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Abstract Lignocellulosic materials have huge
potential because of their abundance, renewability,
and non-edible nature aids to develop it to an eco-
friendly bioplastic. These feedstocks can be utilized
for extracting lignin and cellulose. Both the materials
can easily be tunable by surface modifications and
other chemical derivatizations to produce different
bioplastics. Common biobased plastics that can be
derived from lignin or cellulose include polylactic
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acid, polyhydroxyalkanoates, bio-polyethylene, poly-
urethanes and starch based nanocellulosic bioplastics.
The present review addresses lignocellulosic compo-
sitions, conversion routes for bioplastic production
and their applications in various fields. In the nearby
future, lignocellulose derived bioplastics will emerge
as valuable materials in different fields for a wide
range of cutting-edge applications.
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1 Introduction

The heavy use of plastic products has created a high
quantity of contaminants that are usually dumped in
landfill sites where the environment is continuously
destroyed, adversely impacting human health and
natural resources (Thompson et al. 2009). Due to the
environmental harm done by petroleum derived plas-
tics and the diminution of fossil reserves, there is
growing attention boosting bioplastics growth, which
offers many benefits over petroleum originated plas-
tics including reduced greenhouse gas emissions,
biodegradation and usage of sustainable materials.
Such substances can be used for natural resource
conservation which renders them an appealing inven-
tion for environmental sustainability (Rosentrater and
Otieno 2006; Thompson et al. 2009; Harding et al.
2017; Ahmed et al. 2018). They are made from
renewable biomass feedstock such as vegetable oil,
maize and pea starch, lignocellulose and proteins, and
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biopolymers, as well. Among them, lignocellulosic
feedstocks are the most abundant and non-edible
biomass. Huge amount of lignocellulosic waste is
generated every day from farming activities, food
processing, alcoholic industries, timber industries and
sugar production. Usually they are disposed in an
uncontrolled manner. The accumulation of these
creates numerous safety, health, esthetic and environ-
mental problems (Patel et al. 2002; Pei et al. 2011).
The best and effective solution to correct such issues is
to reuse these lignocellulosic wastes. These agro-
wastes can be utilized in different ways such as for
improving the fertility of soils, papermaking and as
conventional fuels. However, only a small portion of
wastes are utilized for such purposes. Therefore, it is
better to use this lignocellulosic biomass for develop-
ing sustainable products based on green protocols.
Lignocellulosic waste materials possess enormous
potential for the development of numerous valuable
products (Adekunle et al. 2016; Tandon 2016; Al-
Battashi et al. 2019). The chemical and morphological
characteristics and its renewable nature have attracted
researchers for utilizing it as an alternative feedstock
for developing variety of valuable products. In recent
years, biomaterials received much attention in various
fields due to their unique characteristics such as
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biodegradability, biocompatibility, environment-
friendly nature and low cost. Numerous scientific
studies worldwide, exploring the possible use of
lignocellulosic waste, have contributed to the devel-
opment of bioplastics (Abraham et al. 2011; Brinchi
et al. 2013; Fatma et al. 2018; Yang et al. 2019a;
Machado et al. 2020; Moustakas et al. 2020). In recent
years, much attention has been paid to the commer-
cially feasible and sustainable use of lignocellulosic
wastes for bioplastics production Kuhad and Singh
1993; Kumar et al. 2016; Maheshwari 2018; Fatma
et al. 2018; Yang et al. 2019a, b). The review
summarizes lignocellulosic composition, sources, var-
ious routes for the production of bioplastics and its
future perspectives.

2 Current status of lignocellulosic feedstock
for bioplastic production

In recent years, bioplastics are emerging as alterna-
tives to replace fossil fuel-based plastics for reducing
the adverse health issues and environmental impacts
(Okolie et al. 2020). A variety of novel technologies
have been discovered to upgrade lignocellulosic
biomass into industrial scale in different fields such
as fuels, bioplastics, lubricants, solvents, pharmaceu-
ticals, cosmetics, surfactants, animal feed and
nutraceuticals (Yang et al. 2019a, b). The goal of
developing bio-based and environmentally friendly
polymer systems has increased dramatically in recent
years due to the environmental concerns of the
existing petroleum-based materials. Lignocellulosic
resources have tremendous potential to replace fossil-
based plastics and materials (Brodin et al. 2017; Paula
etal. 2018; Deepa et al. 2019). It is significant, because
the production of high-performance bio-based and
renewable materials is an essential factor for the bio-
based industries’ sustainable growth. The efforts to
convert biomass to create industrially important
polymers through conventional biotechnological
strategies have achieved partial success, indicating
that the synergistic action of complex networks is
needed for successful biomass conversions. The use of
lignocellulosic waste for bioplastics production faces
challenges such as costly production routes and
highlights the need for technological advances and
breakthroughs in the field (Moura et al. 2017). Kim
et al. investigated the cost effective and sustainable

production of bioplastics from lignocellulosic feed-
stocks and reported cone stover and organic wastes
can contribute to reduce the cost to a great extent (Kim
et al. 2020). Being an interdisciplinary area of research
that is a wonderful blend of life science and engineer-
ing and can offer new methodologies to redesign
biosynthesis routes for biomass conversion synergistic
behavior and eventually lead to economic and efficient
strategies for transforming biomass into beneficial
commodities including biopolymers (Pei et al. 2011;
Galbe and Wallberg 2019).

3 Lignocellulosic composition

Lignocellulosic biomass contains holocellulose and
lignin. The blend of cellulose and hemicellulose is
termed as holocellulose. The composition of ligno-
cellulosic biomass includes carbohydrate polymers
such as cellulose (40-50%), hemicellulose (20-30%),
lignin (10-25%), small quantities of pectin, protein
and extractives (Deepa et al. 2015; Kargarzadeh et al.
2017). The schematic representation of major compo-
nents present in lignocellulosic biomass is depicted in
Fig. 1. Lignocellulose has adapted to resist degrada-
tion and this obstinacy derives from cellulose crys-
tallinity, lignin  hydrophobicity, and lignin-
hemicellulose matrix encapsulations of cellulose.
There are various bonds between cellulose, lignin
and hemicelluloses (Arevalo-Gallegos et al. 2017).
Lignin (CgH;yO,(OCH3;),, the three dimensional
polymer of phenyl propanoid units is the major
noncarbohydrate component of lignocellulose. Lignin
is one of the versatile polyphenolic amorphous
polymers consisting of three o-methoxylated propa-
noid p-hydroxyphenyl groups, such as p-coumaryl,
sinapyl alcohol and coniferyl. The corresponding
monomeric phenylpropanoid units in the lignin poly-
mer are defined as units of p-hydroxyphenyl, guaiacyl,
and syringyl, respectively (Chen and Chen 2014). The
composition of lignin depends on the ratio of various
monomer units, depending on the source of the
biomass. Softwood and fern lignin are usually made
up of guaiacyl units as the key ingredient, with a
limited proportion of p-hydroxyphenyl units. In com-
parison, in hardwood plants, lignin consists primarily
of units of syringyl trailed by units of guaiacyl. The
major herbaceous crop lignin constituents are guaiacyl
assisted by p-hydroxyphenyl units and syringyl.
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Fig. 1 Major chemical composition and structure of lignocellulosic biomass

Various monomer units are connected by aryl ether
bonds and carbon-carbon bonds. The presence of
hydroxyls and many polar groups that leads to
powerful hydrogen bonds and make lignin insoluble
in most of the solvents. It is an amorphous polymer
with glassy transfer properties (Schutyser et al. 2018).

The second most prevalent polymer is hemicellu-
lose, (CsHgOs),. This is a combination of various
polysaccharides including xylan, galactomannan, glu-
curonoxylan, arabinoxylan, xyloglucan and gluco-
mannan. Due to its branched form, low degree of
polymerization and occurrence of the acetyl group,
hemicellulose has no crystalline structure and is easier
to break down with heat and chemicals (Davis et al.
2013; Mishra et al. 2018). Various subclasses of
hemicellulose can be found, including arabinoxylans,
galactoglucomannans, linear mannans, glucuronoxy-
lans, galactomannans, glucomannans, xyloglucans
and h-glucans, Hemicelluloses composition varies
with plant species (Miron et al. 2001). In both alkali
solution and acid solution, hemicellulose can dissolve.
Hemicellulose acts as a link between lignin and
cellulose which creates the entire cellulose-hemicel-
lulose-lignin network more rigid (Wang et al. 2016). It
performs as a physical hurdle for reducing access to
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cellulose by cellulase. Therefore, Removal of hemi-
cellulose using various pretreatments resulted in easy
production of cellulose units. Yang et al. reported that
acetylation promotes the lignocellulose degradation in
which hemicellulose act as a catalyst by forming
acetyl groups through ester bonds and deacetylation
leads in removal of all the hemicellulose and the
conversion become faster (Yang et al. 2007).

The chief constituent of lignocellulosic feedstock is
cellulose (C¢H19Og)n, a linear syndiotactical glucose
polymer connected by B-1,4-glycosidic bonds. It is the
widespread polymer on earth with essential charac-
teristics such as stereoregularity, hydrophobicity and
biocompatibility. Its unique polymer chains have a
strong crystalline nature and have stable properties.
Each cellulose glucosylic ring has three hydroxyls:
one main hydroxyl unit, and two hydroxyl secondary
groups (Peng et al. 2011; Kose et al. 2020). Therefore,
cellulose may undergo a wide range of the hydroxyl
based chemical reactions. These hydroxyl groups are
capable to form hydrogen bonds with other molecules
and have a great impact on cellulose structure and
reaction. Hydrogen bonding in cellulose microfibril
maintains the chain’s straightness, while inter chain
hydrogen bonds determine the crystalline or
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amorphous characteristics within the cellulose frame-
work. These strong contact forces hinder cellulose
fiber from its solubility in most typical solvents,
including water (Tsang et al. 2019). Aside from these
three main components, lignocellulose also includes
protein, small amounts of pectin and extractives
including waxes of nonstructural sugars and chloro-
phyll (Xiao and Anderson 2013). The presence of
pigments will induce some extent of inhibition of the
enzymatic saccharification and fermentation charac-
teristics. A wide variety of metals, alkaloids and
polyphenols are also present in minute quantities
(Chen and Chen 2014; Arevalo-Gallegos et al. 2017;
Liu et al. 2020).

4 Lignocellulosic sources

Lignocellulosic feedstock denotes the dry stuff of
plant and comprises a large portion of the terrestrial
biomass found on the earth’s surface. Lignocellulosic
biomass can be commonly categorized as virgin
biomass, energy crops and waste biomass. The main
sources and compositions of lignocellulosic feed-
stocks are depicted in Table 1.

Wood is used as a significant source of lignocel-
lulose. Lignocellulosic biomass sources from forests
comprise residues generated from natural forests,
sawdust from sawmills mulch and branches from dead
trees and quickly growing forests with short life span.
Forest woods are of two types namely hardwood and
softwood. Softwoods come from gymnosperms. Such
trees are growing very quickly, and are less dense than
hardwoods. Hardwoods are angiosperms. This feed-
stock is more beneficial than using seasonal plants, as
they can be cultivated throughout the year, thereby
reducing long-term storage problems and producing
less ash. This has many advantages as a feedstock
when compared to herbaceous biomass in terms of
production, processing, storage, and transport (Fatma
et al. 2018).

Non-wood sources provide an effective choice
because of their availability, quick development, and
cheap price, easier for processing and comprises of a
small period of growth. Popular lignocellulosic non-

wood biomass is categorized into agricultural resi-
dues, non-wood and native plant fibers. Native plants
are often called herbaceous crops. Perennial grasses
are easy for cultivating, harvesting and processing
when compared with other annual crops. Furthermore,
they have received great interest as active biomass
feedstock due to their greater production of lignocel-
lulose than typical tree species (Ying et al. 2016).
Another important source of non-wood lignocellulose
biomass is agricultural residues. The usage of agri-
cultural residues for the generation of bioethanol
would mitigate any dispute with the use of agricultural
land for food purposes and energy purpose, as it is
primarily extracted during plant processing. Non-
wood lignocellulose biomass is commonly consumed
for diverse purposes such as absorbents, fillers, and in
papermaking industry (Takeda et al. 2019).

Waste materials generated in the society pose
various health, safety and environmental issues.
Nonetheless, solid waste material from urban and
industrial sources contains lignocellulose and can be
processed into biofuel. Municipal solid waste mainly
consists of food and kitchen waste, garden waste,
paper and cardboard waste and other miscellaneous
residues. The organic fraction of them includes large
quantities of plant derived biomass such as lignocel-
Iulose which have the potential to transform into
valuable goods and can reduce the harms it creates
(Chen and Lee 2018).

Marine algal sources can be utilized as a cheaper
and abundant raw substrate for lignocellulose bio-
mass. There are abundant possibilities for genetic
engineering of several algae for the development of
new bio-based products. Moreover, like maize and
sugarcane, algae biomass is not especially concerned
with food, and does not need agricultural soil or the
irrigation of fresh water (Fatma et al. 2018). In
addition, marine algae consumes high amount of CO,
during their growth that reduces global warming
(Abdul-latif et al. 2020). These algal feedstocks could
act as a viable and affordable source for third
generation biofuel. It can also be utilized as a raw
material for the generation of aeronautics fuel, bio-
crude oils and bioplastics (Chandel 2018).
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Table 1 Different sources and main components of lignocellulosic biomass

Type Lignin Hemicellulose Cellulose References
(%) (%) (%)

Wood feedstock: soft wood

American elm 24 23 51 Ragauskas et al. (2006)
Armand Pine 24 17 48 Wang et al. (2016)
Aspen 20 22 53 Kim and Hong (2001)
Bamboo 20 19 39 Rabemanolontsoa and Saka (2013)
Banana 5 10 63-64 Deepa et al. (2015)
Barley straw 14-19 27-38 31-45 Saini et al. (2015)

Beech 22 29 45 Di Blasi et al. (2010)
Bermuda grass 32 24 20 Dharmaraja et al. (2020)
Cherry wood 18 29 46 Di Blasi et al. (2010)
Coconut shell 3846 31-34 14-19 Wypych (2018)

Coffee pulp 18 46 35 Dharmaraja et al. (2020)
Corn cobs 12-15 35-39 42-45 Rabemanolontsoa and Saka (2013)
Corn leaves 15 13 26 Rabemanolontsoa and Saka (2013)
Cotton stalk 30 11 31 Silverstein et al. (2007)
Cucumber plant 3 17 17 Dharmaraja et al. (2020)
Elephant grass 19 20 22 Deshavath et al. (2019)
Esparto grass 17-19 27-32 33-38 Kumar et al. (2016)
Eucalypt wood 26 15 43 Chen and Fu (2013)

Fir 29 27 42 Di Blasi et al. (2010)
Hazelnut shell 42 28 21 Demirbas (2005)
Hemlock 33 23 41 Gupta et al. (2014)

Jute fiber 21-26 18-21 45-53 Dharmaraja et al. (2020)
Miscanthus 24-25 18-24 38-40 Brosse et al. (2010)
Municipal solid waste 10-15 9-12 40-50 Wang et al. (1994)
Napier grass 20 33 45 Dharmaraja et al. (2020)
Nut shell 30-40 22-28 25-30 Sinner et al. (1979)

Oak 24 28 41 Kim et al. (2017)

Oat straw 14-21 27-38 31-37 Sanchez and Cardona (2008)
Oil seed rape 14 20 27 Petersson et al. (2007)
Orchard grass 5 40 32 Kumar et al. (2016)
Paper birch 19 38 42 Ragauskas et al. (2006)
Pepper plant 8 12 18 Dharmaraja et al. (2020)
Pine 27 20 47 Kim and Hong (2001)
Pineapple leaf 3 19 46 Deshavath et al. (2019)
Plant and agricultural residues

Poplar 20 24 49 Di Blasi et al. (2010)
Red maple 24 29 45 Ragauskas et al. (2006)
Rice husk 26-31 18-21 37-45 Wypych (2018)

Rice straw 17-19 23-25 29-34 Brylev et al. (2001)
Sabai grass 20 23 49 Kumar et al. (2016)
Sisal hemp 11 14 73 Boneberg et al. (2016)
Soybean hulls 3-18 12-24 36-56 Alemdar and Sain (2008)
Soybean straw 22 16-17 34-35 Wan et al. (2011)
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Table 1 continued
Type Lignin Hemicellulose Cellulose References
(%) (%) (%)
Spruce 27 31 41 Demirbas (2005)
Sugarcane bagasse 20-42 19-25 42-48 Rabemanolontsoa and Saka (2013)
Sunflower stalk 14 19 35 Deshavath et al. (2019)
Sweet sorghum bagasse 14-21 18-27 34-45 Saini et al. (2015)
Switch grass 1040 30-50 5-20 McKendry (2002)
Timothy grass 18 30 34 Kumar et al. (2016)
Water hyacinth 3-5 48-50 18-22 Aswathy et al. (2010)
‘Wheat bran 8-12 35-39 10-14 Miron et al. (2001)
Wheat straw 17-19 26-32 33-38 Rabemanolontsoa and Saka (2013)
White cedar 31 26 41 Rabemanolontsoa and Saka (2013)
Willow 21 23 37 Gupta et al. (2014)
Winter rye 16 22-26 29-30 Petersson et al. (2007)

5 Production of bioplastics from lignocellulosic
feedstocks

The bioplastic markets are continuously growing, but
still constitute only about two percentages of the total
plastic markets. To acquire technical, economic and
environmental viability of valuable products from
biomasses, it is essential to incorporate it with other
greener components (Al-Battashi et al. 2019). Ligno-
cellulosic biomasses have a heterogeneous and com-
plex structure and compositions; also it varies with
sources as discussed in previous sections. Production
of bioplastics from biomass materials involve pro-
cesses such as pretreatment, saccharification, detoxi-
fication of liquids, fermentation, purification and
biocomposite developments (Brodin et al. 2017).
Pretreatment intends to convert native lignocellulosic
biomass into simpler constitutes like cellulose, lactic
acid etc. (Sharma et al. 2017). A number of bioplastics
can be developed from lignocellulosic materials by
utilizing diverse production processes (Anju and Lata
2012; Ponnusamy et al. 2018; Tran and Lee 2019).
Different routes lead to different bioplastics with
variety of characteristics suitable for packaging,
biomedical, water treatments or other high-end prod-
ucts (Ivanov and Christopher 2016; Machado et al.
2020).The development of bioplastics from lignocel-
lulosic biomass includes two different conversion

routes namely lignin conversion route and cellulose
conversion route. The schematic representation of the
main two routes of bioplastic production is depicted in
Fig. 2. For achieving sustainable and profitable pro-
duction of bioplastics from lignocellulosic resources
mainly three aspects are to be considered namely (1)
innovative economically feasible methodology (2)
fixing of political and environmental problems for the
production of bioplastics and (3) business models
developments in a bioeconomy frame work (Brodin
et al. 2017). By combining analytical chemistry,
computational modeling and genetic engineering for
lignin pretreatments will lead to lignin depolymeriza-
tion and conversion in an effective manner (Ragauskas
et al. 2005).

5.1 Lignin conversion route

The main steps in the development of bioplastics from
lignin are depolymerization to obtain the desired
monomers(Pei et al. 2011; Brodin et al. 2017; Tsang
et al. 2019). There have been a number of methods for
lignin depolymerization using pretreatments, physical
or chemical treatments, hydrogenolysis, pyrolysis,
solvothermal liquefaction and gasification (Tran and
Lee 2019). The degradation routes such as pyrolysis,
gasification, and hydrogenolysis are normally utilized
for the production of biofuels rather than monomers

@ Springer



174

Rev Environ Sci Biotechnol (2021) 20:167-187

Ligmin comversion route

Cellulose extraction
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Fig. 2 Two main routes for the production of bioplastics from lignocellulosic biomass

for plastics production. The lignin conversion route for
the production of bioplastics involves pretreatments,
saccharification, fermentation, conversion, separation,
and bioplastic production (Fitzpatrick et al. 2010;
Anju and Lata 2012; Deepa et al. 2019). All these
separation processes are essential to extract the desired
monomers for bioplastics synthesis since a broad
variety of monomers for different applications can be
isolated from this complex lignocellulosic biomass.

5.1.1 Pretreatments

Pretreatments have a crucial role to modify structure,
chemical composition and reduction of particle sizes
of the biomass to proceed to next processing stages
(Tsang et al. 2019). The pretreatment processes are
grouped into physical, chemical, biological and mul-
tiple/combinatorial pretreatments (Agbor et al. 2011).
The physical pretreatments include mechanical grind-
ing, milling, scissor cutting, chipping, steam explo-
sion, hot water treatment, microwave irradiation and
low frequency ultrasound irradiation. The mechanical
pretreatments produce a comparative reduction of
particle size from 2 cm to a few millimeters, which
can also increase the accessible pore size and surface
area of the substrate. Due to shear forces, grinding and
milling are more powerful than chipping for reducing
the degree of polymerization (Tandon 2016; Deepa
et al. 2019). By chipping, the biomass fragmented up
to 10-30 mm and using milling/ grinding, the biomass
particle sizes reduced to 0.2-2 mm. Steam explosion
is another widely applied physico-chemical pretreat-
ment method(Mathew et al. 2010; Kargarzadeh et al.
2017). In this process, the fragmented biomass is
exposed to an elevated pressure steam of about
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4.83 MPa for a few minutes and then allowed to reach
atmospheric pressure slowly. Microwave and ultra-
sound irradiations help to improve the solubility of
lignin from lignocellulosic biomass. But, microwave
and ultrasound irradiation pretreatments have a num-
ber of demerits while considering for commercial
scaling up in terms of energy consumption, phenolic
acids byproducts, intricate operation procedures and
stringent monitoring of equipments (Ponnusamy et al.
2018). In addition, ammonia and CO, explosions,
ozonolysis, alkaline hydrolysis etc. are certain other
effective pretreatments. Ozonolysis, and acid or alkali
hydrolysis are the main chemical pretreatment meth-
ods. Biological pretreatments utilize microorganisms
like rot fungi to degrade the lignocellulosic biomass to
macromonomers. Pretreatment must improve the
construction of sugars by enzymatic hydrolysis; avoid
the loss of carbohydrates; avoid inhibitory byproducts
formation and also led to cost-effective production
(Hasunuma et al. 2012).

5.1.2 Saccharification

Saccharification is a rate determining stage among the
conversion processes. This can be carried out using
different methodologies. The pretreated biomass can
be directly saccharified by acidic hydrolysis along
with heating, by simultaneous saccharification and
fermentation (SSF) or by simultaneous saccharifica-
tion and co-fermentation (SSCF). The advantages of
these methodologies are shorter processing times,
reduced foreign contaminations, less inhibitory effects
and lower cost (Song et al. 2009; Lee et al. 2012;
Padmaja 2015). But, some toxic compounds like
acetaldehyde, furfuryl, hydroxyl-methyl fufuryl, from
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cellulose and hemicelluloses and hydroxybenzoic
acid, p-hydroxybanzaldehyde, cinnamic acid, syringic
acid, syringaldehyde, sinapyl alcohol and coniferyl
from lignin, therefore detoxification steps are carried
out before proceeding to fermentation steps. The
enzymatic hydrolysis is an environment friendly
economical route of saccharification that involves
the degradation of pretreated biomass using cellulosic
or hemicellulosic degrading microbes as enzymes
(Hasunuma et al. 2012; Sharma et al. 2017). After
saccharification, the desired components are fer-
mented using a wide spectrum of microbes to yield
variety of fragments that can be utilized for bioplastics
production.

5.1.3 Fermentation

Fermentation is a simple, but effective processing
methodology used in both laboratory scale and
industrial settings to produce building blocks for
bioplastic productions. For example, Lactic acid is one
of the most demanding building blocks for Polylactic
acid (PLA) which is a common bioplastic currently in
the market (Pilla 2011; Tandon 2016; Koh et al. 2018).
The fermentation processes can be divided into
surface, submerged, solid state or simultaneous fer-
mentations. Out of these processes, submerged fer-
mentation is the most commonly adapted route.
Fermentation can be carried out under aerobic or
anaerobic conditions. Biofuels and lactic acid are
normally produced anaerobically. When the enzy-
matic hydrolysis and fermentation are conducted at the
same time, it is said to be simultaneous saccharifica-
tion and fermentation (SSF). In SSF, the addition of
enzyme and micro-organisms are to the same unit led
to better fermentation compared to other fermentation
methods (Fitzpatrick et al. 2010). However, there are
some limitations like only very dilute media are to be
used, more enzymes are needed, increased production
cost and both the microorganism and enzymes needed
optimal conditions (Tandon 2016). Solid state fer-
mentation process involves pulping in which biomass
is treatment with white rot fungi. Biopulping is
considered as an effective treatment method for wood
chips by utilizing white rot fungi and this route was
reported as an energy saving method in paper industry.
Compared to conventional pulping, biopulping has
been more effective in reducing costs with improved
tensile strength and offer a better environmental

friendly process. The two major drawbacks of biop-
ulping are pulp darkening and high incubation time
(Singh et al. 2010).

5.2 Cellulose conversion route

Cellulose can be extracted from lignocellulosic
biomass and can be utilized for the production of
bioplastics (Li et al. 2015; Tandon 2016; Govil et al.
2020; Machado et al. 2020). The cellulose content
depends on the source from which it is isolated. This
conversion route involves delignification, removal of
hemicelluloses and extraction of cellulose, surface
modifications, and bioplastic composite production.
The advantages of this route compared to lignin
conversion route are the incorporation of surface
modified cellulose with more crystallinity induces
transparency, improved optical and mechanical
properties.

5.2.1 Delignification and removal of hemicellulose

Normally delignification processes involve higher
temperature and pressure, the development of pro-
cesses at a lower temperature which readily removes
the lignin and easy recovery of chemicals are really
challenging (Silverstein et al. 2007; Yang et al.
2019a, b). Delignification separates lignin and a part
of hemicelluloses from biomass. It was carried out
using sodium chlorite, oxygen and hydrogen peroxide
treatments. Sodium chlorite delignification method
was the most effective to remove lignin from ligno-
cellulosic biomasses as compared to other processes.
Hydrogen peroxide treatments were effective in
conversion of hemicelluloses. Delignification is
resulting in the degradation of the lignin, transferring
them into liquid medium and removal by proper
washing. Actually, there are no particular chemicals
that selectively remove lignin and therefore a definite
amount of hemicelluloses together with cellulose are
also eliminated during this process. After delignifica-
tion and removal of hemicelluloses using alkali
treatments only the complete removal of lignin can
be attained (Deepa et al. 2015).

5.2.2 Extraction of cellulose

High purity cellulose in micro or nano forms have
been extracted using several processing depends on
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the source and its pretreatments (Mondal 2016;
Kargarzadeh et al. 2017). Pulping, extrusion, ball
milling, homogenization, microfluidization, ultra-
sound treatments etc., are the major techniques used
for extracting cellulose from lignocellulosic biomass.
Pulp extracted through above described treatments can
be further processed mechanically or chemically for
the liberation of cellulose. Generally, mechanical
techniques are high energy and time consuming. But,
these are capable of converting almost the whole
lignocellulosic biomass (Deepa et al. 2015; Nechy-
porchuk et al. 2016; Kargarzadeh et al. 2017). The
defibrillation of cellulose in nano range is obtained by
refining using high pressure homogenizing or ultra-
sound treatments. The combination of forces facili-
tates high degree of defibrillation in high pressure
techniques and resulting in the production of nanocel-
lulose. The relationship between degree of fibrillation
and mechanical properties of cellulose composites
was reported by Nakagaito and Yano. It was observed
that fibrillation at the surface levels is not effectual in
improving mechanical properties. But, by increasing
the number of passes through refiner processing
(approximately 16-30 passes) increases the mechan-
ical characteristics of composites.

The kraft process is a leading chemical pulping
method in which lignin dissolve out by using sul-
phurous acid and hydrogen sulphite during the
processing (Khalil et al. 2012). Another production
method uses steam explosion in which lignocellulosic
resources treated with chemicals at high pressure
steam for short intervals of time followed by sudden
release of steam. Due to the sudden release of pressure,
the cellulose isolated will be having particle size in
nanorange with high aspect ratio (Mathew et al. 2010;
Deepa et al. 2011; Oliveira et al. 2017). High intensity
ultrasonication technique also includes treatment with
chemicals under high-intensity ultrasonicator. The
isolated and purified nanocellulose are soaked (con-
centration ~ 0.5% in mass) in distilled water and
preserve at 4 °C.

5.2.3 Surface modification of cellulose

Cellulose is hydrophilic in nature; in order to improve
their solubility, compatibility and processibility some
surface modification methods are utilized (Mohanty
et al. 2000; Taraballi et al. 2012; Yoo and Youngblood
2016). Many methods are reported including surface
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derivatization (Isogai et al. 2011; Khalil et al. 2014;
Mondal 2016; Kargarzadeh et al. 2017; Kumar et al.
2017), use of surfactant and graft copolymerization
(Vilarinho et al. 2017; Rahman and Zhafer Putra
2019). The development of partly acetylated cellulose
was reported to improve their physical properties
without disturbing the microfibrillar morphology.
Acetylation can be found to be improved the trans-
parency, thermal degradation and decreased the
hygroscopicity of cellulose biocomposite (Barkalow
et al. 1989; Biswas et al. 2006; Ahmad et al. 2015).
However, only an optimum degree of acetylation
promotes these properties and on excessive increase in
acetylation the properties get reduced. Carboxymethy-
lation or hydroxypropylmethylation of cellulose pro-
duces water soluble high purity cellulose derivatives
for applications mainly as ophthalmic solutions
(Zhang et al. 2014; Salama et al. 2016; Baiya et al.
2018).  Surface  silylation using  isopropy-
Idimethylchlorosilane of cellulose fibrils increased
the dispersion of cellulose in organic solvents (Gori-
parthi et al. 2012; Khalil et al. 2012; Blanco et al.
2018). The surface modification probably yield mod-
ified cellulose with a very high water contact angle
(117°-146°). It also increases surface roughness and
hydrophobicity leads to the stabilization of water-in-
oil type emulsions. Normally, three different types of
coupling agents namely 3-aminopropyltriethoxysi-
lane, isopropyldimethylchlorosilane and 3-glyci-
doxypropyltrimethoxy silane are used to enhance the
adhesion between nanofibrils and epoxy polymer
matrix (Carpenter et al. 2015; Naeimi et al. 2018).
Another coupling agent, titanate occurs through
alcoholysis, coordination exchange or surface chela-
tion. If hydroxyl groups are present on the substrate,
the monoalkoxy- and neoalkoxy titanium coupling
agents are used, which react with the hydroxyl groups
to form a monomolecular layer. Epoxy modification
was carried out by surface modification of cellulose
fibrils through oxidation using cerium (IV) followed
by grafting with glycidyl methacrylate (Oliveira et al.
2017). The main advantage of this method is that the
reaction is performed in aqueous medium, therefore it
avoid the use of organic solvents and difficult solvent
exchange procedures. Succinic and maleic acid groups
can be directly introduced into the cellulose surface by
monolayer deposition by a reaction between their
anhydrides and hydroxyl groups of the cellulose.
Cellulose incorporated bioplastics have exceptional
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mechanical and barrier properties. These biodegrad-
able polymers can be produced from nanocellulose
suspension by using any one of the film forming
methods like blow molding, extrusion or other tech-
niques. Numerous reports are available about the
developments of bioplastics from lignocellulosic
biomasss (Sahari and Sapuan 2011; Abitbol et al.
2016; Laadila et al. 2017; Guzman-puyol et al. 2019;
Bari et al. 2019). The building blocks for various
bioplastics such as PLA, PE, PU and PHA can be
produced from lignocellulosic materials.

5.3 Common bioplastics derived
from lignocellulosic feedstocks

A large number of lignocellulosic biomass materials
have been successfully tested for biopolymer produc-
tion by hydrolysis and microbial fermentation such as
fruit bunch of oil palm (Zhang et al. 2013), rice straw
(Sindhu et al. 2013), wheat straw (Yang et al.
2019a, b), wheat bran (Sagnelli et al. 2017), sugarcane
bagasse (Schreiner and Lopes 2014), and tequila
bagasse(Gonz et al. 2019). Cesario et al. developed a
novel process for the pre-treatment of lignocellulosic
biomass which is ammonia fiber expansion (AFEX).
The technique was used for biomass pretreatment and
then enzyme based hydrolysis was applied to generate
fermentable sugars like glucose, xylose and arabinose.
This mixture was then fed to Burkholderia sacchari
DSM 17,165. A cell concentration of 146 g/L. and
PHA yield of 72% was obtained using this technique
(Cesario et al. 2014). PLA production from sugarcane
bagasse hydrolysates for lactic acid production by
Lactobacillus sp. was reported and could achieve

Table 2 Microbial production of bioplastics from lignocellulose

65.0 g/LL of lactic acid (Wischral et al. 2019). Few
examples of microbially produced biopolymer are
listed in the Table 2.

5.3.1 Polylactic acid (PLA)

PLA is a polymerization product of lactic acid, which
is prepared by condensation polymerization of lactic
acid or by the chain growth or ring-opening of lactide
(Jonoobi et al. 2010; Pilla 2011; Simangunsong et al.
2018). Among the different biomass, corn has reported
as the best source for providing the high-purity lactic
acid. The exploitation of other plant or woody biomass
as starting materials will assure the reduction of
production costs (Khalil et al. 2012). The costs of
production can be abridged by increasing the raw
material concentration, but indirectly this lead to
increase in saccharification and fermentation costs.
After fermentation, the lactate produced can be
separated by ultrafiltration. Finally, through electro-
dialysis lactate converted to lactic acid. The most
commonly used route is by ring-opening polymeriza-
tion of the intermediate dilactide. Ring opening
polymerization is commonly used for PLA production
because direct condensation of lactic acid produce
only low molecular weight PLA with deprived
mechanical properties (Yang 2007; Brodin et al.
2017). SSF of lignocellulosic woody or plant-based
biomass convert sugar into lactide or lactic acid that
makes the process more economical and environmen-
tal friendly. PLA is a widely used thermoplastic that
can be molded to form different biobased products.
The reinforcement of PLA with nanocellulose fibrils

Type of biopolymer  Type of lignocellulose biomass

Microorganism

Reference

Bio-ethylene Lignocelluloses
PHA Grass
PHB Wheat straw
Hydrolysate
PHB Wood hydrolysate
PHB Rice straw hydrolysate
PHB Sugar cane tops hydrolysate
PLA Sugar cane bagasse hydrolysate
PLA Corn stover and sorghum stalks

Pleurotus ostreatus
Pseudomonas spp.

Burkholderia sacchari

Burkholderia cepacia
Bacillus firmus
Comomonas spp.
Lactobacillus pentosus

Recombinant Lactobacillus plantarum

Moreno-Bayona et al. (2019)
Davis et al. (2013)
Cesario et al. (2014)

Pan et al. (2012)
Sindhu et al. (2013)
Sindhu et al. (2014)
Wischral et al. (2019)
Zhang et al. (2016)
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has been demonstrated for packaging applications.
Micro and nanocellulose are promising reinforce-
ments for PLA biocomposites (Jonoobi et al. 2010;
Klemm et al. 2011; Hassan et al. 2012; Khalil et al.
2012; Malladi et al. 2018). The major advantages of
PLA are low processing temperatures, compatibility
with various fibers, high mechanical strength, bio-
compatibility compared to conventional thermoplas-
tics. PLA can be applicable to various industries like
geotextile, packagings, non-wovens binder fiber, 3D
printing, biosorbant, biomedical absorbable sutures
and prosthetic devices etc. A number of industries
namely NatureWorks™, Celluforce, Nippon, FP
Innovates etc. have already launched commercial
production of PLA and its biocomposites (Achaby
et al. 2016; Jawaid and Kumar 2018; Malladi et al.
2018).

5.3.2 Polyhydroxyalkanoates (PHA)

PHAs are a class of biopolyesters, among them the
prior important ones include polyhydroxybutyrate
(PHB) and copolymer of 3-hydroxyvalerate and
3-hydroxybutyrate (PHVB). PHAs can be produced
from biomass materials and also be thermoformed to
various biobased products (Kaur et al. 2017). Several
factors influence PHA production namely carbon
source, processing conditions, type of microorganism
and additives (Gumel and Annuar 2015; Dietrich et al.
2016). High purity PHA granules can be formed by
fermentation, controlled reaction conditions, easy cell
breaking and solubilizing of monomers, separation
techniques. During processing, the introduction of low
cost enzymes imparts an economical feasibility and
also enzymes should be efficient and easily recycled
(Mendes et al. 2016; Sindhu et al. 2016; Madhavan
et al. 2019; Al-ahmed and Inammudin 2020). Contin-
uous broth centrifugation is a high energy processing,
but solvent extraction using chloroform or methylene
chloride is more economical.

PHB- based bioplastics can be developed from
lignocellulosic biomass using a two-step process. The
first stage is the fermentation of carbon source to
intracellular PHB rich bacterial cells and in the second
stage; these cells are isolated by using a polymer
dissolvable solvent extraction processing. But this
method needs effective aerobic fermentation facility
and organic solvents for high yield extraction of PHB.
Therefore, better PHB production units utilizing
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lignocellulosic biomass as the feed stock for industrial
production are to be established.PHA incorporated
biocomposites were produced by solvent casting of the
dispersion of either native or silylated cellulose acetate
with PHA matrixes. Due to the incompatibility of
cellulose crystals with a typically more hydrophobic
thermoplastic matrix is a major hurdle in developing
bioplastics from PHAs. So, the topological or surface
modification like silylation, acetylation, oxidation,
etc. is of prior importance.The applications of PHAs in
various fields like food packaging, biomedical
implants, textiles and optical devices are already
reported (Gumel and Annuar 2015; Ivanov and Ahmed
2015; Ben et al. 2016; Kaur et al. 2017; Al-Battashi
et al. 2019).

5.3.3 Bio-polyethylene

Conventional polyethylene is an aliphatic polyolefin
that covers more than 30% of the global plastic
market. Bio-polyethylene, which is a recently devel-
oped bioplastic prepared from ethanol extracted
through SSF of lignocellulosic biomass. These
bioethanol are the fermentation product of starchy
sucrose biomass mostly sugarcane bagasse or corn
feed stocks. In Brazil, biopolyethylene products are
available at cheaper market prices because of the ease
of availability of sugarcane feedstock. The disadvan-
tage of this bioplastic is the non-degradable nature.
The bio-polyethylene is currently producing via
dehydration of bioethanol. In this methodology pre-
heated blend of bioethanol and water in the ratio 1:1 M
is heated in a reactor at 350 °C followed by cooling
and fractionating to produce 99.99% pure biopo-
lyethylene (Brodin et al. 2017; Al-ahmed 2020; Haro
et al. 2013).

5.3.4 Polyurethanes (PU)

Lignin can be used as a low cost material for
developing polyurethane (PU). The mechanical prop-
erties of PU depends on lignin content and nature of
lignin, that is organosolv lignin (15-25 W%) in
unmodified forms produce tough PUs while higher
lignin contents led to the production of hard and brittle
PUs. To optimize the PU’s mechanical properties, it is
essential to combine flexible aliphatic polyols with
rigid lignin polyols (Pilla 2011; Wu et al. 2012;
Kuranska et al. 2013). An additional way to formulate
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more flexible PUs is through liquefaction of lignin
polyols. The low molecular weight lignin fragments
mixed with the flexible polyol like polyethylene glycol
and glycerol through enzymatic hydrolysis followed
by mechanical treatments. Jin et al., revealed certain
self-polymerization occurred during hydrolysis and
blending. Therefore, PU production from lignin is a
tedious process that needs constant attention through-
out the processing. PU is widely used in a number of
applications like coatings, binders and foams in
furniture, bedding, construction, electronic and auto-
motive products. Lignin can also be utilized in the
production of phenol-formaldehyde resins that form
thermoset plastics easily. Lignin can therefore be used
as a bio-based replacement for bioplastic production
(Habibi et al. 2010; Klemm et al. 2011; Pilla 2011; Wu
et al. 2012; Kuranska et al. 2013; Mohammed et al.
2015; Hoeng et al. 2016).

5.3.5 Starch based nanocellulosic composites

Similar to cellulose, starch can also be derived from a
variety of crops like rice, corn, potato and wheat.
Therefore, combinations of these two materials are
reported to be as a better source for low cost
biodegradable plastics which are readily com-
postable into carbonaceous materials (Kim et al.
2007; Fei et al. 2015; Sanyang et al. 2016). In order
to mold objects from starch, first these are to be
converted into thermoplastic form namely thermo-
plastic starch (TPS) Khalil et al. 2012, 2014; Oliveira
De Moraes et al. 2013). TPS can be produced by
plasticization of native starch with suitable plasticizers
using thermo-mechanical extrusion processes (Gomes
et al. 2001; Maulida et al. 2016; Thomas et al. 2019).
Due to non-toxicity and ease of processibility, water,
glycols, urea or formamide are widely used as
plasticizers in starch biocomposites. In order to
overcome the poor mechanical characteristics and
high water barrier, TPS are incorporated with surface
modified nanocellulose to produce suitable bioplastics.
Starch can also be blended with PHB or PLA
(Kolybaba et al. 2003; Fitzpatrick et al. 2010; Mostafa
et al. 2018). Microfibrilated and bacterial cellulose
have also been utilized as potential candidates for
starch biocomposites. One of the main disadvantages
of starchis its hydrophilicity compared to cellulose,
therefore the biocomposites developed by composit-
ing both the  materials together  with

suitable plasticisers solve the problem of compatibility
of starch and can emerge as potential future bioplas-
tics. Moreover, the addition of nanocellulose to the
starch matrix resulted in improved mechanical prop-
erties and decreased both water uptake and diffusion
equilibrium.  Starch-nanocellulose  biocomposites
were developed by adding starch into the culture
medium of cellulose-producing bacteria (Acetobacter
sp.). In this bottom-up approach, the starch granules
are directly introduced into the forming network of
cellulose (Khalil et al. 2012). Schematic representa-
tion of bioplastics production from lignocelluloses is
depicted in Fig. 3.

6 Application of lignocelluloses based bioplastics

In order to eliminate the uncontrolled environmental
issues of disposal and maintaining sustainability,
lignocelluloses derived materials will be considered
as recommendable replacements of conventional non-
degradable plastics (Li et al. 2015; Hubbe et al. 2017).
Lignocelluloses have immense potential for the pro-
duction of value added biomaterials especially bio-
plastics. These bioplastics can be used in various field
like food packaging, (Siracusa et al. 2008; Byun and
Kim 2014; Vilarinho et al. 2017), healthcare and
cosmetics, electronics, membranes for waste water
treatments (Dutt and Ajay 2012) and other consumer
commodities. Packaging based on cellulose are low
cost, lightweight and most importantly sustainable
(Brinchi et al. 2013; Mohammed et al. 2015; Deepa
et al. 2019). Cellophanes are derivative of cellulose
employed as a packaging material because of its
transparency, light weight and adequate gas barrier
characteristics. Different types of celluloses namely
nanocrystals nanofibres and bacterial nanocellulose
have been reported for the production of bioplastics
such as PLA, PHA, and PU (Shirai et al. 2013; He and
Benson 2014; Teresa et al. 2018). The cellulose based
packaging are formed from derivatization of cellulose
like cellulose acetate, ethylcellulose, carboxymethyl
cellulose, hydroxyethylcellulose and hydroxyl propy-
Icellulose (Li et al. 2015; Khalil et al. 2016; Asim et al.
2018; Malladi et al. 2018). Lignocellulose derived
bioplastics have an exceptional role in biomedical
applications because of their non-toxic, biocompati-
ble, crystalline, self assembling nature and also varied
geometry and rheology (Xue et al. 2017). The peculiar
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Fig. 3 Schematic representation of bioplastics production from lignocellulose

surface morphology and mechanical properties of
nanocellulose are to be made use of in designing
scaffolds of different medicinal implants (Plackett
et al. 2014; Ludwicka et al. 2016; Bacakova et al.
2019). It is best suitable for tissue engineering also due
to their membrane-like structures and hydrogel prop-
erties (Raghavendra et al. 2015; Kabir et al. 2018;
Bacakova et al. 2019; Yue et al. 2019). Another areas
lignocelluloses derived bioplastics applied are tablet
coatings, fillers, drug carriers, biosensors and as
controlled drug release agents (Salama et al. 2016;
Bacakova et al. 2019). These bioplastics are also
suitable for immobilization of proteins, integrating
protein-structural activity and long-term shelf life
implants (Zhang et al. 2010; Abitbol et al. 2016).
These bioplastics can effectively be utilized for
waste water treatments because of its abundant
availability, nanofiltration capability, low cost, chem-
ical inertness, and high aspect ratio. These materials
are mainly used as adsorbents of impurities from waste
water (Carpenter et al. 2015; Gopakumar et al. 2017;
Maity and Ray 2017). The functionalities in the
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surface allow the contaminants to bind to the bioplas-
tic membranes during filtration. Carboxylation and
silanation are the most exploited surface modifications
for improving the sorptive efficiency. By using freeze
drying of aqueous suspensions with
alkyltrimethoxysilanes, silanated CNFs can be easily
developed and are found to be very effective in
removing oils and other organic matter from waste
water. Zang et al. also reported freeze-drying of
graphene oxide with CNF suspension to produce
graphene oxide trapped CNF hydrogels for removing a
large amount of contaminants from waste water
(Zhang et al. 2014). Another modified form of
cellulose based adsorbents are magnetic membranes
by introducing magnetic Iron nanocrystals into cellu-
lose suspension to insert novel magnetic properties for
effective removal of heavy metals (Zhu et al. 2011). A
newer technology is bioplastics incorporated mats for
purification purposes. The common bioplastics used in
this purposes are poly (vinyl alcohol), poly (ethylene
oxide), poly (ether sulfone), poly (acrylonitrile), poly
(vinylidene fluoride) and poly (3-hydroxybutyrate).
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Energy storage devices and recyclable solar cells
are also developed from lignocellulosic bioplastics
(Sabo et al. 2016; Mishra et al. 2019). These bioplas-
tics shows sensitivity to pH, light, heat, moisture,
chemical and magnetic fields depending on surface
modifications. Therefore, these bioplastics can serve
as a better candidate for designing different value
added materials and implants.

7 Conclusion and future outlooks

Lignocellulosic raw materials are a potential material
of choice especially in bioplastic productions due to its
abundant availability, variety in surface modifications,
and viable mechanical characteristics of derived
materials. The specific characteristics and perfor-
mance of the end products depend on the source and
isolation methods of different biomaterials like lac-
tate, alkanoates, acids, or cellulose. It is considered as
a biomaterial for the future therefore researches are
still continuing for the development of better quality
lignocellulose-derived bioplastics in order to obtain
comparable properties to conventional non-degrad-
able plastics. This review provides an insight into the
various sources, routes of bioplastic productions and
also types of bioplastics derived from lignocellulosic
raw materials. Interdisciplinary investigations help in
the design of newer technologies that concern every
angle of environmental problems. Green chemistry
aims to develop production techniques that will be
non-toxic, minimize reaction conditions, improving
yield, and also recovery of enzymes. It should be
concluded that lignocellulose is a potential biomass to
produce numerous valuable materials in large-scale
that can find applications in various fields.
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