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Abstract

Owing to the overconsumption of petroleum-based resources and growing demand for
fossil-based fuels and chemicals, it has become imperative to adopt alternative resources that
are renewable. With the availability of biomass, it is believed that this technology has the
capability to valorize waste into wealth. Recently, efficient utilization of plant biomass, a

chief renewable resource, has gained tremendous attention in research as it offers distinct
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social, economic, and sustainable benefits. The present review focuses on the various
biomass from waste resources. Subsequently, the applications of these polymeric biomass
composites are reviewed in catalysis, drug delivery, and food applications. Finally, corrosion

studies along with DFT calculations and theoretical aspects have also been reviewed.

Naturally occurring carbohydrate polymers found in lignocellulosic biomass are
biopolymers have been used for various physical and chemical applications; as catalyst,
coatings, drug delivery, corrosion inhibitors etc. This review reports these material

applications of carbohydrate polymers.

In this review we focus on new and emerging applications of polymers from

lignocellulosic biomass.
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1. Introduction

The world has been facing unprecedented challenges due to increasing pollution

which can be primarily attributed to consumption of fossil fuel. This has not only cause



global warming but also been aggravated by the problem of the recent pandemic

(COVID-19) [1].

We are also moving towards depletion of these fossil fuels as they are finite, from a
non-renewable source. These challenges have forced us to look for raw materials from benign
sources in the form of renewable resources which are, or could be, available in abundance.
The processing of these renewable resources, specifically here we focus on lignocellulosic
biomass, must be economically competitive in comparison to non-renewable sources for their

gainful utilization [2].
1.1  Waste lignocellulose biomass from different sources

Globally 190 billion tonnes of lignocellulose biomass is generated every year [3]. Out
of this, a little amount is used for extracting wood, edible crops and fruits, for non-edible
purposes (e.g. paper production) and medicinal plants etc. Our activities are responsible for
generation of approximately 5.5 billion tonnes (Table 1) of waste lignocellulosic biomass
every year, most of which is handled in an unscientific manner and ends up in unmanaged
waste sites thus contributing to global warming potential. In some cases agricultural residue
is burnt onsite thus causing great difficulties for the people not only in surrounding but
faraway places giving rise to air pollution [4]. The waste mentioned in Table 1 does not
account for food waste due to consumption activities. It has been estimated that
approximately one-third of all food produced today goes to landfill [5]. Nevertheless, the
amount of waste presented in Table 1 from different focused sources presents an opportunity
to make use of it in a socially and environmentally responsible manner. It can be utilised for

producing natural polymers which are biodegradable and eco-friendly.



1.2

component of dry plant mass, with contents usually in the region of 50-90% depending on the
source [10], [11]. Lignocellulose structure also varies between different plant species which
impacts degradation; higher lignin content reduces the degradability of the biomass. It can be

described as a structure comprising cellulose fibers and amorphous hemicelluloses within a

Table 1. Generation of lignocellulosic waste from different sources

Source Major Examples Global Reference
production
(million tonnes)
Forestry Stems, wood from forests or trees 800 [6]
plantations outside forests, residues of wood
and residues industry (bark, sawdust, recycled
wood)
Agricultural | Straw from cereals, rice, wheat, corn, 4600 [7]
residues bagasse, olive and oil palm plantations,
Processing residues such as kernels,
sunflower shells, rice husks
Industrial Pulp and paper mill industry 2 [8]
wastes
Food Dairy, sugar, beer, wine, fruit juice 139 [9]
processing industry
wastes

Natural polymers from lignocellulosic biomass

Lignocellulosic biomass, comprise of carbohydrate polymers and lignin, is a major

lignin matrix.

1.2.1 Carbohydrate Polymers

Carbohydrate polymers commonly found in lignocellulosic biomass are shown in

Table 2, including cellulose, starch, pectin and hemicelluloses.




Table 2. Chemical structures of carbohydrate polymers found in lignocellulosic biomass.

Carbohydrate Polymer found in
Lignocellulosic Biomass

Repeat
units

Chemical Structure

Cellulose

Glucose

B(1—4)

Amylose

Starch

Glucose
a(l1—4)

Amylopectin

Glucose
a(1—4)

Pectin

Galacturoni
c acid
a(1—4)

Xyloglucan

Glucan
backbone
B(1—4)
with side
chains
comprising
xylose and
galactose

OH

Hemicelluloses Xylan

B(1—4)
Repeat unit
xylopyrano

se

Glucomannan

B(1—4)

Repeat unit
= glucose +
mannose

OH

Mannan

B(1—4)

Repeat unit
= mannose

OH

OH




Cellulose consists of repeat glucose units with B-(1-4) glycosidic bonds rendering it
degradable by acid treatment and cellulase-catalyzed hydrolysis [12]. Cellulose fibers have
been utilised in various composite applications due to their relative high strength and stiffness
and low density [13]. Cellulose fibers can be isolated from biomass using ball milling, and/or
aqueous hydrolysis, often including a bleaching or delignification step. In recent years, the
investigation of the use of nanocelluloses; cellulose nanocrystals (CNC), cellulose nanofibrils
(CNF) and bacterial cellulose (BNC), in nanocomposite applications has increased sharply
due to their abundance and reinforcing behaviour [14]. While CNC and CNF can be extracted
from biomass, BNC is biosynthesised by bacteria. CNC can be isolated by hydrolysis of the
amorphous regions of a purified cellulose source, most commonly using sulfuric acid
hydrolysis, often followed by ultrasonic treatment resulting in the crystalline CNC to be
obtained [15]. Cellulose nanofibrils (CNF) are aften isolated by first pre-treatment of
cellulose fiber, for example using TEMPO oxidation, then subsequent mechanical treatment

(e.g. high-pressure homogenisation) to liberate the nanofibrils [16].

Starch (amylose and amylopectin) also comprises repeat glucose units, the a-(1-4)
glycosidic bond configuration renders the physical properties of starch drastically different
from cellulose. This is primarily due to the difference in hydrogen bonding between chains
resulting in a much lower crystallinity for starch compared with cellulose, which is even
lower for branched amylopectin compared with linear amylose. Pectin consists of repeat
galacturonic acid units bonded via a-(1-4) glycosidic bonds (Table 2) and is well-known as a
gelling agent in food. Hemicelluloses are carbohydrate polymers commonly found in plant
cell walls with cellulose, they comprise a [-(1-4)-linked backbones in an equatorial
configuration [17]. Hemicelluloses that are found in all terrestrial plants include xyloglucans,
xylans, mannans and glucomannans (Table 2). It is worth noting that while all of these

carbohydrate polymers are typically extracted using some type of aqueous treatment,



depending on the precise source of the lignocellulose biomass, different conditions may be

preferred [18].
1.2.2 Lignin

Lignin is an aromatic branched natural polymer, see Figure 1, which is an essential
component of plant cell walls, providing structural support [19]. Lignin can be utilised either
intact or it can be depolymerised into monomer units, such as monolignols p-coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol which can be isolated by have been
investigated as renewable building blocks. Kraft lignin is a by-product of the pulp and paper
industry where the Kraft process is used (sodium hydrosulfide, sodium hydroxide, high
temperature). However, currently the majority of this Kraft lignin is used as boiler fuel. Other

methods of extraction include dilute acid or hydrothermal treatments and alkali extraction of

lignin and organosolv lignin [20].

HO HO HO
x x A
Monolignols
OH OH OH

p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

A Representative Structure of Lignin

Figure 1. Monomeric units and a representative structure of lignin. Reproduced with

permission from Elsevier [19].



2. Applications of natural polymers

The naturally occurring polymers found in lignocellulosic biomass, lignin and
carbohydrate polymers, have been used for various physical and chemical applications. Here,
the recent use of natural polymers in important applications including catalysis, corrosion

inhibition, within the food industry and for drug delivery, will be discussed in detail.
2.1  Catalytic applications

Catalysis, being a core area of contemporary science, is not only crucial to aid
economic success but is also important to develop materials that sustain society [21].
Catalytic technologies have shown outstanding ability in different domains such as bulk and
fine chemicals production, beverage and food manufacturing, oil refining, pollutant
abatement, and many more [22]. Notably, heterogeneous catalytic systems have gained
tremendous attention due to their various advantages over homogeneous catalysts including
simple storage and handling, easy separation from the reaction media, regeneration, and

reusability [23, 24].

With the aim of greener and sustainable chemistry, recent developments are being
driven from petrochemical-based feedstocks to bio-based feedstocks. Recently, researchers
are attracted to eco-friendly support materials in catalytic systems due to their environmental
and economic attributes [25, 26]. Thus, besides having high thermal and chemical stability,
long durability, air and moisture inertness, easy modification, and simple handling, the
catalytic system needs to have environmental friendliness. In this regard, natural polymers, in
particular polysaccharides, have gained tremendous attention as excellent support material
due to their high abundance, biocompatibility, and renewable nature [27]. Moreover, their
chemical inertness, high-performance, low cost, and larger loading capacity have made them

excellent alternatives in contrast to petrochemical-based polymers and other catalytic support



materials [28]. Polysaccharides provide multiple functionalities that can be employed for
grafting organometallic moieties, enabling them to have superior properties than other
catalytic supports. Also, due to the electrostatic interaction between their functional groups
and nanoparticles (NPs), they have the ability to stabilize NPs through [29]. Even though the
exploitation of naturally derived polysaccharides is soaring up to produce numerous
industrially significant products, their use as catalytic supports is still in its infancy. Recently,
efforts have been made towards the usage of various biopolymers including cellulose, starch,
chitosan, lignin, pectin, hemicellulose, and chitin as environmentally benign catalytic support

[30-36].

In this section, we describe the catalytic applications of metal and metal nanoparticles

supported on natural polymers including lignocellulose, hemicellulose, and nanocellulose.
2.1.1 Lignocellulose

Recently, one of the biggest lignocellulosic biomass, oil palm frond (OPF) from oil
palm industry has been reported as a sustainable support material for metal NPs. This support
material not only prevents the aggregation tendency of NPs and stabilizes them, but also
enhances their properties. In this regard, Sohni et al. developed an easy, economic and
environmentally friendly route to synthesize highly dispersed copper and cobalt mixed NPs
on OPF support [37]. The catalyst was produced via wet co-impregnation technique under
room temperature and the inherent porosity along with hydrophilic characteristic of OPF
assisted immobilization of copper and cobalt ions. The synthesized OPF-derived nanocatalyst
(Cu+Co@OPF) was characterized using various physico-chemical techniques such as
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
thermogravimetric analysis (TGA), X-ray diffraction (XRD), Fourier transform infrared
(FTIR), and to study morphology, composition, thermal stability, crystal structure, and

functional groups, respectively. The porous and 3D- framework of biomass provided a huge



surface area for mixed metal NPs to form maximum possible catalytic sites to allow greater
interaction between NPs and pollutant molecules in reduction reactions. This nanocatalyst
was thus found to display high catalytic activity for the reduction of toxic dyes and
nitroarenes including congo red (CR), methyl orange (MO), rhodamine B (RB), methylene
blue (MB), ortho, meta and para-nitrophenol (ONP, MNP, PNP) and 2, 4-dinitrophenol
(DNP) using sodium borohydride (NaBH4) as a reducing agent (Figure 2). In case of dyes,
the order for the rate of catalytic reduction was found to be MO>RB>MB>CR and for
nitrophenols the order was reported to be PNP>MNP>ONP>DNP. The salient features of this
work include the use of greener, cheaper and sustainable OPF support, simple preparation of
nanocatalyst at room temperature, use of comparatively cheaper Cu NPs, effortless recovery

of the catalyst, and rapid reduction of toxic organic pollutants in wastewater treatment.
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Figure 2. Possible mechanism for reduction of organic dyes using Co+Cu@OPF nanocatalyst

and NaBH3 as reducing agent along with their reduced forms.
2.1.2 Hemicellulose

Another most common and abundant polymer is hemicellulose which has been very
little explored as catalytic support. Xylan-type hemicellulose (XH) is the major constituent of

cell walls of herbaceous plants and hardwood [10]. It mainly constitutes a B(1—4)-D-
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xylopyranose backbone (see Table 2) with substituents on the 2- or 3-position and the
presence of hydroxyl and ether groups on the XH chain make it suitable polymeric support
for metal NPs [38]. Besides, XH is available in huge amounts as a waste product from
biorefineries and paper and pulp industries. Owing to the large abundance of XH, Chen et al.
reported a simple method where palladium nanoparticles (PdNPs) were anchored on XH to
obtain PANPs@XH which was analyzed by XRD, transmission electron microscopy (TEM),
FT-IR, X-ray photoelectron spectroscopy (XPS), and TGA and applied in the C-C bond-
forming reactions under aerobic conditions [39]. The final catalyst was reported to exhibit
excellent catalytic performance for Suzuki, Heck, and Sonogashira cross-coupling reactions
(Figure 3) in comparison to other biopolymer-based catalysts and carbon supported catalysts.
Moreover, this catalytic system possessed several noticeable features including low
palladium loading, ligand-free conditions, high activity, good chemical, and thermal stability,
easy recovery, and reusability up to six times without any appreciable loss in its catalytic

performance.

(a) Preparation of xylan-type hemicellulose supported palladium catalyst
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Figure 3. Synthesis of xylan-type hemicellulose supported Pd nanocatalyst and its

applications in C-C cross-coupling reactions.
2.1.3 Nanocellulose

Within the family of cellulose derivatives, nanocellulose (NC) has gained particular
interest as it combines the fascinating properties of both nano-scale materials and cellulose. It
is usually obtained when cellulose (vegetal or bacterial) is hydrolyzed with a strong acid like
sulphuric acid. Among many other applications, nanocelluloses have proved to serve as
versatile catalytic supports in the design of sustainable catalysts. This can be attributed to
their large surface area, thermal stability, functionalizable motif, chiral properties, enhanced
stability, non-toxicity, and inexpensiveness. Besides this, organometallic species can be

easily grafted onto the surface of NCs [40].

In recent times, Prathap et al. developed a simple and effective protocol for the in-situ
reduction of a broad range of aliphatic nitrocompounds and nitroarenes to amines in excellent
yields by employing nickel chloride and sodium borohydride in a solution of TEMPO-
oxidized CNF in water (0.01 wt %) [41]. This work was reported to use low loading of nickel
catalyst which is ascribed to the stabilizing effect of nanocellulosic support on the catalyst
which was also responsible for the increase in the turnover number. Moreover, tandem
reactions were observed which yielded amines, N-protected amines and amino alcohols in
high yields (Scheme 1).

Boc,O

R—NHBoc

NiCly.6H,O (0.25 mol%)

NaBH, (2.5 equiv
R—@ a( q ) R—NHY
Nanocellulose (0.01%%6)
. . . HoO, rt
R= aromatic, aliphatic o
R2 oOH 4
- RzJ\/N*‘R1

Scheme 1. Nitro group reduction with nanocellulose under mild conditions.
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Recently, Jabasingh and co-workers coupled TiO> with NC to produce NC-TiO:
which was used as a catalyst to yield cellulosic ethanol (a renewable fuel) from bagasse via
hydrolysis [42]. In this work, the NC-TiO. composite was developed to integrate with
bagasse to produce glucose, which was further used to produce ethanol. The group
thoroughly investigated the interaction of NC-TiO>, bagasse, and cellulase. It was reported
that NC-TiO; yielded more glucose in comparison to enzymatic hydrolysis of bagasse which
is attributed to the increased surface area of the catalytic structure. This process was reported

to be both cost and energy efficient.

Another work with nanocellulose as catalytic support was reported by Azad and
Mirajalili, where they first prepared the magnetic core-shell nanoparticles, FesOs @nano-
cellulose by co-precipitation technique in the aqueous solution of NC which was further
treated with titanium tetrachloride to form the final catalyst, FesO4s@NCs/TiCl [43]. The as-
synthesized catalyst was analyzed using several techniques including field emission scanning
electron microscopy (FESEM), FT-IR, X-ray fluorescence (XRF), XRD, TGA, and vibrating
sample magnetometry (VSM). The catalyst was highly efficient for synthesizing 4H-
pyrimido[2,1-b] benzothiazoles derivatives via a multi-component one-pot reaction of 2-
aminobenzothiazole, aldehydes, and ethyl acetoacetate at 70 °C under bulk conditions, see
Scheme 2. This is another good example of greener protocol wherein outstanding properties
of magnetic nanoparticles were coupled with that of nanocellulose and catalytic properties of
titanium to form bio-based reusable magnetic nanocatalyst. The multifaceted positive aspects
of this work include mild experimental conditions, excellent yields, simple work-up, short
reaction time, effortless separation of catalyst through magnetic forces, and recyclability up

to seven times without significant loss in its activity.
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Scheme 2. Synthesis of benzothiazoles derivatives via multi-component reaction

using FesOs@NCs/TiCl as catalyst.
2.2 Application as corrosion inhibitor
2.2.1 Green inhibitors

The corrosion is a process of deterioration or destruction or ‘eating away’ of metals or
alloys due to their electrochemical reaction with a corrosive environment containing air (O2),
moisture (H20) or both. It is a serious problem in industry, infrastructure sector and
technological advancement for sustainable development. Thus results in premature failure of
structural materials, increase in maintenance costs and demolishment of resources [44]. HCI
and H>SOs are widely used mineral acids in many industries for various metallurgical

purposes like acid pickling, chemical cleaning and descaling [45].

The inhibitive action of a corrosion inhibitor takes place in two ways; (i) by using
environment modifiers to alter the corrosive media into noncorrosive or less corrosive
environment, and (ii) by adsorbing green corrosion inhibitors on to the surface of metals to
develop a protection layer of adsorbed inhibitors. The assessment of carbohydrate
biopolymers and their derivatives as green inhibitors against metal corrosion via adsorption

features are presented in Scheme 3.
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|
I |

Cathodic inhibitors Anodic inhibitors

Mixed type inhibitor

(both cathodic and
anodic)

Scheme 3. Classification of adsorbed inhibitor molecules on the basis of their inhibition

effect.

The corrosion inhibition efficiency of a large number of synthesized organic
compounds in different acidic environments have been investigated from time to time, but
hazardous impacts of these inhibitors on marine and probably on animal lives has hardly been
considered earlier [46]. Therefore, alternative routes for corrosion inhibition and corrosion
inhibitors, which could be biodegradable, non-toxic, environmentally acceptable and
economically feasible have been searched for a few decades [47]. Literature survey on green
corrosion inhibitor suggest that the essential requirements for the selection of natural products
include those containing phytochemicals, or isolated organic compound containing hetero
atoms viz. N, O, P and S, having n-electrons system [48]. The inhibition efficiency of these
compounds can be measured in terms of number of mobile electrons present, character of the
orbital containing free electrons and the density of electron at hetero atoms [49]. The

suitability of an organic compound for corrosion inhibition can be understood by Scheme 4.
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on the metal/'corrosive solution interface.
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donate lone pair of electrons or provide the needed electrons

—— Abhility to adsorb on to the large surface area of metal

Pre-requit condition of green mhbitor for high efficiency

_‘. Solubility |

Scheme 4. Condition for selection of inhibitor for high efficiency.

The corrosion inhibition efficiency of organic molecules can be investigated by using
gravimetric analysis methods and different electrochemical techniques like potentiodynamic
polarization and impedance spectroscopy. However, the correlation between structures of
inhibitors with its efficiency can be established by using Density Function Theory (DFT)
method at the suitable basis set level [50]. In such studies, quantum chemical optimized
structure and its structural parameters like Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) energies of the selected biopolymers are
obtained. The frontier molecular orbital energies provide its energy gap, ionisation potential,
dipole moment, absolute electro-negativity, electrophilicity index, fraction of electron
transfer, back donation, charge distribution, electron affinity, and hardness and softness of the
inhibitors can be obtained by using algebraic relations discussed in Ref. [50-52]. These
theoretical and computational studies help in establishing the mechanics of inhibiting
phenomena as well as the correlation between HOMO and inhibiting properties of the

investigated carbohydrate.
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2.2.2 Experimental and Computational Analysis

Recently, several carbohydrate polymers either in their pure state or modified form
have been reviewed or investigated as green inhibitors for the metallic corrosion in different
corroding environments [51-54, 57]. The corrosion inhibitive action of extracted biopolymers
can be understood by Figure 4.

Acidic gas COj and HyS

Humidity Microbes Acid

Carbohydrate Polymers as Inhbitor

carbohydrate polymers found
in lignocellulosic biomass

Extractl\
I/

Metal

Figure 4. Carbohydrate polymers for corrosion inhibition process for metal in corrosive
medium.

It has been observed that Chitosan (CH) and its 5-chloromethyl-8-hydroxyquinoline
derivative (CH-HQ) perform inhibition efficiency of 78% and 93% for the acidic corrosion of
mild steel [51] with a very low amount of 102 g/L of derivative. Such a high inhibition
capacity of CH-HQ can be associated with its large molecular size as well as the presence of
polar functional groups, which increases its solubility in polar electrolytes including mineral
acids HCI and H2SO4. DFT study on CH and CH-HQ established the mechanistic part of
metal protection in corrosive media by directly relating their macromolecular weights,
chemical composition and electronic structures [51]. It is worth mentioning here that the

synthesis of CH-HQ involved water as a solvent which is a green solvent [48].

Substituted/modified CH chitosans [49], [51], exudate gums [53], carboxymethyl and

hydroxyethyl cellulose [55], starch, pectin and pectates [56], [57], have been employed for

17



anticorrosion performance of metals and alloys in acidic environment by using experimental
techniques and theoretical calculations. These studies reveal that cellulose [55] and CH
chitosan [51] contain free amine and hydroxyl groups and thus capable of chelation of metal
ions and are readily coordinated at the metal/solution interface by using their lone pair of
electrons. Further, polarization graph, impedance parameters and surface morphology by
using scanning electron microscopy shows that the presence of tannins, cellulose, and
polycyclic compounds enhance a protective layer of inhibitors film formation over the metal

surface, thus decreasing corrosion [54].

The [51] inhibiting effect of pure and derived carbohydrate biopolymers as eco-
friendly inhibitors against metallic corrosion have been reviewed through recent reports.
Further, the literature shows that the theoretical and computational studies established a clear
relation between the performance of carbohydrate polymeric with their molecular

structures [48, 51, 56].

2.3  Applications of natural polymers in food science

Utilization of common cellulose strands which have been extricated from cornhusks
unexpectedly by Reddy and Yang [58, 59] exhibited effectively. Filaments arranged from
cornhusks are not just critical for horticulture, fiber, food and vitality needs of the individual
however these are likewise eco-friendly [58].

Cellulose strands acquired from agro based materials have the piece, properties and
structure that make them appropriate for utilizations, for example, composite, material, mash
and paper make and these are similarly a lot less expensive as these are set up from
horticultural results. Results created from the development of corn, wheat, rice, sorghum,
grain, sugarcane, pineapple, banana and coconut are the significant wellsprings of agro-based

biofibers [59].

18



Nanofibrillated cellulose as the strengthening stage and kappa-carrageenan have been
utilized to create nanocomposite films where as nanofibrillated cellulose have effectively
been blended from short stable cotton strands by chemo-mechanical cycle. Different weight
percentage of the bionanocomposites of the NFC into a KCRG (in the range of 0.1 to 1 %)
grid utilizing an answer projecting technique there portrayal was done as far as warm
properties (DSC), morphology (SEM), water fume transmission rate (WVTR), oxygen
transmission rate (OTR), X-beam diffractograms (XRD), and malleable properties [60].

Width of filaments assumes a significant function to discover various applications
especially in food bundling items. All-cellulose nanocomposite film have been created from
sugarcane bagasse nanofibers utilizing N,N-dimethylacetamide/lithium chloride dissolvable
and considered as a multi-execution material with potential for application in cellulose-based
food bundling attributable to its promising properties. Thermo gravimetric examination
affirmed that warm steadiness of the ACNC was somewhat not as much as that of the
unadulterated cellulose nanofiber sheet. Rigidity of the fiber sheet, nanofiber sheet and
ACNC arranged with 10 min disintegration time were 8, 101 and 140 MPa, separately [61].

Cellulose stubbles have likely applications in the fields of composites as a
strengthening stage, just as in drug and optical enterprises as added substances have been
extricated from the branch-barks of mulberry by a soluble base treatment at 130 °C and hence
a sulphuric corrosive hydrolysis. The compound organizations examination, AFM picture,
FT-IR, XRD results showed that width of stubbles is in the middle of 20 to 40 nm and the
hemicelluloses and lignin were taken out widely in the cellulose hairs, with a crystallinity of
73.4%, which has expanded its potential applications in the fields of composites as a
fortifying stage, just as in drug and optical enterprises as added substances [62].

Bacterial cellulose (BC), which is a microbial polysaccharide with multifunctional

properties has critical potential in food fixing and uses for thickening and gelling, settling,
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water-official and as a pressing material and potential applications in the food industries. It
has a noteworthy potential as a food fixing taking into account its high immaculateness and
furthermore as a nano-scale fiber it can shape a 3D network structure [63].

Whey protein detaches/cellulose filaments have been acquired by consolidating
arrangement of cellulose strands with corrosive instigated gelatinous of whey protein in the
concurrent cycle. Flowerlike miniature/nanostructures have been seen on the outside of the
recovered cellulose strands made out of ammonium copper sulphate hexahydrate. These
cellulose/WPI filaments finds enormous applications in medication, tissue building and as a
material for dynamic fixings discharge [64].

Microcrystalline cellulose (MCC) finds use in food, drug, clinical, restorative and
polymer composites ventures and is getting impellent as a result of extending solicitation of
alternatives to non-unlimited and insufficient fossil materials. Starting late Haafiz et al.
gathered a review on methods for withdrawal and depiction of microcrystalline cellulose
(MCC) which fuses new sources, new division measures, new meds incite new sorts of MCC
materials for industrialization. Odds of MCC-based composite polymers for what's to come
are presented and discussed [65].

Food bundling lies at the very heart of the advanced food industry and not many
nourishments are sold unpackaged. In ongoing past cutting edge data on the exhibition of
bioplastics materials, zeroing in on food bundling has been accounted for. Some bundling
materials, for example, particular kinds of plastic, polythenes, and styrofoam can deliver
poisons when they are warmed and can be hazardous to shoppers. Report gives a diagram of
the fundamental materials utilized for delivering biobased films, their impediments,
arrangements thereof, potential applications and a best in class on bioplastics effectively

utilized as a food bundling material [66].
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Guar gum is a novel agrochemical handled from endosperm of bunch bean. It is
utilized as Guar gum is utilized as a purgative. It is additionally utilized for treating the runs,
fractious entrails condition, heftiness, and diabetes; for lessening cholesterol; and for
forestalling solidifying of the supply routes. In assembling, guar gum is utilized as a coupling
operator in tablets, and as a thickening specialist in salves and creams. It is mainly utilized as
thickener and stabilizer. Khatkar et al. has distributed an article centres around creation,
preparing, structure, properties, food applications and medical advantages of guar gum [67].

The utilization of novel nanostructured materials has pulled in impressive enthusiasm
for the food business for their usage as profoundly useful fixings, superior bundling
materials, preparing helps, and food quality and security sensors. As of late the capacity to
create non-woven mats made out of nanofibers that can be utilized in food applications is
starting to be researched. For food applications, the filaments may discover utilizes as fixings
in the event that they are made exclusively out of palatable polymers and GRAS fixings, , as
dynamic bundling materials or as handling helps and sensors [68].

As of late the planned employments of tree gum polysaccharides and their
nanostructures in different parts of food, water, vitality, biotechnology, condition and
medication enterprises, have earned a lot of consideration. Notwithstanding broad uses of tree
gums in food, there are generous non-food uses of these business gums, which have increased
inescapable consideration because of their accessibility, auxiliary assorted variety and
noteworthy properties as 'green’ bio-based sustainable materials. Tree gums are reachable as
normal polysaccharides from different tree genera having uncommon properties, including
their inexhaustible, biocompatible, biodegradable, and non-poisonous nature and their
capacity to go through simple substance adjustments [69].

The advancement of regular cellulose specialized strands from soybean straw with

properties like the common cellulose filaments have been accounted for. Around 220 million
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tons of soybean straw accessible on the planet consistently could supplement the side-effects
of other significant food crops as reasonable, plentiful and every year inexhaustible hotspots
for common cellulose filaments. Utilizing the rural side-effects as hotspots for strands could
assist with tending to the worries on the future cost and accessibility of both the common and
engineered filaments in current use and furthermore help to increase the value of the food
crops [70].

Acquaintance of multifunctional properties with cellulose fiber network by various
nano/miniature particles have been accounted for. Arrangements can be applied on cellulosic
surfaces by basic arrangement projecting strategies or by plunge covering for enormous zone
applications. Many potential applications can be envisioned for this methodology, for
instance, food and current packaging, record affirmation, reactant cellulosic layers, textronic
(electrofunctional materials), electromagnetic devices, affirmation of significant files, and
antimicrobial injury repairing things [71].

2.4 Drug delivery applications

In addition to the benefits of sustainability, these “green” raw materials, (natural
polymers including lignocellulosic biomass) offer great potential as cellulose-derivatives for
drug delivery systems and can be explored either for the development of agricultural
formulations e.g., pesticides or fertilizers or for pharmaceutical drug delivery systems.
Moreover, with a hierarchical structure comprising cellulose, hemicelluloses and lignin these
natural polymers are an excellent source in terms of variety, unique bio-renewability,
biodegradability, biocompatibility, nontoxicity and chemically accessibility of the substrates
for the modified bioactive materials [72-74]. In this section we discuss the formation of
advanced materials from lignocellulosic biomass for bioactive delivery in pharmaceuticals

and in agriculture Figure 5.
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Figure5. Potential applications of lignocellulosic biomass in food and drug delivery
2.4.1 Delivery of pharmaceutical active ingredients

A variety of lignin-based encapsulation systems have been developed for sustainable
release of drugs/active constituents, initiate the specific interaction and control the amount of
drug released within the host. Different methods such as entrapment, encapsulation,
adsorption, covalent binding, anti-solvent precipitation, interfacial polymerization/cross
linking, template utilization, self-assembly, sonication, mechanical shearing etc are explored
for loading active substances into lignin materials [75-76]. For example, Larraneta and
coworkers [80] worked on lignin-based hydrogels synthesized by lignin esterification with
poly(ethylene glycol) (PEG )and poly(methyl vinyl ether-co-maleic acid) and loaded with
hydrophobic drug curcumin in the hydrogel. These hydrogels showed sustained delivery of
the curcumin for four days and also demonstrated the reductions in adherence of microbes in
comparison to the polyvinyl chloride, the most commonly used medical material for reducing
and preventing health care acquired infections [77]. Other study showed high internal phase

emulsions (HIPEs) were prepared and using sulfomethylation modification techniques the
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polarity and conformation was adjusted. Also the stabilization of oil-in-water HIPEs was
carried out through emulsification via enzymatic hydrolysis lignin and alkyl polyglycoside
(APG) under neutral conditions, demonstrating higher surface elasticity as well as stability.
These encapsulates were further explored for the enhanced delivery and protection of
curcumin, the results showed higher UV protection in comparison to curcumin diffused in
bulk oil as well as encapsulates also demonstrated good inhibitory activity against microbe
(S. aureus ) [78]. Similarly, the hydrogels formed by reactive extrusion methods showed a
strong pH dependent swelling ability used to control diffusion rates of water and small
molecules in and out of the gel for drug delivery [79]. Li et al. [80], modified lignin with
anionic surfactant alkali lignin (AL) to synthesize the microstructure via interaction of
sodium dodecyl benzenesulfonate (SDBS) with quaternized alkali lignin (QAL). This led to
the formation of SDBS/QAL (sodium dodecyl benzenesulfonate/quaternized alkali lignin)
complex that self-assembled itself in ethanol/water solution into lignin colloidal spheres
(LCSs) and further encapsulated avermectin (AVM) were capable of demonstrating

antiphotolysis [80].

Algahtani et al. [81] evaluated the lignin nanoparticles (LNPs) as oral drug delivery
candidate, where the curcumin loaded LNP system was developed to demonstrate increased
bioavailability of curcumin as compared to unformulated curcumin, thus lignin nanoparticles
were considered as an effective system for oral drug delivery, used mainly to enhance low

solubility and limited bioavailability of drug molecules [81].

In 2018, Liu et al. [82] designed a core-shell structure (Pec-8PUH NPSs) using pectin-
eight-arm polyethylene glycol-ursolic acid/hydrooxy campothecin nanoparticle for stabilizing
and dispersing particles. These formed Pec-8PUH NPs showed improved water-solubility,

controlled drug release, enhanced cellular cytotoxicity, with shortened blood retention time
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and comparatively better cellular uptake than free drugs, in synergistic manner with ursolic

acid (UA) and 10-hydroxycamptothecin (HCPT) [82].

In addition lignins are also explored as precursors in fabrication of nanotubes with
affinity-binding and for adsorption applications [81]. Lignin nanotubes (LNTs) were
synthesized from the lignin on a template of sacrificial alumina membrane by Ten and his
coworkers. These lignin nanotubes are explored to transfer of deoxyribonucleic acid (DNA)
into cervical (HeLa) cancer cells and found that lignin nanotubes are more effective in
comparision to carbon nanotubes [83]. Researchers from other groups reported methotrexate
adsorption on sugarcane bagasse soda lignin, silica gel and iron/silica nanocomposite that
were explored against rheumatoid arthritis in vivo in albino rats [84]. Encapsulation of
magnetic nanocarriers (FesO4 nanoparticles) into double layers of polysaccharide shells were
developed by Hosseni et al., 2020. The first shell of nanocarrier, was composed of cross-
linked salep polysaccharide, attached to fluorescence dye and doxorubicin (chemotherapy
agent) followed by a second shell of PEGylated carboxymethyl cellulose. The formed
nanocarriers loaded with drugs showed enhanced biocompatibility, pH sensitivity and
regulated drug release when experimented with MCF-7 (breast) cancer cells [85]. In another
study, the hollow nanoparticles (LHNPs) were prepared by grafting B-cyclodextrin (B-CD)
onto the enzymatic-hydrolysis lignin to form cyclodextrin-enzymatic-hydrolysis lignin. With
the modified lignin, the hollow nanoparticles (LHNPs) were prepared through self assembly
process. Further, the formed LHNPs were used to encapsulate the hydroxycamptothecin
(HCPT), an antitumor drug. These CD-LHNPs (cyclodextrin hollow nanoparticles)
demonstrated higher porosity, specific surface area, low cytotoxicity, enhanced encapsulation
capability, and sustained-release of the drug [86]. In another paper they discussed the
encapsulation of the drug, DOX (doxorubicin hydrochloride) within lignin based hollow

nanoparticles. They proposed that n-m interactions and hydrogen bonding contributed towards
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encapsulation of hydrophilic drug doxorubicin hydrochloride by lignin hollow nanoparticles.
Drug (doxorubicin hydrochloride) encapsulation was improved due to increased pore volume
and surface area of LNPs helped towards better cellular uptake as well as accumulation of the
drug DOX in cervix cancer cells [87]. Similarly, to improve the delivery of drug trans-
resveratrol (a poor water soluble and light unstable drug) film for merging poly (L-lactide)
(PLLA) with lignin-based functional filler was developed via process of ring-opening
polymerization on alklin lignin with D-lactide. Further, drug (trans-resveratrol) was loaded
on poly (L-lactide) /lignin-graft-PDLA films. The LG-g-PDLA (lignin-based filler) variation
may control the release behaviours of trans-resveratrol that performed good in exhibiting
better mechanical, light barrier properties and uniform distribution properties of drug [88].
Ressi et al., 2018 synthesized nanofiber-based wound dressings by developing a gel
containing lignin nanofibers. The surface was modified by arginine molecules through
electrostatic interaction. The wounds treated by using these hydrocolloid wound dressings
showed accelerated closure of wound, increased re-epithelialization, deposition of collagen
and angiogenesis as compared to lone treatment of lignin nanofibers gel and arginine solution

in animal model [89].

The lignin model of dehydrogenated polymer (DHP) was prepared using alginate
hydrogel (Alg) showed the antimicrobial potential against several bacterial strains, these
lignin models (DHP-AIg) were also found nontoxic against human epithelial cells [90]. Yang
and his co-worker prepared hydrogels through a freezing-thaw procedure using polyvinyl
alcohol/chitosan containing 1 & 3 percent weight of lignin nanoparticles. These hydorgel
demonstrated the synergetic anti-oxidative response and antimicrobial effect against bacterial

pathogens [91].

2.4.2 Delivery of agricultural active ingredients
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Actives-controlled release of the various formulations for agricultural purposes has
various advantages such as economic, low dosages, minimal labor usages, safety and low
environmental impact. Lignin-based microparticles are exploited to develop the agricultural
actives mostly as economically feasible product that may serve dual functions as fertilizer
and carrier material. A method for production of lignin-based microparticles was patented by
Asrar and Diang (2010) demonstrating the better controlled release of various agricultural
actives (fertilizers, herbicides, and pesticides). They synthesized lignin acetate microparticles

loaded with an insecticide (imidacloprid) by using a solvent evaporation method [92].

Usually plant infection is taken care of by routine application of fungicides to diminish
chances of infections. Nanocarrier (NC)-mediated drug delivery using least amounts of
fungicide was encapsulated within lignin and was used to establish long-term treatment
against Esca (fungal grapevine trunk disease). Plants proved to exhibit significantly lower
symptoms of infection after several weeks of treatment. Additonally, condition of the plants
was further monitored for five years (2014-2018), showed long-term curative efficacy by
nanocarrier treatment. In this study, a single trunk was injected with <10 mg fungicide that
resulted in the cure of an infected plant. Lignin nanocarrier (NC) release the fungicide
degraded by ligninolytic enzymes that were released by fungi associated with Esca on
infected plants. In vitro & in planta (in Vitis vinifera L. cv. 'Portugieser’) confirmed the
specific antifungal activity [93]. Similarly, antagonistic fungi such as Trichoderma reesei are
considered as potential alternatives against traditional fungicides used in agriculture. Due to
reduced self life and unrestrained germination the applications of fungi Trichoderma for
treatment of grapevine trunk diseases are reduced to only preventive measures. Peil et al.
formulate a mild and spore-compatible lignin shell encapsulated by spores of mycoparasitic
strain of T. reesei (IBWF 034-05). The encapsulated spores inhibited the undesired premature

germination as well as enabled the application as aqueous self-stabilizing spore dispersal via
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trunk injection. Initially, encapsulated pores were injected into a plant at resting state without
damage; it was observed that spore dispersion remained colloidally stable for months and

controlled the plant infection by fungal pathogens [94, 95].

Another study conducted by Ouriques Machado et al. synthesized lignin nanocarriers
(chemically crosslinked) via aza-Michael addition in miniemulsion and solvent evaporation.
Here the cross-linking of lignin was done using bio-based amines (spermine and spermidine).
This technique was explored for many fungicides such as pyraclostrobin, azoxystrobin,
boscalid and tebuconazole. These fungicides were encapsulated in situ by miniemulsion
polymerization and established the efficacy to inhibit the growth of Phaeomoniella
chlamydospora and Phaeoacremonium minimum (ligninase producing fungi) responsible for
fungal grapevine trunk disease Esca [96]. Zikeli et al. [97] isolated lignin from beech
sawdust to prepare lignin nanoparticles to entrap cinnamon bark (Cinnamomum
zeylanicum Blume), common thyme (Thymus vulgarisL.), and wild thyme (Thymus
serpyllum L.) essential oil via., anti-solvent method. Results showed that essential oils were
entrapped inside lignin nanoparticles, due to high m-stacking between the many aromatic
compounds present in essential oil like thymol, carvacrol and cinnamaldehyde on one side
and aromatic lignin units on the other side. Also in vitro release of common thyme and wild
thyme essential oil from essential oil -loaded lignin nanoparticles was found to be deferred
when compared with pure oil application, thus such systems can be explored as

biodegradable delivery systems for wood preservation [97].
3. Conclusions

Due to the variety of chemical structure, functionality and properties of naturally
occurring biopolymers from lignocellulosic biomass they have gained interest in recent years
for use in a variety of applications. Reviewing the application of lignin and carbohydrate

polymers in areas such as drug delivery, food industry, corrosion inhibition and catalysis
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highlights the wide ranging use these polymers have and they can be sources from renewable

resources that do not compete with the production of food.

Acknowledgement

Authors wish to acknowledge the organisers and funders of the Indo-UK Workshop
Sustainable Chemistry for Societal Needs for facilitating networking between the co-authors

and encouraging collaboration.

References
[1] S. Goel et al., “Resilient and agile engineering solutions to address societal challenges
such as coronavirus pandemic,” Mater. Today Chem., vol. 17, p. 100300, Sep. 2020.

[2] F. Delbecq, Y. Wang, A. Muralidhara, K. ElI Ouardi, G. Marlair, and C. Len,

29



[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

“Hydrolysis of Hemicellulose and Derivatives—A Review of Recent Advances in the
Production of Furfural,” Front. Chem., vol. 6, May 2018.

J. K. Saini, R. Saini, and L. Tewari, “Lignocellulosic agriculture wastes as biomass
feedstocks for second-generation bioethanol production: concepts and recent
developments,” 3 Biotech, vol. 5, no. 4, pp. 337-353, Aug. 2015.

B. Gadde, S. Bonnet, C. Menke, and S. Garivait, “Air pollutant emissions from rice
straw open field burning in India, Thailand and the Philippines,” Environ. Pollut., vol.
157, no. 5, pp. 1554-1558, May 2009.

W. Martindale, “Waste: uncovering the global food scandal,” Int. J. Sustain. Eng., vol.
3, no. 2, pp. 144-145, Jun. 2010.

P. Hakkila and M. Parikka, “Fuel Resources from the Forest,” in Bioenergy from
Sustainable Forestry, Dordrecht: Kluwer Academic Publishers, pp. 19-48.

N. Dahmen, I. Lewandowski, S. Zibek, and A. Weidtmann, “Integrated lignocellulosic
value chains in a growing bioeconomy: Status quo and perspectives,” GCB Bioenergy,
p. gcbb.12586, Dec. 2018.

P. Bajpai, Management of Pulp and Paper Mill Waste. Cham: Springer International
Publishing, 2015.

Future Market Insights, “Steady growth of food waste management market expected,”
RECYCLING magazine, 2018. .

N. Mosier et al, “Features of promising technologies for pretreatment of
lignocellulosic biomass,” Bioresour. Technol., vol. 96, no. 6, pp. 673-686, 2005.

M. P. Bernal, S. G. Sommer, D. Chadwick, C. Qing, L. Guoxue, and F. C. Michel,
“Chapter Three - Current Approaches and Future Trends in Compost Quality Criteria
for Agronomic, Environmental, and Human Health Benefits,” in Advances in

Agronomy, vol. 144, D. L. B. T.-A. in A. Sparks, Ed. Academic Press, 2017, pp. 143-

30



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

233.

D. Klemm, B. Heublein, H. P. Fink, and A. Bohn, “Cellulose: Fascinating biopolymer
and sustainable raw material,” Angew. Chemie - Int. Ed., vol. 44, no. 22, pp. 3358-
3393, 2005.

A. . Bledzki and J. Gassan, “Composites reinforced with cellulose Bledzki 1999.pdf,”
Prog. Polym. Sci, vol. 24, pp. 221-274, 1999.

K. Y. Lee, Y. Aitomiki, L. A. Berglund, K. Oksman, and A. Bismarck, “On the use of
nanocellulose as reinforcement in polymer matrix composites,” Compos. Sci. Technol.,
vol. 105, pp. 15-27, 2014.

D. Klemm et al., “Nanocelluloses: A New Family of Nature-Based Materials,” Angew.
Chem., Int. Ed. , vol. 50, no. 24, pp. 5438-5466, 2011.

A. Isogai, T. Saito, and H. Fukuzumi, “TEMPO-oxidized cellulose nanofibers,”
Nanoscale, vol. 3, no. 1, pp. 71-85, 2011.

H. V. Scheller and P. Ulvskov, “Hemicelluloses,” Annu. Rev. Plant Biol., vol. 61, no. 1,
pp. 263-289, 2010.

D. Tarasov, M. Leitch, and P. Fatehi, “Lignin-carbohydrate complexes: Properties,
applications, analyses, and methods of extraction: A review,” Biotechnol. Biofuels, vol.
11, no. 1, pp. 1-28, 2018.

Z. Wang, M. S. Ganewatta, and C. Tang, “Sustainable polymers from biomass:
Bridging chemistry with materials and processing,” Prog. Polym. Sci., vol. 101, p.
101197, 2020.

A. Grossman and V. Wilfred, “Lignin-based polymers and nanomaterials,” Curr. Opin.
Biotechnol., vol. 56, pp. 112-120, 2019.

H. G. Catlow CR, Davidson M, Hardacre C, Catalysis making the world a better place.

2016.

31



[22]

[23]

Dapeng, “The progress of catalytic technologies in water purification: A review,” J.
Environ. Sci., vol. 21, no. 6, pp. 713-719, 20009.
R. Schlogl, “Heterogeneous catalysis,” Angew. Chemie - Int. Ed., vol. 54, no. 11, pp.

3465-3520, 2015.

[24] M. Yadav, “Heterogenized nickel catalysts for various organic transformations,” Curr.

[25]

[26]

[27]

[28]

[29]

[30]

Opin. Green Sustain., vol. 15, pp. 47-59, 20109.

E. Sin, S. S. Yi, and Y. S. Lee, “Chitosan-g-mPEG-supported palladium (0) catalyst for
Suzuki cross-coupling reaction in water,” J. Mol. Catal. A Chem., vol. 315, no. 1, pp.
99-104, 2010.

M. Nasrollahzadeh, A. Rostami-Vartooni, A. Ehsani, and M. Moghadam, “Fabrication,
characterization and application of nanopolymer supported copper (I11) complex as an
effective and reusable catalyst for the CN bond cross-coupling reaction of sulfonamides
with arylboronic acids in water under aerobic conditions,” J. Mol. Catal. A Chem., vol.
387, pp. 123-129, 2014.

M. Chtchigrovsky et al., “Functionalized chitosan as a green, recyclable, biopolymer-
supported catalyst for the [3+2] huisgen cycloaddition,” Angew. Chemie - Int. Ed., vol.
48, no. 32, pp. 5916-5920, 2009.

J. M. Campelo, D. Luna, R. Luque, J. M. Marinas, and A. A. Romero, “Sustainable
preparation of supported metal nanoparticles and their applications in catalysis,”
ChemSusChem, vol. 2, no. 1, pp. 18-45, 2009.

M. Sureshkumar, D. Y. Siswanto, and C. K. Lee, “Magnetic antimicrobial
nanocomposite based on bacterial cellulose and silver nanoparticles,” J. Mater. Chem.,
vol. 20, no. 33, pp. 6948-6955, 2010.

D. Baruah and D. Konwar, “Cellulose supported copper nanoparticles as a versatile and

efficient catalyst for the protodecarboxylation and oxidative decarboxylation of

32



[31]

[32]

[33]

[34]

[35]

[36]

[37]

aromatic acids under microwave heating,” Catal. Commun., vol. 69, no. 1, pp. 68-71,
2015.

M. Chen, H. Kang, Y. Gong, J. Guo, H. Zhang, and R. Liu, “Bacterial Cellulose
Supported Gold Nanoparticles with Excellent Catalytic Properties,” ACS Appl. Mater.
Interfaces, vol. 7, no. 39, pp. 21717-21726, 2015.

V. L. Budarin, J. H. Clark, R. Luque, D. J. Macquarrie, and R. J. White, “Palladium
nanoparticles on polysaccharide-derived mesoporous materials and their catalytic
performance in C—C coupling reactions,” Green Chem., vol. 10, no. 4, pp. 382-38,
2008.

F. Quignard, A. Choplin, and A. Domard, “Chitosan: A natural polymeric support of
catalysts for the synthesis of fine chemicals,” Langmuir, vol. 16, no. 24, pp. 9106—
9108, 2000.

J. Zhou, Z. Dong, H. Yang, Z Shi, X. Zhou, R. Li, “Pd immobilized on magnetic
chitosan as a heterogeneous catalyst for acetalization and hydrogenation reactions,”
Appl. Surf. Sci., vol. 279, pp. 360-366.

M. D. Universit, K. B. Universit, O. A. View, and K. Belhamel, “Algerian Journal of
Natural Products,” no. April, 2014.

M. Gopiraman et al., Noble metal/functionalized cellulose nanofiber composites for
catalytic applications, vol. 132. Elsevier Ltd., 2015.

S. Sohni et al., “Room temperature preparation of lignocellulosic biomass supported
heterostructure (Cu+Co@OPF) as highly efficient multifunctional nanocatalyst using
wetness co-impregnation,” Colloids Surfaces A Physicochem. Eng. Asp., vol. 549, no.

2010, pp. 184-195, 2018.

[38] Y. Habibi and A. Dufresne, “Highly Filled Bionanocomposites from Functionalized

Polysaccharide Nanocrystals,” Biomacromolecules, vol. 9, pp. 1974-1980, 2009.

33



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

W. Chen, L. X. Zhong, X. W. Peng, K. Wang, Z. F. Chen, and R. C. Sun, “Xylan-type
hemicellulose supported palladium nanoparticles: A highly efficient and reusable
catalyst for the carbon-carbon coupling reactions,” Catal. Sci. Technol., vol. 4, no. 5,
pp. 1426-1435, 2014.

M. Kaushik and A. Moores, “Review: Nanocelluloses as versatile supports for metal
nanoparticles and their applications in catalysis,” Green Chem., vol. 18, no. 3, pp. 622—
637, 2016.

K. J. Prathap, Q. Wu, R. T. Olsson, and P. Dinér, “Catalytic Reductions and Tandem
Reactions of Nitro Compounds Using in Situ Prepared Nickel Boride Catalyst in
Nanocellulose Solution,” Org. Lett., vol. 19, no. 18, pp. 47464749, 2017.

S. A. Jabasingh, D. Lalith, M. A. Prabhu, A. Yimam, and T. Zewdu, “Catalytic
conversion of sugarcane bagasse to cellulosic ethanol: TiO2 coupled nanocellulose as
an effective hydrolysis enhancer,” Carbohydr. Polym., vol. 136, pp. 700-709, 2015.

S. Azad and B. B. Fatameh Mirjalili, “Fe304(@nano-cellulose/TiCl: A bio-based and
magnetically recoverable nano-catalyst for the synthesis of pyrimido [2,1-: B]
benzothiazole derivatives,” RSC Adv., vol. 6, no. 99, pp. 96928-96934, 2016.

P. Mourya, S. Banerjee, and M. M. Singh, “Corrosion inhibition of mild steel in acidic
solution by Tagetes erecta (Marigold flower) extract as a green inhibitor,” Corros. Sci.,
vol. 85, pp. 352-363, Aug. 2014.

M. Mobin and M. Rizvi, “Adsorption and corrosion inhibition behavior of
hydroxyethyl cellulose and synergistic surfactants additives for carbon steel in 1 M
HCL,” Carbohydr. Polym., vol. 156, pp. 202-214, Jan. 2017.

S. Issaadi, T. Douadi, A. Zouaoui, S. Chafaa, M. A. Khan, and G. Bouet, “Novel
thiophene symmetrical Schiff base compounds as corrosion inhibitor for mild steel in

acidic media,” Corros. Sci., vol. 53, no. 4, pp. 1484-1488, Apr. 2011.

34



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

J. P. Rajan, R. Shrivastava, and R. K. Mishra, “Corrosion Inhibition effect of
Clerodendron Colebrookianum Walp Leaves (Phuinam) Extract on the Acid Corrosion
of Mild Steel,” Prot. Met. Phys. Chem. Surfaces, vol. 53, no. 6, pp. 1161-1172, Nov.
2017.

N. M. Hashim, A. A. Rahim, H. Osman, and P. B. Raja, “Quinazolinone Compounds as
Corrosion Inhibitors for Mild Steel in Sulfuric Acid Medium,” Chem. Eng. Commun.,
vol. 199, no. 6, pp. 751-766, Jun. 2012.

M. Rbaa, H. Lgaz, Y. El Kacimi, B. Lakhrissi, F. Bentiss, and A. Zarrouk, “Synthesis,
characterization and corrosion inhibition studies of novel 8-hydroxyquinoline
derivatives on the acidic corrosion of mild steel: Experimental and computational
studies,” Mater. Discov., vol. 12, pp. 43-54, Jun. 2018.

Y. B. Kiirsat Efil, “Theoretical Study on Corrosion Inhibitory Action of Some Aromatic
Imines with Sulphanilic Acid: A DFT Study,” Can. Chem. Trans., pp. 85-93, Mar.
2015.

M. Rbaa et al., “8-Hydroxyquinoline based chitosan derived carbohydrate polymer as
biodegradable and sustainable acid corrosion inhibitor for mild steel: Experimental and
computational analyses,” Int. J. Biol. Macromol., vol. 155, pp. 645-655, Jul. 2020.

C. Verma, L. O. Olasunkanmi, E. E. Ebenso, M. A. Quraishi, and |. B. Obot,
“Adsorption Behavior of Glucosamine-Based, Pyrimidine-Fused Heterocycles as Green
Corrosion Inhibitors for Mild Steel: Experimental and Theoretical Studies,” J. Phys.
Chem. C, vol. 120, no. 21, pp. 11598-11611, Jun. 2016.

N. O. Eddy, P. O. Ameh, and A. O. Odiongenyi, “Physicochemical Characterization
and Corrosion Inhibition Potential of Ficus Benjamina (FB) Gumfor Aluminum in 0.1
M H2S04,” Port. Electrochim. Acta, vol. 32, no. 3, pp. 183-179, 2014.

S. A. Umoren and U. M. Eduok, “Application of carbohydrate polymers as corrosion

35



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

inhibitors for metal substrates in different media: A review,” Carbohydr. Polym., vol.
140, pp. 314-341, Apr. 2016.

M. A. Deyab, “Hydroxyethyl cellulose as efficient organic inhibitor of zinc—carbon
battery corrosion in ammonium chloride solution: Electrochemical and surface
morphology studies,” J. Power Sources, vol. 280, pp. 190-194, Apr. 2015.

R. Hassan, 1. Zaafarany, A. Gobouri, and H. Takagi, “A Revisit to the Corrosion
Inhibition of Aluminum in Aqueous Alkaline Solutions by Water-Soluble Alginates
and Pectates as Anionic Polyelectrolyte Inhibitors,” Int. J. Corros., vol. 2013, pp. 1-8,
2013.

S. A. Umoren, |. B. Obot, A. Madhankumar, and Z. M. Gasem, ‘“Performance
evaluation of pectin as eco-friendly corrosion inhibitor for X60 pipeline steel in acid
medium: Experimental and theoretical approaches,” Carbohydr. Polym., vol. 124, pp.
280-291, Jun. 2015.

N. Reddy and Y. Yang, “Properties and potential applications of natural cellulose fibers
from cornhusks,” Green Chem., vol. 7, no. 4, pp. 190, April 2005.

N. Reddy and Y. Yang, “Biofibers from agricultural byproducts for industrial
applications,” Trends Biotechnol., vol. 23, no. 1, pp. 22-27, Jan. 2005.

N. R. Savadekar, V. S. Karande, N. Vigneshwaran, A. K. Bharimalla, and S. T.
Mhaske, “Preparation of nano cellulose fibers and its application in kappa-carrageenan
based film,” Int. J. Biol. Macromol., vol. 51, no. 5, pp. 1008-1013, Dec. 2012.

M. Ghaderi, M. Mousavi, H. Yousefi, and M. Labbafi, “All-cellulose hanocomposite
film made from bagasse cellulose nanofibers for food packaging application,”
Carbohydr. Polym., vol. 104, pp. 59-65, Apr. 2014.

R. Li, J. Fei, Y. Cai, Y. Li, J. Feng, and J. Yao, “Cellulose whiskers extracted from

mulberry: A novel biomass production,” Carbohydr. Polym., vol. 76, no. 1, pp. 94-99,

36



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Mar. 2009.

Z. Shi, Y. Zhang, G. O. Phillips, and G. Yang, “Utilization of bacterial cellulose in
food,” Food Hydrocoll., vol. 35, pp. 539-545, Mar. 2014.

M. Tomczynska-Mleko, K. Terpitowski, and S. Mleko, “Physicochemical properties of
cellulose/whey protein fibers as a potential material for active ingredients release,”
Food Hydrocoll., vol. 49, pp. 232-239, Jul. 2015.

D. Trache et al., “Microcrystalline cellulose: Isolation, characterization and bio-
composites application—A review,” Int. J. Biol. Macromol., vol. 93, pp. 789-804, Dec.
2016.

N. Peelman et al., “Application of bioplastics for food packaging,” Trends Food Sci.
Technol., vol. 32, no. 2, pp. 128-141, Aug. 2013.

D. Mudgil, S. Barak, and B. S. Khatkar, “Guar gum: processing, properties and food
applications—A Review,” J. Food Sci. Technol., vol. 51, no. 3, pp. 409-418, Mar.
2014.

C. Kriegel, A. Arrechi, K. Kit, D. J. McClements, and J. Weiss, “Fabrication,
Functionalization, and Application of Electrospun Biopolymer Nanofibers,” Crit. Rev.
Food Sci. Nutr., vol. 48, no. 8, pp. 775-797, Aug. 2008.

V. V. T. Padil, S. Wactawek, M. Cernik, and R. S. Varma, “Tree gum-based renewable
materials: Sustainable applications in nanotechnology, biomedical and environmental
fields,” Biotechnol. Adv., vol. 36, no. 7, pp. 1984-2016, Nov. 2018.

N. Reddy and Y. Yang, “Natural cellulose fibers from soybean straw,” Bioresour.
Technol., vol. 100, no. 14, pp. 3593-3598, Jul. 2009.

I. S. Bayer et al., “Water-Repellent Cellulose Fiber Networks with Multifunctional
Properties,” ACS Appl. Mater. Interfaces, vol. 3, no. 10, pp. 4024-4031, Oct. 2011.

M. Ferhan, “Coordination Complexes with Lignin-Based Nanoparticles in Targeted

37



[73]

[74]

[75]

[76]

[77]

[78]

[79]

Drug Controlled Release and Their Molecular Expression in Cell Lines,” Novel
Approaches in Drug Designing & Development vol. 1, no. 2, 2017.

M. A. Chowdhury, “The controlled release of bioactive compounds from lignin and
lignin-based  biopolymer matrices,” International Journal of Biological
Macromolecules, vol. 65, pp. 136-147, Apr-2014.

L. Zhang, X. Peng, L. Zhong, W. Chua, Z. Xiang, and R. Sun, “Lignocellulosic
Biomass Derived Functional Materials: Synthesis and Applications in Biomedical
Engineering,” Curr. Med. Chem., vol. 26, no. 14, pp. 24562474, Jul. 2019.

W. Zhao, B. Simmons, S. Singh, A. Ragauskas, and G. Cheng, “From lignin
association to nano-/micro-particle preparation: Extracting higher value of lignin,”
Green Chemistry, vol. 18, no. 21. Royal Society of Chemistry, pp. 5693-5700, Oct-
2016.

M. Wang, Y. Zhao, and J. Li, “From hollow lignin microsphere preparation to
simultaneous preparation of urea encapsulation for controlled release using industrial
kraft lignin via slow and exhaustive acetone-water evaporation,” Holzforschung, vol.
74, no. 1, pp. 77-87, Dec. 2019.

E. Larrafieta et al., “Synthesis and Characterization of Lignin Hydrogels for Potential
Applications as Drug Eluting Antimicrobial Coatings for Medical Materials,” ACS
Sustain. Chem. Eng., vol. 6, no. 7, pp. 9037-9046, Jul. 2018.

K. Chen, Y. Qian, S. Wu, X. Qiu, D. Yang, and L. Lei, “Neutral fabrication of UV-
blocking and antioxidation lignin-stabilized high internal phase emulsion encapsulates
for high efficient antibacterium of natural curcumin,” Food Funct., vol. 10, no. 6, pp.
3543-3555, Jun. 2019.

W. Farhat, R. Venditti, N. Mignard, M. Taha, F. Becquart, and A. Ayoub,

“Polysaccharides and lignin based hydrogels with potential pharmaceutical use as a

38



[80]

drug delivery system produced by a reactive extrusion process,” Int. J. Biol.
Macromol., vol. 104, pp. 564-575, Nov. 2017.

Y. Li, D. Yang, S. Lu, S. Lao and X.Qiu, “Modified lignin with anionic surfactant and
its application in controlled release of avermectin,” J. Agric. Food. Chem., vol. 66, no.

13, pp. 3457-64, Mar. 2018.

[81] M. S. Algahtani, A. Algahtani, A. Al-Thabit, M. Roni, and R. Syed, “Novel lignin

[82]

[83]

[84]

nanoparticles for oral drug delivery,” J. Mater. Chem. B, vol. 7, no. 28, pp. 44614473,
Jul. 2019.

Y. Liu, K. Liu, X. Li, S. Xiao, D. Zheng, P. Zhu, C. Li, J. Liu, J. He, J. Lei and L.
Wang, “A novel self-assembled nanoparticle platform based on pectin-eight-arm
polyethylene glycol-drug conjugates for co-delivery of anticancer drugs,” Mater Sci
Eng C Mater Biol Appl., vol. 86, pp. 28-41, May. 2018.

H. M. Caicedo, L. A. Dempere, and W. Vermerris, “Template-mediated synthesis and
bio-functionalization of  flexible lignin-based nanotubes and nanowires,”
Nanotechnology, vol. 23, no. 10, 2012.

E. Ten, C. Ling, Y. Wang, A. Srivastava, L. A. Dempere, and W. Vermerris, “Lignin
nanotubes as vehicles for gene delivery into human cells,” Biomacromolecules, vol. 15,

no. 1, pp. 327-338, Jan. 2014.

[85] S.H. Hosseini, N. Zohreh, N. Karimi, N. Gaeini, S. Alipour, F. Seidi, N. Gholipour,

“Magnetic nanoparticles double wrapped into cross-linked salep/PEGylated
carboxymethyl cellulose; a biocompatible nanocarrier for pH-triggered release of

doxorubicin,” Int J Biol Macromol., vol. 158, pp. 994-1006, Sep. 2020.

[86] Y. Zhou, Y. Han, G. Li, S. Yang, F. Chu, “Lignin-Based Hollow Nanoparticles for

Controlled Drug Delivery: Grafting Preparation Using [-Cyclodextrin/Enzymatic-

Hydrolysis Lignin,” Nanomaterials., vol.9,no. 7, pp.997, Jul. 2019.

39



[87]

[88]

S. M. R. Wahba, A. S. Darwish, I. H. Shehata, and S. S. Abd Elhalem, “Sugarcane
bagasse lignin, and silica gel and magneto-silica as drug vehicles for development of
innocuous methotrexate drug against rheumatoid arthritis disease in albino rats,” Mater.
Sci. Eng. C, vol. 48, pp. 599-610, Mar. 2015.

Y. Zhou, Y. Han, G. Li, S. Yang, and F. Chu, “Lignin-Based Hollow Nanoparticles for
Controlled Drug Delivery: Grafting Preparation Using B-Cyclodextrin/Enzymatic-

Hydrolysis Lignin,” Nanomaterials, vol. 9, no. 7, p. 997, Jul. 2019.

[89] F. Reesi, M. Minaiyan, A. Taheri, “A novel lignin-based nanofibrous dressing

[90]

[91]

[92]

[93]

containing arginine for wound-healing applications,” Drug Delivery and Translational
Research., vol. 8, no 1, pp 111-22, Feb.2018.

R. Liu, L. Dai, Z. Zou, and C. Si, “Drug-loaded poly(L-lactide)/lignin stereocomplex
film for enhancing stability and sustained release of trans-resveratrol,” Int. J. Biol.
Macromol., vol. 119, pp. 1129-1136, Nov. 2018.

D. Spasojevi¢, Danica Zmejkoski, Jasmina Glamoclija, Milo§  Nikoli¢, Marina
Sokovi¢, Verica Milosevi¢, Ivana Jari¢, Marijana Stojanovi¢, Emilija
Marinkovi¢, Talin Barisani-Asenbauer, Radivoje Prodanovi¢, Milo§ Jovanovi¢ and
Ksenija Radoti¢, “Lignin model compound in alginate hydrogel: a strong antimicrobial
agent with high potential in wound treatment,” Int. J. Antimicrob. Agents, vol. 48, no. 6,
pp. 732-735, Dec. 2016.

J. Asrar, Y. Ding Y inventors; US Pat. 7,771,749 assignee. Lignin based microparticles
for the controlled release of agricultural actives 2010.

W. Yang, E Fortunati, F Bertoglio,J S Oweczarek, G Bruni, M Kozanecki,J M
Kenny, L Torre, L Visai and D Puglia, “Polyvinyl alcohol/chitosan hydrogels with
enhanced antioxidant and antibacterial properties induced by lignin nanoparticles,”

Carbohydr. Polym., vol. 181, pp. 275-284, Feb. 2018.

40


https://pubmed.ncbi.nlm.nih.gov/?term=Zmejkoski+D&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Glamo%C4%8Dlija+J&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Nikoli%C4%87+M&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Sokovi%C4%87+M&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Sokovi%C4%87+M&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Milo%C5%A1evi%C4%87+V&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Jari%C4%87+I&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Stojanovi%C4%87+M&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Marinkovi%C4%87+E&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Marinkovi%C4%87+E&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Barisani-Asenbauer+T&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Prodanovi%C4%87+R&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Jovanovi%C4%87+M&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Radoti%C4%87+K&cauthor_id=27742207
https://pubmed.ncbi.nlm.nih.gov/?term=Fortunati+E&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Bertoglio+F&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Owczarek+JS&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Bruni+G&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Kozanecki+M&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Kenny+JM&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Kenny+JM&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Torre+L&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Visai+L&cauthor_id=29253973
https://pubmed.ncbi.nlm.nih.gov/?term=Puglia+D&cauthor_id=29253973

[94]

[95]

[96]

[97]

J. Fischer, S. J. Beckers, D. Yiamsawas, E. Thines, K. Landfester, and F. R. Wurm,
“Targeted Drug Delivery in Plants: Enzyme Responsive Lignin Nanocarriers for the
Curative Treatment of the Worldwide Grapevine Trunk Disease Esca,” Adv. Sci., vol. 6,
no. 15, Aug. 2019.

S. Peil, S. J. Beckers, J. Fischer, and F. R. Wurm, “Biodegradable, lignin-based
encapsulation enables delivery of Trichoderma reesei with programmed enzymatic
release against grapevine trunk diseases,” Mater. Today Bio, vol. 7, p. 100061, Jun.
2020.

T. Ouriques Machado et al., “Bio-based Lignin Nanocarriers Loaded with Fungicides
as Versatile Platform for Drug Delivery in Plants,” Biomacromolecules, Jun. 2020.

F. Zikeli, V. Vinciguerra, S. Sennato, G. Scarascia Mugnozza, and M. Romagnoli,
“Preparation of Lignin Nanoparticles with Entrapped Essential Oil as a Bio-Based

Biocide Delivery System,” ACS Omega, vol. 5, no. 1, pp. 358-368, Jan. 2020.

41



Highlights of manuscript
Waste biomass from different sources
Catalytic applications of natural polymers
Carbohydrate Polymers as Corrosion inhibitor
Food applications of Natural polymers
Delivery of pharmaceutical and agricultural active ingredients



Declaration of interests

= The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

OThe authors declare the following financial interests/personal relationships which may be considered as
potential competing interests:




