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Small organic molecules bearing oxygen-containing functionalities are key chemical building units in
organic chemical manufacturing industries. Biomass-derived carbohydrates are promising feedstocks for
synthesizing functionalized organic chemicals with tailored molecular architectures, properties, and
functions. The choice and sequence of organic transformations, reagents, synthetic auxiliaries, and other
reaction conditions collectively determine the scalability, economic appeal, and environmental
sustainability of the synthetic processes. The strategic relocation of oxygen atoms from carbohydrates to
renewable chemicals can facilitate the development of redox-economic and waste-minimized synthetic
pathways. This review introduces a conceptual framework for tracing the relocation of oxygen atoms
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Accepted 26th April 2026 from biomolecules to renewable chemicals, providing a quantitative basis for rational synthetic design.
The redox economy index (REIl), a new green chemistry metric, has been introduced to analyze and

DOI: 10.1035/d6su00011h evaluate the efficacy of multi-step synthetic pathways of renewable chemicals, where redox steps are
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used tactically and strategically in constructing their molecular framework.

Tracing the oxygen atoms from sugar molecules in renewable chemicals can be immensely beneficial for designing redox-economic and waste-minimized
synthetic routes. Various green metrics help to analyze and evaluate alternative synthetic pathways for their sustainability. This review introduces a new
green metric, the Redox Economy Index (REI) which allows monitoring of the oxidation and reduction processes involved in the multi-step synthetic pathway of
producing specific organic chemicals. The concept of the REI has been applied to various classes of organic products, including hydrocarbon fuels, solvents,
monomers, and chemical intermediates. This work aligns with the following UN Sustainable Development Goals (SDGs): affordable and clean energy (SDG 7),

industry, innovation, and infrastructure (SDG 9), responsible consumption and production (SDG 12), and climate action (SDG 13).

1. Introduction

The conversion of petroleum into functionalized organic
chemicals and synthetic polymers requires several carefully
crafted separation, purification, and chemical modification
steps." Transforming petroleum-derived hydrocarbon-based
bulk chemicals into fine chemicals involves selective oxida-
tion steps that introduce heteroatom-containing functional-
ities.” Although these steps have been made primarily catalytic,
they continue to produce significant amounts of deleterious
waste in the form of byproducts and side products.’ A handful
of primary petrochemicals derived from petroleum can be
transformed into organic molecules that encompass virtually all
major classes of commercially significant organic products.*
Significant advances have been made in synthetic organic
chemistry and associated fields (e.g., catalysis and medicinal
chemistry) over the past century, utilizing petroleum as the
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primary feedstock.> However, green chemistry and sustainable
synthetic practices can only extend the timeline of using
petroleum, an exhaustible resource, in producing liquid fuels,
organic chemicals, and synthetic polymers. At this critical
juncture, when the organic chemical manufacturing industry is
yearning for environmental sustainability and a circular carbon
economy, alternative carbon-based feedstocks must be real-
ized.*” Biomass, especially the land-based and aquatic non-food
vegetative biomass, has received particular attention in this
regard.® Biomass is geographically diverse, renewable, available
in bulk, and often part of many waste streams (e.g., food waste,
crop residues, forestry waste, and agro-industrial byproducts).®
Among the various biomolecules, carbohydrates have received
considerable interest because 50-70% (on a dry mass basis) of
most biomasses contain carbohydrates, their structures are
relatively homogeneous, and their derivative chemistry is rela-
tively well-documented.' Carbohydrates are densely function-
alized, heavily oxygenated, and possess straight-chain carbon
skeletal systems that carry carbon atoms in diverse oxidation
states.”* Therefore, they are attractive feedstocks for the
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sustainable production of functionalized organic molecules
using redox-economic synthetic pathways. The value-addition
strategies of carbohydrates can benefit from the enormous
information and expertise achieved in synthetic organic chem-
istry and petrorefinery processes.'> Analogous to the petrorefi-
nery setting, the biorefinery processes would require an initial
separation and purification of carbohydrates from other
biomolecules.**** For example, cellulose and hemicellulose
must be separated from extractives (e.g., fats) and other
biopolymers (e.g., lignin) present in the lignocellulosic
biomasses. In a carbohydrate-centric biorefinery setting,
emphasis is given to the separation of carbohydrates (i.e.,
cellulose and hemicellulose) in their native structure or trans-
formed into the desired platform chemicals.'>* In this setting,
carbohydrates are used as the primary feedstock to generate
revenue, and attempts are made to maximize their utilization
even at the expense of other biomass components. Carbohy-
drates can be transformed into a host of materials and polymers
through selective modifications of the native biopolymer.
Examples include cellulose acetates, alkylated cellulose, and
various cellulose-based fibres.’” However, the transformation of
cellulose and other polymeric carbohydrates into small organic
molecules requires significant chemical intervention, including
a depolymerization step. The depolymerization step breaks
down the polymeric carbohydrates into constituent monomers
or small organic molecules, which are more amenable to
downstream chemical modifications.'® For example, cellulose is
depolymerized into glucose through acid hydrolysis or enzy-
matic saccharification. Analogously, hemicellulose is depoly-
merized into pentose and hexose sugars. Defunctionalization
steps remove excess and undesired oxygen-containing func-
tionalities from biomolecules, converting them into chemical
building blocks and reactive intermediates for downstream
synthetic value-addition pathways.* Dehydration is a frequently
used non-redox strategy to reduce the oxygen content in
biomolecules and form the desired renewable chemical
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intermediates.” Dehydration is an endothermic reaction that is
promoted at elevated temperatures and under acid catalysis.
The C(sp®)-OH bond strength is around 90 kcal mol™", which
decreases by around 20 kcal mol™" upon protonation. The
dehydration reaction preserves the biogenic carbon atoms in
the product and produces water as an innocuous byproduct.*
Refunctionalization steps introduce new functionalities or
chemically modify the existing functionalities (i.e., functional
group transformations) and rearrangement reactions.>»** The
rearrangement steps involve carbon-carbon bond-making or
bond-breaking reactions that restructure the carbon skeletal
system of biomolecules or the chemical intermediates derived
from them into the targeted organic products (Fig. 1). They also
involve modifying the skeletal framework of biomolecules into
the desired one (e.g:, a heterocycle into a carbocycle).?*?

This review discusses the renewable synthesis of selected
chemicals with oxygen-containing functionalities from carbo-
hydrates, utilizing a novel strategy that tracks the oxygen atoms
in these compounds during the synthetic transformations. Such
analysis enables the evaluation of competitive synthetic routes
for specific molecules based on their redox economy. Repre-
sentative examples of the major classes of organic compounds
based on their applications, such as hydrocarbon fuels, fuel
oxygenates, solvents, and monomers, have been selected and
discussed. A new green chemistry metric, coined as the Redox
Economy Index (REI), has been introduced to quantify the
relative advantages and shortcomings of competitive synthetic
routes and analyze the scope of developing more efficient
synthetic routes. A lower REI for the synthetic process indicates
a better redox economy and reduced waste production. The
initial stage of development requires a high degree of design
freedom, and green metrics, such as the REI, are crucial for
making an informed decision at the early stages of process
development with a high level of design freedom.?® The tracing
of oxygen atoms from the starting sugars to the renewable
chemical products through the synthetic route combined with
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Fig. 1 Steps of synthesizing functionalized organic chemicals from anthropogenic and biogenic carbon-based feedstocks.
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the REI would help to justify the choice of redox trans-
formations and help minimize waste formation. When the REI
is combined with other green chemistry metrics, it can assist in
choosing the most efficient synthetic strategy for renewable
organic chemicals.

2. Synthesis of purified terephthalic
acid (PTA)

Transformation of hexose sugars (e.g., glucose) into 5-(hydrox-
ymethyl)furfural (HMF) is a well-documented example of the
defunctionalization of biomolecules through dehydration
reactions.”” Analogously, pentose sugars, such as xylose, can be
dehydrated into furfural (FF).?® Attempts have been made to
produce these platform chemicals directly from lignocellulosic
biomasses, eliminating the requirements for prior separation,
purification, and depolymerization steps and ensuring a better
pot- and step-economy.>** The processes are elegant from
several perspectives. The furanic products retain all the
biogenic carbon atoms in the parent sugar molecule. The
oxygen content in the sugar molecule is significantly reduced
(50-60%) in the product while preserving some key function-
alities. Moreover, the straight-chain carbon skeletal system of
the sugar molecule is transformed into a heteroaromatic moiety
(i.e., furan). FF and HMF are furanic platform chemicals that
can be synthetically transformed into a vast array of commer-
cially relevant organic molecules.** Understanding the reactivity
patterns of these molecules is crucial for improving existing
synthetic processes and expanding the chemistry of their
derivatives.*

Polyethylene terephthalate (PET) is a high-volume thermo-
plastic used to manufacture containers for beverages and as
a synthetic fiber for clothing.*® The petroleum route for making
PET utilizes ethylene and p-xylene (PX) as the building blocks.
Ethylene, primarily produced during the catalytic cracking of
heavy oil, is catalytically oxidized to ethylene oxide (EO), which
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is then hydrolyzed into ethylene glycol (EG).** Xylenes are
produced during the reforming of naphtha or methylation of
toluene, which is then purified to isolate PX.** Specially
designed zeolite catalysts with a tailored pore structure favor the
equilibrium towards PX.*® PX is then catalytically oxidized into
purified terephthalic acid (PTA) using oxygen as the terminal
oxidant.*” Therefore, the process involves several synthetic steps
and the associated purification processes. Even with the best
sustainable practices in place, this process remains unsustain-
able in the long run since petroleum is a non-renewable feed-
stock.*® Therefore, serious deliberations have been made to
identify a sustainable feedstock for producing PET or its func-
tional substitutes. Biomass-derived carbohydrates have been
identified as a renewable and commercially viable feedstock for
producing PET. The process begins with HMF, which is
produced from sugars or directly from polymeric carbohydrates.
HMF is then catalytically reduced to 2,5-dimethylfuran (DMF).*
Finally, DMF is reacted with ethylene by the Diels-Alder reac-
tion, and the adduct is subjected to dehydrative aromatization
in the presence of a suitable Lewis acid catalyst to form PX
(Scheme 1).%#

Ethylene can be produced renewably through the dehydra-
tion of bioethanol. The predisposition of the two methyl groups
in DMF allows PX to be produced exclusively, thereby avoiding
intricate separation and purification processes.*> The reaction
affords excellent selectivity and isolated yields of PX under
optimized conditions. However, the process is not redox-
economic since the HMF to DMF transformation requires
three moles of hydrogen. PX must then be catalytically oxidized
into PTA using the existing methodology. The redox economy of
the processes can be analyzed and evaluated by combining the
number of hydrogen atoms or oxygen atoms introduced in
renewable chemicals through redox steps. Route 2 involves
oxidizing HMF into 2,5-furandicarboxylic acid (FDCA).**** FDCA
is then reacted with ethylene, followed by dehydrative aroma-
tization of the Diels-Alder adduct into PTA.* A lower REI
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Scheme 1 Redox economy index of the synthetic strategies for the biorenewable production of terephthalic acid.
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signifies a better redox economy and optimized transposition of
oxygen atoms from biomolecules into the targeted renewable
chemical. EG required for the process can be produced from
bioethanol through the ethylene route. As shown in Scheme 1,
the REI of PTA synthesis by Route 1 is twelve, whereas the REI is
only three in Route 2. The reason for such a stark difference in
REI is apparent from the redox interventions in the synthetic
pathways. In Route 1, the carbon atoms in the substituents of
the furan ring are in the intermediate oxidation states. The
functional groups on HMF are first reduced to methyl groups to
form DMF, which is then transformed into PX. The methyl
groups in PX are then again oxidized to the carboxylic acid
functionality to produce PTA. In Route 2, the hydroxymethyl
and aldehyde groups on HMF are oxidized to carboxylic acid
groups, and no hydrogenation step is required to form PTA.

3. Production of ethylene glycol (EG)

EG is a crucial chemical intermediate for producing value-
added chemicals and formulations, and is used as a mono-
mer for high-volume homopolymers and copolymers (e.g., PEG
and PET).* The petroleum route for producing EG begins with
ethylene, which is produced during the catalytic cracking of
paraffins. Ethylene is then purified and catalytically oxidized
into EO.***® Finally, EO is hydrolyzed in a significant excess of
water (to prevent the formation of oligomers) to form EG. The
global market value of EG is nearly 34 billion USD, which is
expected to rise with a respectable compound annual growth
rate (CAGR) over the next decade.” EG can be produced
renewably from sugars and carbohydrates following various
alternative pathways. Bioethanol is presently produced by
a fermentative route using zymase as an enzyme.* Glucose or
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cellulose can be transformed into bioethanol by the well-
documented fermentative pathway. Bioethanol can then be
dehydrated into bioethylene through an acid-promoted intra-
molecular dehydration reaction, which can subsequently be
transformed into EG following the established petrorefinery
pathway.>* Redox economy of the renewable production routes
of EG is depicted in Scheme 2. The REI for the bioethanol route
through the fermentative pathway (Route 3) is calculated as one
per mole of EG. If bioethanol is produced by the chemical-
catalytic route, then the index for EG synthesis increases to 5
(Route 1).%> Production of EG via the hydrogenation of glucose-
derived glycolaldehyde is calculated as two (Route 2).>* There-
fore, Route 3 is the most redox-economic and waste-minimized
route for EG production. However, other green metrics must
also be taken into consideration for more informed decisions at
the initial stages of technological development.> Route 3 loses
one-third of the biogenic carbon atoms in glucose as CO,,
resulting in only two moles of bioethanol for every mole of
glucose, unlike the other two routes, where all the biogenic
carbon atoms are converted into bioethanol. The oxygen atoms
in the feedstock, intermediates, and product have been color-
coded to enhance clarity of the redox steps. The oxygen atoms
of the biomolecules preserved in the product are shown in
green, whereas those introduced by oxidation reactions have
been colored red.

Interestingly, the redox metric in Route 1 is 5, whereas that of
Route 3 is only 1. The higher value of the REI in Route 1
compared to Route 3 is because more moles of hydrogen are
required to retain all the biogenic carbon atoms in glucose
during conversion into bioethanol in Route 1. Route 2 forms
three moles of glycolaldehyde by the retro-aldol reaction of
glucose, which, on catalytic hydrogenation, forms EG. In this
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Number of hydrogen atoms required for redox steps = X
Number of oxygen atoms required for redox steps =Y
(Calculation per mole of EG)

REI of Route 1: (X +Y)/[3=(12+3)/3=5
REI of Route 2: (X +Y)/3= (6 +0)/3=2
REI of Route 3: (X +Y)/2= (0 +2)/2=1

Scheme 2 Renewable production routes for ethylene glycol and their comparison using redox economy.
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route, the redox metric is two for every mole of EG produced,
and the oxygen atoms in EG are those of the glucose molecule.

4. Production of 2-
methyltetrahydrofuran (MTHF)

2-Methyltetrahydrofuran (MTHF) is typically prepared by the
catalytic hydrogenation of hemicellulose-derived FF.*® MTHF is
a promising biorenewable solvent (greener alternative to THF)
and fuel oxygenate.***” The applications of MTHF as a sustain-
able solvent are steadily increasing and its market potential as
a substitute of petroleum-derived THF is enormous. Scheme 3
analyzes and evaluates the three synthetic pathways commonly
followed for producing MTHF from sugars. In Route 1, hexose
sugars like fructose (or glucose) are first dehydrated into HMF.
HMTF can be catalytically decarbonylated into FAL. Finally, FAL
is catalytically hydrogenated into MTHF. Only the third step
involves the use of molecular H,, which includes both hydro-
genolysis of the C-OH bond and hydrogenation of the furan
ring.*® In Route 2, sugar-derived LA is used as the starting
material. The intramolecular dehydrative lactonization of LA
leads to angelica lactones (AGLs).*> AGLs can also be produced
from FAL via rehydration and rearrangement reactions that
involve cleavage of the furan ring.®® AGLs are a mixture of three
positional isomers based on the position of the olefinic group,
and a-AGL is usually present as the major component.®* Finally,
the catalytic hydrogenation of «-AGL yields MTHF. In both
Route 1 and Route 2, a C-C bond-cleavage reaction is involved,
since a C5 product is derived from C6 substrates. One carbon
atom is lost as CO during the decarbonylation of HMF in Route
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1, whereas one carbon atom is lost as FA during the production
of LA in Route 2. In Route 3, pentose sugars (e.g., xylose) can be
dehydrated into FF. FF is then catalytically hydrogenated
selectively into MTHF, where furanic intermediates like FAL
and 2-methylfuran (MFU) are transient intermediates.®* This
pathway does not involve a C-C bond-cleavage reaction.

5. Synthesis of 2-methylfuran (MFU)

MFU has potential applications as a fuel oxygenate, but it is
more important as a renewable chemical intermediate for
downstream value-addition pathways.®® For example, MFU can
be hydrogenated into MTHF for use as a renewable cyclic ether-
based industrial solvent, and also a promising fuel oxygenate.**
The Diels-Alder reaction between MFU and ethylene, followed
by the dehydrative aromatization of the oxanorbornene inter-
mediate, leads to toluene.®® The use of propylene as the
coupling partner results in the formation of ortho and meta-
xylenes.®® MFU is used as a coupling partner with suitable
biogenic carbonyl compounds (e.g., butanal and acetone) in the
Friedel-Crafts reaction, which leads to fuel precursors with an
extended carbon chain length and framework. Complete
hydrodeoxygenation of these fuel precursors can lead to jet- and
diesel-range hydrocarbon-based liquid fuels.®” Scheme 4 illus-
trates various pathways for synthesizing MFU starting from
different furanic platform chemicals. In Route 1, hexose sugar-
derived HMF is used as the starting material. HMF is catalyti-
cally decarbonylated into FAL, which is then subjected to
a selective hydrogenolysis reaction of the C-OH bond to form
MFU.*® In Route 2, pentosan-derived FF can be used as the

Route 1
AS_){ OH H* cat. m)k Pd cat. /\Q
- -3H,0
OH FAL
Fructose
H,, cat.
Route 2
cat OH H+ cat. \go Hz cat. \(oj
-2H20 'HZO
-HC02H MTHF
Route 3 H,, cat. '
HO., O_
“"SoH H* cat. o 2H,, cat. fo)
—_— H —_—
N -3H,0 \_/ \@
HO ©OH 2
Xylose

Number of hydrogen atoms required for redox step(s) =
Number of oxygen atoms required for redox step(s) =

X+Y=6+0=6

REl of Route 2: X+Y=6+0=6

REl of Route 3: X+Y=8+0=8

REI of Route 1:

Scheme 3 Redox-economic renewable synthesis of 2-methyltetrahydrofuran as a potential industrial solvent and fuel oxygenate.
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Scheme 4 Alternative synthetic routes for 2-methylfuran with their redox economy index.

starting material. FF is catalytically reduced to MFU, going
through the same FAL intermediate. The REI in Route 2 is
predictably higher than that in Route 1 since FAL is the inter-
mediate in the former route. In Route 3, the starting material
can be 5-methylfurfural (5MF). 5MF is typically produced by the
partial reduction of HMF.* However, it can also be made
directly by the acid-promoted dehydration of specific sugars,
such as r-thamnose.” The catalytic decarbonylation of 5MF can
then lead to MFU. In terms of the REI, Route 3 is most favored
since no hydrogen is required for the entire transformation.

6. Synthesis of levulinic acid (LA)

HMF can be subjected to rehydration followed by the ring-
opening rearrangement to form LA and an equivalent amount
of formic acid (FA).”*7> LA is at the forefront of the carbohydrate-
centric biorefinery movement, serving as a crucial chemical
building block. The two reactive functional groups in LA,

Route 1:
HO O & S0oH H* cat.
/| OH " Dpehydration
HO ©OH -3H,0 HMF
Fructose
Route 2:
Ho., © ““SoH * cat.
< Dehydration
HO OH -3H,0
Xylose

Q)( _Hy cat. Q/\

namely ketone and carboxylic acid, can be employed individu-
ally or in combination to form a wide range of derivatives of
commercial significance.” The derivative chemistry of LA is
complementary to that sourced from the furanic platform
chemicals.” The three oxygen atoms in LA originate from
glucose, and the overall process does not involve any redox step.
LA can also be produced from pentose sugars, such as xylose.
Pentose sugar-derived FF is partially hydrogenated into furfuryl
alcohol (FAL), which is then hydrolyzed into LA (Scheme 5).%
The REI is higher for this process due to the hydrogenation step,
but it does not form any byproducts containing carbon atoms.
However, the choice of the most favored route is governed by
a combination of other parameters. Polymeric carbohydrates
containing hexose sugars (e.g:, cellulose, chitin, and starch) are
more abundant and inexpensive than pentosans. On the other
hand, the high-yielding production and purification of HMF
remains challenging even after decades of research.” Therefore,
the production of LA should be attempted without isolating the

(0]

(o} (o}
0. +
Ho/wH H™ cat. OH | + )J\
Rehydration H™ "OH

+2H,0 LA © FA

H* cat.
Rehydration

Number of hydrogen atoms required for redox step = X
Number of oxygen atoms required for redox step = Y
REl of Route 1: X+Y=0+0=0
REl of Route 2: X+Y=2+0=2

Scheme 5 Comparison of the production strategies of levulinic acid by dehydrating hexose and pentose sugars.
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HMF intermediate.”® Pentose sugars are mainly obtained from
the hemicellulose component of the lignocellulosic biomass,
which is less abundant and more expensive. However, FF is
more stable and easier to isolate from an aqueous reaction
mixture than HMF.”

7. Synthesis of adipic acid (ADA)

Adipic acid (ADA) and 1,6-hexamethylenediamine (HMDA) are
the monomers of nylon-6,6, a high-volume synthetic thermo-
plastic.”® ADA is produced by the oxidation of a cyclohexanone-
cyclohexanol mixture, called KA 0il.”**® The world production of
ADA is around 2.6 million metric tons (MMT) with a market
value of 5 billion USD.* Therefore, significant interest has been
shown in producing adipic acid (ADA) renewably from biogenic
carbon.® Glucose has been selected as an abundant and inex-
pensive feedstock for the sustainable production of ADA from
economic and environmental perspectives.** Glucose can be
produced by depolymerizing polymeric carbohydrates, such as
starch and cellulose.®* The transformation of glucose, a C6
starting material, into ADA would not require any carbon-
carbon bond-forming or bond-cleavage reactions. The trans-
formation would require the oxidation of the terminal carbon
atoms into carboxylic acids, whereas the carbon atoms in
between must be reduced into methylene groups. According to
the balanced chemical equation for transforming glucose into
ADA, it is a reduction reaction that requires one mole of H, for
every mole of glucose. Moreover, the transformation involves
extensive redistribution of the oxidation states of carbon atoms
in glucose. Scheme 6 illustrates three major pathways for
producing ADA from glucose through chemical-catalytic
processes. In Route 1, glucose is selectively oxidized into glu-
caric acid (GRA), where the terminal carbon atoms are trans-
formed into carboxylic acid without affecting the oxidation
states of the internal carbon atoms.* GRA is then selectively
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reduced under catalytic hydrogenation conditions to form
ADA.* Four moles of H, are required to reduce GRA into ADA,
coproducing four moles of water as the byproduct. The REI of
Route 1 has been calculated to be 11. In Route 2, glucose is first
reduced to 1,6-hexanediol (1,6-HDO).*” The primary alcohol
groups (attached to the terminal carbon atoms) in 1,6-HDO are
then oxidized to form the carboxylic acid functionality, resulting
in ADA.*® The REI of Route 2 is higher than that of Route 1, as
the aldehyde carbon in glucose is initially reduced and then
reoxidized in the latter route. In Route 3, glucose is dehydrated
into HMF under acid catalysis. HMF is then catalytically
oxidized into FDCA.* Finally, the furan ring in FDCA is cata-
Iytically reduced without affecting the carboxylic acid func-
tionalities, forming ADA.*>** The REI of Route 3 is the same as
that of Route 1. Although Route 3 involves three distinct
synthetic steps, the first two steps can be performed in a single
pot. The relative ease of producing and purifying the interme-
diates in the three routes is not taken into consideration. The
chemical intermediates in all three routes have distinct
advantages and challenges during their preparation and puri-
fication. The renewable synthesis of ADA has also been
attempted using novel routes, such as the reduction-carbonyl-
ation of 2-furoic acid.*

8. Synthesis of tetrahydrofuran (THF)

Tetrahydrofuran (THF) is a high-volume industrial solvent and
a precursor of polymers. Approximately 1-1.4 MMT of THF are
produced worldwide with a market valuation of around 5 billion
USD, with BASF, Germany, being the largest single producer.”*
The synthetic route to THF from petroleum begins with n-
butane, which is produced by cracking paraffins. n-Butane is
catalytically oxidized to maleic anhydride (MAN). MAN is cata-
Iytically hydrogenated into 1,4-butanediol (1,4-BDO). Finally,
the intramolecular dehydration reaction of 1,4-BDO leads to

Route 1:
OH OH O OH OH O
HO ; Ozcat. o : Hy, cat.
Y H T : OH HO
OH OH e O OH OH 2
Glucose GRA
Route 2:
OH OH O (o}
HOMH —>H2’ cat, Ho\/\/\/\OH 0y cat HOMOH
- -4H,0 -2H,0
OH OH o
ADA
Glucose 1,6-HDO
Route 3:
qH o @ + o i o i 0 i H,, cat
HO : H" cat. HO H 5, cat. HO OH 5, cat.
B r H -3H,0 \_/ -H,0 \_/ -H,0
OH OH 2
Glucose

Number of hydrogen atoms required for redox step = X
Number of oxygen atoms required for redox step = Y
REl of Route 1: X +Y=8+3 =11
REl of Route 2: X +Y =10 +4 =14
REIl of Route 3: X+Y =8 +3=11

Scheme 6 Comparative analysis of the biorenewable synthesis of adipic acid from sugars using the redox economy.
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Scheme 7 Synthesis of tetrahydrofuran, an industrial solvent, from anthropogenic and biogenic feedstocks.

THF.** The process requires three moles of O, and five moles of
H, for every mole of THF produced (Scheme 7). The oxygen
atom in THF originates from the oxidant (i.e., O,). Another route
for producing THF from anthropogenic feedstock involves
reacting acetylene with two moles of formaldehyde. The inter-
mediate is then reduced to 1,4-BDO, which is then dehydrated
into THF. However, the acetylene route has been largely
superseded by the n-butane route. Over the past few decades,
significant interest has been shown in sourcing THF from
sustainable biogenic carbon. One important route starts with
FF, a C5 furanic platform chemical produced by the acid-
catalyzed dehydration of pentose sugars (e.g., xylose and arab-
inose) in hemicellulose. FF is decarbonylated at elevated
temperatures in the presence of a suitable metal-based catalyst
(e.g., Pd) to form furan.®® Finally, furan is catalytically hydro-
genated into THF. The process avoids the catalytic oxidation
step and uses fewer equivalents of H, compared to the n-butane
route. Therefore, the REI is significantly lower in the FF route of
synthesizing THF compared to the n-butane route, indicating
greener synthetic transformations in the former route.

9. Synthesis of lactic acid (LAC)

Lactic acid (LAC) can be produced from acetaldehyde by react-
ing it with HCN, followed by hydrolyzing the resulting

cyanohydrin intermediate.”® Acetaldehyde is produced by the
selective oxidation of ethylene using metal salt-based catalysts.
In addition to being a chemical building block, LAC is a prom-
ising monomer for producing high-performance, biodegradable
polymers, such as poly(lactic acid) (PLA).°” However, producing
PLA from petroleum, an anthropogenic and non-renewable
resource, using toxic reagents such as HCN, is counterintui-
tive from a sustainability perspective. Currently, more than 90%
of LAC is produced from biogenic carbon via the fermentative
pathway.® Nonetheless, there is vast scope for producing LAC
from carbohydrates following the chemical-catalytic pathway.*®
Catalyst systems and reaction conditions are being optimized to
produce LAC with the desired selectivity and yield, starting from
inexpensive and abundant feedstocks, which can economically
compete with the enzymatic route. Scheme 8 illustrates the
mechanistic pathway of producing LAC from glucose, which is
catalyzed by acid or base catalysts. In the first step, glucose is
isomerized into fructose by a 1,2-hydride shift. Fructose is then
transformed into glyceraldehyde (GCL) and 1,3-dihydroxyace-
tone (DHA) in equimolar quantities by a retro-aldol reaction
involving the cleavage of the C;—-C, bond. Dehydration of GCL
followed by rearrangement leads to pyruvaldehyde. Finally, the
hydration of pyruvaldehyde is followed by a 1,2-hydride shift,
leading to LAC.'*° An acidic medium often leads to cyclic lactide
and oligomerization of LAC under the reaction conditions.

Paraffins from cracking 0O, cat. ).J\ HCN ).\H H* cat. )O\H
Petroleum -H,0 H CN +2H,0, A CO,H
NH; LAC
1. pretreatment OH ?H Q 1,2-H shift OH QH
Biomass - — HO ~
2. acid hydrolysis T Y H  isomerization Y OH
OH OH OH O
)O\H LAC Glucose Fructose
CO,H
retro-aldol
1,2-H shift
(o} (o} OH OH i 0
-H,0 - -H,0 1,2-H shift
)K(OH 2 )kfo Keto end)\’&o : Ho\)\’&o = HO\)K/OH
OH H H GCL H DHA

Scheme 8 Synthesis of lactic acid from anthropogenic and biogenic carbon.
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Under alkaline conditions, LAC remains in the form of lactate.
Protonation of lactate leads to the formation of LAC, accom-
panied by the coproduction of a salt stream. As evident, the
catalytic transformation of glucose into two molecules of LAC is
an isohypsic reaction (a redox-neutral process).

10. Synthesis of y-butyrolactone
(GBL)

y-Butyrolactone (GBL) is a polar, non-protic industrial solvent
that also serves as a chemical intermediate in the production of
other solvents, such as N-methyl-2-pyrrolidone (NMP).'** In the
petroleum pathway, n-butane is catalytically oxidized into MAN,
which is then selectively reduced by catalytic hydrogenation
into GBL.'>'® In the biomass pathway, carbohydrate-derived
FF can serve as the starting material for GBL, where MAN acts
as an intermediate. Alternatively, FF can be selectively oxidized
into 2(5H)-furanone (2FN), which is then hydrogenated into
GBL."* The pathway via 2FN is more redox economic than the
one passing through MAN as the oxidized intermediate (Scheme
9). Moreover, the hydrogenation of MAN into GBL is relatively
more challenging, requiring specific metal-based catalysts, high
overpressure of molecular H,, and elevated temperature. On the
other hand, the conversion of 2FN into GBL involves the
hydrogenation of an olefin, which can be performed under near
ambient temperature and pressure conditions. However, 2FN
must be isolated from the reaction mixture during the oxidation
of FF to avoid deep oxidation. A biphasic reaction mixture,
a specific acid catalyst, and milder reaction conditions are
typically employed to ensure a good selectivity and yield of 2FN
during the oxidation of FF.'*

11. Synthesis of acrylic acid (ACA)

Acrylic acid (ACA) is one of the high-volume monomers used in
the synthesis of polyacrylates, which are utilized in various
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chemical manufacturing industries.'*® The market value of ACA
is over 10 billion USD for its roughly 8 MMT of annual
production worldwide.'”” The petroleum-derived ACA produc-
tion starts with propylene, a C3 platform chemical produced by
cracking. Propylene is catalytically oxidized by O, into acrolein,
which serves as an intermediate in the process of synthesizing
ACA." In the biogenic route, the starting point can be glucose
derived from cellulose. Glucose-derived LAC can be catalytically
dehydrated into ACA, which opens up the possibility of
accessing the large acrylate market in a biorefinery setting.'*>***
Alternatively, glucose-derived LA can be oxidized into 3-
hydroxypropionic acid (3-HPA) by aqueous H,0, in an alkaline
medium. Acid-promoted dehydration of 3-HPA can lead to
ACA."™ Novel, promising renewable synthetic routes of ACA
have also been proposed.™ As depicted in Scheme 10, the
petroleum route of producing ACA through propylene (Route 1)
has a REI of three since oxidation steps are involved. Interest-
ingly, the REI is zero in Route 2, as no oxidation or reduction
steps involving external oxidizing or reducing agents are
involved. Route 3 has an REI of one since the intermediate 3-
HPA must be produced via the oxidation of LA using chemical
or enzymatic catalysis, where one mole of O, is required for
producing two moles of 3-HPA.

12. Synthesis of cyclopentanone

The synthesis of carbocyclic compounds from sugars has
garnered considerable interest over the past decade, enabling
access to a broader class of organic compounds of commercial
value."® Sugars are typically converted into heterocycles (e.g.,
furanics) or straight-chain compounds (e.g., LA). Converting
these heterocycles or straight-chain intermediates into carbo-
cycles requires condensation, cyclization, and rearrangement
reactions involving C-C bond-forming steps.'** Cyclopentanone
(CPN), a critical carbocycle used in synthesizing high-value
compounds, is produced from petroleum-derived cyclohexane.

fractionation 7/20,, cat. 3H,, cat.
Petroleum — 0 o~ 2 - v o OXD
'4H20 'Hzo
Route 1 GBL
(o}
. H* cat. (0} 3/202, cat. 3H2, cat. o O
Biomass \ H v %/\_7
-3H,0 -HCOOH -H,0
Route 2 GBL
Route 3 1/20,, cat. H,, cat. T

+H,0, -HCOOH

Number of hydrogen atoms required for redox steps = X
Number of oxygen atoms required for redox steps =Y
REl of Route 1: X+Y=6+7 =13
REl of Route 2: X+Y=6+3=7
RElof Route 3: X+Y=2+1=3

Scheme 9 Petroleum- and biomass-derived synthetic routes of GBL.
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REl of Route 3: X+Y=0+1=1

Scheme 10 Synthesis of acrylic acid from petroleum and carbohydrates.

In the first step, cyclohexane is selectively oxidized into cyclo-
hexanone. Further oxidation of cyclohexanone using nitric acid
as an oxidant produces ADA. Finally, ADA is subjected to
decarboxylative ketonization to form CPN (Scheme 11)."** The
production of renewable CPN from FAL was first reported in
2012, involving the Piancatelli rearrangement under catalytic
hydrogenation conditions.'*® Three moles of H, are required for
converting xylose-derived FF into CPN via the FAL intermediate.
Since 2012, the synthesis of CPN from FF has been established
with a focus on the selectivity, process parameters, mechanistic
details, and reaction kinetics.** Interestingly, the REI for the
petroleum route is five, whereas that of the biomass route is six.
However, the index is due to reduction reactions in the case of
FF, whereas the index is due to oxidation reactions in the case of
cyclohexane. Moreover, there is a loss of carbon atoms in the
petroleum route in the form of CO,, whereas the carbon effi-
ciency on the biomass route via FF is 100%.

Route 1 (0]
0, 3/20,
—_— —_—
-H,0
Cyclohexane CHN
Route 2
OH OH 2
-3H,0 o)
H OH z @)LH
O OH
Xylose FF

13. Synthesis of hydrocarbon fuels

The synthesis of hydrocarbon-based liquid biofuels from
carbohydrate molecules requires extensive deoxygenation of the
latter. For example, glucose or even cellulose can be trans-
formed into n-hexane under catalytic hydrogenation condi-
tions.'”” The REI for the glucose to n-hexane transformation is
calculated to be 14. However, this section focuses on the
selective synthesis of aviation-, diesel-, and gasoline-range
hydrocarbons from carbohydrates, with precise control over
the molecular architecture and physicochemical properties of
the fuel molecules. The concept of REI has been applied to
rationalize the selection of organic transformation and their
sequence in the synthetic pathway. The oxidizing and reducing
agents are chosen as molecular O, and H,, respectively, for
consistency and a more accurate comparison. Liquid trans-
portation fuels are invariably a mixture of hydrocarbons, but

0 o
-Co
HOMOH 2
o -H,0
ADA CPN
(0]
H, o 2H,
—_— OH
U O
FAL CPN

Number of hydrogen atoms required for redox steps = X
Number of oxygen atoms required for redox steps =Y
REl of Route 1: X+Y=0+5=5
REl of Route 2: X +Y=6+0=6

Scheme 11 Synthesis of cyclopentanone from petroleum and carbohydrate-derived molecules.
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their molecular structure differs based on the engine and
furnace designs. Straight-chain or mildly branched paraffins are
major components in aviation and diesel fuels. Alicyclics have
garnered significant interest recently as potential high-density
aviation fuels. Gasoline fuels primarily consist of heavily
branched alkanes in the C6-C10 range, monocyclic aromatics,
and various additives (e.g., octane boosters)."*® The synthesis of
aviation- and diesel-range hydrocarbon fuels from carbohy-
drates has been attempted over the past few decades, and
numerous fuel molecules have been synthesized. The processes
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typically consist of three major steps: (1) transformation of
sugars and polymeric carbohydrates into functionalized plat-
form chemicals, (2) building/extending the desired carbon
skeletal system by condensation of two or more platform
chemicals, and (3) catalytic deoxygenation of the oxygenated
fuel precursors produced in step 2. The target-oriented
synthesis of gasoline fuels from carbohydrates is a relatively
new development, first reported in 2014. However, since then,
several successful attempts have been made in sourcing
gasoline-range hydrocarbons from sugars and carbohydrates.

A)
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Number of oxygen atoms required for redox steps = Y
REl of Route 1: X+Y=14+0=14
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hve
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Number of hydrogen atoms required for redox steps = X
Number of oxygen atoms required for redox steps = Y
REl of Route 2: X+Y=6+0=6
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Number of oxygen atoms required for redox steps = Y

Overall REI For Route 1 (including REI for MFU production =

(20 + 3*4) = 32
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X+Y=20+0=20
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Overall REI For Route 2 (including REI for MFU production = (24 + 2*4) = 32

Scheme 12 Renewable synthesis of gasoline (A) and diese

© 2026 The Author(s). Published by the Royal Society of Chemistry

[-like (B and C) hydrocarbon fuels from carbohydrate-derived chemicals.

RSC Sustainability


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00011h

Open Access Article. Published on 28 April 2026. Downloaded on 5/21/2026 12:28:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

The strategy involves selecting the appropriate chemical
building blocks and organic transformations that introduce the
necessary branching in the carbon framework of the target
hydrocarbon.

Mascal et al. reported the synthesis of C6-C10 highly
branched gasoline-range hydrocarbon fuels from LA-derived
AGLs. The major product was 3-ethyl-4-methylheptane (1),
which was produced by the hydrodeoxygenation of angelica
lactone dimer (ALD)."*® The REI is 14 for the transformation of
ALD to 1 as depicted in Scheme 12A. The same research group
deoxygenated ALD by a catalytic decarboxylation reaction in
a later report, allowing a more hydrogen-economic synthesis.
However, the major product, 3,4-dimethylhexane (2), is two
carbon atoms shorter (lost as CO,) than 1."** Therefore, the
calculation of the REI was performed for each biogenic carbon
in the products for better clarity. The calculation shows that the
REI for each carbon atom in 1 is 1.4, whereas that for 2 is only
0.75. This calculation shows the effectiveness of using the REI
as a green metric in synthesis involving redox steps.

The synthesis of aviation- and diesel-range hydrocarbon
fuels from carbohydrates has been attempted, especially start-
ing from furanic and levulinic building blocks.*** The strategy is
to extend the carbon skeletal system by involving various C-C
bond-forming reactions, such as aldol condensation, Friedel-
Crafts alkylation, Diels-Alder reaction, etc. Finally, the oxygen-
ated fuel precursors are extensively deoxygenated by HDO,
hydrodecarboxylation, decarboxylative ketonization, etc.'*
Scheme 12B illustrates two examples where CPN and FF serve as
the building blocks for synthesizing hydrocarbon-based liquid
transportation fuels. CPN can be condensed with itself by the
aldol condensation reaction to form a C15 oxygenate, which is
then subjected to the HDO chemistry to form 3. Alternatively,
CPN can be condensed with two molecules of FF to form a C15
oxygenate, which can then undergo HDO chemistry to form C15
hydrocarbon 4. The REI for synthesizing 3 and 4 have been
calculated to be 8 and 24, respectively, exclusively due to the
HDO chemistry involved in their preparation. Apparently, the
preparation of 3 is more redox-economic compared to 4.
However, the REI of producing CPN from FF must also be
adjusted in the calculation to better understand the REI of the
overall process. Since three molecules of CPN are required to
prepare 3, the total REI for the process would become [8 + (3 X
6)] = 26. In the case of 4, the total REI, due to the involvement of
one CPN molecule, is calculated to be [24 + (1 x 6)] = 30.

Scheme 12C illustrates the alternative routes for preparing 6-
pentylundecane (5), a mildly branched diesel-range hydro-
carbon fuel derived from sugar-based furanic platform chem-
icals.®”'** Route 1 involves the hydrolysis of MFU into an
aldehyde, which is then coupled with two molecules of MFU by
the Friedel-Crafts reaction. The REI calculated for synthesizing
5 through this pathway is 20. Alternatively, 5 can be synthesized
by condensing FF with two moles of MFU via the
hydroxyalkylation/alkylation reaction. Finally, the C15 oxygen-
ated is completely deoxygenated by HDO chemistry (Route 2).
The REI calculated for this pathway is 24. Interestingly, the REI
calculated for synthesizing MFU from FF is 4. Since three
molecules of MFU are involved, in Route 1, the total REI of
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synthesizing 5 through this route is [20 + (3 x 4)] = 32. The REI
calculated for Route 2 for synthesizing 5, involving two mole-
cules of MFU, comes out to be [24 + (2 x 4)] = 32.

14. Scope, advantages and limitations
of the REI

Since the institutionalization of green chemistry in the early
1990s, a series of green metrics have been developed to analyze
and evaluate the synthetic pathways both qualitatively and
quantitatively for designing superior processes at early tech-
nology readiness levels (TRLs).?* The molar yield of the product
has always been a useful metric since the dawn of organic
synthesis for determining the efficiency of an organic trans-
formation. While a high isolated molar yield of the product
promises resource efficiency, it does not guarantee overall
sustainability of the process. A reaction can provide a high
product yield but produce substantial amounts of deleterious
byproducts as waste. Atom economy (AE) is a green metric of
a theoretical construct proposed by Barry Trost in 1991 that
investigates the relocation of atoms in the starting materials
and reagents to the product using a balanced chemical equa-
tion.”* AE allows evaluation of alternative synthetic schemes for
their sustainability without performing them. The E-factor is
another green chemistry metric (propose by Roger A Sheldon in
1992) that measures the mass of waste produced per unit mass
of product.”” While the E-factor is experimentally determined,
it can also be used theoretically to estimate the relative green-
ness of alternative synthetic pathways with respect to waste
formation. Various other green metrics have been developed
over the years, such as process mass intensity and carbon effi-
ciency. All green metrics have their advantages and limitations,
and often a combination of them is more impactful in deter-
mining the overall efficacy of organic transformations and
processes. Redox economy has been popularized by the pio-
neering studies of Phil S. Baran, among others.””® Redox
economy is a theoretical construct in which the scheme of
a multistep organic synthesis is studied for the tactical and
strategic use of redox steps in constructing the molecular
framework of the product molecule. Unnecessary derivatization
or protection/deprotection steps are avoided to ensure good
redox economy, in line with the 8th principle of green chem-
istry. However, the redox economy metric remained largely
qualitative in nature. This work introduces the desirable
quantifiability of the redox economy metric to improve its scope
and applicability in organic synthesis and sustainable chem-
istry. Even though AE or the E-factor has no direct formulaic
relationship with the REI, a low REI in a multistep synthesis
promotes high AE and a low E-factor. The REI values have been
calculated using H, and O, as the reducing and oxidizing
reagents, respectively. However, fundamentally, the REI values
for organic transformations involving various stoichiometric
reducing and oxidizing agents can also be calculated. In such
a scenario, a conversion factor may be used that consists of the
ratio of the molecular weights of the reagent and the model
reagent (i.e., H, for reduction and O, for oxidation), and the
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molar ratio of the stoichiometric reagent to the model reagent.
For example, the REI value of HMF to FDCA has been calculated
to be 3. If HNO; is used as the stoichiometric oxidant for the
same transformation, the conversion factor [[MW of HNO;/MW
of 0,) x (mole of HNOz/mole of O,)] is calculated to be 7.87.
Therefore, the REI of the HMF to FDCA transformation using
HNO; for stoichiometric oxidation is 31.5 (7.875 x 4). Such
analyses can help determine the relative advantages and
disadvantages of various stoichiometric redox reagents in terms
of sustainability. For example, H,O, is the best alternative to O,,
being close in molecular weight and providing the oxidant
required for the transformation. The REI for the oxidation of LA
into 3-HPA using H,0, as the oxidant is 2.12 [(34/32) x (1/0.5)],
whereas the REI using O, as the oxidant was 1, as depicted in
Scheme 10.

As depicted in Fig. 2, the conversion of the starting material
into a product of desired structural complexity via an isohypsic
(redox-neutral) process is idealistic but is often not achievable
in practice. The rearrangement and coupling reactions can fulfil
such criteria. The synthesis of LAC from glucose under hydro-
thermal conditions is a good example of a redox-neutral
process, where the oxidation states of the carbon atoms in the
starting material are redistributed without an overall change in
the oxidation state. The redox-economic steps linearly modify
(i.e., increase or decrease) the oxidation states of skeletal atoms
in the intermediates. The redox economy can be improved by
accelerating changes (exponentially) and improving the step
economy of the overall synthesis. Non-redox economic
processes would involve a multistep synthesis, in which the
oxidation states of the skeletal atoms fluctuate in intermediates.
For petrochemicals, the starting materials are primarily non-
functionalized hydrocarbons. The heteroatom-containing
functionalities are introduced in the carbon skeletal system
via redox steps to form reactive intermediates. In contrast, the

Oxidation state

\4

Number of synthetic steps
@ Starting material
<> Targeted product

- — |sohypsic process

— Not redox economic

— Redox economic (standard)

—— Redox economic (improved)

Fig. 2 Pictorial representation of redox economic and non-redox
economic synthesis, adapted from ref. 126 with permission from John

Wiley and Sons [Angew. Chem., Int. Ed., 2009, 48(16), 2854-2867],
copyright 2009.
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synthesis of reactive intermediates from biomolecules (e.g.,
carbohydrates) mandates the removal of the excess heteroatoms
(e.g, N and O) by stepwise reduction steps. The REI concept
presented in this work will assist in quantifying the improve-
ment in redox economy in organic synthesis, particularly from
the perspective of biorenewable chemicals. A lower REI value
implies better redox economy and promises an accelerated (or
step economic) and waste-minimized synthesis of the product
molecule. Finally, it must be pointed out that the REI metric, as
a theoretical construct, does not include the experimental
outcome of an organic transformation. Therefore, a lower REI in
a reaction scheme does not automatically make it superior and
other process parameters and green metrics (e.g., molar yield)
must be consulted. For example, the synthesis of renewable PTA
from FDCA has a lower REI than that through the DMF route.
However, the synthesis of PTA from FDCA and ethylene is
extremely challenging with negligible yields.

15. Conclusions

The presence of oxygen-containing functionalities in sugars and
polymeric carbohydrates should not be considered as an incon-
venience, but rather an advantage for designing their chemical-
catalytic value-addition pathways. The carbon atoms in sugar
molecules remain in various oxidation states, which enables the
synthesis of functionalized molecules by avoiding redox steps
and the associated waste formation. The challenge is to shed
excess oxygen atoms during transformations and rearrange-
ments of functional groups. The presence of several oxygen atom-
containing functionalities in carbohydrates complicates the
mechanistic pathways since several competitive reaction path-
ways with comparable energetics can lead to the formation of
a mixture of products. Therefore, suitable reagents and reaction
conditions must be designed to improve the selectivity towards
the desired product. Tracing the oxygen atoms from sugars to
renewable chemicals assists in analysing the competitive
synthetic pathways and developing more efficient routes. Sugars
and carbohydrates are typically transformed into a handful of
small organic molecules, termed platform chemicals, which act
as nodal points for branching out into renewable products of
diverse structural characteristics, properties, and markets. HMF,
LA, and LAC are some of the most promising carbohydrate-
derived platform chemicals. Over the past few decades,
research on carbohydrate-centric biorefineries has evolved from
first-generation biomass-derived sugars to second-generation
cellulosic biomass and, more recently, to the third generation
of aquatic biomass-derived carbohydrates (e.g., chitin and
carrageenan). The availability, cost competitiveness, and envi-
ronmental sustainability increase from the first to the third
generation of biomass. However, the structural complexity of
carbohydrates also increases, which often requires more
demanding reaction conditions and purification steps. The
oxygen content of sugars can be lowered by involving dehydration
and condensation reactions that are redox-neutral. Other reac-
tions include the hydrodeoxygenation reaction that requires
a source of molecular hydrogen and a suitable metal-based
catalyst. Deoxygenation reactions, which involve the loss of
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biogenic carbon, include decarbonylation and decarboxylation
reactions. The combination of deoxygenation steps applied to the
sugar or polymeric carbohydrates depends on the targeted
molecular framework and functionalities in the product. For
synthesizing hydrocarbon-based drop-in fuels, the oxygen atoms
in them must be extensively eliminated. The process also involves
building an appropriate carbon framework using various C-C
bond-forming reactions (e.g., aldol, Friedel-Crafts, and Diels—
Alder).

At early TRLs, when design freedom is at its maximum,
attention must be focused on process efficiency to avoid
complications later. Design freedom is lower at late TRLs, while
significant knowledge is acquired about products and
processes, and the focus shifts to life-cycle environmental
impacts. In general, adhering to the green chemistry principles
(and metrics) ensures favorable life-cycle environmental
impacts.”” The REI, the green metric introduced in this work,
can assist in choosing the most redox-economic and waste-
minimized synthetic design for converting carbohydrates into
renewable chemicals. The REI can be used along with other
green metrics to select the appropriate synthetic strategy for
a renewable chemical.

16.

The concept of tracing the heteroatoms from carbohydrates to
renewable chemicals can be extended to other biomolecules
and biopolymers. For example, the synthesis of phenolics from
lignin can follow such a strategy to develop more efficient
synthetic processes. Chitin-derived platform chemicals can
contain a nitrogen atom, which can then be valorized into
renewable chemicals with N-containing functionalities. The
strategy can be more useful when different moieties of a struc-
turally complex renewable molecule are sourced from separate
biomass components. Tracing the heteroatoms in the starting
materials and the final product can give insights into the
alternative synthetic strategies and their relative advantages
and challenges. Tracing of other heteroatoms is also possible
and could be beneficial for synthesizing renewable products of
increasing structural complexity that contain functionalities
with a combination of heteroatoms (i.e., N, O, and S). Nitrogen
atoms can be introduced into biorenewable molecules using
inorganic sources, such as ammonia. Alternatively, amino acids
can be renewable reagents with a nitrogen-containing func-
tionality. The green chemistry metric REI, introduced in this
study, can potentially be extended to the chemistry of renew-
ables and synthetic organic chemistry in general.

Future perspectives
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DMTHF 2,5-Dimethyltetrahydrofuran
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GCA Gluconic acid
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5MF 5-Methylfurfural

MAN Maleic anhydride

PTA Purified terephthalic acid
REI Redox economy index

SA Succinic acid

PX para-Xylene

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part of
this review.

Acknowledgements

SD thanks DST-SERB for the research project under the Core
Research Grant (CRG) scheme (file no. CRG/2022/009346). The
author thanks Ms Rachitha S. Natraj for her assistance in
referencing.

References

1 N. K. Shah, Z. Li and M. G. Ierapetritou, Petroleum Refining
Operations: Key Issues, Advances, and Opportunities, Ind.
Eng. Chem. Res., 2011, 50(3), 1161-1170, DOI: 10.1021/
ie1010004.

2 C. C. Hobbs, Hydrocarbon Oxidation, in Kirk-Othmer
Encyclopedia of Chemical Technology, John Wiley & Sons,
Inc., Hoboken, NJ, USA, 1st edn, 2000, DOI: 10.1002/
0471238961.0825041808150202.a01.

3 Catalytic Aerobic Oxidations, ed. E. Mejia, The Royal Society
of Chemistry, 2020, DOI: 10.1039/9781839160332.

4 J. T. Manalal, M. Pérez-Fortes and A. Ramirez, Re-Wiring
Petrochemical Clusters: Impact of Using Alternative
Carbon Sources for Ethylene Production, Green Chem.,
2025, 27(22], 6641-6659, DOI: 10.1039/D4GC06042C.

5 K. Yue, Q. Zhou, R. Bird, L. Zhu, D. Zhang, D. Li, L. Zou,
J. Yang, X. Fu and G. P. Georges, Trends and

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/ie1010004
https://doi.org/10.1021/ie1010004
https://doi.org/10.1002/0471238961.0825041808150202.a01
https://doi.org/10.1002/0471238961.0825041808150202.a01
https://doi.org/10.1039/9781839160332
https://doi.org/10.1039/D4GC06042C
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00011h

Open Access Article. Published on 28 April 2026. Downloaded on 5/21/2026 12:28:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

Opportunities in Organic Synthesis: Global State of
Research Metrics and Advances in Precision, Efficiency,
and Green Chemistry, Org. Lett., 2023, 25(13), 2167-2171,
DOL: 10.1021/acs.orglett.2c03826.

6 R. P. Lee, Alternative Carbon Feedstock for the Chemical
Industry? - Assessing the Challenges Posed by the Human
Dimension in the Carbon Transition, J. Cleaner Prod.,
2019, 219, 786-796, DOI: 10.1016/j.jclepro.2019.01.316.

7 M. Aresta, Alternative Sources of Carbon for Moving
towards a Sustainable Carbon Cycle, Ind. Chem. Mater.,
2025, 3(6), 703-709, DOI: 10.1039/D5IM00061K.

8 T. Khandaker, T. Islam, A. Nandi, M. A. A. M. Anik,
M. S. Hossain, M. K. Hasan and M. S. Hossain, Biomass-
Derived Carbon Materials for Sustainable Energy
Applications: A Comprehensive Review, Sustainable Energy
Fuels, 2025, 9(3), 693-723, DOI: 10.1039/D4SE01393].

9 F. G. Calvo-Flores and F. J. Martin-Martinez, Biorefineries:
Achievements and Challenges for a Bio-Based Economy,
Front. Chem., 2022, 10, 973417, DOI: 10.3389/
fchem.2022.973417.

10 S. V. Vassilev, D. Baxter, L. K. Andersen and C. G. Vassileva,
An Overview of the Chemical Composition of Biomass, Fuel,
2010, 89(5), 913-933, DOI: 10.1016/j.fuel.2009.10.022.

11 N. L. B. Pohl, Introduction: Carbohydrate Chemistry, Chem.
Rev., 2018, 118(17), 7865-7866, DOL  10.1021/
acs.chemrev.8b00512.

12 A. T. Ubando, C. B. Felix and W.-H. Chen, Biorefineries in
Circular Bioeconomy: A Comprehensive Review, Bioresour.
Technol., 2020, 299, 122585, DOL  10.1016/
j-biortech.2019.122585.

13 A. R. Mankar, A. Pandey, A. Modak and K. K. Pant,
Pretreatment of Lignocellulosic Biomass: A Review on
Recent Advances, Bioresour. Technol., 2021, 334, 125235,
DOI: 10.1016/j.biortech.2021.125235.

14 M. Sheraz, L. Cao, S. Zhao, H. Gao, P. Dansawad, C. Xue,
Y. Li and W. Li, Lignocellulosic Biomass Pretreatment
Methods and Application of Extracted Fractions, Arabian
J. Sci. Eng., 2025, 50(6), 3717-3736, DOI: 10.1007/s13369-
024-09930-6.

15 C. S. Lecona-Vargas, V. Orsat and M.]J. Dumont,
Carbohydrate-Based Biorefineries for the Production of 5-
Hydroxymethylfurfural and 2,5-Furandicarboxylic Acid
and Their Separation and Purification Methods, Biomass
Convers. Biorefin., 2024, 14(21), 26575-26595, DOI:
10.1007/513399-022-03477-y.

16 M. Dusselier, M. Mascal and B. F. Sels, in Selective Catalysis
for Renewable Feedstocks and Chemicals, ed. K. M. Nicholas,
Springer International Publishing, Cham, 2014, vol. 353,
pp- 1-40, DOI: 10.1007/128_2014_544.

17 B. Yavuzturk Gul, E. Pekgenc, V. Vatanpour and I. Koyuncu,
A Review of Cellulose-Based Derivatives Polymers in
Fabrication of Gas Separation Membranes: Recent
Developments and Challenges, Carbohydr. Polym., 2023,
321, 121296, DOI: 10.1016/j.carbpol.2023.121296.

18 J. J. Bozell, Developments for Converting Renewables to
Platform Chemicals, Adv. Synth. Catal., 2024, 366(23),
4803-4804, DOI: 10.1002/adsc.202401446.

© 2026 The Author(s). Published by the Royal Society of Chemistry

19

20

21

22

23

24

25

26

27

28

29

30

View Article Online

RSC Sustainability

S. Takkellapati, T. Li and M. A. Gonzalez, An Overview of
Biorefinery-Derived Platform Chemicals from a Cellulose
and Hemicellulose Biorefinery, Clean Technol. Environ.
Policy, 2018, 20(7), 1615-1630, DOI: 10.1007/s10098-018-
1568-5.

R. Pothu, R. Gundeboyina, R. Boddula, V. Perugopu and
J. Ma, Recent Advances in Biomass-Derived Platform
Chemicals to Valeric Acid Synthesis, New J. Chem., 2022,
46(13), 5907-5921, DOI: 10.1039/D1NJ05777D.

W. Sailer-Kronlachner, C. Thoma, S. Boéhmdorfer,
M. Bacher, J. Konnerth, T. Rosenau, A. Potthast, P. Solt
and H. W. G. van Herwijnen, Sulfuric Acid-Catalyzed

Dehydratization of Carbohydrates for the Production of
Adhesive Precursors, ACS Omega, 2021, 6(25), 16641-
16648, DOI: 10.1021/acsomega.1c02075.

S. Das, G. Cibin and R. I. Walton, Selective Oxidation of
Biomass-Derived 5-Hydroxymethylfurfural Catalyzed by an
Iron-Grafted Metal-Organic Framework with a Sustainably
Sourced Ligand, ACS Sustainable Chem. Eng., 2024, 12(14),
5575-5585, DOI: 10.1021/acssuschemeng.3c08564.

A. Patil, M. Engelbert van Bevervoorde and F. Neira
d'Angelo, Intensifying Cyclopentanone Synthesis from
Furfural Using Supported Copper Catalysts,
ChemSusChem, 2025, 18(4), €202401484, DOI: 10.1002/
€ssc.202401484.

Y. Duan, Y. Cheng, Z. Hu, C. Wang, D. Sui, Y. Yang and
T. Lu, A Comprehensive Review on Metal Catalysts for the
Production of Cyclopentanone Derivatives from Furfural
and HMF, Molecules, 2023, 28(14), 5397, DOL 10.3390/
molecules28145397.

R. Zhao, L. Wu, X. Sun, H. Tan, Q. Fu, M. Wang and H. Cui,
Renewable P-Xylene Synthesis via Biomass-Derived 2,5-
Dimethylfuran and Ethanol by Phosphorous Modified H-
Beta Zeolite, Microporous Mesoporous Mater., 2022, 334,
111787, DOI: 10.1016/j.micromeso.2022.111787.

J. Blomer, D. Maga, ]J. Roéttgen, Z. Wu, M. Hiebel,
S. Eilebrecht, S. Jentsch and N. Eggers, Assessment of
Chemical Products and Processes: Green Metrics and Life
Cycle Assessment — A Comparison, Chem. Ing. Tech., 2024,
96(5), 561-574, DOI: 10.1002/cite.202300229.

C. Chen, M. Lv, H. Hu, L. Huai, B. Zhu, S. Fan, Q. Wang and
J. Zhang, 5-Hydroxymethylfurfural and Its Downstream
Chemicals: A Review of Catalytic Routes, Adv. Mater.,
2024, 36(37), 2311464, DOI: 10.1002/adma.202311464.

D. S. S. Jorqueira, L. F. de Lima, S. F. Moya, L. Vilcocq,
D. Richard, M. A. Fraga and R. S. Suppino, Critical Review
of Furfural and Furfuryl Alcohol Production: Past,
Present, and Future on Heterogeneous Catalysis, Appl.

Catal, A, 2023, 665, 119360, DOIL  10.1016/
j-apcata.2023.119360.
F. Menegazzo, E. Ghedini and M. Signoretto, 5-

Hydroxymethylfurfural (HMF) Production from Real
Biomasses, Molecules, 2018, 23(9), 2201, DOI: 10.3390/
molecules23092201.

A. Mittal, H. M. Pilath and D. K. Johnson, Direct Conversion
of Biomass Carbohydrates to Platform Chemicals: 5-
Hydroxymethylfurfural (HMF) and Furfural, Energy Fuels,

RSC Sustainability


https://doi.org/10.1021/acs.orglett.2c03826
https://doi.org/10.1016/j.jclepro.2019.01.316
https://doi.org/10.1039/D5IM00061K
https://doi.org/10.1039/D4SE01393J
https://doi.org/10.3389/fchem.2022.973417
https://doi.org/10.3389/fchem.2022.973417
https://doi.org/10.1016/j.fuel.2009.10.022
https://doi.org/10.1021/acs.chemrev.8b00512
https://doi.org/10.1021/acs.chemrev.8b00512
https://doi.org/10.1016/j.biortech.2019.122585
https://doi.org/10.1016/j.biortech.2019.122585
https://doi.org/10.1016/j.biortech.2021.125235
https://doi.org/10.1007/s13369-024-09930-6
https://doi.org/10.1007/s13369-024-09930-6
https://doi.org/10.1007/s13399-022-03477-y
https://doi.org/10.1007/128_2014_544
https://doi.org/10.1016/j.carbpol.2023.121296
https://doi.org/10.1002/adsc.202401446
https://doi.org/10.1007/s10098-018-1568-5
https://doi.org/10.1007/s10098-018-1568-5
https://doi.org/10.1039/D1NJ05777D
https://doi.org/10.1021/acsomega.1c02075
https://doi.org/10.1021/acssuschemeng.3c08564
https://doi.org/10.1002/cssc.202401484
https://doi.org/10.1002/cssc.202401484
https://doi.org/10.3390/molecules28145397
https://doi.org/10.3390/molecules28145397
https://doi.org/10.1016/j.micromeso.2022.111787
https://doi.org/10.1002/cite.202300229
https://doi.org/10.1002/adma.202311464
https://doi.org/10.1016/j.apcata.2023.119360
https://doi.org/10.1016/j.apcata.2023.119360
https://doi.org/10.3390/molecules23092201
https://doi.org/10.3390/molecules23092201
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00011h

Open Access Article. Published on 28 April 2026. Downloaded on 5/21/2026 12:28:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

2020, 34(3), 3284-3293,
acs.energyfuels.9b04047.

31 R. Bielski and G. Grynkiewicz, Furan Platform Chemicals
beyond Fuels and Plastics, Green Chem., 2021, 23(19),
7458-7487, DOI: 10.1039/D1GC02402G.

32 S. Dutta and N. S. Bhat, Recent Advances in the Value
Addition of Biomass-Derived Levulinic Acid: A Review
Focusing on Its Chemical Reactivity Patterns,
ChemCatChem, 2021, 13(14), 3202-3222, DOIL 10.1002/
cctc.202100032.

33 X. Bian, G. Xia, J. H. Xin, S. Jiang and K. Ma, Applications of
Waste  Polyethylene  Terephthalate  (PET) Based
Nanostructured Materials: A Review, Chemosphere, 2024,
350, 141076, DOIL: 10.1016/j.chemosphere.2023.141076.

34 H. Yue, Y. Zhao, X. Ma and ]J. Gong, Ethylene Glycol:
Properties, Synthesis, and Applications, Chem. Soc. Rev.,
2012, 41(11), 4218, DOI: 10.1039/c2cs15359a.

35 L. Kumar, S. Asthana, B. L. Newalkar and K. K. Pant,
Selective Toluene Methylation to P-Xylene: Current Status
& Future Perspective, Catal. Rev., 2024, 66(3), 820-862,
DOI: 10.1080/01614940.2022.2097641.

36 D. Parmar, S. H. Cha, C. Huang, H. Chiang, S. Washburn,
L. C. Grabow and ]J. D. Rimer, Impact of Medium-Pore
Zeolite Topology on Para -Xylene Production from
Toluene Alkylation with Methanol, Catal. Sci. Technol.,
2023, 13(18), 5227-5236, DOI: 10.1039/D3CY00557G.

37 H.M. Lapa and L. M. D. R. S. Martins, P-Xylene Oxidation to
Terephthalic Acid: New Trends, Molecules, 2023, 28(4),
1922, DOI: 10.3390/molecules28041922.

38 M. Volanti, D. Cespi, F. Passarini, E. Neri, F. Cavani,
P. Mizsey and D. Fozer, Terephthalic Acid from
Renewable Sources: Early-Stage Sustainability Analysis of
a Bio-PET Precursor, Green Chem., 2019, 21(4), 885-896,
DOI: 10.1039/C8GC03666G.

39 C. Castillo, M. H. Brijaldo, L. P. C. Silva and F. B. Passos,
Recent Advances in Catalytic Conversion of 5-
Hydroxymethylfurfural (5-HMF) to 2,5-Dimethylfuran (2,5-
DMF): Mechanistic Insights and Optimization Strategies,
ChemCatChem, 2023, 15(15), e202300480, DOI: 10.1002/
ccte.202300480.

40 J. Kim, S. Han and J. D. Rimer, Selective Production of Para
-Xylene from Biomass-Derived 2,5-Dimethylfuran through
Tandem  Diels-Alder/Dehydration = Reactions  with
a Bifunctional Ga,Al-Zeolite Catalyst, React. Chem. Eng.,
2024, 9[12), 3277-3284, DOI: 10.1039/D4RE00362D.

41 X. Feng, X. Li, X. Han, H. Qu, C. Liu, W. Yang and Z. Wang,
Production of Renewable p-Xylene from 2,5-Dimethylfuran
and Ethylene over MWW Zeolite Catalysts, Ind. Eng. Chem.
Res., 2024, 63(30), 13145-13156, DOIL:  10.1021/
acs.iecr.4c01610.

42 J. Huang, B. Yan, Z. Wang, X. Chen, Z. Liu and B. Xue,
Understanding  Diels-Alder ~ Conversion  of  2,5-
Dimethylfuran and Acrylic Acid to Para-Xylene over Beta
Zeolites, Appl. Catal., A, 2025, 691, 120067, DOIL: 10.1016/
j-apcata.2024.120067.

43 D. Neukum, L. Baumgarten, D. Wiist, B. B. Sarma, E. Saraci,
A. Kruse and J. Grunwaldt, Challenges of Green Production

DOI: 10.1021/

RSC Sustainability

View Article Online

Critical Review

of 2,5-Furandicarboxylic Acid from Bio-Derived 5-
Hydroxymethylfurfural: Overcoming Deactivation by
Concomitant Amino Acids, ChemSusChem, 2022, 15(13),
€202200418, DOI: 10.1002/cssc.202200418.

44 W. Yang, X. Tang, W. Li, X. Luo, C. Zhang and C. Shen, Fast
and Continuous Synthesis of 2,5-Furandicarboxylic Acid in
a Micropacked-Bed Reactor, Chem. Eng. J., 2022, 442,
136110, DOI: 10.1016/j.cej.2022.136110.

45 Z. A. Fikri, J.-M. Ha, Y.-K. Park, H. Lee, D. J. Suh and ]. Jae,
Diels-Alder Cycloaddition of Oxidized Furans and Ethylene
over Supported Heteropolyacid Catalysts for Renewable
Terephthalic Acid, Catal. Today, 2020, 351, 37-43, DOL:
10.1016/j.cattod.2019.01.063.

46 A.-Z. Li, B.-J. Yuan, M. Xu, Y. Wang, C. Zhang, X. Wang,
X. Wang, J. Li, L. Zheng, B.-J. Li and H. Duan, One-Step
Electrochemical Ethylene-to-Ethylene Glycol Conversion
over a Multitasking Molecular Catalyst, . Am. Chem. Soc.,
2024, 146(8), 5622-5633, DOI: 10.1021/jacs.3¢14381.

47 A-Z. Li, X. Wang, S. Li, B.-J. Yuan, X. Wang, R.-P. Li,
L. Zhang, B.-J. Li and H. Duan, Direct Electrooxidation of
Ethylene to Ethylene Glycol over 90% Faradaic Efficiency
Enabled by ClI” Modification of the Pd Surface, /. Am.
Chem. Soc., 2025, 147(12), 10493-10503, DOIL: 10.1021/
jacs.4c18345.

48 X. Lu, H. Xu, J. Yan, W.-]. Zhou, A. Liebens and P. Wu, One-
Pot Synthesis of Ethylene Glycol by Oxidative Hydration of
Ethylene with Hydrogen Peroxide over Titanosilicate
Catalysts, J. Catal, 2018, 358, 89-99, DOI: 10.1016/
j.jcat.2017.12.002.

49 M. K. Wong, S. S. M. Lock, Y. H. Chan, S. J. Yeoh and
I. S. Tan, Towards Sustainable Production of Bio-Based
Ethylene Glycol: Progress, Perspective and Challenges in
Catalytic Conversion and Purification, Chem. Eng. J., 2023,
468, 143699, DOI: 10.1016/j.cej.2023.143699.

50 M. Broda, D. ]J. Yelle and K. Serwanska, Bioethanol
Production from Lignocellulosic Biomass—Challenges
and Solutions, Molecules, 2022, 27(24), 8717, DOL
10.3390/molecules27248717.

51 A. Mohsenzadeh, A. Zamani and M. ]. Taherzadeh,
Bioethylene Production from Ethanol: A Review and
Techno-economical Evaluation, ChemBioEng Rev., 2017,
4(2), 75-91, DOI: 10.1002/cben.201600025.

52 Z.Gong, X. Lv, J. Yang, X. Luo and L. Shuai, Chemocatalytic
Conversion of Lignocellulosic Biomass to Ethanol: A Mini-
Review, Catalysts, 2022, 12(8), 922, DOIL: 10.3390/
catal12080922.

53 Q. Xin, S. Yu, L. Jiang, D. Yin, L. Li, C. Xie, Q. Wu, H. Yu,
Y. Liu, Y. Liu and S. Liu, Bifunctional Catalyst with
a Yolk-Shell Structure Catalyzes Glucose to Produce
Ethylene Glycol, J. Phys. Chem. C, 2021, 125(12), 6632—
6642, DOI: 10.1021/acs.jpcc.0c10914.

54 R. A. Sheldon, Metrics of Green Chemistry and
Sustainability: Past, Present, and Future, ACS Sustainable
Chem. Eng., 2018, 6(1), 32-48, DOIL  10.1021/
acssuschemeng.7b03505.

55 N. N. Le, N. T. Nguyen, H. L. Ngo, T. T. Nguyen and
C. C. Truong, One-Pot Production of Bio-Based 2-

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/acs.energyfuels.9b04047
https://doi.org/10.1021/acs.energyfuels.9b04047
https://doi.org/10.1039/D1GC02402G
https://doi.org/10.1002/cctc.202100032
https://doi.org/10.1002/cctc.202100032
https://doi.org/10.1016/j.chemosphere.2023.141076
https://doi.org/10.1039/c2cs15359a
https://doi.org/10.1080/01614940.2022.2097641
https://doi.org/10.1039/D3CY00557G
https://doi.org/10.3390/molecules28041922
https://doi.org/10.1039/C8GC03666G
https://doi.org/10.1002/cctc.202300480
https://doi.org/10.1002/cctc.202300480
https://doi.org/10.1039/D4RE00362D
https://doi.org/10.1021/acs.iecr.4c01610
https://doi.org/10.1021/acs.iecr.4c01610
https://doi.org/10.1016/j.apcata.2024.120067
https://doi.org/10.1016/j.apcata.2024.120067
https://doi.org/10.1002/cssc.202200418
https://doi.org/10.1016/j.cej.2022.136110
https://doi.org/10.1016/j.cattod.2019.01.063
https://doi.org/10.1021/jacs.3c14381
https://doi.org/10.1021/jacs.4c18345
https://doi.org/10.1021/jacs.4c18345
https://doi.org/10.1016/j.jcat.2017.12.002
https://doi.org/10.1016/j.jcat.2017.12.002
https://doi.org/10.1016/j.cej.2023.143699
https://doi.org/10.3390/molecules27248717
https://doi.org/10.1002/cben.201600025
https://doi.org/10.3390/catal12080922
https://doi.org/10.3390/catal12080922
https://doi.org/10.1021/acs.jpcc.0c10914
https://doi.org/10.1021/acssuschemeng.7b03505
https://doi.org/10.1021/acssuschemeng.7b03505
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00011h

Open Access Article. Published on 28 April 2026. Downloaded on 5/21/2026 12:28:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

Methyltetrahydrofuran and 2,5-Dimethyltetrahydrofuran: A
Review of Heterogeneous Catalytic Approaches, RSC Adv.,
2025, 15(32), 26537-26551, DOIL: 10.1039/D5RA03460D.

56 R. K. Olalere, G. Zhang, H. Liu, X. Ma and H. Xu,
Experimental Study of Combustion and Emissions
Characteristics of Low Blend Ratio of 2-Methylfuran/2-
Methyltetrahyrofuran with Gasoline in a DISI Engine,
Fuel, 2025, 382, 133799, DOIL: 10.1016/j.fuel.2024.133799.

57 V. Sathiyamoorthy, K. Bairwa, S. Duche, A. Roy and
A. Mathur, 2-Methyl Tetrahydrofuran: A Green Organic
Modifier for Eco-Friendly, Cost-Effective, and Rapid
Purification in Drug Discovery, Anal. Methods, 2025,
17(15), 2938-2947, DOIL: 10.1039/D5AY00046G.

58 N. S. Date, A. M. Hengne, K.-W. Huang, R. C. Chikate and
C. V. Rode, One Pot Hydrogenation of Furfural to 2-
Methyl Tetrahydrofuran over Supported Mono- and Bi-
metallic Catalysts, ChemistrySelect, 2020, 5(31), 9590-9600,
DOI: 10.1002/slct.202002322.

59 S. Kumaravel, S. Thiripuranthagan and E. Erusappan, WO,/
Al-HZSM-5 Catalysts for Effective Catalytic Conversion of
Biomass-Derived Levulinic Acid to Angelica Lactones,
Emergent Mater., 2021, 4(3), 791-802, DOIL 10.1007/
542247-021-00193-7.

60 V. W. Faria, K. M. A. Santos, A. M. Calazans and M. A. Fraga,
Hydrolysis of Furfuryl Alcohol to Angelica Lactones and
Levulinic Acid over Nb-based Catalysts, ChemCatChem,
2023, 15(15), 202300447, DOI: 10.1002/cctc.202300447.

61 A. Dell'Acqua, B. M. Stadler, S. Kirchhecker, S. Tin and
J. G. de Vries, Scalable Synthesis and Polymerisation of
a B-Angelica Lactone Derived Monomer, Green Chem.,
2020, 22(16), 5267-5273, DOI: 10.1039/D0GC00338G.

62 B. Yang, P. Chen, T. Zhu, G. Dong, H. Wang, Y. Liao,
X. Zhang and L. Ma, Direct Hydrogenation of Furfural to
2-Methyltetrahydrofuran over an Efficient Cu-Pd/HY
Bimetallic Catalyst, Energy Fuels, 2024, 38(6), 5303-5313,
DOI: 10.1021/acs.energyfuels.4c00043.

63 F. B. Ahmad, M. A. Kalam, Z. Zhang and H. H. Masjuki,
Sustainable Production of Furan-Based Oxygenated Fuel
Additives from Pentose-Rich Biomass Residues, Energy
Convers. Manage.:X, 2022, 14, 100222, DOI: 10.1016/
j-ecmx.2022.100222.

64 Y. Zhang, W. Zhang, J. Wang, S. Chong, J. Zhang and
K. Wang, 2-Methylfuran Hydrogenation to 2-
Methyltetrahydrofuran Utilizing Ni/SiO, Catalysts in
Vapor-Phase: Excellent Stability via Enhanced Metal-
Support Interaction, Chem. Eng. J., 2024, 498, 154955,
DOI: 10.1016/j.cej.2024.154955.

65 S. K. Green, R. E. Patet, N. Nikbin, C. L. Williams,
C.-C. Chang, J. Yu, R. J. Gorte, S. Caratzoulas, W. Fan,
D. G. Vlachos and P. J. Dauenhauer, Diels-Alder
Cycloaddition of 2-Methylfuran and Ethylene for
Renewable Toluene, Appl. Catal, B, 2016, 180, 487-496,
DOL: 10.1016/j.apcatb.2015.06.044.

66 J. Gancedo, L. Faba and S. Ordoiiez, Tuning the Selectivity
on the Furan-Propylene Diels-Alder Condensation over
Acid Catalysts: Role of Pore Topology and Surface Acidity,

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

Appl.  Catal, A, 2022, DOIL:
j-apcata.2022.118683.

67 W. Wang, J. Yan, M. Sun, X. Li, Y. Li, L. An, C. Qian,
X. Zhang, X. Shao, Y. Duan and G. Li, Recent Progress in
the Conversion of Methylfuran into Value-Added
Chemicals and Fuels, Molecules, 2024, 29(13), 2976, DOI:
10.3390/molecules29132976.

68 M. Kalong, W. Praikaew, S. Ratchahat, W. Chaiwat, W. Koo-
amornpattana, w. Klysubun, wW. Limphirat,
S. Assabumrungrat and A. Srifa, Continuous Furfural
Hydrogenolysis into 2-Methylfuran and 2-
Methyltetrahydrofuran over Cu/y-Al203 with ReO x and
WO x as Catalyst Boosters, Energy Fuels, 2024, 38(11),
9836-9848, DOI: 10.1021/acs.energyfuels.4c01060.

69 S. Li, M. Dong, J. Yang, X. Cheng, X. Shen, S. Liu,
Z.-Q. Wang, X.-Q. Gong, H. Liu and B. Han, Selective
Hydrogenation of 5-(Hydroxymethyl)Furfural to 5-
Methylfurfural over Single Atomic Metals Anchored on
Nb205, Nat. Commun., 2021, 12(1), 584, DOIL: 10.1038/
$41467-020-20878-7.

70 Z. He, P. Jiang, Q. Cui, Z. Wang, Y. Wei, C. Luo, ]J. Guo,
C. Liu and W. Zhang, Efficient Method for the Synthesis
of 5-Methylfurfural from l-Rhamnose Using a Biphasic
System, Catalysts, 2025, 15(5), 465, DOI: 10.3390/
catal15050465.

71 S. Liu, X. Cheng, S. Sun, Y. Chen, B. Bian, Y. Liu, L. Tong,
H. Yu, Y. Ni and S. Yu, High-Yield and High-Efficiency
Conversion of HMF to Levulinic Acid in a Green and
Facile Catalytic Process by a Dual-Function Brensted-
Lewis Acid HScCl4 Catalyst, ACS Omega, 2021, 6(24),
15940-15947, DOI: 10.1021/acsomega.1c01607.

72 X. Li, R. Xu, J. Yang, S. Nie, D. Liu, Y. Liu and C. Si,
Production of 5-Hydroxymethylfurfural and Levulinic Acid
from Lignocellulosic Biomass and Catalytic Upgradation,
Ind. Crops Prod., 2019, 130, 184-197, DOIL 10.1016/
j-indcrop.2018.12.082.

73 M. Sajid, U. Farooq, G. Bary, M. M. Azim and X. Zhao,
Sustainable Production of Levulinic Acid and Its
Derivatives for Fuel Additives and Chemicals: Progress,
Challenges, and Prospects, Green Chem., 2021, 23(23),
9198-9238, DOI: 10.1039/D1GC02919C.

74 C. Arvai, Z. Medgyesi, M. Y. Lui and L. T. Mika, The
Chemistry of Levulinic Acid: Its Potential in the
Production of Biomass-Based Chemicals, Adv. Synth.
Catal., 2024, 366(23), 4846-4888, DOIL  10.1002/
adsc.202401086.

75 C. Rosenfeld, J. Konnerth, W. Sailer-Kronlachner, P. Solt,
T. Rosenau and H. W. G. van Herwijnen, Current
Situation of the Challenging Scale-Up Development of
Hydroxymethylfurfural Production, ChemSusChem, 2020,
13(14), 3544-3564, DOI: 10.1002/cssc.202000581.

76 M. Przypis, A. Wawoczny, K. Matuszek, A. Chrobok,
M. Swadzba-Kwasny and D. Gillner, Direct
Transformation of Biomass into Levulinic Acid Using
Acidic Ionic Liquids: An Example of Sustainable and
Efficient Waste Valorization, ChemSusChem, 2025, 18(17),
€202500951, DOI: 10.1002/cssc.202500951.

641, 118683, 10.1016/

RSC Sustainability


https://doi.org/10.1039/D5RA03460D
https://doi.org/10.1016/j.fuel.2024.133799
https://doi.org/10.1039/D5AY00046G
https://doi.org/10.1002/slct.202002322
https://doi.org/10.1007/s42247-021-00193-7
https://doi.org/10.1007/s42247-021-00193-7
https://doi.org/10.1002/cctc.202300447
https://doi.org/10.1039/D0GC00338G
https://doi.org/10.1021/acs.energyfuels.4c00043
https://doi.org/10.1016/j.ecmx.2022.100222
https://doi.org/10.1016/j.ecmx.2022.100222
https://doi.org/10.1016/j.cej.2024.154955
https://doi.org/10.1016/j.apcatb.2015.06.044
https://doi.org/10.1016/j.apcata.2022.118683
https://doi.org/10.1016/j.apcata.2022.118683
https://doi.org/10.3390/molecules29132976
https://doi.org/10.1021/acs.energyfuels.4c01060
https://doi.org/10.1038/s41467-020-20878-7
https://doi.org/10.1038/s41467-020-20878-7
https://doi.org/10.3390/catal15050465
https://doi.org/10.3390/catal15050465
https://doi.org/10.1021/acsomega.1c01607
https://doi.org/10.1016/j.indcrop.2018.12.082
https://doi.org/10.1016/j.indcrop.2018.12.082
https://doi.org/10.1039/D1GC02919C
https://doi.org/10.1002/adsc.202401086
https://doi.org/10.1002/adsc.202401086
https://doi.org/10.1002/cssc.202000581
https://doi.org/10.1002/cssc.202500951
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00011h

Open Access Article. Published on 28 April 2026. Downloaded on 5/21/2026 12:28:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

77 O. He, B. A. Smith, P. Champange, P. G. Jessop and H. Yu,
How to Make Furfural and HMF Production Greener?
Lessons from Life Cycle Assessments, Green Chem., 2025,
27(45), 14436-14477, DOI: 10.1039/D5GC03729H.

78 A. McNeeley and Y. A. Liu, Assessment of Nylon-66
Depolymerization for Circular Economy: Kinetic
Modeling, Purification, and Sustainable Design, Ind. Eng.
Chem. Res., 2025, 64(8), 4179-4203, DOI: 10.1021/
acs.iecr.4c04411.

79 D. K. Mishra, C. C. Truong, Y. Jo and Y.-W. Suh, Recent
Catalytic Advances in the Production of Adipic Acid and
Its Esters from Bio-Based C6 Molecules and Carbon
Dioxide, Green Chem. Lett. Rev., 2025, 18(1), 2457497, DOLI:
10.1080/17518253.2025.2457497.

80 W. Yan, G. Zhang, J. Wang, M. Liu, Y. Sun, Z. Zhou,
W. Zhang, S. Zhang, X. Xu, J. Shen and X. Jin, Recent
Progress in Adipic Acid Synthesis Over Heterogeneous
Catalysts, Front. Chem., 2020, 8, 185, DOIL 10.3389/
fchem.2020.00185.

81 F. Lund and M. Gorwa-Grauslund, Production of Bio-Based
Adipic Acid Using a Combination of Engineered
Pseudomonas Putida Strains, Sustainable Chem. Environ.,
2024, 8, 100154, DOI: 10.1016/j.scenv.2024.100154.

82 A. B. Dros, O. Larue, A. Reimond, F. De Campo and M. Pera-
Titus, Hexamethylenediamine (HMDA) from Fossil- vs. Bio-
Based Routes: An Economic and Life Cycle Assessment
Comparative Study, Green Chem., 2015, 17(10), 4760-4772,
DOI: 10.1039/C5GC01549A.

83 X. Jin, M. Liu, G. Zhang, ]J. Wang, Q. Xia, Y. Sun, Z. Zhou,
W. Zhang, S. Wang, C. H. Lam, J. Shen, C. Yang and
R. V. Chaudhari, Chemical Synthesis of Adipic Acid from
Glucose and Derivatives: Challenges for Nanocatalyst
Design, ACS Sustainable Chem. Eng., 2020, 8(51), 18732-
18754, DOI: 10.1021/acssuschemeng.0c04411.

84 M. D. P. Balbi, S. Fleite, G. Kildegaard and M. Cassanello,
Cellulose Enzymatic Saccharification Intensified by
Nonionic Surfactants, Ind. Eng. Chem. Res., 2023, 3c00839,
DOLI: 10.1021/acs.iecr.3c00839.

85 S. T. Al-Absi, K. Bashir, M. Abbotsi-Dogbey, Q. Zhang,
D. Zhang, J. Liu, A. Mohamed, M. Yassien, W. Yan and
X. Jin, Sustainable Catalytic Oxidation of Glucose to
Glucaric Acid: Process Simulation, Techno-Economic, and
Life Cycle Assessment, Ind. Eng. Chem. Res., 2025, 64(20),
10101-10116, DOI: 10.1021/acs.iecr.4c04822.

86 W. Deng, L. Yan, B. Wang, Q. Zhang, H. Song, S. Wang,
Q. Zhang and Y. Wang, Efficient Catalysts for the Green
Synthesis of Adipic Acid from Biomass, Angew. Chem., Int.
Ed., 2021, 60(9), 4712-4719, DOI: 10.1002/anie.202013843.

87 H. Kim, S. Lee, J. Lee and W. Won, Simultaneous
Production of 1,6-Hexanediol, Furfural, and High-Purity
Lignin from White Birch: Process Integration and Techno-
Economic Evaluation, Bioresour. Technol., 2021, 331,
125009, DOI: 10.1016/j.biortech.2021.125009.

88 B. Priya, A. Kumar, P. Garg, U. Deshpande and S. K. Singh,
Pd/HAP Catalyzed Synthesis of Adipic Acid from 1,6-
Hexanediol —under Aerial Base-free Conditions,

RSC Sustainability

View Article Online

Critical Review

ChemCatChem, 2023, 15(19), €202300863, DOIL: 10.1002/
cctc.202300863.

89 J. Li, G. Wang, X. Wang, Y. Zhao, Y. Zhao, W. Sui, D. Wang
and C. Si, Oriented Conversion of HMF to FDCA under Mild
Conditions over Lignin-Tailored Co Single-Atom Catalyst
with Enhanced Co Loadings, ACS Catal., 2024, 14(21),
16003-16013, DOI: 10.1021/acscatal.4c04419.

90 S. F. Castilla-Acevedo, T. P. Szobody, C. M. Boydston,
J. St. John, S. Amaya-Roncancio and A. M. Allgeier,
Efficient Hydrodeoxygenation of Tetrahydrofuran 2,5-
Dicarboxylic Acid to Adipic Acid over Pt-MOx Catalysts: An
Experimental and Computational Study, Catal. Today,
2024, 436, 114722, DOI: 10.1016/j.cattod.2024.114722.

91 A. Vy Tran, S. Park, H. J. Lee, T. Y. Kim, Y. Kim, Y. Suh,
K. Lee, Y. J. Kim and J. Baek, Efficient Production of
Adipic Acid by a Two-Step Catalytic Reaction of Biomass-
Derived 2,5-Furandicarboxylic Acid, ChemSusChem, 2022,
15(10), 202200375, DOI: 10.1002/cssc.202200375.

92 C. Ma, T. Zhao, X. Zhang, S. Shen, Y. Wang, L. Kong and
W. Yang, Adipic Acid Synthesis from Bio-Derived 2-Furoic
Acid by Reduction-Carbonylation, Green Carbon, 2025,
3(3), 270-275, DOI: 10.1016/j.greenca.2025.02.008.

93 https://products.basf.com/global/en/ci/thf-pharma,
accessed 2 April 2026.

94 Y. Zhu, J. Yang, F. Mei, X. Li and C. Zhao, Bio-Based 1,4-
Butanediol and Tetrahydrofuran Synthesis: Perspective,
Green Chem., 2022, 24(17), 6450-6466, DOIL: 10.1039/
D2GC02271K.

95 H. Chen, J. Liu, W. Li, B. Hu, X. Liu, Y. Wu, B. Zhang and
Q. Lu, Mechanism Insights into the Decarbonylation of
Furfural to Furan over Ni/MgO: A Molecular Simulation
Study, Energy Fuels, 2023, 37(14), 10594-10602, DOI:
10.1021/acs.energyfuels.3c01474.

96 M. Chatterjee, A. Chatterjee and H. Kawanami, Production
of Lactic Acid Mediated by Compressed Carbon Dioxide on
Heterogeneous Ni(ii) Catalysts: A Facile Approach, Green
Chem., 2022, 24(16), 6145-6155, DOI: 10.1039/
D2GC01172G.

97 N. G. Khouri, J. O. Bahu, C. Blanco-Llamero, P. Severino,
V. O. C. Concha and E. B. Souto, Polylactic Acid (PLA):
Properties, Synthesis, and Biomedical Applications - A
Review of the Literature, J. Mol Struct., 2024, 1309,
138243, DOI: 10.1016/j.molstruc.2024.138243.

98 H. G. Joglekar, I. Rahman, S. Babu, B. D. Kulkarni and
A. Joshi, Comparative Assessment of Downstream
Processing Options for Lactic Acid, Sep. Purif. Technol.,
2006, 52(1), 1-17, DOI: 10.1016/j.seppur.2006.03.015.

99 H. Ma, P. Tingelstad and D. Chen, Lactic Acid Production by
Catalytic Conversion of Glucose: An Experimental and
Techno-Economic Evaluation, Catal. Today, 2023, 408, 2-
8, DOI: 10.1016/j.cattod.2022.10.019.

100 T. Saulnier-Bellemare and G. S. Patience, Homogeneous
and Heterogeneous Catalysis of Glucose to Lactic Acid
and Lactates: A Review, ACS Omega, 2024, 9(22), 23121~
23137, DOI: 10.1021/acsomega.3¢c10015.

101 Y.-S. Yoon, H. K. Shin and B.-S. Kwak, Ring Conversion of y-
Butyrolactone into N-methyl-2-pyrrolidone over Modified

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/D5GC03729H
https://doi.org/10.1021/acs.iecr.4c04411
https://doi.org/10.1021/acs.iecr.4c04411
https://doi.org/10.1080/17518253.2025.2457497
https://doi.org/10.3389/fchem.2020.00185
https://doi.org/10.3389/fchem.2020.00185
https://doi.org/10.1016/j.scenv.2024.100154
https://doi.org/10.1039/C5GC01549A
https://doi.org/10.1021/acssuschemeng.0c04411
https://doi.org/10.1021/acs.iecr.3c00839
https://doi.org/10.1021/acs.iecr.4c04822
https://doi.org/10.1002/anie.202013843
https://doi.org/10.1016/j.biortech.2021.125009
https://doi.org/10.1002/cctc.202300863
https://doi.org/10.1002/cctc.202300863
https://doi.org/10.1021/acscatal.4c04419
https://doi.org/10.1016/j.cattod.2024.114722
https://doi.org/10.1002/cssc.202200375
https://doi.org/10.1016/j.greenca.2025.02.008
https://products.basf.com/global/en/ci/thf-pharma
https://doi.org/10.1039/D2GC02271K
https://doi.org/10.1039/D2GC02271K
https://doi.org/10.1021/acs.energyfuels.3c01474
https://doi.org/10.1039/D2GC01172G
https://doi.org/10.1039/D2GC01172G
https://doi.org/10.1016/j.molstruc.2024.138243
https://doi.org/10.1016/j.seppur.2006.03.015
https://doi.org/10.1016/j.cattod.2022.10.019
https://doi.org/10.1021/acsomega.3c10015
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00011h

Open Access Article. Published on 28 April 2026. Downloaded on 5/21/2026 12:28:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

102

103

104

105

106

107

108

109

110

111

112

113

Zeolites, Catal. Commun., 2002, 3(8), 349-355, DOIL
10.1016/S1566-7367(02)00138-3.

H. Li, P. Wu, X. Li, ]J. Pang, S. Zhai, T. Zhang and M. Zheng,
Catalytic Hydrogenation of Maleic Anhydride to -
Butyrolactone over a High-Performance Hierarchical Ni-
Zr-MFI Catalyst, J. Catal., 2022, 410, 69-83, DOIL: 10.1016/
j.jcat.2022.04.011.

S. Liu, Y. Jin, S. Huang, Q. Zhu, S. Shao and ]. C.-H. Lam,
One-Pot Redox Cascade Paired Electrosynthesis of
Gamma-Butyrolactone from Furoic Acid, Nat. Commun.,
2024, 15(1), 1141, DOI: 10.1038/s41467-024-45278-z.

N. Vinod and S. Dutta, Renewable Synthesis of +-
Butyrolactone from Biomass-Derived 2-Furanone Using
Palladium Supported on Humin-Derived Activated Carbon
(Pd/HAC) as a Heterogeneous Catalyst, RSC Adv., 2023,
13(22), 15141-15147, DOI: 10.1039/D3RA01377D.

X. Li, X. Lan and T. Wang, Selective Oxidation of Furfural in
a Bi-Phasic System with Homogeneous Acid Catalyst, Catal.
Today, 2016, 276, 97-104, DOL  10.1016/
j-cattod.2015.11.036.

K. Kema Ajekwene, in Acrylate Polymers for Advanced
Applications, ed. A. Serrano-Aroca and S. Deb,
IntechOpen, 2020, DOI: 10.5772/intechopen.89867.

S. S. Bhagwat, Y. Li, Y. R. Cortés-Pena, E. C. Brace,
T. A. Martin, H. Zhao and J. S. Guest, Sustainable
Production of Acrylic Acid via 3-Hydroxypropionic Acid
from Lignocellulosic Biomass, ACS Sustainable Chem.
Eng., 2021, 9(49), 16659-16669, DOI:  10.1021/
acssuschemeng.1c05441.

A. Kaddouri, C. Mazzocchia and E. Tempesti, The Synthesis
of Acrolein and Acrylic Acid by Direct Propane Oxidation
with Ni-Mo-Te-P-O Catalysts, Appl. Catal,, A, 1999,
180(1-2), 271-275, DOI: 10.1016/S0926-860X(98)00352-4.
C. Veith, F. Diot-Néant, S. A. Miller and F. Allais, Synthesis
and Polymerization of Bio-Based Acrylates: A Review,
Polym. Chem., 2020, 11(47), 7452-7470, DOIL: 10.1039/
DOPY01222].

E. V. Makshina, J. Canadell, J. van Krieken, E. Peeters,
M. Dusselier and B. F. Sels, Bio-Acrylates Production:
Recent Catalytic Advances and Perspectives of the Use of
Lactic Acid and Their Derivates, ChemCatChem, 2019,
11(1), 180-201, DOI: 10.1002/cctc.201801494.

C. Li, Q. Zhu, Z. Cui, B. Wang, Y. Fang and T. Tan, Highly
Efficient and Selective Production of Acrylic Acid from 3-
Hydroxypropionic Acid over Acidic Heterogeneous
Catalysts, Chem. Eng. Sci, 2018, 183, 288-294, DOI:
10.1016/j.ces.2018.03.030.

J. G. H. Hermens, A. Jensma and B. L. Feringa, Highly
Efficient Biobased Synthesis of Acrylic Acid, Angew.
Chem., Int. Ed., 2022, 61(4), 202112618, DOIL 10.1002/
anie.202112618.

S. Dutta, Catalytic Transformation of Biomass into
Sustainable Carbocycles: Recent Advances, Prospects, and
Challenges, ChemPlusChem, 2025, 90(1), 202400568, DOI:
10.1002/cplu.202400568.

© 2026 The Author(s). Published by the Royal Society of Chemistry

114

115

116

117

View Article Online

RSC Sustainability

Z. Li, A. L. Otsuki and M. Mascal, Production of Cellulosic
Gasoline via Levulinic Ester Self-Condensation, Green
Chem., 2018, 20(16), 3804-3808, DOIL  10.1039/
C8GC01432A.

M. Renz and A. Corma, Ketonic Decarboxylation Catalysed
by Weak Bases and Its Application to an Optically Pure
Substrate, Eur. J. Org Chem., 2004, 2004(9), 2036-2039,
DOI: 10.1002/ejoc.200300778.

M. Hronec and K. Fulajtarova, Selective Transformation of
Furfural to Cyclopentanone, Catal. Commun., 2012, 24,
100-104, DOI: 10.1016/j.catcom.2012.03.020.

S. Liu, M. Tamura, Y. Nakagawa and K. Tomishige, One-Pot
Conversion of Cellulose into n -Hexane over the Ir-ReO x/
SiO2 Catalyst Combined with HZSM-5, ACS Sustainable
Chem. Eng., 2014, 2(7), 1819-1827, DOI: 10.1021/s¢5001463.

118 J. H. Badia, E. Ramirez, R. Bringué, F. Cunill and J. Delgado,

119

120

New Octane Booster Molecules for Modern Gasoline
Composition, Energy Fuels, 2021, 35(14), 10949-10997,
DOI: 10.1021/acs.energyfuels.1c00912.

M. Mascal, S. Dutta and I. Gandarias, Hydrodeoxygenation
of the Angelica Lactone Dimer, a Cellulose-Based
Feedstock: Simple, High-Yield Synthesis of Branched C7-
C10 Gasoline-like Hydrocarbons, Angew. Chem., Int. Ed.,
2014, 53(7), 1854-1857, DOI: 10.1002/anie.201308143.

F. Chang, S. Dutta and M. Mascal, Hydrogen-Economic
Synthesis of Gasoline-like Hydrocarbons by Catalytic
Hydrodecarboxylation of the Biomass-derived Angelica
Lactone Dimer, ChemCatChem, 2017, 9(14), 2622-2626,
DOI: 10.1002/cctc.201700314.

121 J. He, Q. Qiang, S. Liu, K. Song, X. Zhou, J. Guo, B. Zhang

122

123

124

125

126

127

and C. Li, Upgrading of Biomass-Derived Furanic
Compounds into High-Quality Fuels Involving Aldol
Condensation Strategy, Fuel, 2021, 306, 121765, DOI:
10.1016/j.fuel.2021.121765.

S. Dutta, V. Madav, G. Joshi, N. Naik and S. Kumar,
Directional Synthesis of Aviation-, Diesel-, and Gasoline
Range Hydrocarbon Fuels by Catalytic Transformations of
Biomass Components: An Overview, Fuel, 2023, 347,
128437, DOI: 10.1016/j.fuel.2023.128437.

G. Li, N. Li, Z. Wang, C. Li, A. Wang, X. Wang, Y. Cong and
T. Zhang, Synthesis of High-Quality Diesel with Furfural
and 2-Methylfuran from Hemicellulose, ChemSusChem,
2012, 5(10), 1958-1966, DOI: 10.1002/cssc.201200228.

B. Trost, The Atom Economy—A Search for Synthetic
Efficiency, Science, 1991, 254(5037), 1471-1477, DOL
10.1126/science.1962206.

R. A. Sheldon, The E Factor at 30: A Passion for Pollution
Prevention, Green Chem., 2023, 25(5), 1704-1728, DOIL:
10.1039/D2GC04747K.

N. Z. Burns, P. S. Baran and R. W. Hoffmann, Redox
Economy in Organic Synthesis, Angew. Chem., Int. Ed.,
2009, 48(16), 2854-2867, DOIL: 10.1002/anie.200806086.

M. D. Tabone, J. J. Cregg, E. J. Beckman and A. E. Landis,
Sustainability Metrics: Life Cycle Assessment and Green
Design in Polymers, Environ. Sci. Technol., 2010, 44(21),
8264-8269, DOI: 10.1021/es101640n.

RSC Sustainability


https://doi.org/10.1016/S1566-7367(02)00138-3
https://doi.org/10.1016/j.jcat.2022.04.011
https://doi.org/10.1016/j.jcat.2022.04.011
https://doi.org/10.1038/s41467-024-45278-z
https://doi.org/10.1039/D3RA01377D
https://doi.org/10.1016/j.cattod.2015.11.036
https://doi.org/10.1016/j.cattod.2015.11.036
https://doi.org/10.5772/intechopen.89867
https://doi.org/10.1021/acssuschemeng.1c05441
https://doi.org/10.1021/acssuschemeng.1c05441
https://doi.org/10.1016/S0926-860X(98)00352-4
https://doi.org/10.1039/D0PY01222J
https://doi.org/10.1039/D0PY01222J
https://doi.org/10.1002/cctc.201801494
https://doi.org/10.1016/j.ces.2018.03.030
https://doi.org/10.1002/anie.202112618
https://doi.org/10.1002/anie.202112618
https://doi.org/10.1002/cplu.202400568
https://doi.org/10.1039/C8GC01432A
https://doi.org/10.1039/C8GC01432A
https://doi.org/10.1002/ejoc.200300778
https://doi.org/10.1016/j.catcom.2012.03.020
https://doi.org/10.1021/sc5001463
https://doi.org/10.1021/acs.energyfuels.1c00912
https://doi.org/10.1002/anie.201308143
https://doi.org/10.1002/cctc.201700314
https://doi.org/10.1016/j.fuel.2021.121765
https://doi.org/10.1016/j.fuel.2023.128437
https://doi.org/10.1002/cssc.201200228
https://doi.org/10.1126/science.1962206
https://doi.org/10.1039/D2GC04747K
https://doi.org/10.1002/anie.200806086
https://doi.org/10.1021/es101640n
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00011h

	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses
	Tracing oxygen-atom relocation from carbohydrates to renewable chemicals for redox-economic and waste-minimized syntheses


