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Abstract

Lignocellulosic feedstocks are gaining increased popularity for novel industrial applications because of their availability
and bio-renewability. Using lignocellulosic materials, especially from agricultural and forestry sectors could help reduce the
over-dependence on petrochemical resources while providing a sustainable waste management alternative. This review aims
to describe the chemistry of different components of lignocellulosic biomass (cellulose, hemicellulose, lignin, extractives and
ash). Besides, many novel industrial applications of lignocellulosic biomass have been comprehensively described, which
includes biorefining for biofuel and biochemical production, biomedical, cosmeceuticals and pharmaceuticals, bioplastics,
multifunctional carbon materials and other eco-friendly specialty products. The production and applications of lignocellu-
lose-derived carbon materials such as activated carbon, carbon nanotubes, carbon nanohorns, etc. have been highlighted.
The potential industrial utility of cellulose and lignin-based specialty materials such as cellulose fiber, bacterial cellulose,
epoxides, polyolefins, phenolic resins, bioplastics are discussed in this review. The cutting-edge industrial utilization of
lignocellulosic biomass described in this review suggests its major role in establishing a circular bioeconomy that consists
of innovative design and advanced production methods to facilitate industrial recovery and reuse of waste materials beyond
biofuel and biochemical production.
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Statement of Novelty

Biomass-based economy seems most practical to complement
the existing fossil fuel-based energy systems and products (e.g.
petrochemicals). Lignocellulosic biomass such as agricultural
and forestry residues seems to be promising for the production
of eco-friendly biofuels and biochemicals as well as carbon-
neutral products for utility in biomedical, pharmaceutical,
cosmeceutical and other specialty material industries. We
present advanced literature that reveals the chemistry of lig-
nocelluloses, conversion processes, product characteristics and
cutting-edge applications. This article reviews novel concepts
in which lignocellulosic biomass is converted to a variety of
useful products (e.g. biofuels, biochemicals, specialty mate-
rials and multifunctional carbon materials) through environ-
mentally benign processes. For a successful practical option,
biomass conversion must be accomplished in a cost-effective
and energy-efficient manner without creating ecological risks.
This is precisely what this review article has to offer..
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Introduction

The increasing energy demand due to the rise in world
population has rekindled the interest in the search for
renewable alternatives such as biofuels, biochemicals and
biomaterials. Fossil fuel resources are used predominantly
to quench the elevating energy demands and to produce
a wide range of synthetic polymers, cosmetic products
and platform chemicals used to improve the quality of life
[1, 2]. In addition, the diminishing fossil fuel resources
together with their alarming environmental challenges
such as greenhouse gas emissions have stimulated interest
in the utilization of renewable materials [3, 4]. Although
the use of petroleum products have increased the global
industrialization by quenching the energy demands, their
adverse effects cannot be neglected [5, 6].

Solar, wind and geothermal sources are few examples of
renewable energy resources that can complement heat and
power (electricity) generation. However, they are charac-
terized by unpredictable profiles largely influenced by sea-
sonal or environmental variations and, most importantly,
they cannot produce synthetic transportation fuels. On the
other hand, waste organic biomass is inexpensive, easily
available and has proven to be a good source to generate
eco-friendly fuels, chemicals and materials [7]. It is known
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that biomass may help reduce detrimental environmen-
tal impacts caused by the usage of fossil fuels and their
derivatives.

About 84 million barrels of crude oil is utilized per day
in the energy and transportation sector, which is projected
to increase up to 116 million barrels by 2030 [8]. Currently,
the global consumption of fossil fuels as a primary energy
source is nearly 13,865 million tons of oil equivalent with a
growth rate of 2.9% per annum [9]. Nevertheless, the con-
sumption of renewable energy (accounting from solid bio-
mass, biofuels, landfill gas, solar, wind, tidal and geother-
mal) has grown considerably by 14% in 2018 comprising 9%
of the global electricity supply [10]. Presently, in the plastic
manufacturing industries, fossil fuels account for 99% of
the raw materials base [11] but only 4% of the global fossil
fuel resources are used for plastic production [8]. However,
the application of waste biomass for the manufacturing of
bioplastics has been growing rapidly over the years, which
had reached 2.1 million tons in 2018 [11]. Additionally,
waste biomass is estimated to supplement nearly 30% of the
raw materials used in the chemical industry by 2025 [12].
Using fuels, chemicals and materials derived from waste
renewable biomass, especially lignocellulosic residues could
reduce the dependency on petrochemical resources and help
mitigate climate change while addressing the issues of the
clean environment, energy security and rural development
[5]. It is projected that the research and development in bio-
mass resources could result in more than 30% of fossil fuel
replacement in the near future for biofuels, biochemicals
and biomaterials.

Lignocellulosic feedstocks refer to the non-edible plant
materials that consist of three main building blocks (i.e. cel-
lulose, hemicellulose and lignin) along with extractives [13].
Extractives consist of fats, lipids, resins, steroids, tannins,
terpenes, terpenoids, phenolic and flavonoid compounds
[14]. Approximately 90% of dry matter found in lignocel-
lulosic biomass comprises of cellulose (35-55 wt%), hemi-
cellulose (20-40 wt%) and lignin (10-25 wt%) as shown in
Table 1. Lignocellulosic biomass can be primarily classi-
fied into crop residues (e.g. rice straw, wheat straw, cotton
stalk, oat hall, rice hall, corn stover, etc.); forestry biomass
(e.g. wood chips, wood logs, bark, sawdust, etc.), dedicated
energy crops (e.g. switchgrass, timothy grass, elephant
grass, poplar, willow, etc.) [32]. Lignocellulosic biomass is
a promising feedstock for the sustainable production of fuels,
chemicals and materials due to their non-seasonal availabil-
ity and socioeconomic advantages. Moreover, lignocellu-
losic feedstocks are non-edible and do not pose any compe-
tition to food crops and arable lands, thus being considered
as next-generation feedstocks [33]. However, the supply of
lignocellulosic biomass for biorefining and biomanufac-
turing could also be limited due to several factors such as

geography, seasonal availability, scattered nature of residue
generation and differences in local situations [34, 35].

Lignocellulosic biomass can be converted to biofuels
through several thermochemical conversion technologies
(e.g. pyrolysis, liquefaction, gasification, torrefaction and
carbonization) and biochemical conversion technologies
(e.g. anaerobic digestion and fermentation) into biofuels
and biochemicals [13, 36]. Significant literature is available
on the pros and cons of replacing fossil fuels with biofuels
and with co-processing both the fuels together with different
biofuel upgrading processes [37]. Besides, lignocellulosic
biomass has the potential to substitute plastic and other pet-
rochemical polymeric materials. Lignocellulosic feedstocks
are heterogeneous materials comprising of organic and inor-
ganic (mineral) matter, and their interactions can consider-
ably affect their conversion to biofuels, biochemicals and
biomaterials. The literature on lignocellulosic biomass con-
version to biofuels and biochemicals is accessible, whereas
there is negligible information available on their material
applications. With this objective, this article makes a com-
prehensive review of the chemistry of different components
present in lignocellulosic biomass (i.e. cellulose, hemicel-
lulose, lignin, extractives, ash and minerals) in addition to
their novel industrial applications in the production of biofu-
els, biochemicals, biomaterials and multifunctional specialty
products with high industrial relevance. The information
provided in this article aims to fill the gaps in the literature
on the value-added industrial applications of lignocellulosic
biomass.

Composition of Lignocellulosic Biomass
Cellulose

Cellulose is often regarded as the most abundant renewable
organic resource available on earth with an annual pro-
duction of approximately 7.5 x 10'° tons [38]. It is widely
distributed in terrestrial plants, marine algae and bacteria.
Cellulose is a polymer of glucose comprising of numerous
B-1,4-linked p-glucose subunits joined together by glyco-
sidic linkages, van der Waals forces and hydrogen bonds
[39] (Fig. 1). Celluloses are hexose sugars represented by
the chemical formula (C¢H,,O5), where ‘n’ is the number of
glucose groups present in a molecule. The degree of polym-
erization of cellulose is in the range of 1510-5500 [40]. Cel-
lulose is a fibrous substance with the molecules held together
by strong hydrogen bonding, which helps the plant cell walls
to maintain their structure [41]. Cellulose is a long-chain
polysaccharide typically consisting of 7000—15,000 units of
glucose monomers [42]. Cellulose has a molecular weight
of 342.3 g/mol [43].
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Table 1 Composition of some lignocellulosic biomasses

Lignocellulosic biomass Cellulose (wt%) Hemicellulose Lignin (wt%) Extractives  Ash (wt%) References
(wt%) (Wt%)
Albizzia wood 58.3 8.1 332 1.9 1.1 Konwer et al. [15]
Almond shell 50.7 28.9 20.4 2.5 33 Demirbas [16]
Aspen wood 60.7 19.1 14.8 - 0.4 Shen et al. [17]
Barley straw 32.5 25.7 23 18.4 9.8 Naik et al. [18]
Birch 54.7 24.8 12.2 - 0.8 Shen et al. [17]
Canola straw 42.4 16.4 14.2 - 2.1 Adapa et al. [19]
Coconut shell 20 48.8 30 - 0.5 Razvigorova et al. [20]
Coffee pulp 35 46.3 18.8 - 8.2 Sanchez [21]
Corn cob 45 35 15 - - Prasad et al. [22]
Corn Stover 40 22 18 - - Kim et al. [23]
Esparto grass 33-38 27-32 17-19 - - Sanchez [21]
Flax straw 28.7 26.8 22.5 19.5 3 Naik et al. [18]
Hazelnut shell 26.8 30.4 42.9 3.3 1.4 Demirbas [16]
Hemp hurds 44.5 32.8 21 3.6 3 Stevulova et al. [24]
Miscanthus straw 47.5 20.9 214 6.4 34 Butler et al. [25]
Oak 53.9 29.0 9.43 - 0.2 Shen et al. [17]
Oat straw 37.6 23.3 12.9 - 2.2 Agsha et al. [26]
Olive husk 24 23.6 48.4 9.4 33 Demirbas [16]
Pinecone 32.7 37.6a 24.9 4.8 0.9 Brebu et al. [27]
Pinewood 38.8 23.6 20.4 15.7 1.5 Nanda et al. [14]
Poplar 43.8 14.8 29.1 - - Kumar and Wyman [28]
Rice straw 32.1 24 18 - - Howard et al. [29]
Salix straw 43.8 14.6 22.5 2.7 1.2 Butler et al. [25]
Spruce straw 49.4 4.7 27.7 3.5 0.3 Butler et al. [25]
Sugarcane bagasse 42.4 353 20.8 - 1.6 Garca-Perez et al. [30]
Sunflower shell 48.4 34.6 17 2.7 4 Demirbas [16]
Switch grass 30-50 1040 5-20 - 4.5 McKendry [31]
Timothy grass 342 30.1 18.1 16.5 1.1 Nanda et al. [14]
Walnut shell 25.6 22.1 52.3 2.8 2.8 Demirbas [16]
Wheat straw 39.1 24.1 16.3 19.2 1.3 Nanda et al. [14]
Fig. 1 Cellulose polymer CH,OH OH CH,OH OH
containing glucose monomers
linked by p-1,4 glycosidic bonds o fo)
o) (o}
OH 1 4 O OH
HO o OH
o [0}
OH CH,OH OH CH,OH

The biosynthesis of cellulose produces individual mol-
ecules, which then undergo spinning in an ordered manner
at the site of synthesis. The aggregation of multiple cellu-
lose chains to produce fibrils is enhanced by intermolecular
hydrogen bonds between hydroxyl groups and oxygen of
neighboring molecules [41]. The fibrils are further arranged
into large units known as microfibrils (diameter of 5-50 nm

@ Springer

and length of several microns), which are in turn packed into
the cellulose fibers [38]. Cellulose microfibrils are composed
of crystalline linear assemblies of B-(1 — 4)-p-glucan chains
attached by hydrogen bonds. The arrangement of each glu-
can chain starts and ends at different positions within the
plant cell walls. Hence, their length could extend to sev-
eral hundred micrometers. The degree of hydrogen bonding
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between the glucan chains indicates the degree of crystallin-
ity within the fibrils. A highly structured three-dimensional
lattice is produced when all the available sites for hydrogen
bonding between the chains are filled. On the other hand,
when the glucans are cross-linked, they are structured in a
para-crystalline form with a less ordered structure.
Cellulose microfibrils are seen as the basic building
unit of plant cell walls, although their structure is largely
dependent on the biosynthesis process, which differs based
on the plant species. For example, the cellulose microfibrils
obtained from plant cell walls reveal an average diameter
range of 2-4 nm [44, 45]. On the other hand, cellulose
microfibrils found in bacteria have a relatively large diam-
eter of 4-8 nm [45]. Some regions exist within the cellulose
fibrils where the chains are highly ordered (crystalline) or
disordered (amorphous) [41]. In the crystalline regions, cel-
lulose chains are strongly packed together in the form of
crystallites stabilized by strong intramolecular and intermo-
lecular hydrogen-bonding networks [38]. The variation in
the molecular arrangement and hydrogen-bonding network
in cellulose leads to the formation of cellulose polymorphs.
Six interconvertible polymorphs of crystalline cellulose
have been reported such as cellulose I, cellulose II, cellu-
lose 111, cellulose III,, cellulose IV, and cellulose 1V, [46].
Cellulose I, also known as the native or natural cellulose, is
the polymorph found naturally in bacteria, algae and plants.
It has a thermodynamically metastable structure that can
be transformed into either cellulose II or III [41, 45, 46].
Cellulose II is known to exhibit a monoclinic structure with
applications in the production of cellophane and synthetic
textile fibers [47]. Cellulose II can be produced from cel-
lulose I by regeneration (i.e. solubilization in a solvent fol-
lowed by re-crystallization) or mercerization (i.e. treatment
with aqueous sodium hydroxide) [46]. Liquid ammonia or
amine treatments of celluloses I and II can lead to the forma-
tion of cellulose III; and III,, respectively while subsequent
heating of cellulose III; and III, up to 206 °C in glycerol
could produce cellulose IV, and IV,. Cellulose I is further
divided into two crystalline forms known as cellulose I and
cellulose Ig. A para-crystalline form of cellulose has also
been reported, which has greater mobility and less ordered
arrangement compared to cellulose I, and I [48, 49].

Hemicellulose

Hemicellulose is another biopolymer in lignocellulosic
biomass that comprises of polysaccharide mixtures such as
pentose sugars (e.g. xylose and arabinose), hexose sugars
(e.g. glucose, mannose and galactose) and sugar acids (e.g.
glucuronic acid and galacturonic acid). Compared to cellu-
lose, hemicellulose can be degraded easily in the acidic or
hot aqueous medium due to its lower degree of polymeriza-
tion (50-200) and amorphous structure [50]. Hemicellulose

is a relatively short-chained matrix polysaccharide typically
made up of 500-3000 sugar monomers with acidic groups
[42]. One of the predominantly found hemicellulosic sugars,
i.e. xylose (CsH,;O5) and has a molecular weight of 150.1 g/
mol [51].

Xylans are known to be the most abundant polysaccha-
rides of hemicelluloses with polymeric chains comprising
of 1,4-linked B-p-xylose units. The composition of xylan
differs based on its source. For example, xylan produced
from birch wood contains 89.3 wt% xylose, 1.4 wt% glu-
cose, 1 wt% arabinose and 8.3 wt% anhydrouronic acid [52].
While xylan obtained from corn fiber contains 48-54 wt%
xylose, 33-35 wt% arabinose, 5-11 wt% galactose and 3-6
wt% glucuronic acid [53]. Arabinoxylan from wheat con-
tains 65.8 wt% xylose, 33.5 wt% arabinose, 0.3 wt% glucose,
0.1 wt% mannose and 0.1 wt% galactose [54]. Xyloglucans
is another component of hemicellulose that contains §-1,4
linked p-glucopyranose units, which is similar to that of
cellulose. Unlike cellulose, about 75% of the glucosyl resi-
dues of xyloglucan are substituted with a-D-xylopyranose
on their main chains [50]. In general, xylose, glucose and
galactose are the main components of xyloglucans in the
ratio 3:4:1 respectively [55].

Mannan compounds present in hemicellulose include glu-
comannan, galactomannan, glucuronic acid and galacturonic
acid [55]. The residues of mannose are linked together by
f-1,4 bonds while galactomannan is formed when mannose
residues are connected to galactose residues by a-1,6 bonds.
Glucomannan comprises of connected chains of glucose and
mannose with a residual ratio of 1:3 [55]. Since it contains
a single galactose as the branched-chain, it is often referred
to as galactoglucomannan. Arabinoglucuronoxylans (also
known as arabino-4-O-metylglucuronoxylans) are mostly
present as the major components of non-woody biomass
such as agricultural crop residues and also present as minor
quantities in softwoods [56]. In general, they also contain
linear p-1,4-p-xylopyranose as the backbone chains with «-1-
arabinofuranosyl and glucopyranosyl uronic acid, which are
connected by a-1,2 and a-1,3 glycosidic bonds [56]. The
chemical structures of the different building blocks of hemi-
cellulose are shown in Fig. 2.

The content of hemicellulose and other polysaccharides
are highly dependent on the sources of lignocellulosic bio-
mass. Softwoods and hardwoods typically have hemicellu-
lose contents of 18-23 wt% and 10-15 wt%, respectively,
while herbaceous plants contain 20-25 wt% of hemicellulose
[57]. In terms of the polysaccharides present in lignocellu-
losic biomass, hemicellulose from softwoods consists mainly
of xyloglucan, galactoglucomannan and arabinoglucuronox-
ylan while the hardwood hemicellulose primarily comprises
of glucuronoxylan, glucomannan and xyloglucan [56]. On
the other hand, hemicellulose from herbaceous plants mostly
consists of xyloglucan and glucuronoarabinoxylan [58].

@ Springer
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Fig.2 Chemical structure of
different hemicellulose sugars
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Fig.3 Chemical structure of three basic building blocks of lignin

Lignin

Lignin is a polymer of phenylpropane monomeric units,
which are randomly and non-linearly linked together by
ester bonds. A few ester bonds can also be found in the end
units of the monomers within the ferulic acid and p-cou-
maric units [59, 60]. The strength and rigidity are provided
to the plants by the cross-linking of lignin molecules with
cellulose and hemicellulose polymers [61, 62]. The three
main phenyl propane monomers in lignin are p-coumaryl
alcohol (4-hydroxycinnamyl alcohol), coniferyl alcohol
(3-methoxy-4-hydroxycinnamyl alcohol) and sinapyl alco-
hol (3,5-dimethoxy-4-hydroxycinnamyl alcohol) [63]. They
are also known as the p-hydroxyphenyl (H), guaiacyl (G)
and syringyl (S) units because they are polymerized by
hydroxyphenyl propane, guaiacyl propane and syringyl pro-
pane, respectively [50, 56]. The basic structural units of the
three monomers of lignin are illustrated in Fig. 3. Lignin

@ Springer
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composition and amount also vary among different lignocel-
lulosic biomasses. For instance, the lignin content in grasses,
hardwood and softwood is in the order: grasses < hard-
wood < softwood [63]. Besides, hardwood lignin contains
a significant amount of methoxyl components due to the
presence of almost the same proportions of syringyl and
guaiacyl units. On the other hand, softwood lignin contains
about 90 wt% of guaiacyl units.

The macromolecules of lignin consist of branched chains
of phenolic compounds with the phenyl propane molecules
connected by the C—C and C—-O-C linkages. The compounds
such as phenolic, methoxyl, hydroxyl and terminal aldehyde
groups are present in their side chains [13]. The highly
branched, cross-linked and polymeric nature of lignin con-
tributes to its higher molecular weight. It is noteworthy that
the molecular weight of lignin is dependent on several fac-
tors such as the inherent properties (e.g. source and origin)
and biochemical composition of the biomass as well as the
isolation and purification methods for lignin. For example,
the molecular weight for organosolv lignin (Cg;Hg,0,4) is
1513.6 g/mol [64]. Lignin also has a calorific value in the
range of 23.3-25.6 MJ/kg, which is nearly 30% higher than
that of cellulose and hemicellulose together [65]. Since cel-
lulose and hemicellulose sugars have a high degree of oxida-
tion than lignin, they tend to have a lower calorific value and
energy density than lignin [66].

The presence of lignin in the biomass makes it very dif-
ficult to extract the cellulose and hemicellulose to produce
fermentable sugars. Therefore, it is important to remove the
lignin to expose the cellulose microfibrils and hemicellu-
lose sugars for hydrolysis and fermentation to alcohols using
enzymes and microorganisms [67]. Due to its hydrophobic
nature, lignin is insoluble in water under ambient conditions.
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However, it is only soluble in alkaline solutions, ionic lig-
uids and appropriate extraction solvents when using organo-
solv technologies. Alkaline solutions cleave the ferulic acid
cross-link between lignin and hemicelluloses and degrade
the lignin. Alkaline solutions also alter the polyelectrolyte
properties of lignin induced by free carboxy1 groups of phe-
nolic acids ethers [68].

The exact structure of the proto-lignin (i.e. untreated
lignin naturally found in the plants) remains unclear. In most
cases, the structure of lignin is modified during isolation,
which is different from that of the proto-lignin [69]. Further-
more, several newer methods have been developed for the
elucidation of structural structures of native and modified
lignins, which include Fourier-transform infrared (FTIR)
spectroscopy [39], near-infrared (NIR) spectroscopy [70],
mid-infrared spectroscopy [71], ultraviolet (UV) spectropho-
tometry [72], Raman spectroscopy [39], nuclear magnetic
resonance (NMR) spectroscopy [73], X-ray photoelectron
spectroscopy (XPS) [74] and mass spectrometry (MS) meth-
ods (e.g. MS with electrospray ionization, atmospheric pres-
sure photoionization and matrix-assisted laser desorption/
ionization and tandem MS) [69, 75].

The functional groups present in lignin molecules as well
as the chemical structure of lignin are highly dependent on
the isolation method. For example, lignin produced from the
Kraft process (i.e. Kraft lignin) has relatively lower sulfur
impurities while the lignin obtained during the lignosul-
fonate process contains a substantial amount of sulfonate
groups [63]. Pure and unaltered lignins are produced from
the organosolv lignin production process due to the absence
of harsh reaction conditions. Furthermore, the organosolv
process does not use sulfur-based chemicals as compared to
the lignosulfonate or Kraft process [62, 76]. The organosolv
process involves the use of organic solvents such as aliphatic
alcohols (e.g. ethanol, butanol, methanol, ethylene glycol)
and aromatic alcohols (e.g. phenol) to solubilize lignin typi-
cally at 170-220 °C [62]. Aromatic alcohols are found to be
more effective in lignin solubilization when compared to ali-
phatic alcohols [76]. Lewis acid catalysts (e.g. FeCl; FeCl,

and CuCl,) are often used to elevate delignification rates or
catalyze the reactions at relatively lower temperatures [77].
The Alcell® process is often regarded as one of the most
popular organosolv processes. The process developed by
GE Corporation in the 1970s using ethanol-water mixtures
to delignify wood [78]. The Alcell® process separates cel-
lulose, hemicelluloses and lignin in different streams with
relatively high purity. The molecular weight and chemical
formula of lignin produced from different sources are shown
in Table 2.

Steam explosion is one of the widely used biomass pre-
treatment processes [80], which involves rupturing the ligno-
cellulosic matrix within the biomass cell wall under pressur-
ized hydrothermal conditions (180-240 °C and 1-3 MPa),
leading to subsequent extraction of lignin through alkali
washing or other appropriate methods [81]. A few examples
of large-scale industrial processes that use steam explosion
treatment include the Beta Renewables plant in Crescentino
Italy, Poet DSM plant in Iowa, U.S. and the GranBio plant
in Alagoas, Brazil [82].

Klason lignin refers to the insoluble portion of the ligno-
cellulosic biomass after the removal of ash [83]. It involves a
series of key steps such as: (i) ethanol or benzene extraction,
(ii) addition of 72% H,SO, at 30 °C for 4 h, (iii) dilution of
the acidic reaction medium up to 3% with reflux for 2 h, and
(iv) recovery of acid-insoluble lignin [83, 84]. During the
alkaline oxidation process, oxygen and hydrogen peroxide
are used to oxidize and solubilize lignin [79]. However, in
the alkaline oxidation process, relatively lower delignifica-
tion rates have been reported [62].

Extractives

Extractives are the non-structural components of lignocellu-
losic biomass, which are soluble in water or neutral organic
solvents such as ethanol and hexane. Extractives are sources
of diverse biopolymers such as terpenes, terpenoids, ster-
oids, fats, lipids, proteins, waxes and phenolic compounds
such as lignans, tannins and stilbenes [85]. The amounts of

Table 2 Molecular weight and
formula of lignin produced from
different sources

Lignin

Molecular weight of Molecular formula of monomer

monomer (g/mol)

Alkaline oxidation lignin
Beech lignin

Dilute acid lignin

Kraft lignin

Lignin from pyrolysis

Lignosulfonate lignin from hardwood

Lignosulfonate lignin from softwood

Organosolv lignin

~188 CoHg 530,.45(OCH3), o4

Not available CyHg 430, 37(OCHjz)) 96

~188 CoHg 530, 45(0CHy), 4

180 CoHg 50,,1S0,1(OCH3), 5(CO,H)g

Not available CgHe 3-7.300,6-1.4(OCH3) 3 95(OH)_,
188 CoH; 50, 5(0CH;) 39(SO3H)q 6

215-254

Not available

C9H8.50245(OCH3)0,85(SO3H)OA4
C9H8,5302.45 (OCH3) 1.04

Refs. Zakzeski et al. [62]; Holladay et al. [79]

@ Springer



2152

Waste and Biomass Valorization (2021) 12:2145-2169

extractives vary between different lignocellulosic biomass
as illustrated in Table 1.

Terpenoids (also known as isoprenoids due to their iso-
prene-derived structures) are popular commercially because
of their utilization in food flavors and fragrance (in cosmetics
and perfumes) and medicinal properties (e.g. cannabinoids).
With more than 40,000 molecules, terpenoids are regarded
as the largest and the most diverse group secondary metabo-
lites produced by plants [86]. They can be classified based
on the number of isoprene structures as monoterpenes (C,),
sesquiterpenes (C,5), diterpenes (C,), triterpenes (C,) and
tetraterpenes (C,,) [87]. The phenolic compounds help in
protecting the biomass from microbial and fungal attacks,
although they are usually eroded as resins from live trees.
They have chemical structures identical to that of lignin with
a larger amount of syringol and guaiacol moieties.

Pectin can be found between the microfilaments of cellu-
lose in the cell wall [50]. Pectin can be classified into pectic
acid, protopectin and pectin. Pectic acid is soluble in water
and can form a gel of pectate calcium when reacted with
calcium. It comprises of a straight-chain connected by an
a-1,4 bond by nearly 100 galacturonic acids. On the other
hand, protopectin can be found mostly in the primary wall
and are insoluble in water. However, under the effect of
protopectinase or dilute acids, protopectin can be converted
into pectin [50]. Pectin molecules can form a cross-linked
network with each other due to the formation of the calcium
bridge between its molecules. The network structure plays
a very important role in allowing free movement of water
in the cells.

Ash and minerals

Ash is the inorganic non-combustible solid residue left
behind after the complete burning of biomass residues,
which includes elements and minerals such as silicates, car-
bonates, phosphates, calcium, magnesium, sodium, potas-
sium, etc.[14, 88]. Silica, a major component of biomass ash,
is present as silicates in the plants (e.g. chlorite, feldspars,
plagioclase, kaolinite, quartz, opal, etc.) [88]. In larger plants
like trees, silicates help in providing strength to the sup-
portive tissues such as bark [89]. Ash content varies from
different lignocellulosic biomass as shown in Table 1. Typi-
cally, woody biomass has a very low ash content compared
to that of agricultural residues [14, 50]. Ash could also con-
tain some unburnt carbon produced as a result of incomplete
combustion and inefficient fuel usage. Demirbas [90] noted
that the ash produced from the boiler contains more than
50% unburnt carbon, which makes it unsuitable for forest
recycling. The presence of unburnt carbon in the ash could
reduce chemical hardening and increase ash volume signifi-
cantly [91].
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A good understanding of the physical and chemical prop-
erties of lignocellulosic ashes is important for the prediction
of deposits formation in the boiler during gasification or
incineration. Bottom and fly ash are the two types of ash pro-
duced during the thermochemical degradation of biomass.
They have varying physicochemical properties due to differ-
ent operating conditions, type of biomass and the biomass
conversion systems used [91]. Volatile heavy metals present
in the ash could pose severe environmental effects if they are
not managed and disposed of properly. The potential utili-
zation of ash is restricted by its heavy metal composition,
which depends on the origin of the biomass precursor and
the biomass conversion process conditions [92, 93]. Heavy
metals are mostly concentrated in the fly ash with a low
concentration in bottom ash [94].

Vamvuka [95] studied the thermal behavior of ashes pro-
duced from olive kernel in fixed and fluidized bed combustor
along with the environmental impacts upon their disposal
to local soil. The fluidized bed was loaded with the olive
kernel containing 1 wt% moisture at a feed rate of 480 kg/h
at 900 °C operating temperature. On the other hand, 0.5 kg
of fuel was loaded for the fixed bed with 6 m*/h of air pro-
vided in excess to ensure that the combustion is complete
after which the fly ash and bottom ash were collected from
each reactor for further analysis. The authors observed that
the ash produced from the fixed bed olive kernel had high
concentrations of Cr, Cu, Zn, Ni and Mn with low concen-
trations of toxic metals such as Se and Pb. The low concen-
trations of toxic heavy metals in the ash were attributed to
the soil chemistry and mineralogy. On the other hand, the
increased extraction rates for Mn, Zr and Cr were associated
with the presence of sulfidic organic matter and carbonates
in the ash samples.

Novel Industrial Applications
of Lignocellulosic Biomass

Biofuels

Biofuels produced from lignocellulosic biomass are con-
sidered as carbon—neutral alternatives to conventional
petroleum resources in the transportation and energy sec-
tor. Biofuels can exist in liquid (e.g. bio-oil, bioethanol,
biobutanol, biodiesel, jetfuels, etc.) and gaseous forms
(e.g. syngas, biogas, biomethane and biohydrogen). The
production of these fuels can be achieved through prod-
uct-specific biochemical and thermochemical conversion
pathways. Pyrolysis, liquefaction, torrefaction, gasifica-
tion, Fischer—Tropsch synthesis and transesterification are
a few examples of thermochemical conversion technolo-
gies, whereas biochemical conversion technologies mostly
include enzymatic hydrolysis, fermentation and anaerobic
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digestion [7, 13, 96]. Figure 4 illustrates the thermochemical
and biological conversion pathways and several industrially
relevant bioproducts.

Pyrolysis and liquefaction are two main thermochemi-
cal biomass-to-liquid conversion methods used to obtain
bio-oils from biomass. The quantity and quality of bio-oil
largely depend on the operating conditions such as tempera-
ture, heating rate, pressure, residence time, catalysts, feed-
stock concentration, reactor type and biomass properties.
Compared to slow pyrolysis that yields higher amounts of
biochar, fast pyrolysis results in maximum yields of bio-
oils due to faster heating rate, shorter vapor residence time
and rapid quenching of hydrocarbon vapors [97]. In terms
of oxygen content, liquefaction produces an oil with lower
oxygen content compared to pyrolysis, thereby demonstrat-
ing greater heating value and improved fuel properties.

Bio-oils produced from lignocellulosic biomass contain
different proportions of cellulose, hemicellulose and lignin
degradation products. Bio-oils are oxygenated liquid prod-
ucts containing varied mixtures of aldehydes, ketones, acids,
alcohols, phenols, carbonyls, vanillin, esters, ethers, cat-
echols, pyranones, etc. [98]. Compounds such as alcohols,
aldehydes, esters, sugars, ketones and furans are produced
during the decomposition of cellulose and hemicellulose
[99]. On the contrary, lignin degrades into catechols, guai-
acols, syringols and phenolics. Rutkowski [100] studied the
chemical structure of bio-oils obtained from the pyrolysis
of cellulose, xylan and lignin in a vertical Pyrex reactor
at 450 °C with and without ZnCl, or K,COj; as catalysts.
Bio-oil yield without catalysts was in the order of cellulose
(44 wt%) > xylan (32 wt%) > lignin (28.5 wt%). The addi-
tion of 10 wt% K,CO; and ZnCl, elevated the bio-oil yield
with more deoxygenated oils produced from all the three
model compounds. The authors concluded that the type of

biopolymer and the presence of catalysts have an impact on
bio-oil yield. Carboxylic acids, alcohols and phenols were
largely present in the bio-oils [101].

Ethanol produced from biomass through enzymatic
hydrolysis and microbial fermentation can be blended with
gasoline for use as a transportation fuel. Compared to con-
ventional fuels, bioethanol has numerous advantages. Firstly,
it contains an oxygen fraction of about 35%, which improves
its combustion and minimizes the emission of CO, NO, NO,,
particulate matters and hydrocarbons [102]. Secondly, it is
produced from renewable biomass materials that are abun-
dant in nature. Moreover, the use of bioethanol as trans-
portation fuels could reduce greenhouse emissions from
fossil fuels. It should also be noted that the greater oxygen
fraction in bioethanol could lead to a lower energy density,
thus demonstrating a lower mileage than gasoline, which
requires frequent refueling [103]. The presence of oxygen
in bioethanol can become corrosive to the engine if used at
higher blending ratios [104].

Bioethanol production from sugar or starch-based feed-
stocks has adverse effects on the economics, food security
and environment because of the diversion of food crops
as fuel crops raising food versus fuel debate. In contrast,
bioethanol production from lignocellulosic biomass (i.e.
non-food crops) has attracted immense attention both from
environmental and economic perspective due to no competi-
tion to food supply and arable lands. Moreover, bioethanol
production from lignocellulosic biomass can boost the rural
economy, optimize supply chain and logistics cost, reduce
dependency on fossil fuels and enhance energy security [5].

Biobutanol is widely seen as an emerging alternative
to bioethanol due to its superior fuel properties and high-
energy content (30% more than that of bioethanol) [105,
106]. The fuel properties of bioethanol and butanol are
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shown in comparison with gasoline in Table 3. Compared
to bioethanol, biobutanol can be used in its pure form or
blended with gasoline in flexible ratios for use in existing
vehicle engines without any mechanical modification. This
is in contrast to bioethanol, which requires engine modifica-
tion for use in pure form. Furthermore, biobutanol is safe
to handle due to its non-corrosiveness and low vapor pres-
sure [109]. On the other hand, the non-hygroscopic nature
of biobutanol also makes it easier to blend with gasoline at
the refinery before storage and distribution. Moreover, the
lower solubility of biobutanol with water prevents it from
mixing with water during transportation and freezing inside
the pipeline or carburetor ducts during cold weather.

Although bioalcohols such as bioethanol and biobutanol
are promising biofuels due to their potential to minimize the
overdependence on fossil fuels, the overall feasibility of their
production process is largely dependent on the separation
processes employed [106]. Since the separation process is
energy-intensive, it could influence the process economics.
While bioethanol can be separated from the fermentation
medium through fractional distillation which is commer-
cially used, the separation of biobutanol is more challeng-
ing, time-consuming, energy-intensive and costly due to
lower product yields. Some of the biobutanol separation
technologies include adsorption, pervaporation, perstraction,
liquid-liquid extraction, gas stripping and supercritical fluid
extraction [110].

Table 3 Comparative evaluation of fuel properties of butanol, ethanol
and gasoline

Biomethane has emerged as a promising fuel in heavy
vehicles due to its low density, higher calorific value and
greater thermal efficiency [111]. Biomethane can be pro-
duced from different categories of lignocellulosic biomass
through anaerobic digestion or biomethanation. Biomethane
is employed as a substitute for fossil-derived natural gas for
combined heat and power generation or as a source of energy
in rural areas for cooking, heating and electricity generation.
Compressed biomethane (bio-CNG) exhibits similar proper-
ties as compressed natural gas (CNG) in terms of gas con-
sumption, the performance of engine and efficiency when
used as a vehicular fuel [111].

It should be noted that when biomethane is used in heavy
motor vehicles there is about a 63% reduction in green-
house gas emission compared to CNG (Table 4) [112, 113].
Nevertheless, the emission level of NO,, hydrocarbons and
CO is slightly higher compared to the emissions from CNG.
The reason for greater levels of NO, is that biomethane has
higher N, content compared to CNG [111]. In vehicular
engines operating with biomethane, low warm-up tempera-
tures reduce the rate at which CO is oxidized to CO, result-
ing in high CO emission [114]. Similarly, superior hydrocar-
bon emissions result from low warm-up temperatures, which
cause incomplete combustion because of poor oxidation.

Similar to biomethane, syngas can be used for electric-
ity generation at high-efficiency levels (approximately
85% overall thermal efficiency can be achieved for steam
production and close to 40% for electrical efficiency) or
as a clean fuel for integrated gasification combined cycle
(IGCC) [115]. Syngas consists of mostly H,, CO, CO, and
CH, with traces of C,, gases. Syngas can be used to pro-

Fuel properties Butanol ~ Ethanol  Gasoline  duce liquid hydrocarbon fuels through Fischer-Tropsch
i fuel rati s R 16 synthesis over the transition metal catalysts, which are
= l.le .re?uo ) ) represented as the d-block elements in the periodic table.
Auto-ignition temperature (°C) 343 423 230-900 . .
o ) The Fischer-Tropsch process is also regarded as one of
Boiling point (°C) 117.7 78.5 27-225 . Lo .
. the most important gas-to-liquid conversion technolo-
Calorific value (MJ/L) 29.2 21.2 32.5 . . .
i gies together with syngas fermentation [116]. Compared
Flash point (°C) 36-38 13 —43 . . .
O to the Fischer—Tropsch process, syngas fermentation is
Heat of vaporization (MJ/kg) 0.4 0.9 0.4 . . . .
) a biological conversion technology that uses anaerobic
Molecular weight (g/mol) 74.1 46.07 100-105 . .
bacteria (acetogens). A few examples of such bacteria
Motor octane number 78 102 81-89 . g . . .
are Clostridium spp., Eubacterium limosum and Butyri-
Research octane number 96 129 91-99 . . .
bacterium methylotrophicum. These bacteria use H, and
Refs. Nanda et al. [105]; Diirre [107]; Lee et al. [108] CO from the syngas as the respective sources of hydrogen
Table 4 Qaseous gmisgions in Fuel Typical calorific ~ Gaseous emissions
heavy vehicles using different value (KJ/kg)
types of fuels CO CO, NO, Hydrocarbons Particulates
Bio-CNG (biomethane) 52,000 0.02 100 0.48 0.12 0.1
Biogas 35,000 0.08 223 5.44 0.35 0.5
Diesel 44,800 0.2 1053 9.53 0.4 0.1
Natural gas 50,000 0.4 524 1.1 0.6 0.22
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and carbon for their metabolism to produce ethanol,
butanol and other short-chain alcohols. Syngas fermen-
tation has high selectivity to alcohols and the process
does not depend on the H,/CO ratio [117]. Besides, the
process is considered more economical due to its opera-
tion under ambient temperature without the involvement
of heat and metal catalysts as the prerequisites for the
Fischer—Tropsch synthesis.

Hydrogen is a clean energy carrier with an extremely
high-energy content (142 kJ/kg), which is almost three
times that of gasoline (47.5 kJ/kg) [118]. Compared to
methane, propane and gasoline, the autoignition tempera-
ture of hydrogen is relatively high (585 °C). Nevertheless,
its ignition energy at 1.9 x 107 Btu is about an order of
magnitude lower leading to its easy ignition [119]. Sev-
eral approaches have been applied for the biological pro-
duction of hydrogen from lignocellulosic biomass through
photo-fermentation and dark fermentation [120]. Biohy-
drogen production from photo-fermentation occurs in the
presence of light and microorganisms, which acts as bio-
logical converters catalyzed by nitrogenase enzymes [121,
122]. On the other hand, dark fermentation is carried out
without light with the help of anaerobic bacteria. Depend-
ing on the type of microorganism used, the reaction
could occur under mesophilic (25-40 °C), thermophilic
(40-65 °C), extremely thermophilic (65-80 °C) or hyper-
thermophilic (> 80 °C) temperatures. Hydrogen can also
be produced through subcritical and supercritical water
gasification of lignocellulosic biomasses [123-127].

Transesterification is one of the most common routes
for the production of biodiesel from lignocellulosic resi-
dues [128]. The transesterification reaction is a reversible
reaction similar to hydrolysis except that water is replaced
with alcohol. The process involves the chemical reaction
of vegetable oil with an alcohol to produce fatty acid alkyl
esters (biodiesel) and glycerol [129]. Biodiesel produc-
tion from lignocellulosic residues presents significant
environmental importance that is more than the economic
benefits [130]. Biodiesel is a renewable, non-toxic and
environmentally friendly fuel that can be used as a drop-
in fuel in diesel engines without engine modification or
blended with conventional petro-diesel at suitable propor-
tions [131, 132]. Several researchers have investigated
the production of biodiesel from lignocellulosic residues.
Shiu et al. [133] explored the use of crude rice bran oil for
biodiesel production via transesterification. The authors
employed an in-situ process whereby esterification was
followed by the transesterification reaction without inter-
mittent product separation [133]. Another study by Deeba
et al. [134] used paper mill sludge as a feedstock for bio-
diesel production via transesterification reaction.

Biochemicals

Lignocellulosic biomass is emerging as a useful substrate for
the production of value-added chemicals due to the chemis-
try of its major biocomponents, i.e. cellulose, hemicellulose
and lignin. At present, nearly 75% of the platform chemicals
commercially used comprise of propylene, benzene, ethyl-
ene, xylene and toluene [29]. These chemicals are used for
the synthesis of organic compounds that are processed into
useful chemicals such as polymers and resins. Most of the
aromatic compounds result from the thermochemical deg-
radation of lignin due to its aromatic nature, while cellulose
and hemicellulose can be thermally upgraded to low molecu-
lar weight aliphatic compounds.

Enzymatic or chemical hydrolysis of cellulose can be
used to produce glucose, which is further upgraded to plat-
form chemicals such as levulinic acid and 5-hydroxymeth-
ylfurfural (5-HMF) [135]. Levulinic acid and 5-HMF are
identified as promising chemicals for the production of dif-
ferent high-value organic chemicals, flavoring compounds,
polymers and fuel additives due to their varied functionali-
ties [136]. The conversion of lignocellulosic biomass into
5-HMF and levulinic acid has been reported by several
researchers [29, 135-138]. Wang et al. [138] studied the
hydrolysis of cellulose to levulinic acid in the presence of
sulfated TiO, as a solid acid catalyst. A maximum yield of
levulinic acid (27.2%) was obtained at 240 °C in 15 min
reaction time using 0.7 g of sulfated TiO, catalyst.

Zhao et al. [139] investigated the conversion of sugars
into 5-HMF using metal halides in 1-alkyl-3-methylimidazo-
lium chloride as a catalyst. Although the negligible amount
of levulinic acid was formed in the reaction, nearly 70%
yield of 5-HMF was obtained with CrCl,. In another study
by Efremov et al. [140], cellulose and different wood species
(i.e. pine, fir, aspen and beech) were converted into levulinic
acid in water using Al,(SO,);, CoSO, and Fe,(SO,); as cata-
lysts at 150-250 °C. The yields of levulinic acid from cel-
lulose and woody biomass were about 35 wt% and 15.6-17.8
wt%, respectively. Maximum yields for the woody biomass
was in the order of beech (17.8 wt%) > aspen and pine (16
wt%) > spruce (15.6 wt%). Asghari and Yoshida [141]
reported the kinetics of fructose dehydration to 5-HMF and
the rehydration of 5-HMF to form levulinic acid and for-
mic acids using HCI catalyst. The reaction was carried out
at temperatures of 210-270 °C, 4—-15 MPa and 0.5-300 s.
The authors found that pressure change does not affect the
decomposition reactions, although the main reaction prod-
ucts were 5S-HMF, levulinic acid and formic acid.

Xylitol (Cs sugar alcohol) is an important chemical pro-
duced from the hydrolysis of hemicellulose and its deriva-
tives compounds such as xylose, xylan, arabinose and other
sugars, which are soluble in dilute acids. Xylitol can be used
as an alternative to sucrose in food sweeteners for diabetic

@ Springer



2156

Waste and Biomass Valorization (2021) 12:2145-2169

patients and chewing gums, in pharmaceutical and thin coat-
ing applications [142]. Xylitol also has a tremendous pros-
pect in odontological application such as toothpaste formula-
tions, teeth hardening as an antimicrobial agent, mouthwash
and chewing vitamin tablets [143]. The production of xylitol
from hemicellulose and its derivative compounds has been a
subject of immense interest among researchers. At present,
xylitol is produced by the chemical reduction of xylose and
its derivatives compounds in alkaline conditions.

The chemical reduction process is restricted by some
challenges such as high-pressure requirements (up to
50 atm), use of expensive catalysts, separation and purifica-
tion methods [54]. For this reason, the fermentation process
is emerging as an attractive alternative for the production
of xylitol [144]. Saha and Bothast [144] studied the fer-
mentation of xylose to xylitol using Candida peltata NRRL
Y-6888. The optimal xylitol yield of 0.56 g/g xylose was
obtained at pH 6, 28 °C and 200 rpm on 50 g/L xylose.
Recently, Lopez-Linares et al. [145] evaluated the use of
rapeseed straw for the production of xylitol using two yeast
strains such as Debaryomyces hansenii and Candida guilli-
ermondii. They obtained the maximum conversion of xylose
(Ypgss) as 0.55 g/g and 0.45 g/g for C. guilliermondii and D.
hansenii, respectively. Ypg/g in the study is defined as the
ratio between the amount of xylitol produced and the xylose
consumed.

Vanillin (4-hydroxy-3-methoxybenzaldehyde) and gallic
acid are two valuable chemicals that have attracted interest
recently as starting monomeric materials for the production
of new polymers such as polyesters, epoxy and polycarbon-
ates [143, 146]. Vanillin can be produced through the depo-
lymerization of lignin. The process involves the treatment

of an aqueous solution of lignin with oxidants at high tem-
peratures and pressures and a pH within the alkaline range
to depolymerize the lignin into vanillin [147]. More than
20,000 tons of vanillin is produced annually of which 15% is
generated from lignin precursor [147]. It is widely regarded
as one of the pure molecular phenolic compounds produced
commercially from biomass.

Vanillin is used in food industries due to its vanilla-like
flavor, in the pharmaceutical industries for the production
of herbicides, drugs and anti-foaming agents and as an
intermediate for the synthesis of fine chemicals [148]. Gal-
lic acid has many phytochemical benefits and is used as an
antioxidant in tea formulations, paper manufacturing, ink
dyes and tanning industries [149]. Furfural is another valu-
able platform chemical with an annual production of about
250,000 tons from the concentrated sulfuric acid hydrolysis
of forestry or agricultural waste [150]. It is often employed
in the refining of lubricating oil and as an intermediate for
the production of important chemicals such as furan, furfuryl
alcohol and tetrahydrofuran [151]. Several other valuable
platform chemicals can be obtained from lignocellulosic
biomass through biological or chemical routes as shown
in Fig. 5. To effectively utilize the available lignocellulosic
biomass, new conversion methods are being developed to
produce green chemicals while considering the economics
of the process.

Bioplastics and Biocomposites
Bioplastics are sustainable alternatives to plastic products

for use in everyday lives, textile industry, health care, elec-
tronics and packaging applications [153]. In recent years,
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bioplastics materials are emerging as possible alternatives
to complement and gradually replace petroleum-based plas-
tics. Compared to petrochemical-based plastics, bioplastics
are synthetically produced from lignocellulosic biomass,
which is biodegradable and reduces the adverse environ-
mental impacts. Petrochemical plastics contain dioxins and
polycyclic aromatic hydrocarbons (PAHs) that pose severe
health issues when released to the environment [153, 154].
Additionally, for every 1 kg of plastic burnt, 2.8 kg of CO,
is released into the atmosphere [155]. Mekennen et al. [154]
reported that 34 million tons of plastic wastes are produced
annually of which 93% is disposed of in landfills and oceans.
Some petrochemical plastics are non-biodegradable and
pose effective disposal issues as they accumulate in landfills
and oceans for hundreds to thousands of years hampering
many natural ecosystems. These environmental constraints
have stimulated interest in bioplastics, which could help in
overcoming the sustainability and environmental challenges
caused during the production, usage and disposal of syn-
thetic plastics.

Bioplastics can fulfill the criteria of bio-based and bio-
degradable products, which are compostable and prone to
decay under natural or stimulated conditions. The precursors
of bioplastics can be produced from microorganisms (e.g.
polyhydroxyalkanoates or PHASs), cellulose (e.g. regener-
ated cellulose and pectin), proteins (e.g. wool, gelatin and
casein) and lipids (e.g. plants oils or animal fats) [155].
Furthermore, bio-based plastics such as polybutylene suc-
cinate (PBS) and polylactic acid (PLA) can be synthesized

chemically from bio-derived products [156]. Furthermore,
some biodegradable plastics such as polycaprolactone
(PCL), poly(butylene succinate-co-terephthalate) (PBST)
and polyglycolic acid (PGA) show some degree of biodeg-
radability also have promising applications [157]. One of
the biodegradable thermoplastics, polylactic acid, is used
for biomedical implants, sutures and other surgical applica-
tions [158].

There are other forms of biomass-based plastics known
as drop-in bioplastics or (bio-based) drop-in chemicals such
as bio-propylene (bio-PP), bio-polyethylene terephthalate
(bio-PET) and bio-polyethylene (bio-PE). The term “drop-
in” appears for these bioplastics because their manufactur-
ing uses the majority of the pathways, infrastructure and
machinery as the petrochemical plastics except for their
precursor raw material being plant-based biomass. How-
ever, due to lack of technological constraints and economy
of scale, the production cost of drop-in bioplastics are com-
paratively more expensive than petrochemical plastics in the
current market. Different routes for bioplastics production
from lignocellulosic biomass are illustrated in Fig. 6.

The biocomposites produced from lignocellulosic bio-
mass are also gaining equal popularity as alternatives to nat-
ural fiber-reinforced composites due to their environmental
friendliness, durability and biodegradability [160]. As the
name suggests, biocomposite materials are a blend of pet-
rochemical resources (i.e. conventional plastics) and renew-
able biomass (i.e. lignocellulosic residues). Biocomposites
refer to composite materials formed by the reinforcement
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of natural fibers with organic matrix or biopolymers. The
matrix phase is made from organic materials or biopolymers,
while the fibers could comprise of lignocellulosic biomass
or other biogenic wastes. The fibers help to improve the
mechanical properties of the polymers and protects them
against environmental degradation. The reinforcements (e.g.
hemp, flax, wood, paper, etc.) and biopolymers (e.g. natural
biopolymers, polylactic acid, polyvinyl alcohol, etc.) are bio-
degradable and renewable, thereby contributing positively
towards environmental sustainability. However, there are
some technological challenges in component separation at
the end of the life of biocomposite materials [161].

Specialty Materials from Cellulose

As stated earlier, cellulose is one of the most abundant
renewable biopolymer resources on earth. In recent years,
there has been increasing attention towards the use of cel-
lulose to produce specialty materials due to its low cost,
availability, non-toxicity, renewability and environmental
friendliness [162]. However, due to the complex nature
of its molecular arrangement, crystalline and amorphous
structures, biopolymeric networking with hemicellulose
and lignin as well as close packing over several hydrogen
bonds, van der Waals forces it is difficult to process it chemi-
cally [163]. Therefore, the important applications of cellu-
lose are based on its dissolution. However, the dissolution
of cellulose is rather challenging as it does not dissolve or
melt in the popular organic and aqueous solvents due to its
polymeric structures and degree of crystallinity [164]. Thus,
it is important to develop inexpensive and environmentally
friendly solvents to dissolve cellulose for useful applications.

The dissolution of cellulose in a solvent is usually pre-
ceded by polymer swelling where the physical properties
and volume of the biopolymer are altered significantly while
the semi-solid or solid fractions remain unaltered [163].
Cellulose dissolution helps to facilitate the preparation of
innovative materials such as cellulose films and cellulose
fibers. Some examples of solvents used include N-methyl-
morpholine-N-oxide (NMMO), ionic liquids [e.g. 1-allyl-
3-methylimidazolium chloride (AMIMCI), alkylimidazo-
lium salts and tetrabutylphosphonium] and NaOH aqueous
solution. Certain cellulolytic enzymes such as cellulases and
B-glycosidases help degrade the glycosidic bonds between
the sugars monomers and degrading cellulose to fermentable
glucose monomers [101].

Cellulose regeneration provides a simple route to trans-
form natural cellulose into different forms of useful materi-
als. In the first step, raw cellulose is dissolved through chem-
ical or physical methods after which it is regenerated through
a spinning process (e.g. dry, dry jet or wet spinning methods)
[165]. The process is environmentally benign as most of
the solvents used can be recycled and reused with no or
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negligible hazardous wastes generated [162]. The structure
and properties of the produced cellulose can be controlled
by changing the regeneration parameters (e.g. temperature,
time and coagulants). Consequently, regenerated cellulose
exists in different shapes such as fibers, powders, hydrogels,
aerogels, microspheres, beads, films, etc.[162, 166—168]. It
should be noted that during cellulose regeneration, physical
or chemical treatments could be applied to produce some
cross-functional materials such as hydrogels/aerogels, films/
membranes, bioplastics, inorganic/cellulose hybrids, etc.

Regenerated cellulose fiber (also known as rayon) is one
of the first artificial fibers used in the textile and clothing
industries currently accounting for more than 5% of the over-
all annual production of artificial fibers [165]. Regenerated
cellulose fibers appear to be smooth and shiny with good
water absorption ability, which is similar to that of cotton.
These properties enhance its suitability for the production
of fabrics and apparels such as skirts, lining jackets and
suits. Based on the method of production, regenerated cel-
lulose fibers can be grouped into three different types such
as viscose, lyocell and cupro [165]. Viscose rayon fiber is the
most dominant regenerated cellulose with the largest mar-
ket share of about 93% of the cellulose-based fiber market
[162]. Viscose rayon can be manufactured from the reaction
of alkali cellulose (produced by soaking pure cellulose in
NaOH) with carbon disulfide to produce sodium cellulose
xanthogenate [169].

The manufacturing process of lyocell is considered
eco-friendly because the solvent used can be purified and
recovered. Lyocell can be manufactured by dissolving cel-
lulose directly in the solvent N-methylmorpholine-N-oxide
(NNMO). On the contrary, cupro rayon fiber can be manu-
factured by dissolving cellulose in a cuprammonium solution
followed by wet spinning for cellulose regeneration and the
removal of copper and ammonia. Due to the high price of
cotton cellulose and copper salts, cupro rayon fiber has a
small market share compared to viscose rayon fiber. The
fabric is currently being produced globally and finds useful
applications in the clothing and textile industries.

Cellulose hydrogels and aerogels are gaining attention
because of their unique features such as biodegradability,
low cost, hydrophilic nature and biocompatibility [162].
Hydrogels are chemically or physically cross-linked three-
dimensional network of polymers, hydrophilic and could
swell with adsorption of water or biological fluids [170].
Hydrogels can be fabricated from native cellulose by disso-
lution in a suitable solvent followed by cross-linking (gela-
tion) of the cellulose chains. Due to the poor solubility of
cellulose in most solvents, only a few specific solvents such
as lithium chloride/dimethylacetamide (LiCl/DMAc), alkali/
urea and ionic liquids are effective for dissolution [171].
Overall, hydrogels can be divided into two different types
based on the method of cross-linking physical and chemical
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gels [172]. The latter are formed via covalent bonding while
the physical gels are produced by the self-assembly of mol-
ecules through hydrogen or ionic bonds.

Hydrogels can also be classified based on their origin and
nature of constituent polymers as natural, synthetic or hybrid
hydrogels [173]. The polymers of natural hydrogels are of
natural origins such as gelatin, starch, cellulose and colla-
gen, whereas synthetic hydrogels are manufactured from
synthetic polymers such as polyethylene glycol, polyamides,
polyacrylic acid and their copolymers [174]. Hydrogels can
be applied in various fields of biotechnology, biomedical
science (e.g. breast implants, contact lenses and cell culture),
tissue engineering (e.g. scaffolds), pharmaceuticals (e.g.
drug delivery), sanitation apparel (e.g. disposable diapers
and napkins), agriculture (e.g. water retention and pesticide
control) [171, 174, 175].

Aerogels are produced from hydrogels through freeze-
drying or supercritical drying [176]. They possess some spe-
cial characteristics such as high porosity, refractive index,
specific surface area, dielectric constant, thermal conduc-
tivity and low density, which are optimal for a wide variety
of applications [177]. Aerogels are widely used in thermal
insulation, gas sensing and photocatalytic degradation [178].

Specialty Materials from Lignin

Each year enormous amounts of lignin are generated world-
wide as byproducts of cellulose production. However, most
of the lignin extracted from lignocellulosic biomass for use
in the pulp and paper industry are burnt as a low-value fuel
in pulping boilers for energy recovery [179, 180]. Over the
last few years, there has been significant interest in research
areas related to the non-energetic use of lignin because of
the need to develop an eco-friendly pulping process. Only
a small fraction of lignin is isolated from spent pulping liq-
uor and used for the production of specialty products [181].
Despite the unique properties of lignin and its derivatives
such as biodegradability, adhesive properties, high thermal
stability and antioxidant properties, lignin is vastly underuti-
lized [182]. Some applications of lignin beyond the pulp and
paper industry include its use as a binding and dispersing
agent in various industries and as a substitute for phenolics
in resin systems [179], binder for biomass pellets [183, 184],
epoxides, adhesives, pesticide, insecticides, polyolefins, anti-
oxidants, antimicrobials [185] and batteries [186].

Lignin has been documented as an important binder and a
flow enhancer (plastifier) in mortar and concrete, especially
in construction systems [187]. The use of lignin as a bind-
ing agent is based on a simple solid—solid dispersion where
lignin helps in maintaining fluidity due to the lignin—lignin
and lignin—water interactions [180]. Nadif et al. [187] inves-
tigated the use of sulfur-free lignin produced from the acid
precipitation of black liquor during the soda pulping process

as a flow enhancer of concrete and mortar. They also com-
pared the results with that of commercially available addi-
tives such as naphthalene sulfonates and lignosulfonates.
The authors noted that lignin improved the flow properties of
mortar, although flax lignin showed better performance than
lignosulfonates due to the presence of sulfur. Their study
opened up new frontiers in the use of sulfur-free lignin as
a flow enhancer in mortar. Sulfur-free lignin also exhibits
good binding properties with soil particles, thereby improv-
ing their stability in road construction.

Fadele and Ata [188] investigated the water absorption
ability of sawdust lignin extract-stabilized laterite bricks.
The water absorption is an important parameter used to
ascertain the durability of the bricks as well as their interac-
tions with the binding agents. The water absorption of lignin
samples was reported in the ranges of 2-6%. Compared to
lignin-stabilized samples, cement-stabilized samples showed
superior water absorption of 6% to 15%. The author sug-
gested that further improvement in sawdust additives is
required to improve water absorption.

Lignin produces a broad range of phenolic products as
degradation intermediates in its pyrolysis and liquefaction
derived bio-oil and biocrude [98]. However, the phenolic
market is price competitive with a surplus amount of phenol
being produced from the cumene oxidation process [189].
A significant portion of the phenols is used to generate phe-
nol-formaldehyde resins, which are commercial synthetic
resins (i.e. plastics) used in coating, adhesives and molded
products. With the increasing demand for biomaterials, the
demand for phenol-formaldehyde resins and its precursor
lignin is expected to increase in recent years.

During the manufacture of friction enhancing products
(e.g. brake and clutch materials), phenolic powder resins are
widely used as binders [181]. Nehez [190] initially proposed
and patented the use of organosolv lignin as a partial substi-
tute for phenolic resins in manufacturing frictional materials
(e.g. automotive brake pads) with lignin replacing up to 30
wt% of the phenolic resin in the frictional material. It has
been reported that brake pads formulation containing 80% of
phenolic resin and 20% lignin showed superior advantages
in terms of wear behavior and stability of the co-efficient of
friction to temperature changes compared to a formulation
with 10% phenolic resins [181]. Construction wood panels
such as oriented strand boards can partially replace phenolic
powders with lignin as binders. The use of lignin can pro-
vide additional cost benefits while improving the shelf life
of the wooden construction panels due to its water repellant
(hydrophobicity), antimicrobial and good curing properties
[183]. Cetin and Ozmen [191] also showed that organosolv
lignin could directly replace phenols in phenol-formalde-
hyde resins for use as adhesives in particleboard production.

The use of lignin in epoxy resins has been a subject
of immense interest with a lot of research developments
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focused on different lignin-epoxy formulations. The use of
lignin in resin formulations requires that the lignin is free
from impurities such as moisture, sugars and free salts. This
can be achieved by replacing waste lignin such as Kraft and
soda lignin with the ones produced from high-purity pro-
cesses such as organosolv lignin or by post-isolation purifi-
cation methods (e.g. deionization and precipitation) [180].
Regardless, it should be noted that almost all-waste lignin
poses enormous challenges with organic solvent solubility,
thereby requiring special solvent mixtures for their formu-
lation [181]. Lignin-epoxy resins with 50% lignin formula-
tion have been reported to fabricate printed wiring boards
for use in the electronics industry while exhibiting similar
properties to those of common laminate resins [192]. To
incorporate lignin as a polyol precursor in epoxy resins
many strategies have been adopted as mentioned below.
One approach involves blending lignin for reaction with
epoxy polymer [193]. Another approach involves reacting
lignin with epichlorohydrin followed by cross-linking while
other methods involve chemical modification of lignin (e.g.
hydroxypropylation and phenolation), which address the
challenges of poor reactivity and solubility of lignin [194].

Technical lignins, obtained as byproducts from the indus-
trial processing of lignocellulosic biomass such as soda
lignin, lignosulfonates, organosolv lignin, etc., contain sev-
eral functional groups (e.g. hydroxyl, carbonyl, methoxyl
and phenolic), which are reported to be biologically active
[195, 196]. Hence, technical lignins are considered as anti-
oxidants because of their phenolic groups that can behave as
stabilizers in oxygen and its reactive species induced reac-
tions [197]. Antioxidants are substances that could inhibit
free radicals present in living systems, thereby preventing
oxidation [198]. Therefore, they can be used as natural addi-
tives to substitute synthetic compounds in pharmaceutical,
food, cosmetic and plastic industries. Their application in
these commercial sectors is a result of their ability to prevent
the degradation of natural ingredients such as sugars, lipids
and proteins. Besides, technical lignins can slow down the
aging process and protect the skin cells from being damaged
owing to their antioxidant, antimicrobial and antimutagenic
properties [199].

The chemical structure of lignin is dependent mostly
on the precursor properties (i.e. herbaceous or woody
biomass) and the extraction process. Furthermore, differ-
ent experimental conditions for delignification (e.g. use
of alkali or acid, temperature, time, etc.) could affect the
chemical structure and bioactivities of lignin [61]. Several
researchers have reported the influence of experimental
conditions on the antioxidant potential of lignin [197, 198,
200, 201]. Pan et al. [200] studied the antioxidant potential
of twenty-one organosolv ethanol lignin samples obtained
from hybrid poplar (Populus nigra X P. maximowiczii) under
different extraction conditions. Their findings indicated that
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the antioxidant activity of lignin is favored at elevated tem-
perature, longer reaction times, dilute ethanol and increased
catalyst concentration. El Hage et al. [202] obtained similar
results by using lignin derived from Miscanthus giganteus.

Multifunctional Carbon Materials

One of the promising technologies, which utilizes lignocel-
lulosic biomass, is in the production of activated carbon.
This approach is important in mitigating environmental
challenges such as air and water pollution and the accretion
of agricultural wastes. Activated carbon can be prepared
from lignocellulosic biomass in two main steps. In the first
step, biomass is converted to chars through thermochemical
conversion technologies such as carbonization, pyrolysis or
gasification by heating under controlled levels of oxygen at
high temperatures [203—-206]. The moisture, volatiles and
hydrocarbon vapors are removed from lignocellulosic bio-
mass during this process, which can be quenched to produce
bio-oil. In the next step, the produced char undergoes physi-
cal or chemical activation to produce activated carbon [97].

Chemical activation involves carbonization and activa-
tion occurring simultaneously using acids or alkali metals
such as NaOH, KOH, H,PO, and ZnCl, [207]. In contrast,
physical activation uses activating agents such as O,, CO,
and steam. Among the activating agents used during physi-
cal activation, CO, is mostly preferred because it is rela-
tively inexpensive and contributes to the production of ultra-
micropores [207]. Activated carbon can be produced from
a wide variety of lignocellulosic biomass such as rice husk
[208], coffee grounds [209], cotton stalks [210], coconut
shell [211], pinecone [212], pinewood sawdust [213], wheat
straw [213], flax straw [213] and poultry filter [213] to name
a few.

Activated carbon typically has a surface area of nearly
1500 m%/g, which is approximately 50 times higher than
that of the surface area of biochar [214]. Activated carbon
is widely used as an adsorbent due to its versatile properties
such as favorable pore size, high surface area and improved
microporous structure [97]. These features enhance the sur-
face reactivity and accessibility of gas/liquid reactants into
the internal pore surface of activated carbon with desirable
surface chemistry [207]. The applications of activated car-
bon can be found in the following sectors:

(i) adsorption of contaminants or pollutants from flue gas
and wastewater [215],

(i) chemical industries as a catalyst or catalyst support
[216],

(ii1) electrochemical industries as battery electrodes and
capacitors [217],

(iv) cosmetics and apparel industries (face masks) [218],
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(v) pharmaceutical industries (drug delivery and antidote
for adsorption of toxins and drug overdose) [219, 220]
and several other commercial sectors.

Biochar is a solid carbonaceous product obtained from
pyrolysis or gasification of lignocellulosic biomass and
other biogenic wastes [221]. Biochar consists of mostly
aromatic carbon and other inorganic components such as
alkali and alkaline earth metals [222]. Biochar has unique
properties concerning its structure, reactivity, functional-
ity and composition. Some of the emerging biochar appli-
cations are realized in agriculture (for enhancing soil fer-
tility, crop productivity and soil organic carbon) as well
as adsorption of heavy metal and organic pollutants from
wastewater and contaminated soils, catalyst support, car-
bon sequestration, biocomposite fillers and in the synthe-
sis of activated carbon and other multifunctional carbon
materials [223].

Carbon nanotubes (CNTs) are emerging as one of the
most promising one-dimensional carbon materials because
of their exclusive structures with superior optoelectronic,
electronic, physicochemical and mechanical properties
[224]. CNTs are long cylinders made of covalently bonded
atoms of carbon. CNTs can be synthesized through high-
temperature degradation of hydrocarbons (e.g. ethylene,
methane, alcohols, benzene, xylene, etc.) or inorganic sub-
strates (e.g. quartz, graphene, alumina, silica, etc.) in the
presence of a catalyst (usually transition metals, e.g. Ni, Fe,
Co, etc.). Three primary methods are used to prepare CNTs
such as chemical vapor deposition, arc discharge and laser
ablation [225, 226]. Although chemical vapor deposition is
considered the most popular method concerning industrial
scale-up due to the energy efficiency of the process, ease of
operation, high yield and low purity and the raw materials
used [227]. However, the synthesis of CNTs by chemical
vapor deposition is dependent on the type of catalyst, the
nature of the carbonaceous feedstock and the available power
consumption. The increasing environmental challenges have
stimulated interest in the synthesis of CNTs from renewable
and environmentally friendly resources.

Lignocellulosic feedstock such as rice straw [224], rice
husk [227], wood fiber [228], bamboo [228, 229], wood saw-
dust [230], cellulose [228] and purified lignin [228] have
also been reported as good precursors for CNT synthesis.
SWCNTs are the basic cylindrical structure made up of a
single sheet wrapped into a cylindrical tube. In contrast,
MWCNTs comprises of coaxial cylinders with an array of
concentrically nested cylindrical nanotubes. Some potential
applications of CNTs include energy storage and energy con-
version devices, catalysis, hydrogen storage system, automo-
tive, electromagnetic shields, building composite materials,
sensors, textile functionalization, field emission displays and
radiation sources [231, 232].

Carbon nanohorns (CNHs) represent another category
of carbon nanostructures with a conical shape containing
closed cages of sp>-bonded carbon atoms [233]. Therefore,
they are sometimes referred to as carbon nanocones with
2-5 nm diameter and a length of 40-50 nm [234]. Analogous
to CNTs, CNHs belong to the category of one-dimensional
carbon materials. However, CNTs exhibit exceptional prop-
erties, which include high chemical stability, low toxicity,
favorable specific surface area, excellent catalytic properties,
high resistance to oxidation, good conductivity and porosity
[235]. Furthermore, they can be synthesized in large quan-
tities industrially at room temperature without the use of a
potentially toxic metal catalyst and subsequent purification
steps [234].

During the synthesis of CNTs, additional treatment with
strong acids is required to eliminate the metal catalyst, which
could potentially result in the loss of some carbon materi-
als. CNHs are currently viewed as a replacement to CNTs
because graphene has several applications in supercapaci-
tors, energy conversion, gas storage, drug delivery, fuel cell
electrodes, electrochemical sensing and biosensing [235,
236]. The production method of CNHs is similar to that of
CNTs where a sufficient amount of energy is required (via
arc discharge, laser ablation or Joule heating) to vaporize
and restructure the target carbon material [236]. Afterwards,
a rapid quenching usually in an inert gas occurs.

Bacterial Cellulose Applications in Cosmeceutical
and Pharmaceutical Applications

Bacterial cellulose is a form of cellulose produced by cer-
tain microorganisms such as Gluconacetobacter, Rhizobium,
Sarcina and Agrobacterium [237]. Bacterial cellulose can be
synthesized using four main enzymatically catalyzed steps
[238]. The first step involves phosphorylation of glucose to
produce glucose-6-phosphate followed by the isomerization
of glucose-6-phosphate to glucose-1-phosphate. The third
step involves the subsequent conversion of glucose-1-phos-
phate to uridine diphosphate glucose. Lastly, the synthesis
of glucan chains from uridine diphosphate glucose occurs.
Glucan chains are aggregated and converted to crystalline
form to microfibrils, which are further aggregated to cel-
lulose fiber bundles [239].

Bacterial cellulose is odorless and colorless and exists
in the form of gels. Compared to plant-derived cellulose,
bacterial cellulose can be synthesized as a versatile biopoly-
mer in its pure form without the need of a rigorous process
to remove contaminants and impurities such as holocellu-
lose (cellulose and hemicellulose), pectin, extractives and
lignin [239]. Additionally, bacterial cellulose has superior
mechanical, biological and physical properties such as rela-
tive high porosity and permeability to gases and liquids,
tensile strength, ultrafine network and extremely high water
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uptake (>90 wt%) [238-240]. These properties make it suit-
able for applications in pharmaceuticals (e.g. controlled drug
delivery, macromolecular drug production, etc.), cosmetics
(e.g. facial mask and scrubs, contact lenses, facial and body
cleaning formulations, etc.) and biomedical science (e.g. tis-
sue engineering, artificial blood vessels, bone regeneration,
etc.) [238].

Cosmeceutical Applications

A cosmetic is any substance that can be applied to the
human body to improve or change the appearance of the
body without influencing the structure or normal body func-
tions. Bacterial cellulose has been reported to be an excellent
biopolymer for use in cosmetics because of its low toxicity,
biodegradability and its skin hydration ability [241, 242].
Amnuaikit et al. [242] investigated the effect of bacterial
cellulose facial mask on the human skin characteristics and
user satisfaction. Thirty healthy volunteers aged between
21 and 40 years old participated in the study among which
two groups were created (i.e. control and experimental
group). The control group was asked to put moist towels on
their face for 25 min while the experimental group applied
bacterial cellulose facial mask within the same duration. In
the subsequent week, the groups were interchanged to the
alternative treatment. Their findings showed that the bacte-
ria facemask improved the moisture content of the skin to a
significant level compared to the moist towel upon a single
treatment. Furthermore, the bacterial cellulose mask did not
affect any other skin characteristics and received a rating of
4 on a scale of 5 for the satisfaction rating scale [242].

In another study by Almeida et al. [243], the skin irrita-
tion potential of bacterial cellulose in humans was evaluated
with and without glycerin (acting as plasticizer). Regard-
ing the transepidermal water loss, the authors observed no
significant difference with the erythema recording a zero
clinical score [243]. However, when glycerin was applied,
the skin moisturizing effect elevated significantly. Lin et al.
[244] patented a cosmetic substance containing fragments
of bacterial cellulose with 0.05-1 wt%. The authors claimed
that the fragments of bacterial cellulose improved the skin
moisturizing ability and skin exfoliation; therefore could be
applied in the design of lips, skin and nail care products.

Pharmaceutical Applications

The ability of bacterial cellulose to function as a drug carrier
has been investigated by some researchers [245-247]. The
most important properties of bacterial cellulose that endears
its usage in drug delivery are its biocompatibility and bio-
availability. In controlled or sustained drug delivery applica-
tions, bacterial cellulose can function as a modifier to adjust
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the gelling behavior of drugs, thereby resulting in favorable
mechanisms for controlling drug release profiles [248].

Trovatti et al. [246] studied the use of bacterial cellulose
membranes for controlled drug loading and release. The
authors assessed the therapeutic ability by comparing the
permeating ability of two model drugs (i.e. lidocaine hydro-
chloride and ibuprofen) in bacterial cellulose and another
drug formulation system. A uniform distribution of both
drugs in bacterial cellulose was observed with ibuprofen in
bacterial cellulose showing three times permeating ability
than that of the drug in a gel. Their findings indicate that
bacterial cellulose could play a vital role in drug delivery.
Weyell et al. [249] suggested that bacterial cellulose could
be used for combined wound dressing and drug delivery
systems. Tamahkar et al. [250] developed and tested a novel
bacterial cellulose drug carrier system for antibiotic release.
The composite molecularly imprinted nanofibers (MIP),
which was prepared with gentamicin fabricated onto bacte-
rial cellulose nanofibers via the in-situ graft polymerization
method showed favorable drug delivery ability.

Conclusions and Perspectives

Lignocellulosic biomass known as the most abundant renew-
able biomass on earth is an important bioresource for energy
and different applications in polymer, textile, composites,
biomedical, cosmeceutical and pharmaceutical industries.
Owing to the growing environmental concern and challenges
of overdependence on fossil-based resources, lignocellulosic
materials could have a major role to play in the future to
ensure that the energy and societal demands of the elevating
population are fulfilled adequately. Compared to crude oil,
they are significantly less expensive, readily available from
different sources such as agriculture and forestry.
Lignocellulosic biomass can be converted to biofuels
via the thermochemical and biochemical routes. Biofuels
are finding useful applications as substitutes for gasoline
in the automotive industry. Additionally, a wide variety of
synthetic polymers and chemicals such as ethanol, sorbi-
tol, butanol, glycerol, etc. can be obtained from lignocel-
lulosic materials. However, the structure of the constituents
of lignocellulosic biomass (i.e. cellulose, hemicellulose,
lignin, ash and extractives) are required to be thoroughly
understood to postulate the potential applications in novel
industrial areas of bioenergy, biomedical, cosmeceuticals,
pharmaceuticals, biocomposites and bioplastics.
Bioplastics produced from lignocellulosic materials are
slowly substituting petroleum-based plastics in the textile,
electronic and health care industry. The sustainability and
economic feasibility of bioplastics production process are
dependent on different environmental and political driv-
ers together with the development of appropriate business
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models. Analogous to bioplastics, biocomposites obtained
from lignocellulosic materials are gaining equal popularity
as substitutes to naturally reinforced composites because of
their environmental benign nature. The biocomposites find
useful applications in the automobile (vehicle interiors),
marine industry and production of packaging materials.

Specialty materials such as cellulose fiber have proven
effective in the textile and clothing industry. Cellulose
hydrogels and aerogels are also gaining attention in metal
removal, pesticide control, agriculture and biomedical appli-
cations due to their affordability, biodegradability and bio-
compatibility. Bacterial cellulose has also been established
as a useful material in cosmeceutical and pharmaceutical
industries. Analogous to cellulose, specialty materials from
lignin (e.g. phenolic resins, epoxides, adhesives and poly-
olefins) are useful as antioxidants, binders, flow enhancers,
dispersing agents, epoxides, pesticides and insecticides. To
conclude, it is important to mention that all the novel appli-
cations described in this review suggest that lignocellulosic
biomass has a major role to play in establishing a circular
bioeconomy and sustainable market that consist of innova-
tive design and advanced production methods to facilitate
the reuse of waste materials for commercial recovery of
value-added products.
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