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The potential of non-edible lignocellulosic biomass paves the path to sustainable economy. A large number of value-

added products have been synthesized by the fractionation of the major components of biomass, i.e. cellulose, 

hemicelluloses and lignin. Cellulose, the most abundant biopolymer on earth, serves as a starting material for the 

synthesis of various platform chemicals, such as sorbitol, 5-hydroxylmethylfurfural (HMF), dimethylfuran and 

levulinic acid. Hydrogels and aerogels fabricated from cellulose, modified cellulose or nanocellulose have proved 

valuable in a wide range of such as biomedical, food and technological applications. Cellulose-based polymers or 

bioplastics also emerged as an alternative to fossil fuel-based polymers. In this review, chemical paths to valorize plant 

cellulose for producing various value-added products have been discussed. The major challenge for valorization is the 

development of novel and green synthesis methods with simultaneous focus on an integrated approach. 
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INTRODUCTION  

Industrialization prospered due to progress in 

science and technology and, though it improved 

the standards of living, it also turned out to be a 

major contributing factor towards the exploitation 

and depletion of natural resources, be it land, 

water, air, soil or fossil fuels. The demand for 

natural sources of energy, i.e. coal, oil, natural 

gas, biomass, heat, hydroelectric and nuclear 

power plants, is increasing with growing 

population (Fig. 1), thus making sustainable 

development a major challenge for the era. The 

concept of sustainable development is not just 

limited to effective utilization of present energy 

resources for meeting the needs of future 

generations, but includes all activities that could 

make a difference to society, its standards of 

living and global economy as a whole. The global 

energy consumption statistics of the years 2017-

2018 shows an acceleration of 2.3% in energy 

consumption in 2018; thus highlighting the need 

for a shift from a fossil fuel-based economy to a 

biomass-based economy.1 This shift would not 

only combat the issues related to depleting fossil 

fuels and their increasing prices, but would also 

lend   a   helping   hand  for   achieving  long-term  

 

development goals by providing alternatives for 

the generation of energy, biofuels, biomaterials 

and value-added chemicals. The process 

involving the conversion of biomass to value-

added chemicals, polymers, and biofuels is 

termed as biorefinery. 

Lignocellulosic biomass, the production of 

which exceeds 933 million tonnes per year 

throughout the world,2 serves as a natural, 

inexpensive, renewable and eco-friendly raw 

material for the industrial sector of economy. A 

small part of biomass is utilized as animal forage, 

as raw material for the paper industry, or in 

energy production, the rest being burnt as the 

most common method of disposal. Therefore, the 

valorization of biomass becomes essential from 

economic, environmental and sustainability 

perspectives. Lignocellulosic biomass, which is 

basically plant dry matter, can be broadly 

categorized as agricultural (straw, bagasse, stover) 

and forestry waste, virgin biomass (trees, bushes 

and grass) and energy crops.3 The biomass source, 

the plant type, species, and even age will effect 

the percent chemical composition of its 

constituent polymers. Table 1 summarizes the 
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chemical composition of common lignocellulosic 

materials.  

Lignocellulosic biomass is structurally 

composed of three biopolymers – cellulose, 

hemicelluloses and lignin, with small amounts of 

non-structural compounds – extractives and ash. 

Cellulose is generally the most abundant 

component of biomass on the earth, followed by 

hemicelluloses and lignin. It is a linear, crystalline 

homopolymer of glucose bound to amorphous 

hemicelluloses via hydrogen bonding. 

Hemicellulose, a heteropolymer, comprises 

varying proportions of five and six carbon sugars, 

like xylose, arabinose, mannose, galactose and 

glucose, based upon the plant type and the 

procedure of extraction. Lignin, a three-

dimensional, complex, aromatic, hydrophobic, 

phenolic polymer made up of three aromatic 

alcohols – coniferyl, sinapyl and p-coumaryl, 

entangles the carbohydrate polymers by forming a 

protective sheath; it also acts as a physical barrier 

to the accessibility of enzymes, thereby making 

hydrolysis and hence their separation difficult. 

The high crystallinity of cellulose, the 

hydrophobicity of lignin and its protective seal 

around cellulose-hemicelluloses polymers, as well 

as the silica content of biomass, result in its 

recalcitrance.
6
 Extractives are generally organic 

compounds containing terpenes, waxes, oils, 

gums, fats, proteins etc. and ash constitutes the 

inorganic portion of biomass.11 Pretreatment is the 

foremost step to valorize biomass, while the type 

of pretreatment affects the nature and content of 

the fraction isolated and the yield of the final 

product. Several research papers and review 

articles classify pretreatments into four categories, 

i.e. physical, chemical, biological and 

physiochemical.
12-14

 The choice of pretreatment is 

governed by the nature of the biomass material, 

each pretreatment having its own advantages and 

disadvantages. In this article, the conversion 

potential of the most abundant natural polymer, 

i.e. cellulose, into various high-value materials is 

reviewed. 

 

Structure of cellulose 
Cellulose (Fig. 2), a stable homopolymer of 

glucose, serves as an important architectural unit 

responsible for the rigidity of the plant cell wall. 

It has the molecular formula (C6H10O5)n, where 

the value of n ranges from about a thousand to 

over ten thousand glucose units joined end to end 

with β-1,4 glycosidic bonds. The two ends of the 

cellulose chain are chemically different, so that at 

one end the anomeric carbon of the glucopyranose 

unit is free, while the other end has the anomeric 

carbon involved in a glycosidic linkage. 

 

 
Figure 1: Global demand of natural energy sources (data for 2018)

1
 

 

Table 1 

Percent composition of cellulose, hemicelluloses and lignin in the most common lignocellulosic materials 

 

Lignocellulosic material Cellulose (%) Hemicelluloses (%) Lignin (%) 

Eucalyptus4 54 18 22 

Pine
4
 42-50 24-27 20 

Miscanthus giganteus
5
 37-45 19-25 17-21 

Rice husk
6
 40 21 22 

Rice straw7 36 24 16 

Wheat straw
7
 38 27 18 

Corn cobs
8
 44 39 12 

Sugarcane bagasse
9
 42 28 19 

Sweet sorghum10 46 28 11 
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Figure 2: Chemical structure of cellulose 

 

The presence of three free hydroxyl groups, 

i.e. one primary hydroxyl group in the methylol 

group at C-6 position and two secondary hydroxyl 

groups at C-3 and C-4 in each glucose unit, 

enables the linear cellulose chain to form 

intermolecular and intramolecular hydrogen 

bonds.  

The hydrogen bonds between the cellulose 

chains and van der Waals forces between the 

glucose units lead to the formation of crystalline 

regions in cellulose.
15

 The intramolecular 

hydrogen bonding between the adjacent glucose 

residues of the linear cellulose chain makes it 

highly stable, while the intermolecular hydrogen 

bonding among the glucose units of two different 

cellulose chains result in a parallel stacked 

structure, so that about 20-100 cellulose chains 

group to form cellulose microfibrils. These 

microfibrils ultimately assemble to form cellulose 

fibers or cellulose macrofibers exhibiting high 

tensile strength and crystallinity.16 This 

extensively hydrogen bonded network in cellulose 

renders it insoluble in water and most solvents. 

Initially, the dissolution of cellulose emerged as 

an important barrier in its valorization, but 

recently, it has been overcome by the use of 

alkalies,17 the NaOH/urea aqueous system,18 ionic 

liquids etc.19 
 

Isolation of cellulose 
Cellulose is physically and chemically 

surrounded by hemicelluloses and lignin, the links 

forming a lignocellulose matrix. Pretreatment is 

thus necessary before an attempt is made to 

isolate the cellulose. The cellulose content, the 

nature of the pretreatment and the extraction 

procedure will differ depending on the source of 

biomass. Cellulose fibers have been extracted 

from rice husk using alkali and bleaching 

treatments.
20

 Cellulose pulp had been extracted 

from rice husk by a multi-step process, where first 

the husk was pretreated with an alkali solution to 

remove hemicelluloses and lignin, then two-step 

bleaching with hydrogen 

peroxide/tetraacetylethylenediamine, followed by 

another delignification step using a mixture of 

acetic and nitric acids.
21

 Green extraction of 

cellulose from oil palm empty fruit bunch fibers 

has been carried out using autoclave and 

ultrasonic based treatments. The alkaline 

hydrogen peroxide, i.e. NaOH-H2O2 mixture, and 

the sodium chlorite delignified material were 

ultrasonicated and autoclaved separately. 

Cellulose yields of 49% and 64% were obtained 

using the ultrasonic and autoclave based 

treatments, respectively.
22

 A cellulose yield of 

about 74.70% was obtained when date palm 

rachis was subjected to low concentration acid-

alkali treatment. This treatment successfully 

removed a considerable amount of hemicelluloses 

and lignin, and provided highly crystalline 

cellulose.
23

 

Ionic liquids (ILs), existing as ion pairs, have 

emerged as green solvents for pretreatment of 

biomass. The most common examples include 

salts with organic cations, i.e. alkylimidazolium, 

alkylpyridinium, tetraalkylammonium or 

tetraalkylphosphonium, and inorganic anions, i.e. 

hexafluorophosphate, tetrafluoroborate or several 

low melting chlorides, bromides and iodides.24 

ILs have been extensively used for the extraction 

of biomass due to their unique properties, such as 

low melting points (below 100 °C), high 

polarities, high thermal stabilities, negligible 

vapour pressure etc.25 Ionic liquids tend to 

compete with hydrogen bonds in the cellulose 

chain, causing disruption of the hydrogen bonded 

network; thereby, resulting in cellulose 

dissolution. The fractionation of hardwood and 

softwood species has been carried out using an 

ionic liquid based microwave treatment.
26

 The 

extraction of cellulose from agricultural waste 

biomass was carried out using a choline based 

basic ionic liquid.
27

 Information on cellulose 
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extraction by ILs, the mechanism of dissolution of 

cellulose in ILs, the benefits associated with IL 

pretreatments in an integrated approach has been 

provided by a number of research papers and 

review articles.24,25,27,28
 

 

VALORIZATION ROUTES 

Bioplastics 
Bioplastics are environment-friendly 

biopolymers derived from biomass that serve as 

an alternative to fossil fuel-based polymers. 

Bioplastics can be both biodegradable and non-

biodegradable, where biodegradable plastics are 

only those whose degradation occurs as a result of 

the natural action of microorganisms, such as 

bacteria, fungi and algae, in a limited period of 

time, without affecting ecosystems or the 

environment.29 They find application in 

agriculture, medicine, food packaging industries, 

electronics etc.30 

Bioplastics have certain drawbacks including 

thermal instability, high vapour content, 

brittleness etc.; therefore, physical or chemical 

modification, blending, coating and addition of 

nanoparticles are carried out to improve their 

properties.31 Cellulose-based plastics include 

cellulose or cellulose derivatives based polymers, 

nanocellulose derived polymers and those 

obtained after polymerization of platform 

chemicals obtained from cellulose.32  

Bilo et al.
31

 prepared cellulose-based 

bioplastic from rice straw by pretreatment using a 

Naviglio extractor, followed by treatment with 

trifluoroacetic acid for solubilizing cellulose. The 

bioplastic film obtained after evaporation of the 

solvent was found to have good mechanical 

property (comparable to thermoplastic 

polystyrene and polyvinyl chloride), flexibility 

and exhibited dual shape memory effect. Also, the 

synthesized bioplastic was found to degrade in 

soil within 105 days and had comparable energy 

and CO2 footprint production as other 

thermoplastics. 

 

Chemical derivatives of cellulose 
Chemical modifications improve the properties 

of cellulose for diversifying its fields of 

application. A number of industrially important 

cellulose derivatives have been prepared by 

chemical modification of free hydroxyl groups to 

improve properties such as thermal stability, 

mechanical strength and solubility. The most 

common modifications of cellulose involve the 

synthesis of cellulose esters and ethers prepared 

homogeneously or heterogeneously (Table 2). 

Many important cellulose modifications carried 

out using mineral and organic acids, bases, 

oxidizing agents, organic compounds, etc. have 

been reviewed.40,41  

 
 

Table 2 

Some important cellulose esters and ethers 

 

O
O

RO
OR O

O

OR
RO

n

OR

OR

when R=H, Cellulose

 
Modified cellulose Reagent R 

Esters 

Cellulose acetate 33,34 Acetic anhydride/acetic acid H or –COCH3 

Cellulose nitrate35 Sulfuric-nitric acid mixture H or –NO2 

Cellulose sulfate
36

 
Sulfur trioxide/pyridine in N, N-

dimethylacetamide/LiCl 
H or –SO3 

Ethers 

Methyl cellulose
37

 CH3I/NaOH H or –CH3 

Ethyl cellulose34 C2H5X/ethanol-water where X= Cl, Br H or –C2H5 

Carboxymethyl 

cellulose
33,34

 

Sodium monochloroacetate/NaOH or ethanol/water 

or dimethylsulfoxide/ tetrabutylammonium fluoride 
H or –CH2COO

-
Na

+
 

Hydroxypropyl cellulose
38

 Propylene oxide, NaOH H or –CH2CH(OH)CH3 

Benzyl cellulose39 Benzyl chloride/NaOH H or –CH2C6H5 
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Another important modification is the 

oxidation of hydroxyl groups of cellulose to 

aldehydes, ketones and carboxylic acids. The 

oxidation of cellulose using sodium periodate 

breaks the C2-C3 bond of the glucose subunit, 

resulting in 2,3-dialdehyde cellulose, which upon 

further treatment with NaClO2 forms 2,3-

dicarboxycellulose.42,43 Selective oxidation of 

primary hydroxyl groups of cellulose to 

carboxylate groups has been carried out by a 

2,2,6,6-tetramethylpiperidine-1-oxyl radical 

(TEMPO)-mediated system.
44,45

 These derivatives 

find a variety of uses as emulsion stabilizers, 

dispersants, thickening agents, food packaging 

materials, drug carriers, thermoplastics, gels, 

films, binders etc.
40,46,47

 Apart from these, 

cellulose can be modified through graft 

copolymerization and crosslinking (hydrogels and 

aerogels). 

Grafting of monomers onto cellulose is an 

important way to modify cellulose. In this 

process, side chain grafts are covalently attached 

to the backbone of cellulose to form a branched 

copolymer.48 The grafting can be performed both 

in heterogeneous and in homogeneous medium. 

Under heterogeneous conditions, grafting is 

carried out using a suitable initiator, such as ceric 

ammonium nitrate, various persulfates, 

azobisisobutyronitrile or Fenton reagent.41 A 

number of research papers and review articles 

have mentioned the most important monomers 

used for grafting cellulose, such as acrylic acid, 

methacrylic acid, hydroxyethyl methacrylate, 

acrylamide, N,N-methylene-bis-acrylamide, 

methacrylamide, acrylonitrile, N-vinyl-

pyrrolidone, styrene.41,48,49 

Hydrogels are polymeric networks with 

significant water retention capability in their 

interstitial sites. The absorption of water in these 

structures occurs due to the presence of 

hydrophilic groups in the polymeric backbone. On 

the other hand, the dissolution of water is 

prevented through crosslinks between the 

chains.
50

 Hydrogels can be synthesized from 

natural and synthetic polymers through physical 

and chemical crosslinking reactions. Natural 

polymer-based hydrogels have been fabricated 

due to the increasing demand for environmentally 

friendly products. Extensive research has been 

performed on cellulose-based hydrogels due to 

their renewability, low cost, biodegradability, 

biocompatibility, transparency and non-toxicity, 

so that they can be considered as a substitute for 

petroleum-based materials in the near future.51 

The synthesis of hydrogels involves two steps: the 

dissolution of polymer, and the physical or 

chemical crosslinking in the presence of a 

crosslinking agent, resulting in a 3D structure.
52

 

The most common crosslinking agents involved 

in the synthesis of cellulose-based hydrogels 

include fumaric acid,
53

 citric acid,
54

 oxalic acid 

and other polycarboxylic acids that form ester 

linkages with the cellulose; polyethylene glycol 

diglycidyl ether;
55

 glycerol diglycidyl ether;
56

 

epichlorohydrin.57 

Hydrogels from both native cellulose and its 

derivatives, including methyl cellulose, 

hydroxypropyl cellulose, hydroxypropylmethyl 

cellulose and carboxymethyl cellulose, have been 

reported.
58

 Apart from this, composite hydrogels 

of cellulose with different polymers like lignin, 

chitin, poly-vinyl alcohol have been fabricated by 

blending.
51

 The synthesis of cellulose-inorganic 

hybrid hydrogels has been carried out, where 

cellulose nanoparticles were embedded in a bio-

based matrix.
51

 They find immense applications in 

food,58 agriculture,59 biomedicine and drug 

delivery,60 sensors61 and purification.62 Graphene-

cellulose nanocomposites have also been 

synthesized for sensing application.63 

Just like cellulose hydrogels, cellulose-based 

aerogels have also attracted the attention of 

researchers in the past few decades. Aerogels are 

distinct porous materials exhibiting properties 

such as low density, large surface area per unit 

mass and satisfactory surface chemical 

activities.64 The structure of these aerogels is 

affected by the plant source and the method of 

extraction, since these factors directly affect the 

crystallinity, thermal stability and degree of 

polymerization of cellulose. Three steps are 

involved in their synthesis – dissolution of 

cellulose, formation of a cellulose gel, and drying 

of the gel, while retaining its 3D porous 

structure.
65

 The types of cellulose aerogels 

include natural cellulose aerogels (nanocellulose 

aerogels and bacterial cellulose aerogels), 

regenerated cellulose aerogels,
66

 and aerogels 

made from cellulose derivatives.67 They find wide 

applications in the areas of adsorption and 

oil/water separation, absorption, preparation of 

carbon aerogels, capacitors, biomedicine, and 

metal nanoparticle/metal oxide carriers etc.
64

 

 

Cellulose nanomaterials or nanocelluloses 
The cellulosic fraction of biomass has been 

studied extensively to obtain nano-dimensional 

biomaterials, i.e. materials having at least one 
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dimension in the nanometer range.
68

 Cellulose 

nanomaterials can be of four types: bacterial 

nanocellulose (BC), microfibrillated cellulose 

(MFC), cellulose nanofibers (CNFs) and cellulose 

nanocrystals (CNCs). BC has bacterial origin, 

while the rest are generally obtained from 

biomass, thus, the nature of biomass affects the 

properties of synthesized nanocelluloses.41 These 

nanomaterials are renewable, biocompatible and 

biodegradable, and exhibit exceptional properties, 

such as high tensile strength, thermal stability and 

surface area, as well as low density, but they vary 

in their dimensions, method of preparation, 

properties and hence applications.68  

Mechanical pressure after chemical treatment 

of biomass can lead to the isolation of MFC. 

Ultra-refining can be used to defibrillate the 

cellulose fibers for isolating MFC and CNF.69 

CNFs, the elementary unit of cellulose fibers, 

are generally 5-60 nm thick and several 

micrometers in length. Various methods, i.e. 

mechanical, chemical or enzymatic, have been 

reported for their production.16 The surface of 

CNFs can be modified to increase their 

compatibility within the polymeric matrix.
70

 

Cellulose microfibrils contain randomly arranged 

crystalline and amorphous regions, from which 

the crystalline regions are extracted to obtain 

CNCs.  

CNCs are rod-shaped, one-dimensional 

nanomaterials, with the diameter ranging from 

100 nm to several micrometers and limited 

flexibility. The preparation of CNCs is a two-step 

process, where the first step is the pretreatment of 

biomass for the isolation of cellulosic fibers and 

the second one is the controlled hydrolysis 

(chemical or enzymatic) to remove the amorphous 

regions of cellulose.
16

 The amorphous domains of 

cellulose are more prone to acid hydrolysis by 

mineral acids (HCl and H2SO4) than crystalline 

regions, thereby releasing individual crystalline 

domains upon hydrolysis, but there is a problem 

regarding the handling and disposal of 

concentrated acid. The enzymatic method has also 

been used for the selective hydrolysis of cellulosic 

fibers to obtain a high yield, but although it 

consumes lower energy, it is highly time-

consuming.68 Therefore, all the aspects need to be 

considered for regarding a particular process as 

economical. CNCs have been also synthesized 

from commercially available microcrystalline 

cellulose (MCC), partially depolymerized 

materials obtained by treating cellulosic fibers 

with mineral acids, with applications in 

nutraceutical industries.71  

The isolation, characterization and 

applications of nanocellulose in different fields 

have been reviewed in a number of books and 

journal articles.
16,72,73

 Solid acid catalysts and 

transition metal based catalysts have also been 

used for selective hydrolysis of cellulose to obtain 

cellulose nanoparticles, which are extensively 

used in biocomposites and drug carriers.
74-76

 

 

Platform chemicals derived from cellulose  
The cellulose to glucose conversion serves as 

an intermediate step to synthesize a variety of 

value-added products. Enzymatic/acid hydrolysis 

of cellulose results in the production of glucose 

monomers. The enzymatic reaction is highly 

specific due to the three constituting enzymes of 

the cellulase: endoglucanases, exoglucanase and 

β-glucosidase.77 However, the method has certain 

disadvantages: the instability of enzymes at high 

temperature, the high cost involved in their 

isolation and purification, and difficult recovery. 

The controlled acid hydrolysis of cellulose using 

mineral acids is considered an effective method 

for the production of glucose; however, problems 

related to corrosion and pollution limit the use of 

mineral acids. Metal chlorides too have received 

great attention due to their high catalytic potency, 

decomposition power and ease of recovery, in 

comparison with mineral acids.
78,79

 Ionic liquids 

have been reported to serve as green solvents for 

converting cellulose directly to various value-

added chemicals.
80,81

 Glucose, obtained after 

pretreatment of biomass and saccharification of 

cellulose, may be subjected to various chemical 

transformations: isomerization, fermentation, 

hydrogenation and dehydration to obtain desired 

platform chemicals (Fig. 3). 

Glucose (C6H12O6) can be readily isomerized 

to its structural isomer fructose by isomerase. 

This conversion or isomerization has also been 

reported with Lewis acid and Brønsted base 

catalysts,
82

 zeolites,
83

 aluminates, green catalysts 

etc.84 The isomerization of glucose to fructose is 

considered vital for selective synthesis of 5-

hydroxymethylfurfural (HMF), an important 

platform chemical. 

The cellulose fraction of biomass provides 

fermentable sugar, i.e. glucose, upon 

saccharification or hydrolysis. Upon fermentation, 

glucose produces a variety of alcohols and acids, 

such as ethanol, lactic acid, propanol, acetone, 

succinic acid, butanediol and butanol, of which 
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ethanol and lactic acid hold primary importance.
77

 

Lactic acid is regarded as a basic building block 

of chemical industry. It not only finds application 

in the food, pharmaceutical and cosmetic 

industries, but also serves as a potential feedstock 

for the manufacture of polylactic acid (PLA), a 

biodegradable polymer used as environmentally 

friendly biodegradable plastic. 

 

 

 
Figure 3: Chemical transformations of cellulose derived glucose to obtain platform chemicals 

 

A catalytic system for selective conversion of 

cellulose to lactic acid has been reported.
85

 

Ethanol, an inexpensive abundantly available 

liquid, serves as a second-generation liquid 

transportation biofuel; it is a cleaner fuel in 

comparison with pure gasoline and diesel, and is 

used as gasoline additive in order to increase the 

octane number and improve vehicle emissions 



RAMANDEEP KAUR and PUNEET KAUR 

 214 

due to its low boiling point and hygroscopic 

nature.86 Ethanol-based hand sanitizers also find 

use in the medical and public health care sector. 

The production of ethanol generally involves 

three steps, i.e. pretreatment, saccharification and 

fermentation (Fig. 4), where pretreatment 

increases the enzymatic digestibility of cellulose, 

saccharification produces fermentable sugars, 

which are finally converted to ethanol by 

microbial fermentation.
87

 Generally, two 

approaches can be followed to obtain ethanol: 

separated hydrolysis and fermentation (SHF) or 

simultaneous saccharification and fermentation 

(SSF), of which SSF is preferred because it 

produces a higher concentration of ethanol rapidly 

and at relatively low cost.
88

 Apart from SSF and 

SHF, the control bioprocessing (CBP) process 

enables the production of cellulase, 

saccharification and fermentation to be carried out 

in a single step.89 Among the existing 

pretreatments, ILs are gaining interest for 

producing ethanol. Extensive research has been 

performed on the conversion of cellulosic 

biomass to bioethanol using ILs.28,90,91 

The conversion of cellulose to sorbitol, a sugar 

alcohol, is recognized as an effective route for 

valorization of biomass, as it is an important 

platform molecule for various high value-added 

chemicals (Fig. 5). It is prepared by catalytic 

hydrogenation of glucose (Scheme 1). The system 

containing molecular acids, like H2SO4, HCl, or 

heteropolyacids combined with supported metal 

catalysts like Pt, Pd, and Ru, catalyzes the 

conversion of cellulose to sorbitol effectively.
95,96

 

One of the recently developed methods for 

conversion of cellulose to sorbitol involves the 

use of ruthenium bifunctional catalyst in a neutral 

aqueous solution.
97 

HMF is a most promising platform chemical 

linking biomass and chemicals. It is an important 

product obtained by dehydration of hexoses; 

glucose, preferably fructose, undergoes 

dehydration in acidic conditions to form HMF 

(Scheme 2). The synthesis of HMF using ionic 

liquids in combination with metal salts and 

catalysts has been reported.
81,98

 Li et al.
99

 have 

summarized the synthesis of HMF with 

homogeneous or heterogeneous catalysts in 

organic solvents. It can be transformed to many 

useful acids, aldehydes, alcohols, amines, esters, 

ethers etc. The use of a metal supported catalyst 

for hydrogenolysis of HMF to 2,5-dimethylfuran 

(DMF) has been reported.
100

 HMF reacts with 

simple alcohols under acidic conditions to form 

corresponding ethers.101 Monosubstituted and 

disubstituted ethers, i.e. alkoxymethylfurfurals 

and bis(alkoxy)methylfurfurals, have been 

recently reported to be synthesized from fructose 

in a two-step process from a copper-based catalyst 

system.102 The uncontrolled oxidation and 

reduction of HMF generates a number of 

oxidation products (2,5-diformylfuran, 5-

formylfurancarboxylic acid and 2,5-

furandicarboxylic acid (FDCA)) and reduction 

products (2,5-dihydroxymethylfuran, 2,5-

dihydroxymethyltetrahydrofuran and 2,5-

dimethyltetrahydrofuran).103 

 

 
Figure 4: Conversion of biomass to bioethanol 

87,88 
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Figure 5: Sorbitol as a precursor to value-added products
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Table 3 

Applications of various commodity chemicals synthesized from HMF 

 

Chemical Applications 

DMF109 Exhibits excellent solvent properties and is used as biofuel 

5-Alkoxymethylfurfural
110

 Used as fuel or fuel additive 

2,5-Diformylfuran
111

 
Synthesis of polymers, pharmaceuticals, macrocycles and 

porpyrines 

2,5-Dihydroxymethylfuran
112

 
Synthesis of important chemicals, pharmaceuticals and 

polymers 

FDCA
113

 

Substitute for terephthalic acid in production of polyesters, 

monomer for thermoplastic production, serves as fuel 

additive and precursor for biodegradable bioplastics 

Arylaminomethyl-2-furanmethanol
106

 
Natural precursor of photosensitizer in the photodynamic 

therapy used in cancer treatment 

Levulinic acid99 
Preparation of pharmaceuticals, dyes, coatings, pesticides, 

plastic additives, resins and lubricant additives 

 

The selective transformation of HMF to 2,5-

diformylfuran and 2,5-dihydroxymethylfuran can 

be carried out via the Meerwein Ponndorf Verley 

Oppenauer (MPVO) reaction, where HMF acts 

both as oxidant and reductant.
104

  

Lai et al.
105

 carried out selective 

transformation of HMF to 2,5-diformylfuran over 

vanadium phosphate oxide catalyst. HMF is also 

used to prepare 5-arylaminomethyl-2-

furanmethanol through reductive amination.106 

Dimethyl and diethyl esters of FDCA are reported 

to be synthesized by the oxidative esterification 

process.86 The formation of ester has also been 

reported by the use of various homogeneous and 

heterogeneous catalysts.
107

 Upon acidic 

hydrolysis, HMF yields levulinic acid, along with 

formic acid as by-product. The conversion of 

HMF to levulinic acid/formic acid has been 

carried out using sulfuric acid as catalyst and γ-

valerolactone as a green solvent.108 The different 

value-added chemicals synthesized from HMF are 

shown in Figure 6. Various applications of HMF 

derivatives are discussed in Table 3. 

Levulinic acid acts as a starting material to a 

number of commodity chemicals for diverse 

applications (Fig. 7). Levulinic esters, used as 

diesel additives, can be prepared by esterification 

of levulinic acid with ethanol in the presence of 

acid (HCl or H2SO4), but an efficient and green 

method for synthesis involves the use of 

heteropolyacids or solid acid catalysts.
114,115

 

Recently, the levulinic esters synthesis has been 

carried out using tin modified silicotungstic acid 

supported on Ta2O5.
116 The hydrogenation of 

levulinic acid and its esters over solid acid 

catalysts results in the production of γ-

valerolactone, 1,4-pentanediol and 2-methyl 

tetrahydrofuran.
117-119

 γ-Valerolactone is also 

known to be synthesized by catalytic 

hydrodeoxygenation of levulinic acid by 

formation of angelica lactone.
120

 The synthesis of 

succinic acid from levulinic acid by oxidative 

demethylation has been reported.121,122 Levulinic 

acid and its derivatives serve as building blocks 

for polymer industries.123,124 
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Figure 6: Platform chemicals derived from 5-hydroxymethylfurfural (HMF) 
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Figure 7: Common value-added commodities obtained from levulinic acid 

 

CONCLUSION 
The isolation of cellulose from lignocellulosic 

biomass via various pretreatment processes is the 

foremost step to utilize its potential. The nature of 

the pretreatment will affect the yield, degree of 

polymerization and crystallinity of the isolated 

cellulosic fraction, which, in turn, can be 

converted into biofuels, chemicals, biopolymers, 

gels, nanomaterials etc. with extensive 

applications. Although the production of biofuel 

from cellulose offers the opportunity to overcome 

the dependence on depleting energy resources, 

expensive conversion technologies limit its 

commercial production. Similarly, a number of 

methods are available for synthesizing platform 

chemicals using different reagents, solvent 

systems and catalysts, but these platform 

chemicals are produced through competitive 

processes, where the use of a particular reagent or 

reaction condition selectively favors the 

production of one over the other. The challenge is 

not just achieving a good yield, but attaining a 

good yield while keeping in view the basic 

principles of green or sustainable chemistry. 

Cellulose-based plastics or modified celluloses 

emerged as a boon for polymer industry, as they 

can not only decrease the dependence of plastic 

industries on limited fossil fuel reserves, but also 

help achieve environmental safety, since there is 

significant reduction in non-renewable energy 

consumption and carbon dioxide emission. 

Although biomass-based plastics offer 

applications in various fields, new synthesis 

approaches or modification methods are still 

required, so that they can compete with 

conventional fossil fuel-based plastics. The 

development of novel, green and economical 

approaches for transforming cellulose-rich 

biomass feedstocks would contribute to 

environmental and human health, while sustaining 

scientific and technological progress, and thus the 

industries. Also, an emphasis on the integrated 

approach, where each fraction of biomass is 

simultaneously valorized, would be revolutionary 

in obtaining a wide variety of value-added 

products. 
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