applications.

Compared to other technical lignins, lignosulfonates tend to exhibit a lower
amount of phenolic hydroxyl groups [47]. While the sulfonate group is a distinct
feature of lignosulfonates, the abundance of carboxylic acid groups is comparable to
that of other technical lignins. A recent study was performed aqueous carbon black
dispersions stabilized by sodium lignosulfonate, which also listed the composition of
six commercial samples [46]. The values are summarized in Table 2. As all samples

Common functional groups found in technical lignin

lonizable groups Polar groups Nonpolar groups
Frequently found in their salt form Usually oxygen containing Skeletal hydrocarbons
= Sulfonate groups = Ether linkages = Aromatic moieties
= Phenolic hydroxyl groups = Ketones = Residual aliphatic units
= Carboxylic acid groups = Methoxy groups

= Aliphatic hydroxyl groups
= Aldehydes

Figure 4.
Commonly encountered chemical bounds and functional groups in technical lignin. Image taken from [2].

Parameter Approximate range
M,, in g/mol 1800-4000
M,, in g/mol 6000-330,000
Polydispersity index 3-83
Organic sulfur (wt.%) 2.1-9.4
Carboxyl groups (wt.%) 8.3-14.9
Phenolic hydroxyl groups (wt.%) 1.3-2.0
Methoxy groups (wt.%) 7.3-15.4
Table 2.

Abundance of functional groups of softwood sodium lignosulfonates according to Subramanian et al. [46].
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Molecular weight distribution of lignosulfonates oviginating from spruce [LS1 (), LS2 () and LS3 (+)], a
spruce-bivch blend [LS5 (A)], aspen [LS6 (*)], and eucalyptus [LS7 (@) and LS8 (x)]. Image taken from [42].

were of softwood origin, a higher methoxy content can be expected for hardwood
lignosulfonates due to the monolignol composition.

Table 2 also lists the number-average (M,,) and mass-average molecular weight
(M,,). A polydispersity index of up to 83 accounts for a great variety in molecular
mass, which is characteristic for lignin from sulfite pulping. The molecular weight can
have several implications on the properties of lignosulfonates. It is naturally linked to
the diffusion coefficient [65], which will further affect interfacial adsorption and
related phenomena [13, 66]. Research has shown that the degree of sulfonation
decreases with increasing molecular weight [67]. Stearic screening can occur in ligno-
sulfonates with high molecular weight [3]. This effect was used to explain, e.g., the
lower effect on zeta potential by shielding ionizable groups [68] or the lower reactiv-
ity by screening of phenolic hydroxyl groups [3]. Overall, the molecular weight of
lignosulfonates may span from less than 1000 g/mol to more than 400,000 g/mol
[42, 67]. The molecular weight ranges are thus higher than for other technical lignins
[2]. In comparison, values of (1000-15,000 g/mol) have been reported for soda
lignin, 1500-25,000 g/mol for Kraft lignin, and 500-5000 g/mol for organosolv lignin
[3]. Acid hydrolysis lignin is closer to lignosulfonates in terms of molecular weight,
where values of 1500-50,000 g/mol have been reported [69]. The molecular weight
distribution of various lignosulfonates is illustrated in Figure 5. As can be seen, the
molecular weight of the hardwood samples was consistently lower than that of soft-
wood lignosulfonates. This difference is likely the result of the monolignol configura-
tion, which can further affect the sulfite pulping process.

3. Adsorption on surfaces and interfaces
3.1 Adsorption

It is generally agreed that adsorption of lignosulfonates follows the Langmuir
isotherm [70-73]. The according framework was first published by Irving Langmuir
in 1916, which described the adsorption of gasses on solids [74]. A common expres-
sion of the Langmuir equation is given in Eq. (1), were I" corresponds to the amount of
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adsorbed species, I" .y is the maximum amount adsorbed, ¢ is the concentration of
adsorbing species in bulk, and K is the Langmuir equilibrium constant.

I max Ke

N=—"— 1
1+ Kc M

The parameters I'r,x and K can be determined via mass-balancing, i.e., measuring
the adsorbed amount in dependence of concentration. This approach is simple for
adsorption on solid surfaces, as the amount of non-adsorbing surfactant is equivalent
to the remaining bulk concentration. An example for the adsorption of lignosulfonates
on carbon black is given in Figure 6. The characteristic behavior accompanying
Langmuir adsorption isotherms is a sharp increase of adsorbed amount at low con-
centrations, whereas higher concentrations yield a plateau.

Determination of the Langmuir equation parameters to liquid-liquid systems is
less straight forward than for liquid—solid dispersions. Emulsification is accompanied
by an increase in specific surface area, which can be difficult to quantify. The surface
or interfacial tension can be used instead of mass-balancing. Langmuir type adsorp-
tion implies the applicability of the Szyszkowski equation, as given in Eq. (2). Here,
the surface pressure IT is calculated as the difference of surface or interfacial tension
without surfactant (y,) and at concentration ¢ (y(c)). The equation further involves
the temperature T, the ideal gas constant R, and the constant #.

Il =y, —y(c) =nRTC, In (1 + Kc) @)

The surface excess I, can further be determined using the Gibbs adsorption
isotherm. As stated in Eq. (3), this framework relies on the linear-logarithmic pro-
gression of surface tension y with concentration c. It is important to note that the
linear-logarithmic regime does not span over the entire concentration range. At low
surfactant concentrations, the surface or interfacial tension approaches the surfactant-
free case y, asymptotically. At high lignosulfonate concentrations, agglomeration and

[Carbon black] = | w1%
[NaCl1) = 0.05 M

Adsorbed amount (mg/m?)

% [+ DP3383 === Langmuir (DP-3383) |

= g ' DP-3384 = Langmuir (DP-3384)
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Figure 6.
Adsorption isotherm of lignosulfonate on 1 wt% carbon black along with Langmuir isotherm fitting. Image taken
from [46].
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other effects will decrease the observed slope [38, 75]. A more detailed discussion of
the surface and interfacial tension of lignosulfonates is given in Section 3.2.

1 oy
T = = Rt (()lnc> (3)

Assumptions can furthermore be made to determine the constant #. In case of
strong surfactant electrolytes, suchasR — O — SO;Na*, both the surfactant ion and
the counterion must absorb, yielding a value of n = 2 [76]. A value of n = 1 corre-
sponds to non-ionic surfactants or ionic surfactants in presence of high concentrations
of an indifferent electrolyte, such as NaCl. Both assumptions have been applied to
lignosulfonates and were found to yield conclusive results [13, 66].

By applying the above framework, other information can also be extracted from
surface and interfacial tension measurements. For example, the surface excess I, can
be used to calculate the area per molecule, as stated in Eq. (4) [76]. Here, N,y denotes
the Avogadro’s constant 6.022 x 10% mol 7.

1

Ap =
Fm Nav

(4)

Several authors have studied the adsorption kinetics of lignosulfonates on solid surfaces
[71,72,77-80]. The reports generally agree that pseudo second-order kinetics provided the
best fit. Such kinetic can be expressed as written in Eq. (5), where g, is the adsorbed
amount at time ¢, ¢, is the amount adsorbed at equilibrium, and k is the rate constant.

t 1 t
qtf@‘i’q—e (5)

Eq. (5) can be fitted to experimental data by plotting qi against z, yieldingql as the

slope and ﬁ as the intersection. This model is, however, limited to adsorption from

liquid onto solid phase. Kinetic modeling of lignosulfonate adsorption at liquid-liquid
interfaces has also been attempted; yet, the results indicated that water—oil adsorption
was not diffusion-controlled [66]. It usually takes hours or days to attain an equilibrium
state at the liquid-air or liquid-liquid interface [66, 81, 82]. This time span is greater than
for simple monodisperse surfactants. Different explanations have been given for this
behavior. The lignosulfonate can undergo diffusion exchange at the interface, replacing
molecules with a lower diffusion coefficient but higher effect on interfacial tension. In
addition, the individual macromolecules may be subject to rearrangement, both with
respect to the interface and to each other [2]. Such realignment of conformation has been
described, e.g., for petroleum asphaltenes [83, 84]. Both lignosulfonates and asphaltenes
share common characteristics, e.g., both are polybranched, exhibit a tendency for self-
association, and require overnight storage, as the emulsions would be less stable if
processed immediately after emulsification [13, 85]. Analogies have therefore been
drawn between these two species in terms of their interfacial behavior [2, 66].

3.2 Effect on surface and interfacial tension

Measuring surface tension is a useful tool, e.g., for assessing the behavior of
lignosulfonates in solution or their interactions with other components [38, 86]. In
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addition, the interfacial tension provides a measure for the ease of emulsification
[13]. The effect on surface or interfacial tension is related to the amphiphilic
property of lignosulfonates, containing both hydrophilic and hydrophobic

moieties. From a molecular point of view, the lignosulfonate macromolecule can
attain a lower state of energy by extending its hydrophilic moieties into the water,
while facing the hydrophobic parts away from it. The decrease in surface tension at
increasing surfactant concentration can be explained by different mechanisms.
Firstly, adsorption and desorption are occurring simultaneously, where an
equilibrium is attained if the adsorption rate is equal and opposite to the desorption
rate. By increasing the surfactant concentration, it is statistically more likely for a
surfactant molecule to be in the right position and conformation to undergo
adsorption. This would hence drive the adsorption-desorption equilibrium towards a
higher surface coverage. Secondly, lignosulfonates are polyelectrolytes. By increasing
the lignosulfonate concentration, the electrolyte concentration is also increased. As
has been shown by small-angle X-ray scattering (SAXS), the effective surface charge
of lignosulfonates decreases at increasing concentration [87]. Higher concentrations of
a common ion indeed enhance effects such as counterion condensation, charge
screening, and the dissociation equilibrium [88]. Water-solubility is ensured by the
ionic groups of lignosulfonates, so a lower effective charge would have destabilizing
effect. At a lower water-solubility, the equilibrium would hence be shifted to
increased surface or interface adsorption. This effect concurs with the observations
that lignosulfonates can be precipitated by salt addition (salting-out) [89] and

that emulsion stabilization is highest, if the stabilizers are on the verge of
precipitation [90].

Lignosulfonate adsorption at aqueous surfaces is evidenced, among others, by a
decrease in surface tension [13, 38, 91]. Within a certain range, this decrease follows a
linear-logarithmic progression with concentration [13, 38]. Below this range, the
surface tension of the pure liquid is approached asymptotically. At high lignosulfonate
concentrations, the slope of the surface tension decreases. Some authors have
explained this behavior with the onset of lignosulfonate aggregation [75, 92], but other
effects cannot be ruled out. Measurements of the surface tension with respect to
concentration are shown in Figure 7.

In comparison with commercial surfactants, the effect on surface or interfacial
tension is often less at the same mass concentration [75, 82, 92]. However, in com-
parison with other polyelectrolyte polymers, the effect on surface tension can be
considerably higher [38]. This circumstance is likely related to the chemical composi-
tion and structure, which define macroscopic properties such as solubility, hydro-
philic-lipophilic balance (HLB), or surface coverage.

s
InC, M

Figure 7.

Equilibrium surface tension in dependence of surfactant concentration. Comparison of lignosulfonates (LS) with
polyelectrolyte polymers (left) [38] or with the surfactants dodecyl benzenesulfonate (DBS), nonylphenyl
polyoxyethylene glycol (PONP) and polysorbate 20 (PS20) (vight) [92].
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3.3 Parameters affecting the surface activity of lignosulfonates

There are several external factors, which govern the surface activity of lignosulfo-
nates, in addition to the intrinsic properties such as composition and abundance of
functional groups. These factors include, but are not limited to:

* Salinity

* pH

* Temperature

* Co-solvents in the aqueous phase
* Oil phase composition

It has been shown that increasing salinity with simple monovalent electrolytes,
such as NaCl, can have the same effect as increasing lignosulfonate concentration
[38, 66]. The effect of NaCl concentration on surface or interfacial tension is illus-
trated in Figure 8, which is marked by same linear-logarithmic progression as in
Figure 7. As discussed earlier, increasing the concentration of a common ion facili-
tates a lower effective surface charge, which further enhances surface or interface
adsorption. The similarities in observed surface tension hence corroborate that the
surface adsorption of lignosulfonates is also driven by salinity. It could further be
argued that outside the tested concentration range in Figure 8, the same slope-
decrease or plateau would be visible is in Figure 7. While this may be plausible, it has
yet to be demonstrated experimentally.

However, the data exhibited in Figures 7 and 8 represents a simplified case. In
both instances, the counterion was solely the monovalent sodium ion, as only sodium
lignosulfonate and NaCl were used. In presence of multivalent cations, the surface
phenomena of lignosulfonates are more complex. Di- or trivalent cations, for example,
were shown to induce interface gelling [66]. As illustrated in Figure 9, such interfaces
behave inelastically, exhibiting wrinkles and cracks upon deformation. Pendant drop
tensiometry relies on the applicability of the Young-Laplace equation. Since this is not
the case for inelastic interfaces, the technique fails to predict accurate interfacial
tension. Similar challenges are evident for other techniques, such as the Du Noiiy ring
method or spinning drop tensiometry.

2
interfacial Tension in mi/m

Figure 8.
Effect of NaCl concentration on the surface tension of 0.01 wt.% lignosulfonate in water (left) [38]. Effect of NaCl
or lignosulfonate concentration on the tension of the water-xylene intevface (vight) [66].
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Droplet
retraction
—

Figure 9.
Droplet retraction in pendant drop video-tensiometry. In incompressible interface layer is visible as wrinkling of
the droplet surface, which was formed by sodium lignosulfonate in presence of CaCl,. Image taken from [66].

Lowering the pH can further enhance the effect of lignosulfonates on surface tension
[91]. This circumstance is in analogy to the salting-out effect of simple electrolytes.
Phenolic moieties are said to ionize at around pH 9-10, while the carboxylic acid groups
ionize at pH 3-4 [54, 55]. A lower pH can hence reduce the total charge of the lignosul-
fonate macromolecules. This would further reduce the water-solubility and thereby drive
the equilibrium towards higher adsorption. However, the discussed effect is valid only if
the lignosulfonates remain water-soluble. If precipitation is evident, then the bulk con-
centration would decrease, which would also reduce surface and interface adsorption.

As depicted in Figure 10, increasing the temperature can also increase the effect of
lignosulfonates on surface tension. At higher temperature, the hydrodynamic radius
of lignosulfonates decreases [93]. Thermodynamically speaking, the entropy is higher
at elevated temperatures. This can enable a larger number of possible conformations,
thus reducing the average molecular dimensions [88]. As a result, lignosulfonate
aggregation and a reduction of zeta potential have been reported at elevated temper-
ature [94]. These two effects indicate solution-destabilization, which could further
promote surface adsorption.

Co-solvents in the aqueous phase can alter characteristics such as the solution
parameter and the dielectric constant. This will inevitably also affect the surface
behavior of the lignosulfonates. The addition of low molecular weight alcohols yielded
a decrease of surface charge and slight interparticle association [87]. The effect was
thereby similar as to increasing the ionic strength, implying solution destabilization of
lignosulfonates by alcohol addition. On the other hand, hydrophobic interaction
chromatography uses water/ethanol and water/2-propanol mixtures to eluate the
more hydrophobic fractions [64], which would suggest that water/alcohol mixtures
are a better solvent for these. This is corroborated by the fact that the surface pressure
decreased due to ethanol addition [81], i.e. fewer lignosulfonate molecules would
enter the interface. Corresponding measurements of interfacial tension are shown in
Figure 10. Overall, the effects of adding alcohols are hence counteracting, i.e., reduc-
tion of effective charge (destabilizing) and solubility improvement (stabilizing). It is
thus not surprising that the emulsion stability could be both improved and reduced
after alcohol addition (Figure 11) [81].

The addition of non-solvents to water will eventually lead to lignosulfonate pre-
cipitation [87]. In this case, the interfacial activity would also decrease, as the bulk
concentration is lower [66]. Solvent shifting can be useful for the production of
functional micro- and nanoparticles from lignin [95]. However, the technology bears
limited importance for this chapter, as the resulting Pickering-emulsions tend to be
less stable [66].
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Figure 10.
Surface tension of water and 1 g/l lignosulfonate in water. Image taken from [93].
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Figure 11.
Tension of the mineral oil-water interface in dependence of ethanol concentration. The samples contained 1 g/l
lignosulfonate (LS) and 20 mM NaCl as background electrolyte. Figure taken from [81].

At last, the oil phase composition can also affect the interfacial activity of lignin. A
simple explanation for this can be based on the concept of the hydrophilic-lipophilic
balance (HLB). Surfactants can generally be classified according to their HLB, where
lower HLB values account for more lipophilic surfactants and high values for more
hydrophilic ones. It is generally agreed that an HLB of 3-6 is characteristic for water-
in-oil (W/O) emulsifiers, whereas 8-18 are suited for oil-in-water (O/W) emulsifiers
[76]. According to the HLB model, optimum emulsion stability is given, when a
surfactant-blend matches the HLB value of the emulsified liquids. In analogy to that,
the interfacial tension is also said to exhibit a minimum at the optimal HLB of the
surfactant mixture. The concept is illustrated in Figure 12.

Oils with low polarity, such as paraffins and mineral oil, tend to have a required
HLF for O/W emulsions of 9-11, whereas more polar oils are in the range of 12-17,
e.g., oleic acid, chlorinated paraffins, and aromatics such as toluene [96]. The HLB
scale can hence also be an indicator for the compatibility or affinity of surfactants
towards a certain oil phase. Lignosulfonates were reported to have an HLB of 11.6
based on their composition [97], but the effective HLB is likely higher than this, as the
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Figure 12.
Variation of emulsion stability, droplet size, and interfacial tension with percentage of surfactant with high HLB.
Figuve reproduced from [76].

cited value is a rough estimation based on the elementary composition. Among others,
it does not consider stearic effects. In addition, the contribution of the sulfonate group
to the effective HLB is generally high. There are few studies comparing the stability of
different oils emulsified with lignosulfonates. Experience shows that aromatic sol-
vents, e.g., toluene or xylene (HLB = 14-15), tend yield more stable than emulsions
with mineral oil (HLB = 10) [13]. Accordingly, it was demonstrated that the effect on
interfacial tension of xylene was greater than on mineral oil, as plotted in Figure 12. It
would only make sense that lignosulfonates, comprising a polyaromatic structure, also
have a higher affinity to aromatic oils than to paraffinic ones. Based on their behavior,
lignosulfonates can be classified as O/W emulsion stabilizers with an effective HLB of
10-18 (Figure 13).
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Figure 13.
Effect of molecular weight and oil phase on interfacial tension. Figure taken from [13].
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3.4 Interactions with other surfactants

The presence of other surfactants can affect the surface activity of lignosulfonate.
Surfactants can be distinguished based on their charge, i.e., non-ionic, anionic, cat-
ionic, and zwitterionic surfactants. Another classification would be based on the
structure, that is, polymeric and non-polymeric surfactants. Electrostatic interactions
with lignosulfonates are eminent, if the co-surfactant carries a charge. Surfactant
interactions will hence be discussed for each individual type in this sub-chapter.

Interactions with non-ionic surfactants can be due to effects such as hydrogen
bonding or hydrophobic interactions. Straight-chain alcohols can exhibit surfactant-
like properties, if the chain length is at least four carbon atoms or more [98]. The
effect of these was studied by Qiu et al., who concluded that alcohols can improve the
surface activity of lignosulfonate [86]. The authors attributed the largest effect to
alcohols with a chain-length of at least 10 carbon atoms, which was evidence by an
increase in zeta potential of TiO, particles. Such behavior would suggest cooperative
adsorption. Still, the author conducted experiments at a constant alcohol/lignosulfo-
nate ratio, which makes delineating individual contributions difficult, as the lignosul-
fonate concentration would increase at increasing alcohol levels. Low molecular
weight alcohols can indeed increase counterion condensation on lignosulfonates [87],
which could facilitate a higher surface coverage. Simon et al. further studied the
interfacial tension of lignosulfonate solutions in presence of asphaltenes [82]. The
authors concluded that interfacial adsorption was competitive, which is a potential
detriment for emulsion stability. At last, Askvik et al. concluded that lignosulfonates
and non-ionic surfactants did not associate, due to the small contribution of hydro-
phobic interaction [38]. Current literate hence disagrees, whether blending lignosul-
fonates with non-ionic surfactants has a positive effect. Yet, some cases may indeed
benefit from such mixtures.

Anionic surfactants can interact with lignosulfonates by electrostatic repulsion,
which would suggest competitive adsorption. Still, combining lignosulfonates with
other anionic surfactants can be beneficial, as both species increase the ionic strength.
As has been discussed previously, increasing salinity will also facilitate more interfa-
cial adsorption [66]. This perception is supported by a study on blending lignosulfo-
nates and sodium dodecyl sulfate (SDS) [75], which showed that the presence of
lignosulfonates decreased the critical micelle concentration (CMC) of SDS. A benefi-
cial effect was also found in the context of enhanced oil recovery (EOR) [99-101]. By
blending petroleum sulfonates, sodium chloride, 2-propanol, and lignosulfonates,
interfacial tension values as low as 1 x 107>mN /m were obtained [100]. Another
implementation would be the use of lignosulfonates as sacrificial adsorbents [16, 102].
Here, the rock formations are initially saturated with lignosulfonates, after which a
second flood with a different surfactant mixture would be injected. While this appli-
cation does not directly relate to emulsion stabilization, it shows that adsorption was
also competitive.

Cationic surfactants interact with lignosulfonates electrostatically, which can yield
the formation of lignosulfonate-cationic surfactant complexes [38]. Improved solubil-
ity of such complexes in oil media has been reported [103]. Still, a challenge with such
systems is the formation of a water-insoluble complexes. In such cases, the surfactants
precipitate and are no longer available for interfacial adsorption, hence yielding mixed
effects on emulsion stabilization [38].

It has long been established that lignosulfonates can associate with cationic poly-
electrolytes, forming insoluble complexes, colloids, and macroscopic precipitates
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[104]. Association of lignosulfonates with chitosan reportedly forms such complexes
at a sulfonate/amine ratio close to 1.0, suggesting that all sulfonate groups are acces-
sible for interactions [105]. No complex formation was reported at pH 8, which entails
that it was indeed electrostatic interactions governing the association of these two
compounds. Another interesting application is the formation of multilayers via layer-
by-layer association of lignosulfonates and cationic polyelectrolytes [106, 107]. This
self-assembly was reportedly governed by electrostatic interactions, hydrogen bond-
ing, and cation-w interactions.

It can be concluded that strong interactions exist between lignosulfonates and
cationic surfactants or polymers. Still, these interactions frequently yield precipitates,
which would shift the emulsion stabilization mechanism from interfacial adsorption
to that of a Pickering emulsion. Beneficial interactions can occur due to mixing
lignosulfonates with anionic or non-ionic surfactants, but these may depend on the
actual system and the application mode.

4, Emulsion stabilization mechanisms
4.1 Basic concepts

Emulsion stabilization entails the prevention or delay of the coalescence event.
Coalescence is the fusing of two or more droplets to form one larger droplet. The
limiting case for coalescence is complete phase separation, i.e., the oil and the water
being separated into two distinct phases. Coalescence involves film drainage, during
which the continuous phase is displaced between the coalescing droplets. Flocculation
usually precedes coalescence, in which the dispersed droplets collect to form larger
aggregates. Creaming or sedimentation occurs, if the flocculated droplets accumulate
at the top (creaming) or the bottom (sedimentation) of the continuous phase. Centri-
fugation of emulsions stabilized with lignosulfonates can yield the formation of a
dense packed layer (DPL) of droplets, which exhibit thixotropy and viscoelastic
behavior [13].

Fundamentally speaking, the use of a stabilizer (surfactant and/or polymer) intro-
duces an energy barrier between the droplets [76]. The lowest state of energy would
be a system, which is completely phase separated. Yet, the transition from emulsion to
complete phase separation may become noncontinuous in presence of a stabilizer.
Emulsions stabilized with lignosulfonates are hence only kinetically stable. This entails
that with time, the emulsions are expected to return to original state, i.e., a fully
coalesced and phase separated system. Still, this transition is hindered to the extent
that emulsion can remain in their emulsified state over a period of months or even
years.

The interfacial tension is an important parameter, as low interfacial tension
reduces the energy required for emulsification. In addition, this parameter can be used
to study interfacial phenomena and interactions in the aqueous phase. A known
stabilizer tends to be more effective at parameters, which yield a higher reduction of
interfacial tension. Still, the reduction of interfacial tension in general is no guarantee
for forming stable emulsions. There are examples of surfactants, which substantially
decrease the interfacial tension, but do not produce stable emulsions or even destabi-
lize existing systems. The latter are referred to as demulsifiers or emulsion breakers.
The important point is that interfacial tension measurements can yield complemen-
tary information, but it should not be taken as a sole measure to probe emulsion
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stability. Interfacial adsorption is a prerequisite for an efficient stabilizer; however,
emulsion stabilization involves several other mechanisms, which will be discussed in
detail further on.

4.2 Stearic hindrance

Stearic hindrance or stearic repulsion relies on the presence of the surfactant or
polymer at the interface. By imposing spatial obstacles, the oil within the droplets
is prevented from coalescing. Stearic repulsion is an important mechanism for
non-ionic surfactants and polymers, as these lack the contribution from electrostatic
repulsion.

Stearic repulsion is aided by a positive osmotic free energy of interaction, which
states that the affinity of the adsorbed species to the continuous phase (water) is
greater than to each other [76]. As such, complete film drainage can be prevented, as
the surfactant or polymer favors the retention of water between the oil droplets.

A second effect is of entropic nature, also referred to as volume restriction or
elastic interaction [76]. A significant overlap of the polymer chains can be favored by
hydrophobic or van der Waals interactions. Separating these chains would require
energy, which can act as a barrier to prevent coalescence. This phenomenon will be
discussed in further detail during Section 4.5.

4.3 Marangoni effect

The Marangoni effect, also referred to as Marangoni-Gibbs effect, is a common
effect that facilitates emulsion stabilization with simple surfactants. It is related to the
mass transfer along the interface between two fluids due to a concentration gradient.
In analogy to Fick’s law of diffusion, mass transfer of surfactant molecules is directed
towards areas with lower concentration. As the oil droplets approach, the surfactant
layer between each droplet and the continuous phase can be displaced. This will in
turn yield a concentration gradient. Surfactant molecules are hence drawn back into
the contact area between the oil droplets, yielding a stabilizing effect. An illustration
of the Marangoni effect is given in Figure 14.

Attribution of the Marangoni effect to emulsion stabilization with lignosulfonates
is given only implicitly, as the contribution of individual effects is often difficult to
delineate. Still, the described effect is likely of importance, as lignosulfonates are
subject to interfacial diffusion in the same manner as other surfactants.

Qil (Film)
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Figure 14.
Hllustration of the Marangoni effect during film drainage. Image taken from [108].
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4.4 Electrostatic repulsion

In aqueous solution, lignosulfonates can attain a negative charge due to the disso-
ciation of anionic groups. When adsorbed at the interface, these groups will contrib-
ute to an overall negative charge. Coulomb forces are then acting between the
interfaces of different oil droplets, yielding electrostatic repulsion. This mechanism
has been described for stabilization of both particles and emulsions with lignosulfo-
nates [38, 46, 109]. Related phenomena are frequently studied by measuring the
electrophoretic mobility of the dispersed particles or droplets, i.e., the zeta potential
[38,70].

Electrostatic repulsion is highly affected by the composition of the aqueous phase.
Increasing electrolyte concentrations or the presence of less polar solvents will affect
counterion condensation [87]. Charge screening and a lower degree of dissociation can
then lessen the repulsion between anionic groups [88]. This could explain the
destabilizing effect, which the presence of low molecular weight alcohols can have
[81]. Still, increasing the concentration of simple electrolytes tends to improve stabil-
ity, if the lignosulfonate is not precipitated from solution [66]. This effect is likely
attributed to the fact that increasing salinity can enhance other effects, such as
increased interfacial adsorption. The pH furthermore affects electrostatic repulsion. It
has been reported that higher pH induces larger changes of the zeta potential, as the
lignosulfonate macromolecules exhibit a higher degree of ionization [70, 110].

4.5 Viscoelastic interface films

It has long been established that droplet coalescence is affected by the stability of
interfacial layers [111]. From a purely mechanical point of view, an emulsion would
naturally be more stable, if the dispersed droplets were coated by a rigid interface
layer. The term rigid hereby refers to the inelastic behavior, as can also be observed
for lignosulfonates [66]. These systems are, however, not entirely rigid. Deformation
may occur to some extent, bearing both elastic and viscose contributions, hence the
terminology viscoelastic interface films.

Upon deformation, a purely elastic film will store the exerted work as potential
energy. If the force is no longer acting, the system will return to the originate state or
even oscillate, if the viscose contribution is small or negligible. Viscose forces can be
viewed in analogy to friction, since energy is dissipated upon deformation, which
cannot be retrieved during relaxation. Based on this, the complex modulus E* can be
modeled as in Eq. (6), i.e., as the sum of the elastic contribution E’ and the viscose
contribution E”. These contributions are also referred to as the apparent elastic
dilatational modulus and the apparent viscous dilatational modulus, respectively, as
Eq. (6) is based on the framework of dilatational interfacial rheology. During this
measurement technique, a droplet is suspended in a continuous phase in presence of
surfactants (see Figure 9), while undergoing volume expansion and contraction at the
frequency w. This allows the complex modulus E* to be determined in terms of the
change of interfacial tension do(t) divided by the change in interface area dIn A(z).

E* (w) = E () +iE"(w) = % (6)

Pendant drop tensiometry has the advantage of yielding information on both
interfacial tension and interfacial rheology. The technique ceases to function,
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however, if droplet contraction and expansion is not entirely viscoelastic, as the
Young Laplace equation is no longer valid. Other techniques to measure surface
rheology include the oscillating barrier method, capillary waves, Langmuir trough,
and surface rotational shear rheometry [112]. The latter two have been successfully
applied for studying the interfacial behavior of lignosulfonates.

Results from interfacial shear rheology of lignosulfonates are depicted in Figure 15.
Frequency sweeps are of interest, as these can be used to characterize the interfacial
properties. As can be seen, the elastic modulus E’ and the viscose modulus E” are
intersecting or approaching each other in cases, where only monovalent cations are
present. The interfacial response is hence entirely viscoelastic. In presence of multi-
valent cations, i.e., Ca’* and AI’*, the elastic and viscose modulus are approximately
parallel to each other. This behavior is characteristic for that of gelled interfaces. It
appears that multivalent cations can function as connectors between the lignosulfo-
nate molecules, imposing a stronger cohesion to the interface film. This gelling is a
reasonable explanation for the observed rigidity in Figure 9.

Increasing the lignosulfonate concentration has shown to decrease the interfacial
tension (see Figure 8). While the same could be expected for the interfacial modulus,
experimental evidence shows that this is not the case. As depicted in Figure 16, the
interfacial modulus will increase to a maximum, after which a decrease is noted. It
appears that electrolytic effects govern this behavior, as the same maximum was
observed for adding simple electrolytes. The maximum has indeed been correlated
with a maximum in emulsion stability and the onset of lignosulfonate precipitation
[66]. The observed phenomena are hence in line with two long established principles:
Emulsions can be stabilized by the formation of viscoelastic interface layers and the
emulsion stability tends to be best, if the stabilizing agent is on the verge of precipita-
tion [90, 111]. If the solubility limit is exceeded, precipitation yields the formation of
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Interfacial moduli in dependence of lignosulfonate or added salt concentration. Data was obtained using
interfacial shear rheology and xylene isomer blend as the oil phase. Figures taken from [66].

particles, hence shifting the stabilization mechanism to that of a Pickering emulsion.
This type of mechanism will be discussed in the next sub-chapter.

4.6 Particle stabilization

Particle stabilization of emulsions involves the presence of a third (solid) phase.
The solid phase is usually present as a colloidal dispersion, exhibiting particle sizes of
approximately 1 nm to 1 pm. These particles can adsorb at the oil-water interface,
forming bilayers and bridging monolayers [113]. The stabilizing mechanism is based
on coherent particle layers around the dispersed liquid, preventing coalescence by
acting as a steric (mechanical) barrier. A particle stabilized emulsion is also referred to
as Pickering emulsion. Interest has currently shifted from using inorganic particles to
adopting bio-based systems, which includes the use of cellulose, chitin, starch, pro-
teins, and lignin [114].

Particle stabilization is usually not the primary mechanism, with which lignosul-
fonates stabilize emulsions. In aqueous solution at low salinity, lignosulfonates are
usually well-dissolved and hence act by molecular adsorption at the interface. Certain
conditions, however, can induce lignosulfonate precipitation, which will shift the
stabilization mechanism to that of a Pickering emulsion [66]. In addition, lignosulfo-
nate aggregation can occur at concentrations as low as 0.05 g/l [55]. Aggregation is
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reportedly facilitated by n—= stacking, hydrogen bonding, and hydrophobic interac-
tions [93, 115, 116]. At the right conditions, aggregate dimensions can be in the range
of colloidal dispersions. Based on the diffusion coefficient of lignosulfonates obtained
from dilatational interfacial rheology, it was concluded that lignosulfonates undergo
interfacial adsorption in the aggregated state [66]. Interfacially adsorbed aggregates
could furthermore act by particle stabilization. It is important to note that lignosulfo-
nate aggregation occurs gradually over a broad concentration range. The contribution
of aggregates to the overall emulsion stability would hence build up in increments.
This contrasts with precipitation, where an immediate shift to particle stabilization is
observed at the precipitation onset.

5. Summary and conclusion

This chapter detailed the fundamentals of emulsion stabilization with lignosulfo-
nates. First, basic concepts, the industrial production, as well as chemical make-up
and structure of lignosulfonates were discussed. Second, the effect of lignosulfonates
on surface and interfacial tension was described. Third, the fundamental mechanisms
behind emulsion stabilization with lignosulfonates were explained.

Lignosulfonates are bio-based specialty chemicals and function as surfactants due
to their amphiphilic property. Lignosulfonates are readily water-soluble as they com-
prise ionizable moieties, i.e., sulfonate and carboxylic acid groups at neutral pH. They
can hence be utilized in a variety of technical applications, which includes the stabili-
zation of oil-in-water emulsions. Surface and interface adsorption of lignosulfonates is
evidenced by a reduction in surface and interfacial tension. Parameters that can
enhance the effect on interfacial tension include increased salinity, a reduction in pH,
and the presence of co-solvents or co-surfactants. A high reduction of interfacial
tension is generally beneficial, as this suggests enhanced interfacial adsorption and
reduces the energy required during emulsification. While interfacial adsorption is a
prerequisite for an efficient emulsion stabilizer, the stabilization mechanism is related
to other phenomena as well. For lignosulfonates, these mechanisms include stearic
hindrance, electrostatic repulsion, the Marangoni-Gibbs effect, the formation of vis-
coelastic interface layers, and particle stabilization. The stabilization mechanisms are
furthermore affected by the composition of the lignosulfonates as well as the aqueous
and oil phase. Parameters that increase the interfacial activity and yield the formation
of more cohesive interface layers are beneficial, as both effects tend to promote
emulsion stability.

There has been an increased interest in biopolymers recently, as these are inher-
ently more sustainable than petroleum-derived polymers. Lignosulfonates are no
exception to that trend, which is also mirrored by the large variety of lignosulfonate
products on the market today. Emulsion stabilization is one of the application areas,
which still has the potential for growth. This chapter was hence dedicated to the
fundamentals of emulsion stabilization with lignosulfonates, in the hope that this may
aid their utilization in new areas and products.
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Chapter 5

Fractionation of Lignin for
Valorization

Zhenglun Li

Abstract

Biorefining produces technical lignins that are not readily usable as a precursor for
the production of value-added materials and chemicals, thus yielding a technological
gap in complete utilization of lignocellulosic biomass. Various processes have been
developed and demonstrated for fractionation of technical lignins, with the purpose
of increasing the suitability of technical lignins as a precursor for commercial produc-
tion of fuels and chemicals. Fractionation of lignins reduces the amount of impurities
and generates lignin streams with smaller internal variations in chemical and struc-
tural properties. Examples of such processes, including membrane filtration, solvent
extraction, and acid gradient precipitation, are reviewed in this chapter.

Keywords: lignin, liquid-liquid extraction, membrane separation, biorefining

1. Introduction

Lignin is a loosely defined term that is used to describe different types of plant-
based materials depending on the context. Lignin in different plants can be different
in monolignol composition and molecular structure. On top of this variability is the
susceptibility of lignins to various lignin extraction processes, as well as the vari-
ous chemical and structural changes of extracted lignins during processing. In this
chapter, the stream of lignins derived from a biorefining process (e.g., kraft pulping,
cellulosic ethanol production) are referred to as “technical lignins”, which are compo-
sitionally and structurally different from the native lignins present in plant cell walls.

Depending on the isolation process, technical lignins contain components other
than phenolic polymers. Some of these components (e.g., sodium salt, solvents, car-
bohydrates, extractives) may complicate the downstream processing of value-added
products. The most common types of technical lignin are kraft lignin and sulfite
lignin, of which 5 x 10’ tons are produced annually by the pulp and paper industry
[1]. These lignins contain partially depolymerized plant lignins of various molecular
weight, along with sodium salts as well as sulfur-containing organic and inorganic
components. Lignins derived from cellulosic biorefining (e.g., biochemical conver-
sion of lignocellulose feedstocks via saccharification and fermentation) contain ash
components, undigested plant polysaccharides as well as oligomeric and monomeric
sugars [2, 3]. These non-lignin components have various influences on lignin valo-
rization. For instance, ash components introduce defects and negatively affects
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the crystallinity of carbon fiber produced from lignins. Sugars and carbohydrates
participate in condensation reactions with lignins under thermal treatment, which
complicate the processing of lignins into thermoplastic materials.

Fractionation of technical lignins is a necessary step in the upgrading of lignins
to high-value products, which has higher requirements in product purity and/or
performance compared to other lower-value uses of technical lignins (e.g., boiler fuel,
dust control agent). In the conversion process of technical lignins to lignin fiber and
carbon fiber, soften spinning lignin is complicated by the high polydispersity of and
branching of technical lignins [4]. As for catalytic hydrogenolysis of technical lignins,
the noble metal catalysts lose activity in presence of the sulfur impurities in technical
lignins [5]. With fractionation processes, these adverse effects of structural heteroge-
neity and chemical impurity can be addressed as suitable precursors for valorization
is derived from technical lignins.

2. pH-based precipitation

Lignins obtained via kraft pulping processes have been commercially separated
from black liquor via pH-based precipitation. As pH decreases, lignin molecules
become protonated and have less intermolecular electrostatic repulsion, thus favoring
the formation of lignin precipitates. Sequential pH adjustment has been studied as a
process for producing kraft lignin fractions with different molecular weights, different
chemical structures, and different ash content. Magalhaes et al. studied a sequential
acidification process and obtained low-ash, fully protonated lignins at pH 3 from
kraft lignins derived from both hardwood and softwood feedstocks [6]. Helander and
Theliander reported the positive correlation between precipitation pH and molecular
weight in the recovered fractions, and the retention of most sulfur content in the low
molecular weight lignin fraction [7].

Lignin precipitation is also affected by anionic strength, and the effects of different
anions on lignin prepitation follow the same order as the Hofmeister series [8]. Sewring
and Theliander compared the difference between chloride and sulfate anions regarding
their effect on lignin precipitation, and discovered that sulfates not being an effective
anion for salting out kraft lignins [9]. When carbon dioxide is used in lignin precipita-
tion, lignin precipitates can be formed with low ash content (<1 wt%) [10]. This process
has been commercialized (e.g., LignoBoost) and shows a potential as a sustainable
technology given the availability of renewable CO,.

3. Solvent extraction

Solvent extraction, e.g., partitioning and extraction with organic solvent, has been
investigated both as a method of isolating lignins from biomass (for production of
Organosolv lignins and Acetosolv lignins) and as a process for fractionating technical
lignins. The structure and composition of extracted lignins is affected by the type of
solvent used and extraction process parameters. Saddler et al. reported the lignins
extracted via an ethanol organosolv process and obtained lignins with Mw ~ 2100
and a polydispersity (PDI) of 1.8-2.0 [11], which are similar to those of organosolv
lignins obtained from Alcell (Mw = 2100-8000, PDI = 3.5-13) and methanol organo-
solv (Mw = 1200-3800, PDI = 1.6-2.4) processes [12]. With increasing severity of
the extractions, the average molecular weight of the extracted lignins decreases and
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the number of functional groups in the extracted lignins decreases. The increase in
functional groups changes the lignins’ reactivity during derivatization reactions, thus
improving their suitability in upgrading processes via chemical modification.

Extracted fractions of technical lignins are also used in the synthesis of lignin
derivatives and copolymers. Generally speaking, organic solvent extracted lignins have
lower average molecular weight and lower glass transition temperature compared to
the lignins prior to the extraction [13, 14]. Organosolv lignin (e.g., Alcell), which is
extracted from hardwood using a mixture of organic solvents, has been demonstrated
as a viable precursor for the synthesis of polyols [15] and lignin esters [16, 17]. Pan and
Saddler compared the performance of organosolv and Kraft lignins as polyol substi-
tutes in the systhesis of rigid polyurethane foam, and the results showed organosolv
lignin being a better option with greater miscibility with commercially-available syn-
thetic polyols [18]. The amount of polyol groups in organosolv lignin can be affected by
the type of organic solvent used in the extraction process, thus enabling some degree of
tuning in the reactivity of extracted lignins [14, 19].

Solvent fractionation of technical lignins removes inorganic salts and retains the
low molecular weight fractions of lignins, thus improving the suitability of lignins as a
precursor of melt spinning in carbon fiber production. Baker et al. reported the use of
a solvent extraction process in obtaining a lignin fraction that has undetectable level of
ash (compared to 2.7 wt% of ash content in the hardwood lignin prior to the extraction),
low crosslinking reactivity (thus forming a more stable melt), and easier extrusion [20].
Rials et al. explored the use of organosolv lignins obtained from extraction of switch-
grass and yellow poplar using an acidified solvent mixture (i.e. a mixture of methyl iso-
butyl ketone, ethanol, and water), and discovered that the blend of lignins from the two
biomass feedstocks demonstrated better mechanical properties compared to organosolv
lignins solely derived from switchgrass [21], due to the plasticizing effect of hardwood
lignins. It is worth noting that for fractionated lignins to be a suitable precursor for
carbon fiber production, it has to have high purity (<1000 ppm of ash), low volatile
content (<5 wt % at 250°C), and low content of non-volatile particulates (<500 ppm)
[22]. These requirements can be met with organic solvent extraction processes which
aims to dissolve polymeric lignins while partitioning lignins from impurities.

Extraction with low toxicity and renewable solvent mixtures have been identified
as a promising approach to fractionating and purifying lignins. Thies et al. reported
the use of the mixture of acetic acid and water as a solvent for removing metal salts
from kraft lignin under elevated temperature (95°C). Upon mixing the hot acetic
acid-water mixture with kraft lignin, two phases are formed: one solvent-rich phase
with extracted metal salts and one lignin-rich phase with <100 ppm metals content
[23]. Hodge and Thies described a modified version of the aforementioned extraction
process, where pressurized carbon dioxide is introduced to the lignin-acid-water mix-
ture to produce a lignin solution in a CO,-expanded solvent [24]. By controlling the
pressure of carbon dioxide, lignin fractions with various average molecular weights
can be obtained from kraft lignin. In addition to concentrated acetic acid aqueous
solution, deep eutectic organic solvents with low vapor pressures are also reported
as candidates for solvent fractionation of lignins, as summarized in a review by
Ragauskas and Wan [25]. Hou et al. studied the use of solvents composed of choline
chloride and urea (or oxalic acid) in the dissolution of kraft lignins, and obtained
lignin solutions with 10-16% w/w concentrations [26]. These eutectic solvents are
also used in the extraction of lignins from bamboo [27], corncob [28], and poplar
[29] biomass. Due to the high costs with the production and recovery of deep eutectic
solvents, this approach to lignin fractionation has not yet been commercialized.
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4. Flocculation and membrane separation

The use of flocculants increases the Zeta potential of black liquor and promotes
lignin flocculation. Piazza and Garcia studied the application of bovine blood and
poly(diallyldimethylammonium chloride) in the recovery of soda lignin derived from
wheat straw, and both flocculants are effective (87-92%) in removing lignin from the
supernatant [30].

Ultrafiltration is the most commonly used commercial process that recovers
lignosulfonates during the sulfite pulping process, and is also used in the recovery
of lignins from kraft pulping black liquor. Via ultrafiltration and nanofiltration with
membranes of different cut-off, various lignin fractions can be obtained from black
liquors. The applications of membrane filtration in lignin recovery has been reviewed
by Humpert and Czermak [1]. After partial depolymerization (via pulping and/or
other chemical processes), technical lignins can be fractionated via membrane sepa-
ration and thus the low- and high-molecular-weight fractions can be utilized for dif-
ferent applications. For instance, Hulteburg et al. demonstrated the use of polymeric
membrane to recover low molecular weight phenolics from softwood kraft lignins
that have been partially depolymerized with aqueous NaOH [31]. The recovered phe-
nolic compounds have a molecular weight of 250-450 g/mol and can be metabolized
by some Pseudomonas strains [32, 33]. Mendes et al. reported the use of ultrafiltration
to recover 83% of the lignins in the lignin-lean aqueous phase derived from the acidi-
fication of kraft black liquor [34]. Labidi et al. compared the performance of several
ceramic ultrafiltration membranes with different cut-offs (5-15 kDa) in the fractions
of soda pulping black liquor from Miscanthus, and discovered that other than the
highest molecular weight fraction (15 kDa and higher; likely contaminated by lignin-
carbohydrate complexes), the other lignin fractions from different membranes have
similar molecular structures (i.e., types of linkages among monolignols) despite their
differences in molar mass [35]. Keyoumu et al. studied the ultrafiltration of hardwood
(birch) and softwood (spruce-pine mixture) black liquor using ceramic membranes,
and reported a negative correlation between membrane cut-offs and the phenolic
group content in the obtained fractions [36].

5. Summary

Lignin fractionation has the potential of transforming low quality, heterogenous
lignins to streams of lignin fractions with less impurities and narrower internal
variation in chemical and structural properties, thus may enable the development of
novel value-added products from lignin. To achieve this goal, cost-effective technolo-
gies that deliver lignin fractions with specific properties (e.g., low polydispersity,
low ash, high/low phenolics content) are required. Methods for characterization of
lignin fractions, as well as technologies for controlling lignin fraction characteristics,
are instrumental in lignin fractionation for valorization. Therefore, new delignifica-
tion, fractionation, characterization, and upgrading methods should be developed in
tandem so that a complete pipeline of lignin valorization can be accomplished.
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Chapter 6

Perspective Chapter: Flaxseed
(Linum usitatissimum L) —
Chemical Structure and
Health-Related Functions

Mehran Rahimlou and Jalal Hejazi

Abstract

Flaxseed (Linum usitatissimum L.), one of the oldest cultivated crops, continues to
be widely grown for oil, fiber, and food. This herb is used in the food culture of some
countries with different purposes. Flaxseed is one of the richest plants in terms of
some nutrients. Numerous studies have shown that in terms of omega-3 fatty acids,
this herb is one of the richest sources in the diet. Also, the lignan content in flaxseed
is significantly higher than that in other plants. Also, the lignan content in flaxseed is
significantly higher than that in other plants. In this chapter, the structure and chemi-
cal properties of this plant have been investigated first, and then the effectiveness of
flaxseed in some chronic diseases has been mentioned.

Keywords: flaxseed, Lignan, omega-3, obesity, antioxidant, chemical composition

1. Introduction

Modern living presents a challenge to maintaining good health due to the preva-
lence of various chronic lifestyle disorders. Medical herbs have received the well-
deserved attention as a result of the rapidly shifting international health situation and
the quick understanding of the negative consequences of improper food preparation
and overmedication. Strong demand in foods that can act as medicines is a result of
growing understanding of the importance of diet and the pursuit of well-being. Foods
or dietary components known as “functional foods” or “neutraceuticals” can also
provide health benefits above and beyond those of simple nutrition. Beyond what
might be predicted from their typical nutritive value, functional foods improve health.
One of the useful compounds that has attracted a lot of attention from researchers in
recent years is flaxseed.

Flaxseed (Linum usitatissimum L.) is one of the predominant industrial oils seed
crops grown in temperate climates. The terms flaxseed (Linum usitatissimum L.) and
linseed are often used interchangeably. The seed oil of this oilseed crop is enriched in
a-linolenic acid (ALA) (18:3cisA9,12,15). In addition to linolenic and linoleic acids,
lignans, cyclic peptides, polysaccharides, alkaloids, cyanogenic glycosides, and
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cadmium are among the numerous physiologically active substances and elements
that concentrate in flaxseed. The majority of a-linolenic acid or lignan-containing
extracts have been the subject of biological and clinical studies on flaxseed. In this
chapter, we explain about the chemical characteristics and clinical effects of flaxseed
in improving health and preventing chronic diseases.

2. Origin and domestication

Flax, whose scientific name is Linum usitatissimum L., which translates to
“extremely beneficial,” comes in two primary colors: brown and yellow or golden
(also known as golden linseeds) [1]. The genus Linum is a large group with ~230
species, which subclassed to fivesubgroups including: depending on the number of
chromosomes, the shape of flowers, and interspecific adaptability [2]. The section
Linum contains the cultivated flax, Linum usitatissimum, which has 30 diploid chro-
mosomes, along with the proposed progenitors L. angustifolium and L.bienne, which
share homostylous rather than heterosylous flowers [3, 4].

The seed of the annual herb known as the flax plant, a member of the Linaceae
family, is known as flaxseed. This herb is planted in different regions of the world
from eastern Mediterranean to India, Western Asia, and the Middle East, and today,
it accounts for a part of the global trade of agricultural products of some countries.
There is documentation that flax was used as a fiber source in Neolithic societies.
Evidence of flax fiber has been found in ancient sites in Israel and Syria [5]. Between
4500 and 4000 BC, flax was farmed in Egypt. It then spread across Switzerland and
was discovered much later at Willium Hill in England [6]. Flax is thought to have
been introduced to Canada by Lois Hebert, the country’s first farmer, over 400 years
ago [7]. Nowadays, the term “flaxseed” refers to the seeds of the flax plant when they
are eaten by human, whereas the phrase “linseed” refers to the seeds of the flax plant
when they are used for industrial and feed purposes [8]. The usual life cycle of a flax
plant is 45-60 days of vegetative time, 15-25 days of flowering time, and 30-40 days
of maturity time. It can reach a height of 12-36 meters. In accordance with the
cultivar, flax can produce blue, white, pink, or violet flowers. The flax plant’s mature
fruit is a five-segmented dry boll or capsule. Two seeds are contained in each segment
of the boll; hence, a capsule can contain up to 10 (on average 6-8) flaxseeds [9]. Seeds
of flax appear in different colors depending on the amount of tannin pigments in the
pigment cells of seed coat and included medium, reddish brown, and light yellow,
where the brown seeds are the most abundant form of flaxseeds with higher tannin
contents [10]. A commercial flaxseed strain with yellow seeds called Solin (Linola)
was introduced and sold in Canada [11].

Since its cultivation began in Mesopotamia about 5000 BC, flaxseed has mostly
been used for the production of cloth and paper. As mentioned, the global trade of
this plant today accounts for a part of the global economy of agricultural products.
Canada is the largest producer of this plant in the world with an annual produc-
tion of 20 tons, and after this country, other countries such as America, China,
India, and Russia are also among the main producers of this plant in the world
[12]. As mentioned, the global trade of this plant today accounts for a part of the
global economy of agricultural products. Canada and Russia are among the largest
producers of this plant in the world, and after this country, other countries such as
America, China, India, and Kazakhstan are also among the main producers of this
plant in the world [13, 14].
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3. Flaxseed structure and chemical composition

An embryo with two cotyledons that is enclosed by a thin endosperm and a
smooth, frequently lustrous yellow to dark brown seed coat makes up mature flax-
seed, which is oblong and flattened (hull) [15]. Flaxseed sprouts are edible, with
a slightly spicy flavor. Whole flax seeds are chemically stable, but ground flaxseed
can go rancid at room temperature in as little as 1 week, although there is contrary
evidence. A longer amount of time will be prevented from ground flax going rancid
by refrigeration and storing in airtight containers. When packed quickly without
exposure to air or light, milled flax is impressively resilient to oxidation for 9 months
at room temperature and for 20 months at ambient temperatures under warehouse
conditions [16, 17].

The components of this herb are summarized in Table 1. Also, the content of
vitamins, minerals, and active compounds in flaxseed is summarized in Table 2. The
protein content in flaxseed has been reported as 10-30% in some studies [18-20]. In
terms of protein distribution, the highest amount of protein is in the cotyledons of the
flaxseed (between 50 and 70%), and about 30% is in the coat and endosperm [21].
The amino acid profile of flaxseed protein is comparable with that of soy. As shown
in Table 1, higher amounts of the some amino specially arginine, valine, glycine, leu-
cine, valine, and serine have been found in flaxseed [22]. In terms of essential amino
acid index of flaxseed, it has been reported that the score for this index for flaxseed is
69, and this score is near the score for canola and soy, that is, 75 and 79, respectively
[23]. Also, according to the Food and Agriculture Organization (FAO) reports, flax-
seed score based on the limiting amino acid is 82; however, this score for soybean is 67
[24]. It has also been shown in some studies that 34.3% of the amino acids in flaxseed
are essential amino acids, and the ratio of lysine to arginine, which is an indicator of
cholesterolemic and atherogenic effects of a protein, is about 0.22-0.37, which reveals
that flaxseed is less atherogenic than canola and soybean [25].

The Canadian Grain Commission examined brown Canadian flaxseed, find-
ing that it typically included 41% fat, 20% protein, 28% total dietary fiber, 7.7%
moisture, and 3.4% ash [3]. As reported, flaxseeds are rich in oil (40-46% by
seed weight) with a healthy fatty acid profile. In terms of type of fatty acids,
flaxseed contains about 73% polyunsaturated fatty acids (PUFAs) and 10%

Components (%) Whole flaxseed Component g/100 gof Component  g/100 gof
flaxseed flaxseed
Moisture 713 a-linolenic 228 Arginine 9.2
acid

Nitrogen 4.01 Linoleic acid 5.9 Glycine 5.8

Fat 41 Oleic acid 73 Leucine 5.8

Protein 20 Stearic acid 13 Valine 4.6

Total dietary fiber 28 Palmitic acid 12 Serine 4.5

Ash 34 Glutamic acid 196 Soluble Fibers 4.3-86
Aspartic acid 93 Insoluble 12.8-171

Fibers
Table 1.

The most important flaxseed components.
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Components g/100 gof Component g/100 gof Phenolic Compounds mg/100 g
flaxseed flaxseed of flaxseed

Calcium 236 8-tocopherol 10 Secoisolariciresinol 165
Magnesium 431 vitamin C 0.5 Laricinesol 17
Phosphorus 622 vitamin Bl 0.5 Pinoresinol 0.8
Potassium 831 vitamin B2 0.2 Total Flavonoids 35-70
Sodium 27 vitamin B3 12
Zinc 4 vitamin B6 0.6
Iron 5 Pantothenic 0.6

acid
Manganese 3 Phenolic Compounds mg/g

flaxseed powder

y-tocopherol 522 Ferulic acid 109
a-tocopherol 7 Chlorogenic 75

acid

Gallic acid 2.8
Table 2.

The content of vitamins, minerals, and active compounds in flaxseed.

saturated fatty acids. Also, in terms of the type of PUFAs, the evaluation results
on different samples of flaxseed show the presence of about 52-57% a-linolenic
acid (ALA) and an ©-3/®-6 ratio of 1:0.3 [26]. Considering that higher amounts
of ALA make the oil prone to oxidation and Linola seeds have about 5% less
ALA compared with the brown flaxseed, therefore, this type of flaxseed is more
resistant to oxidation than brown flaxseed and for applications such as frying
and shortenings are more suitable [11].

As shown in Table 2, in terms of minerals and vitamins content, flaxseed is one
of the appropriate sources of calcium, phosphorus, potassium, magnesium, and
y-tocopherol [3]. In addition, flaxseed is a good source of some active compounds
such as phenolic compounds. It has been reported that some of the bioactive phenolic
compounds are ferulic acid, chlorogenic acid, and gallic acid [27]. Cyanogenic glyco-
sides (CG), phytates, lignans, and antipyridoxin factors are some of flaxseed’s minor
constituents that have been identified. Flaxseed has amounts of the lignan secoiso-
lariciresinoldiglucoside (SDG) that are 75-800 times higher than those of any other
documented plants or vegetables [26]. Flaxseed is one of the best dietary functional
foods in terms of supply lignan, and the amount of lignan in it varies between 0.9 and
3% depending on various factors [11]. Based on the evidence in some experimental
studies, the lignans in flaxseed have anti-estrogenic effects and may have a preventive
role in the pathological process of some hormone-dependent cancers [28]. The most
predominant lignan in flaxseed is SDG. Enterolactone and enterodiol, which have
antiestrogenic properties and structural similarities to estrogen and can bind to cell
receptors to inhibit cell proliferation, are formed from SDG [28]. Numerous items
made from flaxseed are being sold in the market and promoted for their benefits as
functional foods and nutraceuticals. Whole seeds, ground or milled flaxseed (flour),
oil extracted from flaxseed (by pressing; cold-pressed or not), flax meal, the coat of
the seed, a portion of the seed that has been removed, flaxseed hull, cyclic peptides
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(orbitides) from flaxseed oil, and lignan extracts from the flaxseed hull are among
them [29]. Some of the experimental studies evaluated the digestibility of proteins

in the flaxseed, and in some studies, the digestibility percent of this plant has been
reported as 81.4-85.8% [30, 31], and this is near the soybean digestibility percent
(digestibility percent = 84-85%) [32]. Also, the flaxseed biological value (BV) ranges
from 66.4% to 77.4% [33]. The matrix elements, particularly mucilage and oil, and the
earlier preparation of the seeds have an impact on the flaxseed protein digestibility
[34]. It has been reported in some experimental studies that elimination of flaxseed
mucilage improved protein digestibility to 50% compared with the 12.6% for full-fat
and mucilage containing ground flaxseed [35]. Also, it has been reported that some
of the other processing methods such as boiling, heat treatment can improve flaxseed
protein digestibility [36]. One of the concerns related to flaxseed is allergy to the its
proteins. However, to date, the results of several studies have reported rare cases of
allergy to the proteins contained in flaxseed. Some researchers believe that this allergy
observed in some cases is not due to flaxseed proteins, but the reason is the contami-
nation in some seeds [37].

4, Flax: a functional food

It is appropriate to classify flax as a “functional food” due to the numerous
health-promoting components found in both the seeds and the oil. Foods known as
“functional foods” have potential health benefits in addition to its nutrient contents.
L-arginine, cyanogenic glycosides (CNglcs), and omega-3 fatty acids can be mentioned
among the active components in the seeds that cause its positive functions in the pre-
vention and treatment of some chronic diseases. The consumer can currently choose
between whole flaxseeds and milled flaxseed in the area of health-related functional
foods. These goods are promoted as excellent providers of lignans, dietary fiber, and
omega-3 fatty acids. Numerous common foods, including muffins, bread, crackers,
tortillas, cereals, and snack bars, include whole flaxseeds. The commercial marketing
of flaxseed products as sources of protein for food usage is extremely limited [38].

However, in recent years, some food manufacturing companies use flaxseed to cre-
ate a pleasant nutty flavor in the preparing cereal and bakery products. Also, due to the
fact that flaxseed does not contain gluten, some food companies use flax flour in the
production of gluten-free food for celiac patients [39]. Some attempts have been made
to fortify breads with flaxseed flour; however, some limitations have made the results
not very satisfactory. For example, it has been reported that use of flaxseed flour for
bread production resulted in poor texture, crumb color, graininess, volume, and crust
color [40]. On the other hand, considering that flaxseed contains PUFA, the use of this
plant in the bakery industry and exposure to high heat may cause the oxidation of fatty
acids and the production of metabolites such as malondialdehyde (MDA), which have
adverse effects on health [41]. However, Cunnane et al. were reported that cooking
at the normal temperature and for a limited time does not significantly increase the
production of MDA [42]. Antinutritional components included in flaxseed products
present a significant obstacle to their use in food products. Linustatin, neolinustatin,
and linamarin are CGs that can be found in flaxseed [43]. These substances are broken
down by B-glucosidases when the cell structure is disturbed, generating small amounts
of hydrogen cyanide, a potent respiratory inhibitor [44]. However, in some studies,
it has been reported that usage from some methods such as extraction of flaxseed
meal 2-3 times with methanol-ammonia-water, heat treatment, boiling for 5 min in
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water, and dry and wet autoclaving can decrease CG in flaxseed [45, 46]. Linatine, an
antagonist of vitamin B6 (pyridoxine), is also found in flaxseed. Generally, linatine
concentrations range from 20 to 100 mg/kg. Before eating, heat processing could be
required to eliminate these antinutritional elements [47].

5. Extraction methods

There are a number of methods that have been suggested for extracting oil from
flaxseed, most notably mechanical extraction, solvent extraction, supercritical/
subcritical fluid extraction, and extraction with microwave or ultrasonic interven-
tion. The constitution and amount of unsaturated fatty acids and active substances
extracted using various techniques typically vary significantly due to the complexity
of flaxseed oil. Flaxseed oil is traditionally produced through mechanical pressing,
which depends on outside machinery to produce oil. Among the advantages of using
mechanical methods to extract flaxseed oil can be mentioned the low cost and equip-
ment, no change in the taste of the oil, acceptable quality, and no need to use chemical
compounds for the extraction process [48]. It has been reported that using from the
double-screw extrusion preserves the flaxseed oil quality and its ALA contents, but
there are also some clear disadvantages, including low yield, high residual oil, and
significant reduction in concentration of some of vitamin, phospholipids, phytoster-
ols, and antioxidants [49]. Low extraction efficiency is properly remedied by solvent
method, and up to 99% of the oil is obtained. However, there are some concerns that
the use of acetone, methanol, petroleum ether, n-hexane dichloromethane, ethanol,
and heptane may decrease the purity of oil, influence its physiological activities, and
even result in potential issues with food safety and environmental contamination.
As aresult, instead of producing commercial products, this technology is primarily
employed for laboratory-size investigation.

Modern methods of oil extraction have received a lot of attention recently, includ-
ing supercritical CO, extraction, microwave-assisted extraction, ultrasound-assisted
extraction, and subcritical fluid extraction. Nowadays, one of the modern methods
suggested for extracting flaxseed oil is the use of supercritical CO, fluid extraction

Solvent
extraction

Flaxseed Powder

Mechanical Supercritical
pressing \ ' / CO,; extraction

]
1
1
1
:
: Extraction technology
1
I
]
]
1
1

Microwave l Subcritical

assisted extraction Ultrasound fluid extraction
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Optimization of extraction
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—
 § CH—— 1
4 s

Flaxsced oil

Figure 1.
Representative extraction methods of flaxseed oil [53].
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method, which, in addition to the high quality of the oil, preserves the high concentra-
tion of omega-3 fatty acids, phenolic compounds, and lignans [50], and the production
efficiency is about 25% higher than that in the mechanical method [51]. Using the
microwave and ultrasonic-assisted extraction methods compared with the solvent
method has significant advantages, including shortening the extraction time, reduc-
ing the solvent consumption, thermal damage to the extract, and the loss of bioactive
compounds [52]. The commonly used extraction methods are shown in Figure 1.

6. Biological effects of flaxseed and flaxseed fractions

Whole flaxseed, ground flaxseed, flaxseed oil, partially defatted flaxseed meal
(typically from expeller pressing), fully defatted flaxseed meal (from solvent extrac-
tion), flaxseed mucilage extracts, flaxseed hulls, flaxseed oleosomes, and flaxseed
alcohol extracts are some of the flaxseed products that are consumed. These sub-
stances each have unique positive health impacts that have been linked to them. In the
following, we discuss some of the positive biological effects of flaxseed in improving
health and preventing and treating chronic diseases.

7. Central activities

The higher ALA concentration of flaxseed has been linked to the majority of its
effects. Three distinct metabolic destinations are possible for ALA: (a) absorption into
structural, transport, or storage pools; (b) use as an energy source via beta-oxidation;
and (c) extension and further desaturation to produce EPA, DPA, and DHA.

Although alpha-linolenic acid plays a small role in the cell membrane directly, it
plays an important role indirectly in the cell structure after being converted into long-
chain omega-3 fatty acids such as EPA and DHA [54]. On the other hand, a part of
ALA consumed through diet participates in energy production processes in the body
through beta oxidation, the results of some studies have shown that the percentage of
ALA that participates in beta oxidation is about 33% in menand 22% in women [55].
On the other hand, the ALA present in flaxseed reduces the production of inflam-
matory eicosanoids through metabolic pathways [56]. Additionally, some of the
activities of flaxseed may not be reliant on its fatty acid concentration and type and
may instead be caused by the lignan SDG. It has been established that the SDG is the
primary lignin in flaxseed, and that the gastrointestinal bacteria convert this lignin
into the mammalian lignans enterodiol (ED) and enterolactone (EL) [57].

8. Anti-obesity effects of flaxseed

Obesity is a serious health issue and a significant contributor to the risk of diabetes,
heart disease, and cancer. By 2030, it is anticipated that 1.12 billion people worldwide
would be obese [58]. Type 2 diabetes, hypertension, inflammation, metabolic syn-
drome, cardiovascular dysfunction, and non-alcoholic fatty liver disease are among
the comorbid conditions that the majority of obese persons have [59]. Also, it has been
reported in several studies that obesity is an important risk factor for some type of can-
cers [60]. As aresult, preventing obesity is essential for lowering chronic disease rates.
Several studies have evaluated the effect of flaxseed supplementation in obese people.
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Mohammadi-Sartang in a meta-analysis from 45 randomized controlled trial studies
and 2789 participants showed that flaxseed consumption led to a significant reduction
in body weight, body mass index, and waist circumference. Also, they found that the
flaxseed supplementation caused significant weight loss if flaxseed was taken with a
dose higher than 30 grams per day, and the duration of the intervention was more than
12 weeks [61]. Several mechanisms have been proposed for the anti-obesity effects

of flaxseed. As mentioned, flaxseed is one of the richest sources of lignan (primarily
SDG), and its lignan content is up to 100 times higher than that of some other plants
[62, 63]. SDG, a type of purified lignans, has been demonstrated to decrease visceral
(abdominal) fat in mice when compared with animals that did not consume SDG

[64]. The researchers proposed that a drop in the mRNA levels of sterol regulatory
element-binding proteins, which are essential for the synthesis of triacylglycerol, may
result from flaxseed’s high amount of SDG [64]. Also, the results of some studies have
shown that the lignans in flaxseed regulate the expression of adiponectin and stimulate
fat oxidation, all of which prevent excessive fat accumulation and obesity [64, 65].

It has been demonstrated that dietary fiber, especially soluble fiber, has anti-obesity
properties that reduce body weight. By delaying gastric emptying, causing sensations
of fullness via absorbing significant amounts of water, and/or increasing the levels of
short chain fatty acids, which operate to induce satiety by a wide range of mechanisms,
dietary fiber can help control weight or aid weight loss [66].

9. Anti-inflammatory action

Inflammation is one of the main factors in the pathology of many chronic diseases.
An increase in the level of inflammatory cytokines in the body provides the basis
for damage to various tissues. In some studies, it has been shown that flaxseed has
strong anti-inflammatory properties due to its many active compounds, especially
because of its ALA contents [67]. The results of a meta-analysis study designed and
implemented by our team in 2018 showed that supplementing with flaxseed had a
significant effect on reducing the concentration of some inflammatory factors includ-
ing tumor necrosis factor alpha and high-sensitivity C-reactive protein (hs-CRP)
[68]. Positive results have also been reported from supplementing with flaxseed in
inflammatory diseases such as rheumatoid arthritis [69] and inflammatory bowel
diseases [70]. SDG and its metabolites (enterolactone and lignans enterodiol),
which are flaxseed-related active chemicals, in particular, have demonstrated anti-
inflammatory and antioxidant potential, primarily by inhibiting lipid peroxidation.
Additionally, some research has indicated that the flaxseed lignan portion may
stimulate the nuclear element (erythroid-derived 2)-like 2, a transcription factor of
the antioxidant and detoxifying genes, including NAD (P)H quinone dehydrogenase
1 and heme oxygenase-1 [71]. It’s important to take into account the connections
between the microbiome, inflammation, and diet. For instance, flaxseed is the
greatest non-bioactive supply of lignan precursors and is transformed into its main
metabolites, which have antioxidant activity, in the colon by gut microbiota, which
may be altered by the microbial diversity [72]. On the other hand, flaxseed, as one of
the richest plant sources of omega-3, can exert its anti-inflammatory effects through
the conversion of alpha-linolenic acid into long-chain omega-3 fatty acids such as
eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA). The production of
pro-inflammatory eicosanoids from omega-6 fatty acids, such as prostaglandin E2
(PGE2) and leukotriene B4 (LTB4), suppressed by omega 3 fatty acids and can induce
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the production of some anti-inflammatory agents such as resolvins and protectins.
Together these provide a mechanism to suppress the activity of nuclear transcription
factors including nuclear factor kappa B (NF-kB) and thus decrease the production of
pro-inflammatoryenzymes and cytokines, such as cyclooxygenase-2(COX-2), TNF-a,
and interleukin (IL)-1 [71, 73].

10. Cardiovascular health

Cardiovascular diseases are one of the main causes of death in the world and
one of the five main causes of death and disability in most countries. About 2200
Americans every day, or one every 40 seconds, pass away from cardiovascular disease
in the United States [74]. Numerous clinical studies, including DART [75], the GISSI
Prevenzione trial [76], GISSI-HF [77], have declared that omega 3 supplementation
led to a significant cardioprotective effects. Several studies have investigated the
cardioprotective effects of flaxseed from different aspects. This includes dietary
supplementation with flaxseed and its effects on atherogenesis [78], lipid profile [79],
platelet aggregation [80], arrhythmias [81], hypertension [82], and oxidative stress
[83]. In a clinical trial on 112 patients with high blood pressure, Toulabi et al. showed
that supplementation with 30 grams of flaxseed per day caused a significant decrease
in systolic anddiastolic blood pressure [84]. Also, Mahmudiono et al. in a meta-analy-
sis study showed that flaxseed oil supplementation among the patients with metabolic
syndrome and related disorders caused a significant reduction in systolic but not
diastolic blood pressure [85]. It is unclear how flaxseed lowers blood pressure and
how this happens. Weight loss has been advocated as an effective method for treating
high blood pressure in overweight and obese people [56]. But according to one study,
flaxseed contains peptides that are high in arginine and can lower blood pressure
[86]. Furthermore, flaxseed has a high concentration of ALA. It has been extensively
evaluated in some studies and shown that ALA can reduce blood pressure and reduce
cardiovascular diseases risk [87, 88].

Also, several studies have evaluated the effect of flaxseed on the lipid profile. Hadi
et al. in an updated systematic review and dose-response meta-analysis of 62 random-
ized controlled trials evaluated the effects of flaxseed on lipid profile, and it has been
reported that flaxseed supplementation significantly reduced total cholesterol (TC),
triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C). However, there
were not any significant effects on high-density lipoprotein (HDL-C). Also, they
found that flaxseed oil had no effect compared with whole flaxseed or lignin [89]. As
mentioned, these beneficial dyslipidemia effects are caused by the content of lignan,
phenolic, and ALA in flaxseed. By boosting satiety, lowering caloric intake, and
decreasing meal transit time, flaxseed’s high fiber content protects against dyslipid-
emia. It also stimulates bile acid excretion and reduces bile acid reabsorption through
enhanced fecal excretion of cholesterol. Additionally, fiber affects other metabolic
processes, such as fatty acid biosynthesis, lipolysis, and cholesterol synthesis by form-
ing short-chain fatty acids that prevent the formation of liver cholesterol [90].

11. Conclusion

Flaxseed is one of the richest herbs in terms of nutrients and active compounds.
This herb is known as one of the best dietary sources of omega-3 fatty acids and lignan.
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This herb is used in different forms, the most common of which are the whole flax-
seed, ground flaxseed, and flaxseed oil. Several methods are used to extract flaxseed
oil from full flaxseed, from mechanical methods that are part of traditional methods to
more modern methods such as microwave and ultrasonic-assisted extraction methods.
In recent years, several studies have been conducted on the beneficial properties of
flaxseed in the prevention and treatment of chronic diseases as an alternative treat-
ment, which include anti-inflammatory, antioxidant, anti-obesity effects, improved
lipid profile, and reduced risk of cardiovascular diseases. Part of these beneficial
effects of this plant is due to its high content of lignans. Despite the mentioned ben-
eficial effects, there are also some concerns related to the use of this plant, such as the
risk of oxidation of flaxseed oil in higher temperature due to higher content of PUFA
and flaxseed contamination with toxins and heavy metals. Also, some researchers have
reported concerns regarding the use of this plant in people with hormone-dependent
cancers such as breast and ovarian cancer due to its phytoestrogens. Therefore, there is
a need for more studies related to the different aspects of using this plant in the daily
diet as well as in the prevention and treatment of chronic diseases.
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Chapter 7

Lignin as Feedstock for
Nanoparticles Production

Ana Lourengo and Jorge Gominho

Abstract

Lignin is an interesting natural polymer with characteristics that contribute for the
development and growth of plants. Lignin presents high variability associated with
the diversity of plants, which presents great challenges for its recovery after
delignification (technical lignin), because lignin is prone to irreversible degradation,
producing recalcitrant condensed structures that are difficult to disassemble after-
ward. Although researchers have made efforts to obtain lignin in high yields and with
good characteristics for specific uses, this is not an easy task. The mind-set has
changed and new biorefinery concepts are emerging, where lignin is the primary goal
to achieve, and the so-called lignin-first approach has arisen. Lignin can be obtained
firstly to prevent structural degradations, enabling an efficient and highly selectivity
of the lignin monomers. Therefore, this concept places lignin and its valorization at
the head of the biorefinery. However, lignin valorization is still a challenge, and to
overcome this, lignin nanoparticles (LNPs) production presents a good way to achieve
this goal. This chapter presents a resume of the several techniques to attain lignin, how
to produce LNPs, and their possible applications (from pharmaceutical to the auto-
mobile and polymer industries).

Keywords: biomass composition, lignin isolation, lignin-first biorefining, lignin
applications, nanoparticles production

1. Introduction

Lignin has been studied by different researchers over the years; the first output
was published in 1908, and to date, a total of 74,191 documents mentioning “lignin”
have been published, according to the Web of Science database (WOS). Figure 1
presents a treemap with the published documents distributed by the WOS categories
(from 1908 to 2023): Biotechnology Applied Microbiology (9440), Energy fuels
(9362), Materials Science Paper Wood (9256), Chemistry Multidisciplinary (8935),
Chemical Engineering (8564), to mention just a few.

A search for the word “lignin-first” revealed a smaller number of documents,
totaling 127. But what was quite impressive was the date of the first document, in 1997
(Figure 2). The main articles were published in the last 6 years, reaching a total of 122.
This fact reveals the increasing importance of the “lignin-first” approach within the
research community.
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Figure 2.
The number of publications that mention the word “lignin-first” and their citations over the years. Adapted from

WOS (www.webofscience.com; accessed on September 30, 2022).

The topic “lignin nanoparticles” is also an increasing one (Figure 3), and the
search provided a total of 373 documents during the period from 2008 to 2022
(September). The most highly cited papers number 10, with 332 articles and 32
review papers recorded. The distribution between the WOS categories was as
follows: Chemistry Multidisciplinary (123), Polymer Science (81), Materials Science
Multidisciplinary (59), and Biochemistry Molecular Biology (51). Although the year
2022 has not ended, it is possible to see the growing tendency for the number of
publications and citations of this topic (Figure 3).

According to these results, it is clear that lignin is still an exciting research topic. To
reinforce this, at the moment, a European Cooperation in Science & Technology is
being developed within this theme, called “LignoCost - Pan-European Network on the
Sustainable Valorisation of Lignin” (COST Action CA17128, https://lignocost.eu/), to
establish a network between different researchers having a focus on lignin valoriza-
tion and its sustainable industrial application. One of the Working Groups is devoted
to making a Wikilignin database where relevant works are being compiled.
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Figure 3.

The number of publications that mention “lignin nanoparticles” and their citations over time. Adapted from WOS.
(www.webofscience.com; accessed on September 30, 2022).

2. Lignin structure and composition in biomass
2.1 What is lignin?

Lignin is a complex polymer present in vascular plants, particularly in woody
tissues. It is the second most abundant natural polymer, representing 15-30% dry
weight of lignocellulosic materials (e.g., wood and bark). Its natural production on
earth ranges between 5 and 36 x 10° tons annually [1]. Lignin is mainly deposited in
the secondary cell walls of the supporting and water-conducting tissues, but it is also
present in the middle lamella between cells and cell corners. Besides xylem cells,
lignification can also occur in sclereids cells (phloem cells), roots, and seeds [2].

2.2 What is lignin made of?

Lignin is a heterogeneous aromatic polymer constituted by three phenylpropane
precursors: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol that present a
hydroxyl group linked to C4 and substitutions with one or two methoxyl groups in C3
and C5. If the aromatic ring is unmethoxylated, then it is called p-hydroxyphenyl (H),
and if it has one methoxyl group in C3, it is called guaiacyl, or with two methoxyl
groups linked with C3 and C5, it is a syringyl unit (S, Figure 4) [3]. Therefore, lignin
is a highly complex phenolic polymer whose content and composition vary depending
on many factors, for example, species, specimen age, plant part, environmental
growth conditions, and harvesting time [2-7]. In hardwoods, lignin typically repre-
sents between 20 and 25% of the wood, with a monomeric composition mainly of
syringyl and guaiacyl but few p-hydroxyphenyl units. In comparison, softwoods are
richer in lignin (25-35%), where guaiacyl units prevail, fewer p-hydroxyphenyl units
are found, and almost no syringyl units are present [3]. In herbaceous species, the
lignin content ranges from 15 to 24% [8] and has a monomeric composition where no
specific lignin units predominate [3]. It was found that other monomers are also
included in the lignin polymer, such as tricin flavones, hydroxycinnamaldehydes,
hydroxystilbenes, and xenobiotics [9-15]. The monomers are linked by ether
bonds and carbon-to-carbon bonds in different proportions. The ether bonds prevail
(e.g., p—0—4' and a—0O—4'), representing between 35 and 60% in softwoods and
from 50 to 80% in hardwoods [16]. Generally, C—O linkages have a bond-dissociation
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1—coumaric acid, 2—ferulic acid, 3—sinapic acid, if R=H; 4—rvesveratrol (hydroxstilbene).

enthalpy (BDE) of 42-83 kcal/mol (they are easier to break); while C—C linkages
(e.g. p—P', p—5') have BDE values between 54 and 118 kcal/mol, so they are harder to
break down, presenting more considerable challenges for lignin deconstruction [17].
Slightly different values were compiled by Liu et al. [18] and are presented in Table 1.

Component Type Total amount (%) Bond dissociation enthalpy (BDE)
(kcal/mol)

Softwood Hardwood  Grass

Monolignol H <5 0-8 5-33 —
>95 25-50 33-80 —
0 46-75 20-54 —
Linkages
C—0—C p-O-4 43-50 50-65 74-84 56.54-72.30
a-0-4"* 5-7 <1 n.d. 48.45-57.28
4-0-5 4 6-7 n.d. 77.74-82.54
c—C 5-5 5-7 <1 n.d. 114.9-118.4
p-p 2-6 3-12 1-7 —
B-5 9-12 3-11 5-11 125.2-127.6
B-1 1-9 17 n.d. 64.7-165.8
Others 16 7-8 n.d. —

*Only present in the dibenzodioxocin moieties (f—O0—4' + a—O0—4' + 5-5).

Table 1.
General characteristics of lignin from softwood, hardwood, and herbaceous species. Adapted from Liu et al. [18].
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2.3 What is the role of lignin in plants?

Lignin deposition in plant cells: (i) provides rigidity and mechanical strength,
allowing the plants to stand; (ii) gives hydrophobicity to the cell walls; (iii) promotes
the transportation of water and minerals between cells, (iv) hinders the degradation
of polysaccharides; and (v) is a barrier against pathogens and pests, playing an essen-
tial role in plant development [19-21].

Lignin has another active role in the plant response to several abiotic and biotic
stresses, by reinforcing the cell walls in the neighborhood of infected or wounded
tissue (the so-called defense lignin, which contrasts with the developmental lignin
presented before) [22-24]. Plants have suffered different types of abiotic (e.g.,
drought, mineral deficiencies, and low or high temperatures) and biotic stresses (e.g.,
insects, bacteria, or fungi attacks) over the years. Lignin is vital for plant growth and
its environmental adaptability, that is, the plant can produce different amounts and
types of lignins (possessing other physical properties) depending on the growth con-
ditions. Moura and coworkers [25] reported a review explaining the influence of
different stresses, such as the increase of cold, drought, or light upon the plants; for
example, maize under water deficit reduced the production of ferulic acid but
increased p-coumaric and caffeic acids in the xylem regions. However, the roots
increased their lignin content, stiffening the cell walls and reducing their expansion
[25]. More recently, a review was presented focused on the biosynthesis, content, and
accumulation of lignin as a plant response to abiotic stresses; during drought, E.
urograndis increased the lignin content in its roots and leaves and reduced the S/G
ratio [26]. In P. trichocarpa, the lignin content did not change in young shoots or
mature stems, but the S/G ratio decreased significantly in the young shoots. Plants
under drought stress may increase the lignin content to reduce water penetration and
transpiration from the cell wall, which helps to maintain cell osmotic balance [21].

Plants under a rise in light induced a lignin accumulation, as a way to adapt to the
environment [26]. Also, the lignin composition in angiosperm and gymnosperms
species under stress revealed a higher amount of condensed linkages (C—C bonds)
and more H-units as a response to the environmental conditions, including high
nitrogen fertilization, mechanical injuries, or ozone [2, 23, 24].

Therefore, researchers have tried to understand plant adaptability, but it is diffi-
cult to generalize the behavior of plants regarding particular stress because each
species behaves differently. Also, not only the lignin content or its composition is
essential to understand plant behavior, since the production of lignin comprises a
complex genetic network with the involvement of multiple enzymes that have differ-
ent responses to the abiotic and biotic factors [24]. This will not be developed here,
but readers are encouraged to consult many of the works on this topic [27-30] and a
review about lignin biosynthesis [31].

The diversity of lignins (content and composition) and their recalcitrant behavior
to degradation is a challenge for researchers who wish to learn more about the lignin
structure and biosynthesis, but mainly for those who work in lignin valorization.
Thereby, we discuss below some procedures to isolate the lignin.

3. Lignin isolation procedures and lignin-first concept

Most often, lignin valorization starts with its isolation from the lignocellulosic
material (biomass) with two perspectives: (i) to gain insights into lignin’s
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chemical and structural characterization, which involves methods such as
Bjorkman, dioxane, and cellulolytic enzyme lignin [32-34], where the obtained
lignin presents a structure close to the lignin in the cell wall matrix (native lignin);
or (ii) aiming to obtain lignin in a high yield, in which case the biomass is
delignified (pulp process), obtaining a solid fraction rich in cellulose and a liquid
one mainly constituted by lignin and hemicelluloses. Afterward, the lignin is iso-
lated by precipitation from the spent liquor (Kraft, organosolv, or lignosulfonate)
in yields dependent on the precipitation agent, pH, etc. In these cases, the pulping
process leads to an extensive chemical change in the lignin, such as the cleavage of
p—O—4' linkages and the formation of recalcitrant C—C bonds, which results in
difficult conditions for lignin depolymerization. This lignin presents different
characteristics (related to the isolation process) from those of native lignin and is
called technical lignin [35].

There are several pulping processes from which different technical lignins can
be obtained [8, 36-38]. The conditions applied depend on the biomass chemical
characteristics, particularly the lignin content and composition, but these issues
will not be discussed here. Instead, a brief description of the processes is presented
in the following lines.

Soda pulping started in 1853 using non-woody biomass such as straw or
flax, but now the process has been applied to soft and hardwoods. The
delignification is done with sodium hydroxide (NaOH) liquor under
temperatures around 160°C. Lignin depolymerization is promoted, starting with
the cleavage of p—0O—4' linkages, which allows the ionization of phenolic groups,
but condensation reactions also occur that are negative for the further lignin
valorization. Besides, the lignin-carbohydrate complexes (LCCs) are also
broken [18].

Kraft pulping was developed later than soda pulping (around 1890) and has
become the most common process involving the delignification of either softwood or
hardwood, but also non-woody species, with a white liquor containing sodium
hydroxide (NaOH) and sodium hydrosulfide (Na,S) at temperatures around 170°C
[39, 40]. Delignification occurs by the hydroxyl groups (OH™) but also by hydrogen
sulfide (HS™), which, due to its nucleophilic character, enhances delignification.
Lignin has been extracted industrially from the black liquor by LignoBoost or
LignoForce technology [41]. It is the most commonly used market process to produce
technical lignins [18]. The isolated lignin presents sulfur as thiol groups (which make
lignin valorization difficult), is highly condensed, and contains a low amount of ether
bonds [8].

Sulfite pulping started in 1930. Biomass is pulped under the attack of sulfite or
bisulfite salt of sodium, ammonium, or magnesium at temperatures ranging from 140
to 170°C. The sulfonic groups are incorporated in the aliphatic chain of the lignin
monomers, and water-soluble lignosulfonate salt is formed. The technical lignin pro-
duced is called lignosulfonate, representing 90% of the commercialized lignin [34].
Still, since Kraft pulping is more efficient, the sulfite process has decreased (<5%) [8].
The lignosulfonate: (i) can be isolated by ultrafiltration, extraction, or precipitation;
attained as a salt (Na*, NH3", Mg*, Ca,"); (ii) presents a large amount of sulfur (4-8%
wt compared with Kraft lignin), and has a high number of degraded oligomers and a
low amount of f—0—4' [8].

Organosolv pulping appeared in the late twentieth century as a promising process
to selectively attain lignin using, for example, methanol or ethanol. The lignin extrac-
tion is done by solvolysis with or without the presence of acids (Brensted, e.g., H;POy,,
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H,SO,, AcOH, CF3SOsH; or Lewis acids such as FeCl,, ZnCl,). If the acid is not used,
the pH will decrease from 7 to 4 due to the hemicelluloses deacetylation; on the
contrary, if the acid is present, the pH can decrease to between 4 and 2; thus, the
solvolysis of the biomass is accelerated, and both hemicelluloses and lignin are
removed [17].

Ionic liquids (IL) have been used for lignin extraction due to their characteris-
tics (e.g., green and recyclable). Overejo-Pérez and coworkers [42] used the protic
ionic liquid 1-methylimidazolium chloride to isolate lignin from E. globulus under
different conditions to study the treatment severity. More severe conditions pro-
moted: (i) the cleavage of ether linkages, (ii) lignin fractions with higher molecular
weight (MW) and more stable due to condensation reactions, and (iii) preferential
degradation of S-units, contrasting to mild conditions where the degradation is of
G-units.

Deep eutectic solvents (DESs) are promising alternative solvents for IL because
they can also be recycled, are biodegradable, easy to produce, and reuse several times
without losing strength, depending on the chosen system. Lignin from corncob resi-
dues was extracted by DES and used to make LNP by self-assembly [43].

Therefore, there is a great diversity of the technical lignins obtained due to the
intrinsic variability of the biomasses used and the different extraction processes. As
a result, the heterogeneity of the technical lignins is a negative point for their
valorization. As an example, Table 2 presents the characteristics of Kraft lignin and
lignosulfonates.

Consequently, upgrading solutions must be found so that the concepts of
biorefinery, the circular economy, and the zero-waste philosophy can be fully
applied. Having in mind these aspects, researchers have treated biomass under
mild conditions to attain more uniform lignin products in the so-called lignin-first
approach (also known as reductive catalytic fractionation (RCF) or catalytic
upstream biorefining (CUB)). Under this new biorefinery concept, the lignin is
firstly removed from the biomass (instead of the carbohydrates fraction), and the
cellulose and hemicellulose fractions are almost intact [44, 45]. Abu-Omar and
coworkers [7] present the concept: “The lignin-first biovefining is not a synonym for
lignin valorization, but rather an integral approach that derives value from both lignin
and polysaccharides, towards an atom-efficient and more sustainable utilization of
lignocellulosic biomass”. This approach is more selective for lignin; hence, it pre-
vents undesirable and irreversible condensation reactions, eliminates the need for
purification steps, and reduces production costs [45]. The traditional methods
promote the cleavage of the p—0O—4' linkages and the formation of C—C bonds,

Properties Kraft lignin Lignosulfonates
Functional groups Many phenolic OH, carboxyl, = Fewer phenolic OH, carboxyl, catechol
catechol groups groups
Organic sulfur (%) 1-1.5 4-8
Sulfonated groups (meq/g) 0 1.25-25
Solubility Alkali, acetone, DMF, methyl Water
cellosolve™
Table 2.

Properties of Kraft lignin and lignosulfonates. Data from Bozell et al. [34].
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producing a condensed lignin that is harder to depolymerize in successive steps
(Figure 4, fragments E and F). To overcome these negative aspects, the lignin-first
approach involves the application of mild conditions to stabilize the f—0—4’
linkages and the low lignin MW products (e.g., monomers, dimers, and short
oligomers) formed during the biomass fractionation, preventing lignin
condensation [46].

In summary, the lignin-first approach has three steps: (i) the lignin is extracted
from the biomass by an organic solvent through solvolysis or acid-catalyzed
reactions (similarly to organosolv pretreatment); (ii) the intermediates formed
are stabilized to prevent condensation, and (iii) the lignin can be further
depolymerized during the stabilization stage [7]. The stabilization approaches
deliver the target chemical molecules without requiring further chemical
modifications [47].

Some biomass fractionation methods applied to obtain uncondensed lignin
include (i) ammonium-based fractionation—which can solubilize the lignin at
room temperature under a pressure of 7-10 bars [48]; (ii) mild organosolv—using
organic solvents (e.g., ethanol, methanol, acetic and formic acids) that are
recycled during the recovery of the lignin [49]; (iii) y-valerolactone-assisted hydro-
lysis—using y-valerolactone (GVL, a green solvent that can be produced from glu-
cose) and water (cosolvent), for example, pine wood fractionated by 80% y-
valerolactone at 140-180°C, yields lignin of 33% [50]; or (iv) ionic-liquid-assisted
fractionation [51].

Other methods are more focused on stabilizing the lignin monomers; the most
studied one is catalytic hydrogenolysis, which combines lignin depolymerization
with solvolytic extraction under the reductive stabilization of the intermediates. The
hydrogenolysis cleaves the C—O bond at the f—0O—4' moieties, generating lignin
monomers; the reaction requires a solvent that will be responsible for the lignin

(a) (b)

Figure 5.

Lignin depolymerization by acid hydrolysis: (a) hydrolysis and dehydration of the p—O—4' lignin fragment A,
leads to fragments B (benzylic carbocation intermediate), C (alkene products from the acid hydrolysis). All these
fragments can veact, and condensation reactions occur, leading to products E (includes an a-2' linkage) and F
(includes a 5-5' linkage). (b) The f—O—4' lignin fragment can be involved in the following reactions: (i)
oxidation leading to fragment G (oxidized lignin fragment) that can form fragment H (oxidized monomer), (ii)
solvolysis leads to products that can be transformed by reductive catalytic fractionation into fragment K (a reduced
monomer), and (iii) stabilization with aldehydes forms the acetal-stabilized lignin fragment (I). Adapt from
Questello-Santiago et al. [17].
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depolymerization (e.g., methanol or formic acid that will be the H, donor), and
a metal-containing catalyst such as Pt, Ru, Pd, Ni, or Rh, to prevent lignin
condensation [17].

Shuai et al. [52] and other researchers proposed another lignin-first strategy to
preserve the C,,y-O ether bonds, particularly the f—O—4' moieties, to prevent
the formation of a Benzylic carbocation intermediate (Figure 5a, fragment B) due
to its condensation ability. During lignin extraction, the p—0O—4’ linkage is stabi-
lized with an aldehyde (e.g., formaldehyde—CH,O or acetaldehyde—MeCHO) to
form the stable acetals, that is, cyclic 1,3-dioxanes (Figure 5b, fragment I) that
entrap the diol, preventing its dehydration and degradation. This method permits
the dissociation between the biomass fractionation from the subsequent depoly-
merization step, enabling: (i) a broader range of depolymerization methods; and
(ii) the optimization of the fractionation and depolymerization steps since they are
independent. The advantage is that this produces insignificant condensation reac-
tions, a high yield of monomers, and high selectivity. However, the method pre-
sents some limitations for large-scale implementation: (i) it is challenging to find
the right balance between the removal of lignin from the biomass and the preser-
vation of the carbohydrates in the pulp; (ii) the separation of the catalyst from the
pulp. Both points are seen as a downside of this method. Questello et al. [17]
attained a lignin monomeric yield of 42-50%, but it was structurally more complex
(Figure 5b, fragment G).

Other critical reviews were published in 2020 focused on developments in the
lignin-first approach [18, 35, 44, 53, 54], in 2021 [7, 38] and in 2022 [45, 55]. One of
them emphasizes the fundamental catalytic reactions of the extraction and depo-
lymerization of lignin and posterior stabilization of the phenolic units; the authors
also present a brief overview of the possible modifications of the lignin-derived
phenols and monolignols, focused on added-value chemicals, polymers, and other
developments [53]. Gigli and Crestine [35] present different methodologies for

Fractionation Method Possible procedure

methods

pH Alkali soluble lignin: change 1. Sequential lignin precipitation by H,SO4 or HCl
pH>12to1 (room temperature)

2. Precipitation with acid and separation of the
insoluble part
3.Separation by pressure at high temperature

Solvent/water  Partial solubility in different 1. Ethanol/water
extraction solutions (organic solvents/ 2. Acetone/water
water) 3. Tetrahydrofuran (THF)/water

4. Acetic acid (ACOH)/water (room temperature)
5.AcOH/water (high temperature & pressure)
6.y-valerolactone (GVL)/water

Solvent Partial solubility in organic Alcohols, chloroform, ether, dimethyl sulfoxide
extraction solvents (DMSO), dichloromethane (DCM), THF, hexane,
ketones
Ultrafiltration/ Physical filtration 1. Ceramic filters
membrane 2. Polymeric filters
Table 3.

Methods for the fractionation of lignin. Adapted from Sadeghifar and Ragasukas [56].
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lignin fractionation by (i) solvents (most common)—using solvent mixtures or
under a sequence of solvents; (ii) membranes—based on ultra- and nanofiltration
using ceramic or polymeric membranes; (iii) precipitation of the re-dissolved
lignin in a binary solvent system; and (iv) pH-mediated gradient precipitation
(Table 3). The lignin-membrane-based approach makes the separation into cuts of
lignin with a defined molecular weight (MW) and narrow polydispersity, while the
goal of the solvent-based approach is to obtain fractions with distinctive physico-
chemical properties. However, both parameters (MW and structure/functionali-
ties) appear to be closely interdependent, since low MW fractions: (i) are typically
soluble in polar solvents; (ii) possess high phenolic content and condensed struc-
tures; and (iii) have increased antioxidant activity. On the other hand, the higher
MW fractions present fewer modified lignins but have a lower amount of aromatic
hydroxyl groups and condensing units. The authors also highlight the applications
of fractionated lignin, keeping in mind their characteristics. For example, lignin
with high MW attained from P. radiata Kraft black liquor was successfully used to
produce phenol-formaldehyde resins after methylolation and demethylation (to
increase the lignin reactivity) [57].

The main lignin applications studied so far are: (i) polymers production such as
composites (17%), thermosets (8%) and thermoplastics (4%); (ii) properties
improvement involving antioxidant activity (15%), standards generation (6%), anti-
microbial activity (4%) and color reduction (2%); (iii) micro and nano-structures
such as fibers (12%) and particles (6%); (iv) others (14%) and finally (v) structure
modification (12%) [35].

A state of the art on lignin valorization strategy was presented by Liu et al. [18],
who discuss the production of technical lignins (giving a resumé of the fractionation
methods such as Kraft or organosolv delignification), describe conventional
methods for lignin catalytic depolymerization (e.g., pyrolysis, solvolysis, catalytic
oxidative and reductive depolymerizations), plus the emerging strategy of the
lignin-first approach, and the methods to improve the yield of the lignin phenolic
products. Karlsson et al. [54] present a study where green solvents are used to obtain
high yields of the fraction’s hemicelluloses lignin and cellulose. The biomass was
treated by supercritical water extraction to remove the hemicelluloses (liquid frac-
tion, characterized by a partial hydrolysate of the glycosidic bonds, but preserving
the native structure of the oligomers). Then the solid fraction was treated with
aqueous ethanol supercritical extraction catalyzed with H,SO, at 160°C to remove
the lignin (liquid) and the solid rich in cellulose (with crystallinity preserved after
both treatments). Overall, the proposed method combines active stabilization with
physical lignin protection, minimizing the lignin condensation reactions. The
potential uses of each fraction were discussed: hemicelluloses and cellulose could be
used for ethanol production or hydrolyzed to monomeric sugars for chemical appli-
cations; the lignin could be used directly for polymers production or be further
depolymerized to the monomeric platform [54]. Abu-Omar and coworkers [7] dis-
cuss the importance of biomass diversity and the analytical methods used for its
characterization (e.g., analytical pyrolysis, NMR), but also present the big picture of
the lignin-first approach, from feedstock to reactor design, the importance of the
catalyst, the mass balance and yields, and finish with an outlook on the development
of lignin-first biorefinery [7]. Koranyi et al. [44] presented an extensive list of the
works done under the lignin-first approach from 2018 to 2020, focusing also on the
studies on wood digestion/conversion from 1940 to 2014, mentioning the different
feedstock, conditions, and products obtained. As mentioned before, the
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Lignin chemistry Possible procedure

Base-catalyzed 1. Alkaline conditions enable: (i) cleavage of lignin-carbohydrate (LCC) bonds;
reactions (ii) cleavage of ether bonds = lignin fragmentation;
2. Distinctive reactivity of f—0O—4' bonds, cleaved on: (i) phenolic units
(free phenolic OH groups) = easily cleaving to depolymerize the lignin
(the unit is transformed into a quinone methide (if the Ca has a suitable
leaving group like —OH or —OR). Quinone methide can undergo
nucleophilic attack by HS- (Kraft pulping), with the prevailing pathway of
f—O—4' cleavage and formation of an episulfide intermediates (can undergo
some reactions forming coniferyl alcohol and others = prone to degrade
and repolymerize); (ii) non-phenolic units (etherified phenolic OH groups)
= p—O0—4' bonds are slowly cleaved and involve the formation of an
epoxide intermediate;
3.Third pathway involves the elimination of the CyH,-OH group (retro-aldol
reaction) = formation of an enol ether structure (alkali stable) and formaldehyde
(C,HO, during soda pulping). In this case, ether bonds are cleaved but with less
efficiency. C,HO induces repolymerization via formaldehyde-phenol type of
condensation.
Disadvantage: possible lignin degradation and repolymerization.

Enol ether |

NP
N

e

| Quinone methide

SH Ibcran

| epoxide / [ < 'L
H.0 P
a J * . Repolymerzation
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P «-1 oo
A~ Non-phenalic unit - '\r‘ oo
ESEEICIGInE - Benzyl mercaptide

Table 4.
Possible chemical reactions during lignin fractionation by base solvents. Adapted from Schutyser et al. [8].

characteristics of the technical lignins depend on the methods used to isolate or
depolymerize the lignin. Therefore, Tables 4-6 present a resumé of the lignin
chemistry during the different processes.

Lignin chemistry Possible procedure

Acid-catalyzed 1. Promote hydrolysis of ether bonds in cellulose and hemicelluloses, but also the
reactions acidolysis of lignin = depolymerization and repolymerization reactions;

2. Cleavage of ether bonds (p—0O—4') = removal of OH in Ca, formation of a
benzylic carbenium ion that can be transformed into two enol-structures with or
without the cleavage of Cp—Cy bonds and concurrent formation of formaldehyde;

3. Using H,SO,4 promotes enol-structure without the bond Cp—Cy; using HCI or HBr
= enol-structures formation;

4.The hydrolysis of the enol-structures leads to C2-aldehyde-substitutes or
C3-ketone-substituted phenolics (Hibbert’s ketones).

Disadvantage: Hibbert’s ketones structures and carbenium ions can produce
condensed structures = lignin condensation.
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Lignin chemistry Possible procedure
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Enol ether
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Reductive 1.Redox catalyst & combination with H, or H-donors = targets: cleavage of ether

reactions bonds (B-O-4' and a-O-4") and side chain OH groups;
2. Other pathways result in: (i) hydrogenolysis of ether bonds; (ii) removal of benzylic
OH-groups in Ca and possibly in Cy = formation of substituted methoxyphenols and
small fragments (e.g. phenol). Secondary reactions can occur, such as hydrogenation/
hydrogenolysis = production of cyclohexanols and cycloalkanes.
Advantage: prevents the formation of reactive functional groups = avoiding
condensations or repolymerization.

Disadvantage: inability to cleave C—C bonds = degree of depolymerization is linked
to the amount of ether bonds that can be cleaved.

Redox catalyst
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Table 5.

Possible chemical reactions during lignin fractionation by acid solvents and reductive reactions. Adapted from
Schutyser et al. [8].

Despite all the work developed so far, there are still some issues to be overcome
for the large-scale implementation of the lignin-first approach, such as that (i)
the lignin fractions are correlated with the native lignin, that is, depend on the
biomass used, so obtaining fractions with high reproducibility is an issue; (ii) the
fractioning process is usually done in a batch, but a continuous process is more

favorable for industrialization and to use the black liquor directly from the pulping
industry [35].
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Lignin chemistry  Possible procedure

Oxidative lignin 1. Pathway: (i) fragmentation of the side chain (cleavage of Ca—Cp of

chemistry Ca—C4= unstable structures are formed under alkaline conditions, thus can be
converted to aliphatic carboxylic acids and the aromaticity is retained; (ii) the
aromatic ring is cleaved = yields aliphatic carboxylic acids.
Advantage: cleavage of C—C bonds (instead of ether bonds, as in the other
reactions mentioned).
Disadvantage: the reaction follows a radical mechanism, so radical coupling of lignin
fragments takes place = producing biphenyl structures (condensed structures).

O o, o

il 1 T
Cl (]

" Cleavage of C-C bonds (side chal et S e j
| Cleavage of CC bonds (side chain} : “| S o - P
Ho L o

Phenolic aldehydes, para-quinones and phenolic acids

ST 2
J Aromatic ring cleavage

o

Aliphatic carboxylic acids

Biphenyl structures

Table 6.
Possible chemical veactions during lignin fractionation by oxidative reactions. Adapted from Schutyser et al. [8].

4. Lignin applications: focus on nanoparticles production

Lignin is an exciting polymer due to its nontoxicity and bio-based renewable
nature, making it a sustainable feedstock that does not compete with food chain
production [58], and recent technologies to recover lignin and its conversion into
valuable compounds have been reviewed [59]. However, lignin applications on a large
scale present some limitations due to lignin’s poor solubility in water and complex
macromolecule structure [35].

However, many efforts have been made; for example, the Borregaard company
commercializes tailor-made lignin that can be used in wide-ranging industries, as
a binding, dispersing agent, but also as an emulsion stabilizer (https://www.borregaa
rd.com/product-areas/lignin-biopolymers/). The Bloom company uses aldehyde-
assisted fractionation to obtain a stabilized lignin, delivering lignin as a biopolymer
with known characteristics that can be used for the production of nutraceuticals, food
additives, or even cosmetics (https://www.bloombiorenewables.com/).

Despite these good examples of lignin valorization, in both cases, the lignin is
tailor-made, but what about the other lignins produced on a laboratory scale but with
high diversity? They have not yet reached the market, in particular because the lignin
is obtained in low yields, with structural diversity, and some processes also use
dangerous solvents. So, the target of many researchers has been to modify the lignin,
or to develop lignin nanoparticles (LNPs), that is, to obtain lignin in the form of
aqueous nanoparticles with uniform size and shape, showing better characteristics
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such as a higher surface area and stability in an aqueous medium, that are non-toxic
(in reasonable concentrations), biodegradable (either by bacteria but also fungi), and
present bioactive properties, which can replace the commercial lignin [60].

Furthermore, LNP has functional groups that can be chemically modified, increas-
ing their applicability, and can be applied in a wide range of applications [61-92]: (i)
encapsulation with biocides or anticancer drugs [62-68], (ii) incorporated in coatings
for wood UV protection [69], or in polymeric matrices to enhance mechanical prop-
erties (e.g., strength and toughness), barrier properties and thermal stability [70, 71],
and (iii) in the agriculture field [72]. Table 7 presents some LNP applications based on
the starting technical lignin.

Still, some limitations have to be overcome, and LNP application at the industrial
level has not yet been achieved due to diverse factors. The first one is about lignin’s
variability in nature that is quite heterogeneous (as already mentioned in this chap-
ter); therefore, its isolation will produce a mixture of products, apart from being a
challenging task and less economically feasible to purify all the different compounds
for further applications [45, 71]. The second point is related to the lignin fractionation
methodologies that yield complex condensed lignin, which limits its high-value appli-
cability [71, 94], difficulties in attaining lignin in high yield and with good chemical
and physical properties (e.g., molecular weight distribution, solubility, reactivity and
number of functional groups), and with quality (in relation to the inter-units linkages,
condensed lignin is not attractive) [43, 95]. The third point is associated with LNP
production and their adequate stabilization for different applications [96]. This last
point will be developed in the following paragraphs.

Technical lignin nanoparticles Applications Ref
Soda lignin Packaging, agriculture [73]
Wastewater treatment [74]
Biomedicine [75, 76]
Coatings (771
Cosmetics [78]
Alkali lignin Cosmetics [79]
Wastewater treatment [80, 81]
Biomedicine (82, 83]
Coatings [84]
Kraft lignin Emulsion stabilization & biocatalyst [85, 86]
Biomedicine [62, 63, 87, 88]
Wastewater treatment [89]
Dispersants [90]
Organosolv Nanocomposites [91, 92]
Cosmetics [78]
Hydrolytic lignin Paint and coating [69]
Enzyme immobilization [93]
Table 7.

Possible applications of the different nanoparticles produced from technical lignins. Adapted from Ekielski and
Mishra [38].
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4.1 Techniques used for the synthesis of LNP

Kumar et al. [58] present an interesting resumé of the several strategies used to
produce lignin micro and nanoparticles. Diverse techniques can be used and include:
shifting methods (by pH or solvents) [97], a template-based synthesis technique (or
polymerization), aerosol process, electrospinning, supercritical fluid processes, sol-
vent antisolvent precipitation [98], or acoustic cavitation. A resumé of techniques to
attain LNP is presented below.

Self-assembly—is the most common method to produce LNP; it starts by
dissolving the lignin in an organic solvent and by adding the antisolvent (usually
water) or, during dialysis, the particles start to form in a self-assembling process.

Antisolvent precipitation—{irst the lignin is dissolved in a solvent, such as: ace-
tone solution (9:1, v/v) [99]; tetrahydrofuran (THF) [62]; dimethylsulfoxide (DMSO)
[92]; dimethylformamide (DMF) [100]; and aqueous sodium p-toluenesulfonate
(APS) [101]; then this solution is added slowly to an antisolvent (usually water, where
the lignin is insoluble) to form the LNP. It is important to choose properly the solvents
and antisolvents for the formation of LNP; good miscibility between the lignin and the
solvent is the best choice. Solvents with good miscibility and a low boiling point lead
to the formation of smaller size LNP and with a spherical shape, but if the solvent has
poor miscibility and the antisolvent has a higher boiling point, the resulting LNPs do
not have a uniform shape and are larger [58]. But other parameters such as the lignin
concentration in the solvent, antisolvent temperature, and stirring rate are also
important [58].

pH shifting—this technique has similarities with the posterior technique; but here
the pH is changed from acid to base or vice versa. Lignin solubility changes with the
pH of the solution, and precipitates. As examples of these methods: (i) the lignin is
dissolved in NaOH at pH 12 and by HNO; the LNPs precipitate [102]; (ii) the lignin is
dissolved in ethylene glycol and the LNPs are precipitated by adding hydrochloric acid
[95]. The use of an acid to precipitate the LNP makes the process more expensive and
dangerous, but the acid can be recovered, and the method has the advantage of
attaining well-defined LNP with a good shape and stability [58].

Solvent exchange or solvent shifting—this technique involves a dual system of
solvents, an organic solvent (where the lignin is dissolved), and water (in excess
allowing the formation of LNP due to the decrease of lignin solubility in water at pH
neutral). The LNP size ranges from nanometer to hundreds of micrometers with
spherical-shaped particles [58]. Suitable solvents are: THF, acetone, acetone/water,
and DMSO [58]. This is similar to the antisolvent precipitation methods, but it is the
excess of water that makes the LNP; in the other method, it was the pH shifting. For
the solvent exchange method, the dissolved lignin is put in dialysis bags immersed in
water and the LNPs are formed during the dialysis process. LNPs were produced by
dialysis of a mixture of lignin solution and oleic acid coated with Fe30, [62]. The need
for dialysis bags increases the costs of this method (Table 8).

Supercritical fluid (SCF)—this is a technique widely used in the pharmaceutical
industry. Generally, the supercritical fluid used is CO, due to its diverse advantages
(abundance, nontoxicity, low cost, and not flammable). This technique has different
names depending on the conditions and the fluids used: supercritical antisolvent
(SAS), supercritical gas antisolvent (GAS) are just two examples; LNPs were prepared
by SAS, using acetone (solvent) and CO, (antisolvent) from poplar organosolv lignin;
because the solubility was enhanced, the LNP formed (0.144 pm) presented higher
antioxidant capacities compared with the starting lignin [103].
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Method Advantages & disadvantages

Antisolvent precipitation Advantages: good lignin dissolution; low-cost solvents; LNP
synthesis with adequate size and morphology.
Disadvantages: some solvents are expensive, and others are toxic
or difficult to recover.

Solvent exchange or shifting Advantages: high lignin dissolution; some solvents can be
recovered (in a rotavapor almost 95% of acetone can be recovered),
but others are more difficult (e.g. DMSO, high boiling point
(189°C)); high yield of LNP production; use of water as
antisolvent = low cost.

Disadvantages: high consumption of solvent = high cost;
choosing the best affordable solvent is essential. Recovery is
difficult; dialysis bags are expensive. Low yield of LNP, and
difficulty in controlling their morphology.

Superecritical fluid Advantages: industrial scale-up; able to control the size and shape
of the nanoparticles easily (by changing the parameters); high
yields.

Disadvantages: lignin solubility in supercritical CO, = add
methanol or ethanol to overcome this; need expertise to run with
the equipment, sophisticated laboratory facilities; expensive
maintenance.

Ultrasonication Advantages: fast, easy and green synthesis of LNP, low
requirements of equipment = low cost; is harmless to the
environment.

Disadvantages: low yield of LNP, particles with irregular
morphology and shape.

Interfacial crosslinking, Advantages: good lignin dissolution; LNP produced with desired

Polymerization and morphology and sizes.

Nanoprecipitation Disadvantages: use expensive and toxic solvents (epichlorohydrin,
hydrogen peroxide); removability of the templates is an issue.

Aerosol flow Advantages: one step, high yields and no need for antisolvent.
Disadvantages: use expensive solvents and some are toxic.

Electrospinning Disadvantages: associated with physicochemical properties and
the solubility of lignin.

Biological pathway Advantages: simple and low-cost production of LNP; use of green
solvents.
Disadvantages: low yield of LNP production and with irregular
morphology and shape (usual macro).

Table 8.
Some advantages and disadvantages of the methods used for the synthesis of LNP. Adapted from Schneider et al.
[60] and Kumar et al. [58].

Aerosol process—this is a single-step method for the production of nanoparticles
applied in biomedical applications and was first presented by Eerikdinen et al. [104]; it
consists of an atomizer that works continuously to generate an aerosol. This aerosol
passes through a heated tube connected to a low-pressure impactor where the parti-
cles formed are collected. Researchers were successfully able to produce LNPs with
sizes ranging from 30 to 2000 nm [105].

Ultrasonication or acoustic cavitation—the lignin is an aqueous solution and this
suspension is sonicated by changing the intensity, time, and temperature; then the
sample is dried under mild conditions [106]. These authors used two commercial
alkali lignins suspensions to produce efficiently nanosized particles (spherical shapes
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and homogeneous). If this technique is used alone, the LNPs formed are not uniform
in terms of size or the particle size distribution, which are dependent on the ultra-
sound conditions. Some researchers have overcome this by producing the LNP by
solvent exchange combined with ultrasound. This combination is advantageous
because the LNPs are rapidly formed and easily detached by centrifugation.

Electrospinning—this is a popular technique for the production of nanomaterials;
the lignin is dissolved in a suitable solvent and the mixture is put in a syringe, pumped
through a nozzle with reduced size (diameter of around 100 pm) that jets the liquid
into a collector plate, creating a nanofiber matrix; an electric field is used with voltage
of 100-500 kV/m to create the nanofibers (10-25 cm). Technical lignins (softwood
Kraft, hardwood Kraft, and sulfonated Kraft lignins) were mixed with PEO (polyeth-
ylene oxide) at different percentages (1-5 wt%) and obtained fibers by
electrospinning [107]; the incorporation of PEO improved the fibers produced (more
uniformity) at lower viscosities. However, this technique has limitations associated
with the lignin properties and it was suggested that electrospraying would be more
favorable for nanoparticles production [58].

Interfacial crosslinking—this is not a method for LNP, but is better for their
stabilization, generating particles and capsules. The process involves lignin emulsi-
fication, usually in an oil-water phase, where the addition of a cross-linking agent
improves the lignin cross-link. First, the lignin is dissolved in an alkaline solution
that will activate the OH chains and generate a dispersed phase; or it will be
dissolved in a solvent with a surfactant such as Span80®, 1-pentanol, or Tween 80°.
An oil/water microemulsion is prepared and emulsified to the solubilized lignin,
creating the lignin cross-linkages with the water/oil interface. The next step is
to add the cross-linking agent, which can be toluene diisocyanate, thiol, or
epichlorohydrin [60].

Polymerization—this is similar to the cross-linking method. The lignin has to
be modified or some groups activated so that they can be grafted onto a surface that
has an affinity to the lignin. As examples of the application of this technique: lignin
nanotubes were produced in an alumina membrane that was dissolved in
phosphoric acid [108]; lignin nanoparticles were produced by lignin being
grafted onto PDMAEMA (2-(dimethylamino)ethyl-methacrylate) and PDEAEMA
(2-(diethylamino)ethyl methacrylate) [109, 110].

Biological pathway—this is not a common technique for LNP synthesis, so far.
LNPs are produced by microorganisms or by enzymes (formed by either bacteria or
fungi). Examples: (i) enzymes were used to break the linkages between lignin and
cellulose in Luffa fibers, producing lignin-derived particles with cuboidal shape and
size around 20-100 nm [111]; (ii) lignin was extracted by coconut fibers (soda
pulping), the lignin obtained was hydrolyzed using Aspergillus sp. Nanolignin was
synthetized by different techniques at distinct yields: homogenization (81%),
ultrasonication (64.3%), and microbial (58.4%) [76]; (iii) the colloidal stability of
LNP was improved using fungi species [87].

Table 8 presents some of the methods mentioned and their strengths, as well as
some of their weaknesses. The comparison was made regarding the type of solvents
used (if environmentally-safe, cost), but also regarding the process time, LNP mor-
phology, and size. Generally, solvents such as acetone, dioxane, THF, and DMSO are
used in medium volume, purchased, and are relatively affordable. The use of hazard-
ous reagents is a negative point. Some studies include green solvents such as levulinic
acid that had high efficiency in dissolving Kraft lignin (up to 40%) compared with
other carboxylic acids, and the lignin dissolved can be regenerated by adding an
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Method Method resume Morphology & Potential applications Ref
size
Antioxidants
Antisolvent * Lignin dissolved in acetone: ~ Spheres Properties: antioxidant [73]
water (9:1, v/v) 104 nm and UV-protection
* Dissolved lignin precipitate = food, pharmaceutical,
in water cosmetic industries
Supercritical * Organosolv lignin used to Spheres Nanoscale lignin [103]
antisolvent prepare nanoscale lignin by ~ 0.144 pm presented higher
(SAS) antisolvent precipitation antioxidant activities
using acetone (solvent) and than starting lignin
supercritical carbon dioxide = animal husbandry,
(antisolvent) food processing and
* SAS did not degrade the pharmaceutical industries
lignin, but increased its
solubility (12.4 times)
= enhanced the antioxidant
properties and free radical
scavenging activities
Antisolvent * Lignin dissolved in ethylene 181 nm Reinforcing agent in [119]
glycol polymers and
* Precipitation in HCI nanocomposites
Nanocomposites
Self-assembly ~ * Alkali lignin (100 g) Micelles Properties: UV- [120]
dissolved in dioxane (1 L) 120 nm to absorbance and good
* Adding cyclohexane micrometers miscibility with plastics
(100 mL) = flocculation such as high-density
and precipitation of lignin polyethylene (HDPE)
(formation of lignin reverse = suitable for blends
micelles—LRM, separated with HDPE, improving
and dried by vacuum) mechanical properties
Aerosol flow * Different lignins: Kraft Spheres Stabilizes oil-in-water [105]
reactor (KL), organosolv (OS) and 30 nm-2 pm Pickering emulsions
alkali lignin (AL)
¢ AL dissolved in water, KL
and OS dissolved in
dimethylformamide (DMF)
— concentrations 0.5-2%
* Drops were generated in a
Collison-type jet atomizer
with nitrogen gas, carried to
a heated laminar flow
reactor, collected as solid
particles and dried
* Solid particles were
fractionated with a Berner-
type low-pressure impactor
= size fractionation (30 nm
to 2 pm)
Electrospinning ¢ Preparation of polyethylene Nanofibers Composite development  [121]
oxide solution with 124-400 nm

acetonitrile (10% vol) and
sodium hydroxide (0.1 N)
stirring overnight; then
addition of soy protein
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Method Method resume Morphology & Potential applications Ref
size
under stirring (4 h) until
complete dissolution; only
then Kraft lignin in powder
was added slowly; stirring
further for 4 h
* Polyethylene oxide
(coadjutant) was used to
facilitate the formation of
nanofibers with high quality

Delivery systems/encapsulation

Antisolvent * Nanoparticles (NP) 100 nm to NP highly porous [98]
production by two methods: micrometers = promising vehicles for

* Low-sulfonated lignin drug delivery, stabilizers
(Indulin® AT, IAT, 0.28 g) of cosmetics and
dissolved in ethylene glycol pharmaceutical
(ET, 50 mL) and preparations, and
precipitation by adding sorbents for heavy metal
diluted HCI (8 mL, 0.025 M) ions and other pollutants
= yield NP stable at wide
range of pH (1-9). NP
stability due to the stacking
of uncharged lignin in ET
upon precipitation

» IAT dissolved in high-pH
aqueous solution (NaOH,
1N, pH 12) and acidic
precipitation with HNO;

(0.25 M, 900 pL) = NP
stable at low pH (dissolve at
pH>5)

Antisolvent * Indulin AT lignin dissolved LNP infused with silver [102]
in ethylene glycol and ions and coated with
precipitation in HC] cationic polyelectrolyte

¢ LNP infused with silver ions (PDAC) layer
and coated with poly- = synthesis of
(diallyldimethylammonium- biodegradable cores that
chloride- PDAC) to boost have high antimicrobial
the adhesion to microbial activity
cell membranes

Self-assembly ~ * Alkali lignin was acetylated, Colloidal lignin ~ LNP for drug delivery, [122]
dissolved in tetrahydrofuran spheres microencapsulation of
(THF) pesticides

* LNP formation by adding
water, then the THF was
evaporated in rotavapor to
attain colloidal spheres

Interfacial * Lignin dissolved with Hollow LNP encapsulated with [123]

crosslinking sodium chloride in water, nanocapsules hydrophilic compounds
mixed with cyclohexane 150-200 nm (e.g. fertilizers, pesticides

containing polyglycerol
polyricinoleate (surfactant);
Ultrasonification to produce
an emulsion by adding
toluene diisocyanate (TDI)

and drugs), that can be
released by enzymatic
degradation = LNP
suitable for agricultural
purposes
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Method Method resume Morphology & Potential applications Ref
size
Interfacial * Creation of an emulsion of ~ Sphere lignin Lignin capsules (LMC/ [66]
crosslinking water, oil and lignin micro (LMC) LNC) encapsulated with
¢ Ultrasonic technology to and oil = potential use for
create cross-linkages nanocapsules biomedical purposes
between lignin and the (LNC)
water/oil interface 300 nm to 1 pm
Aerosol o Alkali lignin was dissolved ~ Hollow solid LNP have UV absorbing  [84]
assisted self- in dioxane, dried in lignin colloidal  ability = sunscreen
assembly rotavapor (after removal of nanoparticles cosmetics;
insoluble fraction), and without drug delivery application
dissolved in DMSO at chemical
different concentrations modifications
¢ DMSO solutions were 96-193 nm
sprayed by ultrasonic
nebulizer dispersed in liquid
nitrogen upon a cooled Cu-
plate and collected as frozen
drops
Polymerization ¢ Lignins isolated by different Lignin DNA can adsorb to LNT  [108]
methods: sulfuric acid nanotubes = useful for genetic
(Klason lignin), thioglycolic (LNT) delivery into human cells.
acid, phosphoric acid, LNT from NaOH-
sodium hydroxide extracted lignin were
* Lignins reacted with amine quite interesting (short in
groups on the nanopores length, nucleus easily
surface of the alumina penetrated = enhance
membrane template the delivery of DNA)
= dehydrogenation of
lignin
* Deposition of multiple
layers of lignin monomers
onto base layer
¢ Dissolution of alumina
templates in phosphoric acid
to obtain lignin nanotubes
e LNT can be tailored
according to the application
Self-assembly ~ * Kraft lignin (KL, 1 g) KL nanocapsules KLC can be appliedina  [124]
dissolved in ethanol (ET, (KLC) wide range of
50 mL) and then ultrasound applications
to accelerate the dissolution
(2-3 min), site for 72 h
= insoluble separated by
centrifugation, supernatant
filtered by 0.45 pm syringe
* LNC formed by adding
water to the solution KL/ET
Biological * Dried fruit of Luffa LNP cuboidal LNP potential [111]
pathway cylindrica was extracted shape applications for wide
with acetone, ethanol and 20-100 nm range of fields from

tholuene (1:1:4) for 6 h in
soxhlet apparatus

¢ Extractive-free fibers were
milled and soaked in acetate

pharmaceutical,
automobile and polymer
industries
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Method Method resume Morphology & Potential applications Ref
size

buffer (pH 4.5, 1-2 h) and
were tripled enzymatic
treated with MultifectCX
GC Cellulase (10%),
Multifect Pectinase FE
(15%), Optimase CX 255 L
(15%) to produce cuboidal
lignin nanoparticles

Antisolvent * Wheat straw alkali lignin, Lignin LNS with potential for [117]
without any modification nanospheres coatings, drug delivery
was dissolved by ionic (LNS) and nanocomposites
liquids (e.g. [Emim][Ac] production

at concentration
5-200 mg/mL, stirred at
room temperature)

* Water added (speed
2-6 mL/min to 80%) to
produce lignin nanospheres
stable at pH between
4 and 10

e LNS were freeze-dried and
stored; LNS were stable in
water without aggregation
within 60 days (stability
attributed to an electrical
double layer formed by the
phenolic OH and possible
carboxylic groups that
repulse nanospheres from
each other)

Self-assembly  « Isolation of lignin from LNP sphere [43]
corncob residues by choline  structure, with
chloride/lactic acid-based small size, well-
deep eutectic solvent (DES) defined shape
* Lignin was dissolved in 48.66-183.7 nm

acetone/water solution (4:1,
v/v), filtrated to remove
undissolved lignin

¢ Water was added
(antisolvent) under
moderate stirring = LNP
production with high
stability

Table 9.
Compilation of some potential uses and methods for lignin nanoparticles production.

excess of water, maintaining the morphological characteristics and the thermal stabil-
ity of the lignin [112].

Researchers are able to produce LNP with a range of shapes, such as nanoparticles
[62-64], nanotubes [108], nanospheres [113], nanofibers [114], nanocapsules [115],
nanomicelles [85], nanofilms [116]; and sizes (micrometers and nanometers). This
high diversity of shapes and sizes contrasts with a high demand for uniformity for
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specific applications, which requires reproducibility at industrial-scale production
[58]. According to Zhang et al. [43], within a certain lignin concentration range, the
particle size increased with increasing lignin concentration. A higher concentration of
lignin in the system means more lignin available for the growth of the nanospheres
(LNS); a high stirring rate of aqueous phase and ionic liquids produces smaller
particles. Also, the dropping speed of water affects the diameters of the LNS, where
the increase of the water dropping speed from 2 to 6 mL/s decreased the LNS
diameter [117]. Besides these aspects, the feasibility of LNP production depends on
the scale-up, manufacturing costs, and applications. Having this in mind, Assis and
coworkers [118] carried out a techno-economic study to evaluate the costs of lignin
production, the costs of LNP synthesis, and their applications. Table 9 presents a list
of LNPs produced by different methods and compiled by their possible applications.

5. Conclusions

This chapter includes an overview on lignin and lignin nanoparticles. Lignin is a
complex natural polymer with characteristics that contribute to the development and
growth of plants. Lignin provides rigidity, hydrophobicity, and protection against
biotic agents and plays an important role in the plant’s adaptability to the environ-
ment. Plants can produce different monomers as a response to stress (e.g., drought,
high or low temperature, and light).

As a natural polyphenol polymer, lignin presents high variability associated with
the diversity of plants, which creates great challenges for its recovery and valorization.
There are several methods to deconstruct the biomass and obtain the so-called

technical lignin. These approaches present some advantages, the major one being to
obtain a pulp (a valuable product). However, from the lignin point of view, there are
several disadvantages: lignin is highly condensed, difficult to recover and process for
subsequent valorization. Aiming to change this, a new perspective has been used, the
lignin-first approach. Here, lignin is obtained first to prevent adverse reactions and be
easier to valorize under the scope of the biorefinery. The lignin-first approach includes
different methods also due to lignin’s natural diversity, and it is still hard to attain
lignin both in high yield and with good characteristics for different purposes.

The production of lignin nanoparticles (LNPs) started, at the beginning of 2000,
because the nano-size improves the lignin characteristics (e.g., increased antioxidant
activity). LNPs can be produced by different methods, where a diverse range of sizes
and shapes can be obtained and tested for multiple applications. However, there are
some aspects that still have to be improved so that LNP can be scaled up (e.g., costs of
lignin isolation and LNP production, use of more green solvents).

Undoubtedly, lignin is an unfinished theme for research due to its chemical
characteristics and endless potential applications.
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