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alue addition of glucose without
carbon–carbon bond cleavage/formation
reactions: an overview

Saikat Dutta * and Navya Subray Bhat

As themonomeric unit of the abundant biopolymer cellulose, glucose is considered a sustainable feedstock

for producing carbon-based transportation fuels, chemicals, and polymers. The chemocatalytic value

addition of glucose can be broadly classified into those involving C–C bond cleavage/formation

reactions and those without. The C6 products obtained from glucose are particularly satisfying because

their syntheses enjoy a 100% carbon economy. Although multiple derivatives of glucose retaining all six

carbon atoms in their moiety are well-documented, they are somewhat dispersed in the literature and

never delineated coherently from the perspective of their carbon skeleton. The glucose-derived

chemical intermediates discussed in this review include polyols like sorbitol and sorbitan, diols like

isosorbide, furanic compounds like 5-(hydroxymethyl)furfural, and carboxylic acids like gluconic acid.

Recent advances in producing the intermediates mentioned above from glucose following

chemocatalytic routes have been elaborated, and their derivative chemistry highlighted. This review aims

to comprehensively understand the prospects and challenges associated with the catalytic synthesis of

C6 molecules from glucose.
1. Introduction

As a renewable feedstock to produce carbon-based trans-
portation fuels, chemicals, and polymers, cellulosic biomasses
t seamlessly in many futuristic depictions of a biobased
economy.1 The primary motivation behind an integrated bio-
renery is to access renewable chemicals by adopting
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environmentally acceptable processes without compromising
their affordability and performance.2 Interestingly, biomass was
the primary source of energy and fuels until the widespread
adoption of petroleum in the second half of the 19th century.3

The primary challenges for biomass value addition in a bio-
renery setup include identifying commercially tenable
biomass feedstocks and developing procient technologies for
their synthetic upgrading with minimal stress on the environ-
ment.4 In this regard, cellulose is the single most abundant
biopolymer available in nature, and only a small fraction of the
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nearly 150 billion tons of cellulose produced annually world-
wide is utilized.5 Cellulose, typically found in terrestrial ligno-
cellulose, algal biomass, and various end-user waste products,
is a linear polymer made of glucose units stitched together by
the b-1,4-glycosidic linkage.6 The extensive hydrogen-bonding
network between the neighboring chains of cellulose ber is
responsible for its high crystallinity and chemical recalci-
trance.7 Nevertheless, cellulose can be depolymerized into
glucose by the saccharication process following chemo-
catalytic or enzymatic pathways.8,9 Glucose is present as sucrose
in fruits and starch in various food grains, but these sources are
more costly starting materials than cellulose. Besides, diverting
sucrose or starch in producing fuels and chemicals could be
disastrous for food security in many parts of the world.10

Therefore, from both economic and environmental perspec-
tives, glucose derived from cellulosic biomasses is preferred for
synthesizing biofuels and biochemicals. Over the past several
years, there have been signicant research breakthroughs in the
selective, high-yielding synthesis of small molecules and poly-
mers from glucose/cellulose with specic sets of functionalities
and properties.11 The reagents and catalysts required for the
chemical transformations are oen selected by revering the
green chemistry principles and commercial feasibilities, such
as non-toxicity and bulk availability.12

The starting materials used in the petroreneries and bio-
reneries are disparate at the molecular level.13 Molecules with
specic structural and functional characteristics (e.g., mono-
mers, pharmaceuticals) are produced by introducing hetero-
atoms (e.g., oxygen-containing functionalities) selectively in the
petroleum-derived hydrocarbons.14 On the contrary, excessive
oxygen-containing functionalities in the biomass-derived feed-
stocks (e.g., glucose) are selectively eliminated/tailored to
produce molecules with desired structural traits.15 The primary
task in a biorenery is identifying efficient reagents and cata-
lysts to effect selective chemical transformations. Enzymatic
catalysis can produce many of these derivatives in high selec-
tivity under ambient conditions.16 However, the process is slow
(ca. days) and oen requires genetically altered live organisms,
expensive enzymes, and nutrients. The biocatalysts typically
have a low turnover number (TON), less tolerance to feedstock
exibility, lengthy process development time, and must comply
with strict regulatory requirements.17 In contrast, the chemical
catalysts can be developed by a high throughput screening
process, have a high TON and faster kinetics, adjust to feed-
stock modications, possess a better understood structure–
activity correlation, and be integrated into existing petrorenery
infrastructure.18 Primary challenges before the chemocatalytic
processes are to compete with high selectivity of the enzymatic
processes, perform under energy-efficient conditions, and effi-
cient recycling of the precious catalysts.19 Many of the existing
catalysts used in the petrorenery have been repurposed, and
a new library of robust, selective, inexpensive, and eco-friendly
catalysts have been developed for biorenery operations.20

Noble metals and non-noble metal-based heterogeneous solids,
ionic liquids, ion-exchange resins, metal–organic frameworks,
zeolites, and polyoxometalates are frequently used catalysts in
biorenery operations.21 Nanocatalysts and single-atom
4892 | RSC Adv., 2022, 12, 4891–4912
catalysts (SACs) are also increasingly being administered in
the chemical-catalytic value addition of biomass due to their
high activity and selectivity compared to traditional heteroge-
neous catalysts.22 The preparation of many high-value chem-
icals from glucose/cellulose involves C–C bond breaking/
forming reactions.23–26 Selective catalysts and precise reaction
conditions are being developed for C–C breaking or formation
reactions forming high-value chemicals from glucose. However,
from the atom economy and carbon economy perspective,
preserving all the carbon atoms of glucose in the product is
warranted. The processes avoid waste formation, do not release
carbon into the environment, and produce C6 molecules con-
taining diverse carbon skeletal systems. Therefore, the present
review focuses on preparing value-added products sourced from
cellulose and glucose with a 100% carbon economy.27,28 This
work will help the readers to comprehend recent developments
in this eld, appreciate the prospects, identify the challenges,
and prescribe improvements.
2. Direct value addition of glucose/
cellulose

Cellulose remains one of the most widely used natural bers
throughout human history and is extensively used in the textile,
paper, animal feed, cosmetic, and pharmaceutical industries.29

Various high-value derivatives of cellulose have been prepared
by keeping its polymeric core structure and the carbon skeleton
unperturbed. The direct applications of glucose and cellulose
without signicantly altering their core structure include
human and animal feed, wood and paper, bers and clothes,
cosmetics, packaging, and an excipient in the pharmaceutical
industries.30,31 The crystallinity of native cellulose is moderated
by disrupting the hydrogen bonds formed between the
secondary and primary hydroxyl groups of the glucose units
between the polymeric chains. Ethyl cellulose, cellulose acetate,
and hydroxypropyl cellulose are prepared by converting some of
the free hydroxyl groups in cellulose into ethyl ether, acetate
group, and 2-hydroxypropyl group, respectively.32–34 Other
important derivatives of cellulose include cellulose nitrate and
cellulose sulfate. Cellulose nitrate (mono-, di-, and tri-nitro
esters of cellulose produced by reacting cellulose with HNO3)
has a long history of being used as explosive and lacquer.35

Cellulose sulfate, a water-soluble derivative of cellulose, is
prepared by treating cellulose with conc. H2SO4 at low
temperature (ca. �10 �C) in an alcoholic (e.g., ethanol)
medium.36 Cellulose ber is used as reinforcement for natural
and synthetic polymer matrices due to its low density, non-
toxicity, and good mechanical properties.37 The cellulose
derivatives such as cellulose acetate have also been applied as
ller or polymer matrix for various composite materials.38

Nanocellulose in the form of cellulose nanocrystals and cellu-
lose nanobers has excellent mechanical properties and is used
as a reinforcing material across multiple polymer nano-
composites.39 Nanocellulose is sourced from plant biomass and
bacteria using mechanical, chemical, or enzymatic treatments.
The properties of nanocellulose depend on the biomass source,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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isolation technique, and surface modications. Nanocellulose
surface can be modied by charged or hydrophobic moieties
(e.g., esterication, sulfonation). Nanocellulose is known for its
excellent mechanical strength, biocompatibility, tuneable self-
assembly, thixotropic, and photonic properties, making it an
attractive candidate in nanomaterials and nanocomposites.40

The applications of nanocellulose include packaging, rein-
forced polymer composites, biosensors, catalysis, and opto-
electronics. A limited study has been done on the hydrolysis of
nanocellulose into glucose using enzymatic hydrolysis.41 In this
work, cellulase from Trichoderma sp. afforded a 47% glucose
yield starting from cellulose nanoplatelets (37 �C, 60 h), whereas
microcrystalline cellulose provided only a 22% glucose yield.
The TiO2-coupled nanocellulose catalyzed the hydrolysis of
sugarcane bagasse into glucose.42

Glucose is commercially used as a sweetener, thickener, and
moisture-retainer in various canned and baked food products.43

The glucose to fructose isomerization can be catalyzed by
a Lewis acid or a Brønsted base.44,45 Fructose syrup is used in
several foods and beverages because of its relatively low cost
and high sweetness (more than twice that of glucose).46

In this section, the compounds directly obtained by the
catalytic conversion of glucose are elaborated. For example, the
selective hydrogenation of the aldehyde group in glucose forms
D-sorbitol (Scheme 1). D-Sorbitol has major applications as
a low-calorie sweetener, humectant in cosmetics, additive in
various pharmaceutical formulations, and chemical feedstock
for value-added chemicals by synthetic upgrading.47 The alde-
hyde group in glucose can be selectively oxidized to carboxylic
acid by a chemical-catalytic process forming gluconic acid
Scheme 1 Direct transformation of glucose into various high-value che

© 2022 The Author(s). Published by the Royal Society of Chemistry
(GCA), which has applications in cleaning products, paints,
dyes, metal nishing, textile, and water purication.48,49 The
dicarboxylic acid formed by oxidizing the terminal carbon
atoms of glucose molecule is called glucaric acid (GRA). GRA
has applications as a corrosion inhibitor, a component in
cleaning products, and an important chemical intermediate for
synthesizing adipic acid (AA).50,51 The hydrogenation of glucose
to sorbitol followed by the acid-catalyzed double dehydration of
the latter forms 1,4:3,6-dianhydro-D-sorbitol or isosorbide (IS).52

The derivatives of IS have found applications as green solvents,
plasticizers, surfactants, and a monomer for several classes of
biorenewable polymers (discussed in detail in the next
section).53,54 The sequential elimination of three water mole-
cules from a glucose molecule under acid catalysis forms 5-
(hydroxymethyl)furfural (HMF).55 2-Hydroxyacetyl furan,
another C6 furanic compound, is oen coproduced in smaller
quantities under acid catalysis.56 HMF is one of the most
recognized biomass-derived chemical intermediates with huge
commercial potential for synthesizing fuels, chemicals, and
materials.57 More extensive reduction of glucose forms 1,2,6-
hexanetriol (HTO), a potential alternative for glycerol in making
polymers.58 Extensive hydrodeoxygenation (HDO) of glucose-
derived sorbitol leads to n-hexane.59 Partial HDO of sorbitol to
1,6-hexanediol (HD) followed by oxidation of the latter forms
AA.60,61 Many of the products in Scheme 1 are potential mono-
mers for polymeric applications. Other important derivatives of
glucose include alkyl glucosides and alkyl glucosamides,
formed by condensing glucose or GCA with fatty alcohols and
amines, with applications as nonionic surfactants in detergents
and personal care products.62,63
micals and materials.
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In this regard, two types of polymers are targeted from
biomass resources like glucose or cellulose. In the rst kind, the
existing commercial polymers are prepared using biomass as
the renewable resources for the monomer components, making
the process greener and more sustainable.64 In the second kind,
novel polymers are produced with a higher degree of control on
their properties and biodegradability.65 In this review, only
those polymers are highlighted that comprise C6 monomers
originating from glucose. Selective HDO of the secondary –OH
groups in glucose under catalytic hydrogenation conditions
forms HD. Alternatively, the ring-opening hydrogenation of 2,5-
bis(hydroxymethyl)tetrahydrofuran (BHMTHF) (discussed in
Section 4) can lead to HD.66,67 HD is a potential diol-based
renewable monomer for various polymers like polycarbonate
and polyester.68,69 HD can be diaminated to form hexamethy-
lenediamine (HMDA), a key monomer for polyamides, poly-
urethanes, and epoxy resins, reacting with ammonia in the
presence of a suitable heterogeneous catalyst.70 Glucose can be
oxidized to GRA, which on selective HDO forms AA.50 Alternative
routes for synthesizing AA from glucose include the oxidation of
HD and reductive conversion of FDCA.71–73 Therefore, both AA
and HMDA, the monomers of the high-volume commercial
polymer nylon-66 can be renewably sourced from glucose.

Several high-performance polymers have been synthesized
from glucose using C6 monomers. For example, a novel polymer
was prepared using IS as a diol and FDCA as a diacid monomer
(Scheme 2). The resulting rigid polyester showed excellent
mechanical strength, high glass transition temperature, and
superior gas barrier properties.74
Scheme 2 Renewable syntheses of commercial and novel polymers fro

4894 | RSC Adv., 2022, 12, 4891–4912
Several metal-based heterogeneous catalysts have been
developed for the selective hydrogenation of glucose into
sorbitol in an aqueous medium under operationally simple and
environmentally acceptable conditions. Both noble metal-based
and earth-abundant transition metal-based catalysts have been
explored for the above transformation (Table 1). Both
commercial catalysts and lab-made catalysts have been studied
and shown promising results. The challenge in this area is to
produce sorbitol in good scalability and isolated yield starting
from untreated or minimally-treated cellulosic biomass.

Numerous research works have been performed on
preparing sorbitol from glucose/cellulose, emphasizing on
design, selectivity, efficiency, and recyclability of the catalyst.
The Ru, Ni, Pt, and Pd metal-based catalysts impregnated on
appropriate heterogeneous supporting materials were success-
fully used for the hydrogenation step. Among the non-noble
transition metal catalysts, Ni-catalysts have shown remarkable
activity (e.g., high conversion, good selectivity) but low recycla-
bility. The hydrogenation of glucose requires relatively milder
reaction conditions (<150 �C, 1–5 MPa H2) than that of cellulose
(>160 �C, 6–8 MPa H2). The pretreated, ball-milled, and mixed
ball-milled cellulose showed better conversion and selectivity
toward sorbitol than untreated cellulose. The pretreatment
processes lower cellulose's recalcitrant nature andmake it more
amenable to the catalyst and chemical reagent, thereby assist-
ing in the subsequent saccharication step. The reaction was
attempted under batch as well as continuous process condi-
tions. A base additive is frequently introduced in the reaction
medium to maintain an alkaline pH favoring the equilibrium
m glucose-derived C6 monomers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Literature on producing sorbitol from glucose/cellulose by catalytic hydrogenation (published during 2016–2021)a

S/N Feedstock Catalyst Reaction conditions Yield (%) Ref.

1 Glucose 5RuNb2O5_C (10 wt%) 100 �C, 4 h, 6 MPa H2, water 83.30 75
2 Glucose Fe3O4@SiO2@L2-Ru(II) (55.5 wt%) 150 �C, 1 h, 2-propanol, water, K2CO3 (0.1

mmol), MW
96.31 76

3 Glucose FeNi/CB (12 wt%) 140 �C, 2 h, 3 MPa H2, water 25.46 77
4 Glucose Nano-Ni2P-HT (3 mol%) 80 �C, 24 h, 4 MPa H2, water >99 78
5 Glucose Pt(2)Sn(0.25)/g-Al2O3 (50 wt%) 80 �C, 6 h, 1.6 MPa H2, C-HT (0.75 g),

water
76 79

6 Cellulose 3%Ru-PW/ZrO2-550 (100 wt%) 180 �C, 7 h, 7 MPa H2, water 66 80
7 Glucose Ru/LHT-OX 120 �C, 2 h, 3 MPa H2, water 62 81
8 Microcrystalline cellulose Ni/ZrP2 (100 wt%) 200 �C, 5 h, 5 MPa H2, water 60.8 82
9 H3PO4 pretreated cellulose Ru/PBC (33.33 wt%) 150 �C, 8 h, 5 MPa H2, water 87.1 83
10 Glucose Ru/ZP-A (27.7 wt%) 90 �C, 7 h, 1.25 MPa H2, water 85.36 84
11 Cellulose Ru/Cs3HSiW12O40 (100 wt%) 180 �C, 3 h, 5 MPa H2, water 58 85
12 Mixed milled cellulose ZrP (180 wt%) and Ru/MC (12 wt%) 190 �C, 1.5 h, 5 MPa H2, water 66.4 86
13 Glucose Ru–ZrO2-SBA-15 (0.5 mol%) 150 �C, 6 h, 4 MPa H2, water 85 87
14 Glucose Pt/CB_SP0.5 (40 wt%) 140 �C, 5 h, 4.5 MPa H2, water 89 88
15 Glucose HPS-N-Ni-25% 160 �C, 4 MPa H2, water 98* 89
16 Glucose 35Ni/NDC 125 �C, 2.5 MPa H2, water, continuous

stream (40 h)
84 90

17 Glucose Ni–P-m (10 wt%) 100 �C, 4 h, 4 MPa H2, water 97 91
18 BM cellulose Ru/SA (25 wt%) 190 �C, 3 h, 5 MPa H2, water 48 92
19 Cellulose ZrP (180 wt%) and Ru@MC (12 wt%) 170 �C, 1.5 h, 5 MPa H2, water 72.4 93
20 Glucose 5%Ru/g-Al2O3@ASMA (20 wt%) 120 �C, 2 h, 5 MPa H2, water 90 94
21 BM cellulose Ru/CCD-SO3H (80 wt%) 180 �C, 10 h, 4 MPa H2, water 63.8 95

Glucose 180 �C, 1 h, 4 MPa H2, water 85.5
22 Glucose (RuO2)0.038(SiO2)0.962 (250 wt%) 120 �C, 6 h, 2 MPa H2, water 35# 96
23 BM cellulose Ru/AG-CNT1200 (40 wt%) 205 �C, 5 h, 5 MPa H2, water 64 97
24 Glucose 5% Ni/Al2O3-70 �C-0.17 (33.3 wt%) 130 �C, 4 h, 3 MPa H2, hydrazine/water 52# 98
25 Glucose RANEY® Ni (100 wt%) 150 �C, 6 h, ethanol, water 57 99
26 Cellobitol Ni–Pt/CNT 200 �C, 3 h, 4 MPa H2, water 65.4 100
27 Glucose Ni/NiO (4.1 wt%) 130 �C, 5 MPa H2, water 84 101
28 Glucose NiCo/HZSM-5 (55.5 wt%) 120 �C, 5 h, 5 MPa H2, water 98 102

Cellobiose NiCo/HZSM-5 (58 wt%) 180 �C, 5 h, 5 MPa H2, water 86
29 BM cellulose (RuAC)mix (40 wt%) 205 �C, 6 h, 5 MPa H2, water 46 103
30 BM cellulose Naon NR50 (40 wt%) and Ru/AC

(100 wt%)
150 �C, 1 h, 5 MPa H2, water, [Amim]Cl (1
g)

34.3 104

31 Glucose Ru/CCD (1 wt%) 120 �C, 1.5 h, 3 MPa H2, water 98.6 105
32 Glucose Ni powder (4 wt%) and TiO2 pillared

bentonite (40 wt%)
Irradiation with UV sunlight, 30 days 66.8 106

33 Glucose Ru-TSu (25 wt%) 190 �C, 3 h, 5 MPa H2, water 32.7 107
34 Glucose 5%Pt/AC-B (42 wt%) 180 �C, 3 h, 2 MPa H2, water 92 108
35 Glucose HPS-Ni-25% 140 �C, 85 min, 4 MPa H2, water �98 109
36 Mixed milled cellulose Ru/AC (40 wt%) 205 �C, 5 h, 5 MPa H2, water 60 110
37 Cellulose Ru/CNT (40 wt%) 205 �C, 5 h, 5 MPa H2, water 50.8 111
38 BM cellulose Ru–Ni/AC (40 wt%) 205 �C, 4 h, 5 MPa H2, water 74.3 112
39 Cellulose 1.0% Ru/MN-270 (0.422 mol%) 245 �C, 5 min, 6 MPa H2, water 25 113
40 Glucose Ni–Co-1-1 (40 wt%) 90 �C, 4 h, 3 MPa H2, water 96 114
41 Glucose Ru:Ni/MCM-48 140 �C, 1.5 h, 2.5 MPa H2, water 60 115
42 Glucose Pt/SBA-15 (20 wt%) 140 �C, 4 h, 4 MPa H2, water 65# 116
43 Glucose 5Ru/AFPS (5 wt%) 100 �C, 1.5 h, 6 MPa H2, water 73 117
44 Glucose Ru/MCM-48 120 �C, 45 min, 2.5 MPa H2, water 89.5 118

a Abbreviations: BM, Ball-milled; 5RuNb2O5_C, 5 wt% Ru/Nb2O5 in crystalline phase; L2, bis(diphenylphosphinomethyl)aminoalkyl ligand; LHT-
OX, oxidized carbon nanober; HT, hydrotalcite; PBC, phosphoric acid-containing porous biochar (from bamboo power); ZP-A, phosphated
zirconia-alumina; MC, mesoporous carbon; CB, carbon black; SP, sodium propionate; NDC, nitrogen-doped carbon; HPS-N: hypercrosslinked
polystyrene modied with ammonia; Ni–P-m, Ni–P/mSiO2–NH2&CH3 in a NaOH solution; SA, pristine commercial mesoporous activated carbon;
AMSA, amino poly(styrene-co-maleic)polymer; CCD, carbonized cassava dreg; AG-CNT, activated carbon nanotube; Ru-TSu, Ru supported on
carbon T treated with H2SO4; AC-B, activated carbon reduced by NaBH4; C-HT, calcined hydrotalcite; PW, phosphotungstic acid; Cs3HSiW12O40,
Cs exchanged silicotungstic acid; AFPS, amino functionalized nanoporous polymer; *selectivity; #conversion.
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toward the acyclic form of glucose. Like all other biorenery
processes, the development of robust, inexpensive, efficient,
and eco-friendly catalysts is indispensable for the commercial
© 2022 The Author(s). Published by the Royal Society of Chemistry
production of sorbitol. The supporting material for the metal
catalyst has multifaceted roles that encompass introducing
additional characteristics (e.g., acid sites) to the catalyst,
RSC Adv., 2022, 12, 4891–4912 | 4895
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dispersing the metal sites, modifying the selectivity of the metal
sites, providing mechanical stability to the catalyst, and assist-
ing in the catalytic recovery. The most commonly used supports
are carbon-based materials, but other supporting materials like
zeolites, inorganic oxides, silica, heteropoly acids (HPAs),
polymeric resins, and hydrotalcite (HT) are also not
uncommon. The use of a homogeneous acid catalyst alongside
a metal catalyst has been reported in the literature for
producing sorbitol directly from cellulose. Developing bifunc-
tional heterogeneous catalysts with acidic and metal sites is
crucial for directly converting polysaccharides into sorbitol.

Sorbitan, a mixture of isomeric ve- and six-membered cyclic
ethers containing primary and secondary hydroxyl groups (total
four), is formed by removing a molecule of water from sorbitol
under acid catalysis. The sugar-derived polyols are well docu-
mented in the literature with potential application as the
starting material for food additives, nonionic surfactants, and
emulsiers.119,120 1,4-Sorbitan is formed as the single major
product from sorbitol when dehydrated by sulfuric acid catalyst
under conventional heating.120 The synthesis of 1,4-sorbitan
under microwave irradiation has also been reported.121

However, the mineral acid catalysts suffer from serious issues
like poor recyclability and corrosiveness. In addition, the
homogeneous acids promote double-dehydration of sorbitol to
IS, thereby reducing the selectivity toward sorbitan. Therefore,
the design of robust heterogeneous catalysts with precise
control over their acid sites is of immense signicance in this
chemistry.122–125 The synthesis of sorbitan directly from glucose/
cellulose is also reported in the literature by employing
a mixture of acid and metal catalysts or a single bifunctional
catalyst containing both metal and acid sites. For example,
cellulose was selectively converted into sorbitan using a combi-
nation of Ru/C and mineral acids under an overpressure of
hydrogen gas.54,126 A series of phosphate-supported nickel
catalysts having both metal and acid sites were prepared and
used as bifunctional catalysts for the value addition of cellulose.
Fig. 1 Molecular structure of some sorbitan fatty acid esters (SFAEs, gene
a food additive).

4896 | RSC Adv., 2022, 12, 4891–4912
The use of Ni/TiP2 gave a 34.7% yield of 1,4-sorbitan starting
from microcrystalline cellulose, whereas other catalysts like Ni/
ZrP1, Ni/ZrP0.5, and Ni/ZrP2 gave sorbitol as a major product.82

The combination of HCl and Ru/C was employed to deconstruct
microcrystalline cellulose (99.4% conversion) into 1,4-sorbitan
and 3,6-sorbitan (a combined yield of 46.2%) under optimized
conditions (215 �C, 30 min, 6 MPa H2).127 Sorbitan is oen
formed as the side product during the conversion of cellulose/
glucose into sorbitol under catalytic hydrogenation
conditions.126,128

1,4-Sorbitan is used as an environmentally benign surfac-
tant, an emulsier, and a plasticizer in various industries.124,129

Sorbitan fatty acid esters [Fig. 1(a–d), SFAEs] were prepared by
reacting sorbitan with fatty acids or their esters under Fischer
esterication or transesterication reaction conditions. They
are commercially named Span® and used in applications like
paints, emulsiers, cosmetics, and pharmaceutical indus-
tries.130–132 SFAEs can be synthesized from sorbitol by
combining dehydration and esterication reactions. The ester-
ication of four hydroxyl groups in sorbitan leads to mono- to
tetra-esters or a mixture thereof (Fig. 1). The direct synthesis of
SFAEs from sorbitol involves dehydration and subsequent
esterication.133,134 For the one-pot protocol, simultaneous
dehydration and esterication were carried out in the presence
of suitable acid and base catalysts.135 The direct synthesis of
SFAEs from sorbitol was patented using a combination of acid
and base catalysts in varying molar ratios.134,136 SFAEs can also
be prepared by acylating 1,4-sorbitan with activated carbonyl
compounds, such as acyl chloride, even at room temperature.137

The SFAEs are extensively used as food additives and have
promising applications as nonionic surfactants.138 The mono-
and dilinseed sorbitan esters were prepared directly from
sorbitol and used as linseed oil-based emulsiers in paints.139

Sorbitan monooleate was used to prepare electrospun poly(L-
lactide-co-3-caprolactone) core–shell type nanobers via elec-
trospinning techniques.140 The sorbitan esters have also found
ral formula), polysorbate (Tween®20), and sorbitan monooleate (E494,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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applications in drug delivery systems.141,142 For example, vesicles
(niosomes) made of sorbitan monoesters were used as nonionic
surfactants in oral drug delivery systems and demonstrated
their inulin-protection ability in the presence of proteolytic
enzymes.143 Monopalmitate-based proniosomal gel was devel-
oped and successfully used for the transdermal drug delivery of
chlorpheniramine maleate, an antihistamine drug.144 The
reaction between sorbitan esters and ethylene oxide results in
the presence of a suitable base catalyst that forms polysorbates,
marketed under brand names like Scattics® and Tween®,
which have properties similar to SFAEs.130,145

Glucose can also be transformed into AA, a crucial chemical
for several commodity products, such as polyurethane,
cosmetics, fertilizers, insecticides, adhesives, and nylon-66.146

Around 75% of 6.9 billion pounds of AA projected to be
produced worldwide in 2021 will be directed to form nylon-
66.147 Bio-based AA is a greener and sustainable alternative to
fossil-derived AA. AA can be synthesized from glucose via both
chemocatalytic and enzymatic routes. Though the enzymatic
pathway affords good selectivity toward AA, they are relatively
slow, require a unique reactor design, and conform to strict
regulatory guidelines.148 On the other hand, the chemocatalytic
route enjoys technological support from the prevalent petror-
enery infrastructure and, therefore, is commercially more
attractive. Glucose can be oxidized into AA following two
mechanistic pathways via GRA or FDCA intermediate.147 The
process passes through a series of selective oxidation and
reduction steps. Glucose is rst oxidized to GRA in the rst
pathway, then subjected to hydrogenolysis to remove the four
secondary alcohols using metal catalysts under an overpressure
of hydrogen gas forming AA.149 The main challenge in this
synthetic pathway is the formation of side products by retro-
Diels–Alder reaction of the GCA and glucuronic acid interme-
diates into molecules of smaller carbon chain lengths (e.g.,
lactic acid, glyceric acid).

In the second synthetic pathway, glucose-derived HMF is
oxidized to FDCA, then selectively hydrogenated to AA using
metal catalysts and acid promoters using molecular hydrogen
as the reducing agent.71 Another potential synthetic route for AA
involves the hydrogenation of HMF into HD followed by
oxidation of the latter.60 FDCA can be obtained in excellent
isolated yields under base-free conditions by using inexpensive,
innocuous oxidants.150 Though noble metal catalysts (e.g., Pt,
Au) have shown satisfactory activity, recent research in this area
focuses on developing earth-abundant, transition metal-based
catalysts.151 The ring-opening of FDCA requires relatively
harsh reagents, such as HI, and the current focus is on
improving the selectivity of the process under mild reaction
conditions.152 The selective oxidation of the aldehyde group in
glucose to a carboxylic acid forms GCA and is naturally present
in many food products, such as honey, fruits, and wine. Sodium
gluconate is a food additive (E574) and an acidity regulator,
whereas calcium gluconate is a calcium supplement. The
gluconate anion acts as a chelating agent for several metal ions
and could be used as a cleaning agent.153 Although nitric acid as
an oxidant has been used extensively for this process, the
current focus is on using greener oxidants (e.g., aq. H2O2) that
© 2022 The Author(s). Published by the Royal Society of Chemistry
do not form toxic wastes and environmental pollutants.154 Table
2 lists recent literature references on oxidizing glucose to
various C6 oxidation products.

Several journal publications unveiled novel catalysts and
process optimizations for selectively oxidizing glucose into
targeted sugar acids (e.g., GCA, GRA).174,175 The heterogeneous
catalysts bearing gold nanoparticles showed maximum catalytic
efficiency toward glucose oxidation without C–C bond cleavage
reactions. The monometallic or bimetallic catalysts using earth-
abundant transition metals have also gained signicant atten-
tion due to their better availability, lower cost, and lesser envi-
ronmental footprint compared to noble metals. Many reports
demonstrated that maintaining an alkaline pH during the
reaction is benecial for faster kinetics and better catalyst
recyclability. However, the use of alkali additives during the
reaction results in forming the salts of sugar acids. The isolation
of sugar acids requires a protonation step, which produces
inorganic salts as waste, and requires an additional purication
step. Besides, an aqueous base facilitates the isomerization of
glucose to fructose. Therefore, the base-free synthesis of sugar
acids by the catalytic oxidation of glucose is paramount.

The preparation of sugar acids using eco-friendly materials
(e.g., ion-exchange resins, deep eutectic solvent), and efficient
processes (e.g., electrocatalysis, photocatalysis) are the recent
trends. Molecular oxygen is one of the most sought-aer
terminal oxidants for the above transformation under batch
and continuous ow conditions.172 The applications of perox-
ides (e.g., aq. H2O2) as oxidants are also well-documented in the
literature.156,160 The catalytic deactivation was mainly due to
sintering, leaching, and poisoning of active sites. Washing the
recovered catalysts with polar solvents aer each cycle and
calcining helped remove organic depositions from the catalyst
surface and regain their activity. The high-yielding productions
of GRA, glucuronic acid, galacturonic acid, and AA from glucose
have been reported. The direct use of polymeric carbohydrates
(ca. cellulose) for oxidation products would be preferred for
feedstock exibility and better process economics. However, the
process is substantially more challenging since it requires
a cascade of transformations like hydrolysis and oxidation
reactions in the appropriate sequence, requiring a more intri-
cate catalyst design and other process parameters.
3. Value addition of glucose/cellulose
via the isosorbide intermediate

The removal of a single molecule of water from sorbitol forms
sorbitans. The removal of the second molecule of water from
3,6-sorbitan and 1,4-sorbitan under acid catalysis leads to IS
(Fig. 2).176,177 However, other sorbitans like 2,5-sorbitan and 1,5-
sorbitan lead to side products (i.e., humin) formation. The
polyols oen undergo not-so-well-understood decomposition
reactions forming humin.

The major challenge in forming IS is to develop a robust,
inexpensive, selective, and recyclable catalyst that affords IS in
high isolated yield in a readily scalable process. Various classes
of homogeneous and heterogeneous acid catalysts have been
RSC Adv., 2022, 12, 4891–4912 | 4897
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Table 2 Direct oxidation of glucose to various sugar carboxylic acids without C–C bond cleavage reactiona

S/N Feedstock Product Catalyst Reaction conditions Yield (%) Ref.

1 Glucose GCA Au/SBA-15 110 �C, 2 h, glucose (0.2 M, 10 mL),
catalyst (0.01 g), water, 0.5 MPa O2

95.2 155

2 Glucose GCA Co/Al2O3 60 �C, 3 h, glucose (20 wt%, 7.5 g),
catalyst (0.016 g), pH 9 (controlled),
water, D-glucose/30 wt% H2O2 (1/1 molar
ratio)

82 156

3 Glucose GCA Au-HBeta (AP) 110 �C, 2 h, glucose (0.2 M, 20 mL),
glucose/Au (1970/1 molar ratio), water,
0.5 MPa O2

90 157

4 Glucose GCA Au/MCM-41 37 �C, 45 min, glucose (0.15 M), glucose/
Au (118 200/1 molar ratio), pH 7.4
(controlled), water, dissolved O2 (6–
8 mg L�1)

85* 158

5 Glucose GCA PdBi/Al2O3 60 �C, 110 min, glucose (0.6 moL l�1, 25
mL), glucose/Pd (1900/1 molar ratio), pH
8.8–9.2, 10 mL min�1 O2

95.5 159

6 Glucose GCA g-C3N4/CoPz 300 W xenon lamp (2 W cm�2), 20 min,
glucose (1 mmol L�1, 30 mL), catalyst
(0.02 g), water, H2O2 (30 mL)

31 160

7 Glucose GCA Au61Pd39/Ce-NR 80 �C, 6 h, catalyst (100 mol% of metal),
pH 9.5 (initial), water, 0.6 MPa O2

97.7 161

8 Glucose GCA Gold electrode 5 �C, 65 h, 0.55 VRHE for 30 s, 2.40 VRHE

for 1 s, 0 VRHE for 1 s, 0.04 M glucose in
0.1 M NaOH

86.6* 162

9 Glucose GCA SnO2/FePz(SBu)8 Light intensity (2 W cm�2), 1 h, glucose
(1 mmol L�1, 50 mL), catalyst (0.02 g),
airow (0.4 L min�1)

18 163

10 Glucose GCA Au/HAP-LDH 110 �C, 2 h, glucose (2 mmol), glucose/Au
(1000/1 molar ratio), water (12 mL),
0.5 MPa O2

98 164

11 Glucose GCA Pd/Cellulose RT, 3 h, glucose (0.5 mmol, 0.053 g),
catalyst (0.04 g), Na2CO3 (0.053 g), water
(10 mL), 30 mL min�1 O2

91.2 165

12 Cellulose GCA FeCl3 110 �C, 2 h (hydrolysis in 60% FeCl3 and
oxidation in 40% FeCl3), glucose (0.25 g),
air

50 166

13 Cellulose GCA FeCl3$6H2O/ethylene glycol (2 : 1) 120 �C, 1 h, FeCl3 (oxidant) 52.7 167
14 Cellobiose GCA CuO–CeO2 160 �C, 3 h, cellobiose (0.205 g), catalyst

(0.050 g), water (15 mL), CuO as oxidant
51 168

15 Glucose GRA AuBi/AC 80 �C, 3 h, glucose/metal/NaOH (4.4/
0.0088/13.2), water (15 mL), 1.3 MPa O2

>35 169

16 Glucose GRA Au–Pt/ZrO2 100 �C, 4 h, glucose/metal (80/1), 4 MPa
O2

50 170

17 Glucose GRA NiFeOx-NF 2 h, 10 mM glucose in 1 M KOH, E ¼
1.30 V, J ¼ 17.7 mA cm�2, potential
applied ¼ 1.30 V

83.3 171

18 Glucose Glucuronic acid Au/CeO2 130 �C, 4 h, glucose (0.55 mol L�1, 10
mL), catalyst (0.02 g), water (10 mL),
1.5 MPa O2

48 49

19 Glucose Glucuronic acid — 25 �C, 4 h, water (100 mL), 10 mL min�1

O2 bubbling, ultrasonic irradiation (550
kHz, Pacouc ¼ 0.36 W mL�1)

94 172

20 Glucose Galacturonic acid Zinc–vanadium mixed oxide 100 �C, 30 min, catalyst (0.01 g), water
and H2O2 (10 mL), MW irradiation

59.6 173

a Abbreviations: GCA, gluconic acid; GRA, glucaric acid; CoPz, cobalt tetra(2,3-bis(butylthio)maleonitrile)porphyrazine; NR, Nanorod; MW,
microwave; RT, room temperature. *Selectivity.
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examined for the dehydration reaction of sorbitol to IS. IS has
been identied as a diol-based renewable monomer for various
high-volume polymers with high thermal and chemical stability
like polyesters, polycarbonates, polyethers, and
4898 | RSC Adv., 2022, 12, 4891–4912
polyurethanes.178–180 Many researchers have attempted to
prepare IS from sorbitol or directly from glucose/cellulose, and
the works have also been reviewed.52,177,181 The following table
(Table 3) lists recent journal publications on the catalytic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the formation of IS starting from glucose-derived sorbitol.
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preparation of IS directly from glucose, cellulose, and cellulosic
biomass.

The one-pot conversion of glucose or cellulose into IS
reduces the number of synthetic steps and offers operational
simplicity; however, catalyst deactivation remains an issue.181

Although the direct synthesis of IS from carbohydrates could
improve the process economy by avoiding isolation and puri-
cation of sorbitol, there are daunting challenges to overcome.52

The conversion of glucose to IS requires a hydrogenation step
followed by double-dehydration of the sorbitol intermediate.
The use of cellulose as the feedstock requires an additional
hydrolytic depolymerization step in the beginning.192 An
assortment of chemical transformations working in perfect
sequence requires a multifunctional catalyst or the right
Table 3 A table for the high-yielding preparation of IS from glucose an

S/N Feedstock Catalyst

1 Cellulose Ru/C (10 wt%)
2 MC-cellulose Ru/C (1.7 wt%)

Glucose
3 MC-cellulose Ru/C (25 wt%)
4 MC-cellulose Ru5.5@mNbPO (10 wt%)
5 Cellulose Ru/NbOPO4-pH2 (83 wt%)
6 Milled cellulose Ru/C (62 wt%)
7 Japanese Cedar Ru/C (62 wt%)
8 Glucose (0.1 M) Ru@Dowex-H (0.104 g)
9 Cellulose Ru2$2/Fe3O4@void@PMOSO3H

0.14

(10 wt%)
10 Cellulose Ni/NbOPO4

11 Glucose (0.05 M) 35Ni/NDC (10 g)

a Abbreviations: MC, microcrystalline; NDC, nitrogen-doped carbon; SiW,

© 2022 The Author(s). Published by the Royal Society of Chemistry
combination of catalytic candidates.183,186,190 The reaction
parameters have to be optimized explicitly to minimize side
products formation. The catalyst recovery is more challenging
due to the accumulation of various chemical species from
alternative reaction pathways. The combination of HCl and Ru/
C catalyst was successfully used to convert cellulose directly to
IS. IS was isolated in 49.5% yield at the quantitative conversion
of cellulose under optimized parameters (215 �C, 6 h, 6 MPa
H2).127 The use of cellulose and glucose as the substrate resulted
in 51% and 60% yield of IS, respectively, when the reaction was
performed at 220 �C for 2 h using 0.4 M H2SO4 and 4 MPa H2

pressure.182

In 2011, Op de Beeck et al. reported synthesizing IS from
microcrystalline cellulose and lignocellulosic biomass (ca.
d cellulose using different classes of acid catalystsa

Acid Reaction conditions
Yield
(%) Ref.

HCl (0.10 M) 215 �C, 6 h, 6 MPa H2, water 49.5 127
H2SO4 (0.5 M) 220 �C, 2 h, 4 MPa H2, water 50 182

60
SiW (0.547 M) 210 �C, 1 h, 5 MPa H2, water 52 183
— 220 �C, 1 h, 6 MPa H2, water 53 184
— 230 �C, 24 h, 4 MPa H2, water 13.2 185
A70 (3.0 g) 190 �C, 16 h, 5 MPa H2, water 55.8 186
A70 (3.0 g) 190 �C, 16 h, 5 MPa H2, water 25.4 187
— 190 �C, 48 h, 3 MPa H2, water 84.9 188
— 220 �C, 2 h, 6 MPa H2, water 58.1 189

— 200 �C, 24 h, 3 MPa H2, water 47 190
b-zeolite (30 g) Reactor 1: 150 �C, water 54 191

Reactor 2: 230 �C, 50 h, 4.0 MPa

silicotungstic acid; A70, Amberlyst 70.

RSC Adv., 2022, 12, 4891–4912 | 4899
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hardwood, sowood, and wheat straw) using a combination of
silicotungstic acid (H4SiW12O40) and Ru/C as an acid catalyst
and metal catalyst, respectively.183 A maximum of 52% and 63%
yields of IS were obtained from cellulose and delignied wheat
straw pulp, respectively, under optimized reaction conditions.
Aer rst use, the loss of catalytic activity was due to the
formation of polymeric byproducts and fouling caused by the
deposition of polymeric byproducts on the catalyst surface.

The bifunctional Ru nanoparticles supported on meso-
porous niobium phosphate without adding any soluble acids
were used to synthesize IS. Quantitative conversion of cellulose
was achieved with a 53% yield of IS by using 3 wt% Ru@mNbPO
catalyst. The Ru NPs had a mean particle size of 5.5 nm and
were recycled up to six catalytic cycles without losing activity
signicantly.184 The use of robust and mesoporous solid acid
catalysts like niobium phosphate (NbOPO4)-based Ru/NbOPO4-
pH2 resulted in only 13.2% IS via a one-step synthesis.185

However, using a combination of Ru/NbOPO4-pH2 and
NbOPO4-pH2 in a two-step process gave a 56.7% yield of IS.

A combination of Pt/C (or Ru/C) and Amberlyst 70 (A70)
catalysts were used for the one-pot conversion of milled cellu-
lose to IS. The use of 4% Pt/C and A70 catalyst gave 29.9% yield
of IS under optimized conditions (180 �C, 16 h, 5 MPa H2).186

Using a combination of 4% Ru/C and A70 improved the yield of
IS to 55.8%. The size of Ru NPs inuenced the yield of IS, where
an average particle size of 5.3 nm showed superior catalytic
activity than 2.3 nm. Unfortunately, the catalyst activity dropped
catastrophically to 10.6% from 55.8% due to coke deposition of
the catalyst surface. In a later report, the authors extended the
synthetic strategy to real lignocellulosic biomasses like Japa-
nese Cedar, Eucalyptus, and Bagasse and obtained 25.4%, 8.3%,
and 12.8% yield of IS, respectively.187

A high-yielding synthesis of IS from glucose was obtained
using a single heterogeneous catalyst containing immobilized
metal and acid sites for hydrogenation and dehydration reac-
tions. The high selectivity of metal catalyst was attributed to the
narrow size distribution of immobilized metal and the high
density of strong Brønsted acid sites on the microporous cata-
lyst surface. An 84.9% yield of IS was obtained using
Ru@Dowex-H as an efficient and recyclable catalyst.188 The
magnetic Ru–SO3H reaction site was designed by dispersing Ru
NPs on yolk–shell nanoarchitecture with Fe3O4 core and a sul-
foacid-containing periodic mesoporous organosilica (PMO)
shell.189 The PMO shell was hydrophobic and provided a suit-
able surface for dispersing the Ru NPs. The Fe3O4 core allowed
an easy recovery of the catalyst by using an external magnet. The
loading of Ru NPs and sulfonic acid were varied to study their
effects on the catalyst activity. Up to a 58.1% yield of IS was
obtained using the Ru2.2/Fe3O4@void@PMO-SO3H

0.14 (2.2 nm
Ru NPs) catalyst. The catalyst was recycled up to four cycles
without a signicant decline in IS yield.

A Ni-catalyst supported on niobium phosphate (Ni/NbOPO4)
was prepared that contained both metal and acid sites to
convert cellulose into IS.190 A series of catalysts with different Ni
loading and different Brønsted to Lewis (B/L) acid ratios were
prepared. IS was isolated in a 47% yield with 70 wt% loading Ni
on support and the highest B/L ratio. Mechanistic studies of the
4900 | RSC Adv., 2022, 12, 4891–4912
reaction revealed that metallic Ni sites were responsible for the
hydrogenation reaction. The Brønsted acidity originated from
the P–OH, N–OH, and partially-hydrolyzed framework of Nb
species, whereas the Lewis acidity came from coordinatively
unsaturated Nb(V) sites. The 70%Ni/NbOPO4 catalyst was recy-
cled and reused for up to ve consecutive cycles with only
a slight decrease in the catalytic activity.

Two xed bed reactors were integrated for the direct
conversion of an aqueous solution of glucose to IS in 54% yield
by using a combination of Ni metal supported on nitrogen-
doped carbon (Ni/NDC) and b-zeolite as the catalyst system.191

Initially, an aqueous solution of glucose (0.7 cm3 min�1) was
hydrogenated to sorbitol in the rst reactor at 150 �C using
35Ni/NDC as the catalyst. Sorbitol was then dehydrated to IS in
the second reactor by treating it with b-zeolite as the acid
catalyst at 230 �C.

The use of homogeneous mineral acid mandates an addi-
tional neutralization step or separation of acid from the
product. The cyclodehydration of sorbitan to IS requires
a higher temperature (>200 �C), whereas sorbitol synthesis from
cellulose/glucose generally works at a lower temperature (<190
�C). Typically, the one-pot synthesis of IS from glucose or
cellulose requires a reaction temperature of 180–220 �C.
However, the reaction condition also triggered glucose dehy-
dration to furanic products like HMF and the formation of some
polymeric products like humin. The deposition of humin on the
catalyst surface oen led to catalyst deactivation. Therefore, the
design of efficient bifunctional catalysts and the reaction
conditions are necessary prerequisites for the satisfactory yield
of IS and convenient catalyst recovery. Various supporting
materials like HPAs, metal oxides, and metal salts with appro-
priate acidity, have been used to dehydrate cellulose to glucose
and the cyclodehydration of sorbitol to IS. The choice of catalyst
is important not to facilitate the isomerization of glucose to
fructose since the hydrogenation–dehydration of the latter
forms a mixture of IS and isomannide (IM). The HPAs are of
great interest owing to their tunable acidity and easy recover-
ability. The use of acidic resins worked as the most efficient acid
catalyst for the dehydration of sorbitol to IS.

IS has been recognized as a glucose/cellulose-derived
renewable diol-based chemical building block for synthesizing
various classes of products of commercial signicance (Scheme
3). It is a chiral heterocyclic molecule containing only carbon,
hydrogen, and oxygen atoms containing two secondary alcohol
groups. The endo and exo-OH groups have different reactivities.
The endo-OH has more nucleophilic character than the exo-OH
group since the former makes a strong intramolecular hydrogen
bond. On the other hand, the exo-OH group is less sterically
hindered and more accessible to the reagents. High stability
(e.g., chemical, thermal), renewability, inexpensiveness, and
biodegradability of IS make it a lucrative monomer for several
high-volume and engineering polymers, including polyesters,
polycarbonates, polyurethanes, and polyamides.193–195 IS has
also been used to synthesize small molecules, such as fuel
oxygenates, solvents, plasticizers, surfactants, ame retardants,
and pharmaceuticals.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Some important derivatives of glucose/cellulose-derived IS.
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3.1 Ethers of IS

IS shows the typical reactivity patterns of secondary alcohols.
The ethers of IS, such as dimethyl isosorbide (DMI), can be
synthesized by reacting IS or even sorbitol with dimethyl
carbonate at elevated temperatures in the presence of a suitable
organic or inorganic base to form DMI.196,197 The reaction passes
through an ester intermediate, and CO2 is formed as the
byproduct. DMI has potential uses as a green solvent, an active
ingredient in various home care products, and pharmaceutical
formulations.198–200 A dehydrative ether 1,4:2,5:3,6-trianhydro-D-
mannitol (TAM) can be produced from IS in multi-step
synthesis and used as a monomer for novel polyethers by
ring-opening polymerization (ROP) of the bridgehead ether
group in TAM.201
3.2 Esters of IS

The di- and mono-esters of IS have potential applications as
renewable surfactants and plasticizers. Isosorbide-2,5-diacetate
(ISDA) can be synthesized by reacting with powerful electro-
philes like acetic anhydride or acetyl chloride.202 A greener
process uses glacial acetic acid as the reagent, p-toluenesulfonic
acid as a strong Brønsted acid catalyst, and toluene as the
heteroazeotropic solvent for water removal by a Dean–Stark
apparatus has afforded good results.203 Recently, Amberlyst-15
(A-15), a heterogeneous ion-exchange resin, has been used as
an efficient and recyclable catalyst for the salable and high-
© 2022 The Author(s). Published by the Royal Society of Chemistry
yielding synthesis of ISDA by reacting IS with glacial acetic
acid using n-propyl acetate as a green solvent.204 Various
sulfonic acids have been examined as acid catalysts for the
esterication of IS with acetic acid and octanoic acid.205 The
process was successfully extended to one-pot, two-step
production of diesters of IS directly from sorbitol.

The differential reactivity of exo- and endo-OH groups in IS
can be exploited for preparing isosorbide-2-acetate (IS2Ac),
a pharmaceutical intermediate. Using acetic anhydride as the
reagent and lead(II) acetate catalyst gave excellent yield (ca. 85%)
of IS2Ac even at RT.206 Using acetic acid instead of acetic
anhydride required a strong Brønsted acid catalyst and elevated
reaction temperature. The diesters of IS with carboxylic acids
containing long alkyl chains (e.g., fatty acid) have been prepared
using fatty acid chlorides as the reagent and pyridine as
a base.207 The bio-derived diesters have potential applications as
phytosanitary adjuvants.

3.3 Amination of IS

The –OH groups in IS can be transformed into isosorbide
diamine (ISDAM) to be used as an intermediate for further value
addition and novel monomer for polymeric applications.194

Direct amination of IS using ammonia in the presence of
a homogeneous Ru3(CO)12 catalyst and a PNP pincer ligand has
been reported.208 However, a mixture of isomers of diaminated
IS, IM, and isoidide (II) was obtained. Heterogeneous Ru/C
catalyst has also shown promising activity in the amination of
RSC Adv., 2022, 12, 4891–4912 | 4901
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IS using aqueous ammonia.209 Alternative processes include
a multi-step synthesis where the –OH groups are initially con-
verted into tosylate using tosyl chloride and pyridine as a base
additive. In the second step, the tosylates are nucleophilically
substituted with benzylamine. The Pd-catalyzed hydrogenolysis
of the benzyl amines forms diamino IS with toluene as the
byproduct in the nal step.210 In 2019, a novel two-step synthesis
of isomannide diamine (IMDAM) was reported.211 In the rst
step, the –OH groups in IS were replaced with benzylamine
using cooperative catalysis between an iridium complex and
a Brønsted acid. The benzyl group was deprotected in the
second step by catalytic hydrogenation, forming IMDAM in 59%
overall yield. The same strategy provided various mono-
aminated products of IS in good yields. Isosorbide-2,5-diazide
(ISDZ), produced by reacting sodium azide with IS containing
good leaving groups (e.g., tosylate), can be catalytically reduced
to form ISDAM.212
3.4 Isosorbide nitrates

The nitrates of IS are well-known medications for treating
coronary diseases by relaxing the heart muscles and dilating the
blood vessels.213 Isosorbide-2,5-dinitrate (ISDN) (Scheme 4) is
rapidly metabolized in the body and produces isosorbide-2-
nitrate (IS2MN) and isosorbide-5-nitrate (IS5MN) as metabo-
lites. Among the three compounds, IS5MN has received
maximum importance because of its superior bioavailability,
half-life, toxicity, and oral applicability.214 IS5MN is the active
pharmaceutical ingredient (API) in several pharmaceutical
preparations and is sold under branded names like Somonit,
Imdur, Monoket, and Chemydurin. An earlier method proposed
a three-step synthesis that involved selective protection and
deprotection of the –OH groups.215 In the rst step, IS was
Scheme 4 Various nitrated derivatives of IS (left) and the various prep
reduction of ISDN, (b) direct mononitration of IS to IS5MN, and (c) mu
a protecting group (PG).

4902 | RSC Adv., 2022, 12, 4891–4912
selectively acetylated to IS2Ac. Any ISDA formed was deacylated
to IS2Ac by reacting with fresh IS. In the second step, the endo-
OH group at 5-position was nitrated by using the nitrating
mixture. In the nal step, the acetyl group was hydrolyzed in the
presence of a suitable base such as KOH. The process afforded
IS5MN in >60% overall yield. Over the past decades, several
attempts have been made in greening the process with fewer
synthetic steps, better selectivity, and improved atom
economy.216 An alternative route produces ISDN by reacting IS
with the nitrating mixture, which is then selectively reduced to
IS5MN. Various reducing agents have been explored over the
years, including hydrazine hydrate,217,218 borohydride
reagents,219 and metal catalysts in the presence of molecular
hydrogen.220 Selective nitration of IS to IS5MN has also been
attempted, albeit with low selectivity.221
3.5 Isosorbide diphosphates

The derivatives of IS decorated with sulfur, silicon, or
phosphorus-containing substituents, have been used as re
retardants (FRs) for polymers like polybutylene succinate.222

Thermal characteristics of the bis-phosphorus isosorbide ester-
based FRs depended on the oxidation state of phosphorus. The
novel FRs could be greener (e.g., non-toxic, biodegradable,
renewable) replacements for organohalogen FRs (Fig. 3).223

Diphenylphosphinate isosorbide (DPPII) was found to be
a promising phosphinate FR, whereas phosphonate and
phosphate-based FRs include diphenylphosphate isosorbide
(DPPI) and di-DOPO-isosorbide (DDI).222 Polymeric FRs such as
polyphenylphosphate isosorbide (PPPAI) have also been
synthesized and studied. Castor oil-derived 10-undecenoic acid
and IS have been used as biorenewable feedstock for the multi-
step synthesis of di[14-(diethylphosphato)-12-
arative routes for IS5MN (right): (a) synthesis of IS5MN by selective
lti-step synthesis of IS5MN by temporarily masking the exo-OH with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Phosphinate, phosphonate, and phosphate-based small molecules and polymers as flame retardants.
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thiatetradecanoate] isosorbide (DPPEI), a novel phosphate-
based FR.224
3.6 Isomerization of IS

The two secondary hydroxyl groups in IS are in the exo and endo
geometry. The spatial geometry of the hydroxyl groups modu-
lates their reactivity, which is oen exploited in preparing
specialty chemicals. IS, IM, and II, collectively known as iso-
hexides, are sourced from glucose, mannose, and idose,
respectively.225 The exo, exo geometry of the two –OH groups in
II makes it a better monomer than IS for synthesizing high
molecular weight polymers with superior physicochemical
properties.226 However, idose is a rare sugar and orders of
magnitude more expensive than glucose. Therefore, the
commercial venture of sourcing II from idose is untenable.
Interestingly, the isomerization of IS into II under catalytic
hydrogenation conditions opens up an economically viable
pathway for synthesizing the latter. In a typical process, an
aqueous solution of IS is heated in the presence of a metal-
based hydrogenation catalyst under an overpressure of
hydrogen gas. IS is isomerized into an equilibrium mixture of
IS, IM, and II with an approximate ratio of 36 : 7 : 57. Aer
evaporating the solvent, II is isolated from the equilibrium
mixture by fractional distillation under vacuum. Even though
alternative mechanisms have also been suggested, the isomer-
ization reaction is believed to pass through a transient ketone
intermediate. There have been recent attempts in moderating
the reaction parameters for better energy efficiency and higher
mass balance. In recent work, IS has been isomerized into II
under relatively mild conditions by catalytic transfer hydroge-
nation (CTH) using 2-propanol as the hydrogen donor and 5%
Ru/C as the catalyst.227 A novel and efficient purication process
© 2022 The Author(s). Published by the Royal Society of Chemistry
of II by aqueous-organic extraction by selectively acetylating the
endo-OH group(s) of IM and IS in the product mixture was also
demonstrated. The process opens up a straightforward, inex-
pensive, and scalable preparation of II, which will help in
exploring its derivative chemistry.
3.7 Oxidation of IS

IS has been oxidized to mono- and di-ketones, which can act as
chemical intermediates for various known as well as novel
derivatives. For example, the di-ketone of IS has been proposed
as a reactive intermediate for synthesizing ISDAM by reductive
amination. Both chemical and enzymatic oxidation protocols
have been employed for the oxidation and have provided
satisfactory results. The aerobic oxidation of IS (also IM) using
a combination of TEMPO and laccase provided a nearly quan-
titative (ca. 99%) yield of isosorbide-2,5-diketone (ISDK) under
ambient temperature.228 Chromic acid and PtO2 catalyst (in an
O2 atmosphere) led to selective oxidation of the endo-OH group
in IS, forming a mono-ketone.229
4. Value addition of glucose/cellulose
via the HMF intermediate

5-(Hydroxymethyl)furfural (HMF) is formed by sequentially
removing three water molecules from a glucosemolecule, which
is promoted by acid and heat.230 HMF can be formed directly
from complex carbohydrates like starch and cellulose by
combining hydrolysis and dehydration reactions. The mecha-
nistic pathways proposed for HMF formation from glucose goes
through both cyclic and acyclic intermediates.231 In one mech-
anistic pathway, glucose is isomerized into fructose, and water
RSC Adv., 2022, 12, 4891–4912 | 4903
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molecules are selectively eliminated from the fructofuranose
form of the latter. Reaction conditions that promote the isom-
erization of glucose to fructose give better yields of HMF and
fewer decomposition products (i.e., humin).232 There are
hundreds of literature reporting the preparation and derivative
chemistry of HMF starting from glucose or cellulose, and these
works have been reviewed periodically.232–235 Therefore, only
a brief overview of the HMF chemistry is discussed in this
section. The readers are directed to dedicated reviews on the
production and derivative chemistry of HMF for comprehensive
information. HMF has been established as one of the most
promising renewable chemical building blocks in the bio-
renery concept. HMF retains some of the key functionalities of
glucose (e.g., aldehyde, hydroxyl), which are used for down-
stream synthetic value addition pathways into compounds of
varying structural and functional complexities.233 Two mecha-
nistic pathways are proposed for the dehydration of glucose into
HMF. In the rst pathway, glucose is rst isomerized into
fructose in the reaction medium. The sequential elimination of
three molecules of water from the fructofuranose form of
fructose forms HMF (Scheme 5). In the second pathway, the
dehydration starts in the open form of glucose itself, with enol
and enone forming as reactive intermediates. As evident from
the pathways, the elimination of water molecules from fructo-
furanose is relatively straightforward to form HMF. Therefore,
reaction conditions that promote the isomerization of glucose
into fructose improve HMF yield. The formation of side prod-
ucts and humin can begin with any of the reactive intermediates
or even HMF.
Scheme 5 Mechanistic pathways of HMF formation from glucose.

4904 | RSC Adv., 2022, 12, 4891–4912
The transformation of HMF into fuels and chemicals oen
involves C–C bond cleavage and formation reactions.234,235 In
this review, some of the crucial derivatives of HMF are high-
lighted that retain all the six carbon atoms of the parent sugar
molecule. Many of the critical derivatives of HMF involve redox
chemistry, where the existing functional groups in HMF (i.e.,
hydroxymethyl, aldehyde, furan ring) are selectively oxidized/
reduced to other functional groups.236,237 The sequential
reduction of HMF under catalytic hydrogenation conditions
leads to a series of furanic and non-furanic derivatives (Scheme
6). For example, selective hydrogenolysis of the C–OH bond in
HMF forms 5-methylfurfural (MF).238 MF has potential appli-
cations as a fuel oxygenate and a chemical intermediate in other
value addition pathways. Catalytic hydrogenation of aldehyde
and the hydroxymethyl group in HMF to methyl groups forms
2,5-dimethylfuran (DMF).239 The transformation passes through
various furanic intermediates such as MF, 2,5-bis(hydrox-
ymethyl)furan (BHMF), and 5-(hydroxymethyl)-5-methylfuran
(HMMF). DMF is a promising biofuel with a high research
octane number (RON ¼ 119) and similar properties (e.g., phys-
icochemical, thermal) to those of petro-gasoline.240 Besides,
DMF has been recognized as a key starting material in synthe-
sizing p-xylene for renewable polyethylene terephthalate and
related polymers.241 Hydrogenation of the furan ring in DMF
forms 2,5-dimethyltetrahydrofuran (DMTHF), a potential fuel
oxygenate and an attractive green solvent.242,243 Hydrogenolysis
of DMTHF produces 2-hexanol, which on further hydro-
genolysis leads to n-hexane.66 Other furanic intermediates can
also be produced selectively by employing appropriate catalysts
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Selective deoxygenation of glucose to n-hexane under catalytic hydrogenation conditions through the HMF intermediate.
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and reaction conditions. Hydrogenation of the aldehyde group
in HMF leads to BHMF, which on ring-hydrogenation forms
BHMTHF.244 Both BHMF and BHMTHF are potential renewable
monomers to prepare new generation biopolymers.245 The
glucose to n-hexane transformation through HMF intermediate
allows step-wise removal of oxygen atoms from glucose in the
form of water without involving the C–C bond scission reac-
tions. Seven moles of hydrogen are required for the trans-
formation of a mole of glucose to n-hexane. A one-pot
transformation of cellulose to n-hexane used Ir-ReOx/SiO2 as
the catalyst and HZSM-5 as the cocatalyst in a dodecane/water
biphasic reaction mixture.246 The oxophilic metals assisted in
the HDO chemistry of the sorbitol intermediate, and a 78%
yield of n-hexane was ensured from microcrystalline cellulose
under optimized conditions (190 �C, 12 h, 6 MPa H2). Many of
the partially-reduced furanic derivatives discussed above have
been targeted starting from glucose or directly from cellulose.
For example, several papers reported satisfactory yields of DMF
starting from glucose or cellulose. Although a one-pot synthesis
is preferable since the isolation and purication of intermedi-
ates like HMF can be avoided, the catalyst recyclability is oen
challenged by many side products deactivating the active sites.

The selective oxidation of HMF also produces several crucial
furanic chemical building blocks. Oxidation of the
Scheme 7 Value-addition of glucose-derived HMF into C6 chemicals by

© 2022 The Author(s). Published by the Royal Society of Chemistry
hydroxymethyl arm in HMF to an aldehyde group leads to 2,5-
diformylfuran (DFF), which is a potential monomer for poly-
meric application and a chemical intermediate.247 Oxidation of
both the hydroxymethyl and aldehyde groups of HMF into
carboxylic acid produces 2,5-furandicarboxylic acid (FDCA),
which passes through partially-oxidized intermediates like DFF,
5-(hydroxymetyl)-2-furoic acid (HMFCA), and 5-formyl-2-
furancarboxylic acid (FFCA) (Scheme 7). FDCA has been
proposed as a renewable replacement of terephthalic acid for
the synthesis of polyesters.248 The synthesis of DFF and FDCA
from HMF using innocuous oxidants (e.g., O2) and eco-friendly
catalysts is preferred over stoichiometric oxidants to avoid
forming wastes.249 Recent studies have focused on developing
efficient heterogeneous catalysts for the scalable, high-yielding
synthesis of furanic compounds starting from HMF. The
hydrophobic analogs of HMF, which have superior hydrolytic
and thermal stability, have also been used to substitute HMF in
synthesizing various furanic derivatives.250

Several C6 chemical intermediates with potential applica-
tions as biofuels, chemicals, and monomers for renewable
polymers have been prepared selectively from HMF.

HMF can be transformed into several other straight-chain
and cyclic compounds with differing carbon skeletal systems
without C–C bond cleavage or C–C bond forming reactions. For
oxidation reactions.

RSC Adv., 2022, 12, 4891–4912 | 4905
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Scheme 8 Value-addition of glucose-derived HMF into C6 chemicals having different carbon skeletons in the molecular structure.
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example, catalytic hydrogenation of HMF to DMF followed by
hydrolysis of the latter in aqueous acid forms hexane-1,6-dione
(HDN) (Scheme 8).251 HDN has been used as the starting
material for the synthesis of cyclic hydrocarbon-based aviation
fuels.252 HMF can be reacted with alkyl alcohols under acid
catalysis to form ethers, such as 5-(ethoxymethyl)furfural (EMF),
a promising fuel oxygenate.253 HMF can be esteried with
carboxylic acids (e.g., acetic acid) to form furanic esters with
potential applications as renewable surfactants and chemical
intermediates.254 In these derivatives of HMF, the furan ring
remains intact while the functionalities attached to the ring are
subjected to synthetic modications.

The molecular rearrangement of HMF in water under cata-
lytic hydrogenation conditions forms 3-(hydroxymethyl)cyclo-
pentanone (HCPN).255 Over the past few years, signicant
research has been conducted on designing robust, efficient,
inexpensive, and eco-friendly catalysts and understanding the
roles of various reaction parameters for the scalable and high-
yielding synthesis of HCPN from HMF.256 The synthetic deriv-
atives of HCPN have potential applications as biofuels, renew-
able solvents, and fragrances. Partial reduction of HMF
followed by dehydrative cyclization forms tetrahydropyran-2-
methanol (THPM). The oxidation of HMF to FDCA followed by
hydrogenating the furan ring in the latter compound forms
tetrahydrofuran-2,5-dicarboxylic acid (THFCA), a promising
monomer for sustainable polyesters.

During the hydration of glucose into HMF, 2-(hydroxyacetyl)
furan (HAF), a C6 furanic compound, is typically formed as
a minor product.257 HAF has the potential to be used as
a renewable chemical platform owing to the presence of reactive
functionalities in its moiety. However, there is no report to date
on the targeted, high-yielding production of HAF from glucose.
4906 | RSC Adv., 2022, 12, 4891–4912
5. Conclusion and future prospects

This review has described the chemocatalytic transformation of
glucose and cellulose into fuels and chemicals without the
carbon–carbon bond cleavage and formation reactions. As
apparent from the previous sections, the derivatives of glucose
bearing six carbons branch out from a handful of chemical
intermediates such as sorbitol, sorbitan, HMF, IS, and GCA.
Therefore, the commercial feasibility of synthesizing the high-
value compounds relies on the scalability and process
economics of producing the chemical intermediates. Catalysis
plays a crucial role in the synthetic upgrading of glucose (or
cellulose) to fuels and chemicals. A new generation of robust,
selective, inexpensive, and eco-friendly catalysts is being
developed for that purpose. Many of the chemical trans-
formations involved one or more oxidation and reduction steps.
Inexpensive and innocuous reagents such as molecular oxygen
as the oxidant and molecular hydrogen as the reducing agent
are employed for the processes. Noble metal-based catalysts
generally show superior activity, recyclability, and function
under relatively mild conditions. In recent years, earth-
abundant transition-metal-based catalysts are increasingly
popular for their low cost, better availability, and less environ-
mental impact (e.g., mining of noble metals). However, the
transition metal catalysts generally require special preparation
techniques and oen require more demanding reaction
conditions than their noble metal counterpart. Therefore,
serious consideration must be attributed to determining the
overall impact of replacing a noble metal catalyst with a transi-
tion metal catalyst in energy requirement, recyclability, and
waste management. Selectivity remains a crucial aspect in
virtually all of the chemical transformations involving glucose
© 2022 The Author(s). Published by the Royal Society of Chemistry
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or glucose-derived C6 intermediates. A high selectivity (and
yield) of the targeted product(s) improve environmental bene-
ts such as waste minimization and simplied product puri-
cation and ensure superior process economics. The selectivity
of a catalytic transformation depends on the type of catalyst and
the reaction parameters involved in the process. A new library of
highly efficient catalysts has been built, which is getting
expanded rapidly. Heterogeneous catalysts are largely favored
over their homogeneous counterparts for obvious reasons like
ease of separation of catalyst, product purication, and catalyst
recyclability. In recent years, nanocatalysts and single-atom
catalysts (SACs) have been increasingly used for signicantly
higher reactivity and selectivity than traditional heterogeneous
catalysts. Signicant research has been performed to under-
stand their involvement in the reaction mechanism and cata-
lytic action. Detailed studies are being undertaken to
comprehend the role of particle size, morphology, and elec-
tronic interaction between the active catalytic species with the
supporting material on the catalytic activity. In addition to the
traditional supporting materials, various new supporting
materials such as metal–organic framework (MOF), carbon
nanotube (CNT), and graphene oxide (GO) have shown promise.
Future research in this area will likely concentrate on designing
highly efficient, multitasking, stable, and recyclable catalysts. A
multifunctional integrated catalyst having intimate and syner-
gistic active sites is crucial for catalyzing a cascade of reactions
in a one-pot synthesis of products from the inexpensive feed-
stock. For example, a catalyst containing both metal sites (for
hydrogenation) and acid sites (for hydrolysis and dehydration)
can produce IS directly cellulose. The process would avoid
producing and purifying glucose from cellulose in the initial
step, thereby improving the scalability and process economics.
A detailed theoretical understanding (e.g., electronic interac-
tions between various components of the catalyst candidate and
with intermediates of the chemical transformation) backed with
experimental data will expedite the research.

Attempts must be taken to directly convert lignocellulosic
biomass and cellulosic wastes instead of pure cellulose or
glucose, which would lower the production cost and enhance
the environmental incentives of the processes. In this regard,
the catalytic production of sorbitol and isosorbide from glucose
has reached maturity. However, more research is required in
making these compounds directly from cellulose or cellulosic
biomasses using eco-friendly catalysts under energy-efficient
reaction conditions. In recent years, the focus has been shif-
ted on the production of renewable polymers from isohexides
with designed properties and targeted applications. Novel fuel
oxygenates, renewable solvents, and biosurfactants are also
being produced using isohexides as the molecular scaffold. It
can be safely predicted that sorbitol and isohexides will be
integral parts of bioreneries that employ glucose/cellulose as
feedstock. However, some other derivatives such as HMF and
GCA need more research to reach commercialization. Though
good yields of HMF were obtained in isolated cases, the
inherent hydrophilicity and instability in aqueous acid continue
to plague its scalability and commercial production. The
derivative chemistry of HMF is actively being explored to
© 2022 The Author(s). Published by the Royal Society of Chemistry
encompass all major classes of chemicals and materials origi-
nating from petroleum. For example, the redox reaction of HMF
is well-studied, and a wealth of data is already available in the
literature. Attempts have been made in commercializing the
HMF derivatives, such as DMF and FDCA, into high-volume
polymers. The sugars-derived acids (e.g., GCA, GRA) and poly-
ols (e.g., sorbitans) are being used for materials applications,
including surfactants and polymers. The selective synthesis of
n-hexane from glucose/cellulose has received serious attention
as a direct entry to naphtha-range hydrocarbons from carbo-
hydrates. In a biorenery employing glucose as the feedstock,
access to all the intermediates discussed in this review will
ensure a broader product portfolio and provide economic
advantages.
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4 A. Demirbaş, Energy Convers. Manage., 2001, 42, 1357–1378.
5 E. S. Abdel-Halim, Arabian J. Chem., 2014, 7, 362–371.
6 F. H. Isikgor and C. R. Becer, Polym. Chem., 2015, 6, 4497–
4559.

7 H. Yang, X. Zhang, H. Luo, B. Liu, T. M. Shiga, X. Li,
J. I. Kim, P. Rubinelli, J. C. Overton, V. Subramanyam,
B. R. Cooper, H. Mo, M. M. Abu-Omar, C. Chapple,
B. S. Donohoe, L. Makowski, N. S. Mosier, M. C. McCann,
N. C. Carpita and R. Meilan, Biotechnol. Biofuels, 2019, 12,
171.

8 Y.-B. Huang and Y. Fu, Green Chem., 2013, 15, 1095–1111.
9 S. Hari Krishna and G. V. Chowdary, J. Agric. Food Chem.,
2000, 48, 1971–1976.

10 D. J. Tenenbaum, Environ. Health Perspect., 2008, 116,
A254–A257.
RSC Adv., 2022, 12, 4891–4912 | 4907

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09196d


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:1

8:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 J. Song, H. Fan, J. Ma and B. Han, Green Chem., 2013, 15,
2619–2635.

12 The role of green chemistry in biomass processing and
conversion, ed. H. Xie and N. Gathergood, John Wiley &
Sons, Inc., 2012.

13 D. Mohan, C. U. Pittman and P. H. Steele, Energy Fuels,
2006, 20, 848–889.

14 R. H. Crabtree, J. Chem. Soc., Dalton Trans., 2001, 17, 2437–
2450.

15 R. A. Lee and J.-M. Lavoie, Anim. Front., 2013, 3, 6–11.
16 E. M. M. Abdelraheem, H. Busch, U. Hanefeld and F. Tonin,

React. Chem. Eng., 2019, 4, 1878–1894.
17 K. Rosenthal and S. Lütz, Curr. Opin. Green Sustain., 2018,

11, 58–64.
18 C.-H. Zhou, X. Xia, C.-X. Lin, D.-S. Tong and J. Beltramini,

Chem. Soc. Rev., 2011, 40, 5588–5617.
19 X. Huang, M. Cao and H. Zhao, Curr. Opin. Chem. Biol.,

2020, 55, 161–170.
20 P. A. Jacobs, M. Dusselier and B. F. Sels, Angew. Chem., Int.

Ed., 2014, 53, 8621–8626.
21 S. Zhang, Y. Yu, K. Sheng, J. Liu, E. Shuang, C. Jin, Z. Xu and

X. Zhang, Biofuels, Bioprod. Bioren., 2021, 15, 592–608.
22 L. Liu and A. Corma, Chem. Rev., 2018, 118, 4981–5079.
23 M. S. Hamdy, M. A. Eissa and S. M. A. S. Keshk, Green

Chem., 2017, 19, 5144–5151.
24 S. Dutta and N. S. Bhat, ChemCatChem, 2021, 13, 3202–

3222.
25 Y. Hirano, Y. Kasai, K. Sagata and Y. Kita, Bull. Chem. Soc.

Jpn., 2016, 89, 1026–1033.
26 C. Wang, X. Chen, M. Qi, J. Wu, G. Gözaydın, N. Yan,
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Sustainable Chem. Eng., 2020, 8, 659–668.

199 K. L. Wilson, J. Murray, H. F. Sneddon, C. Jamieson and
A. J. B. Watson, Synlett, 2018, 29, 2293–2297.

200 M. Durand, Y. Zhu, V. Molinier, T. Féron and J.-M. Aubry, J.
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