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How to make furfural and HMF production
greener? Lessons from life cycle assessments

Ouwen He,? Bailey A. Smith,® Pascale Champange, ©2® Philip G. Jessop (2 ** and
Hongbing Yu®

As part of the increasing demand for sustainable methodologies, there is an ongoing need for green and
sustainable industrialization of platform chemical production, including furfural and 5-hydroxymethyl-
furfural (HMF). While the existing literature contains a wide range of reviews on furanic compounds, there
is a notable lack of coverage of the sustainability, environmental and economic perspectives. Thus, this
review presents a comprehensive survey and critical analysis regarding the production of furanic com-
pounds based on existing life cycle assessments (LCAs), elucidating the effects of feedstock, solvent, cata-
lyst, energy resource, mass efficiency, and energy efficiency on environmental impact. Several green sol-
vents with the greatest potential for future biorefinery scenarios were carefully chosen, guided by LCA
results, cost-effectiveness, safety and health. In addition, this review thoroughly examines the benefits and
drawbacks of selected solvents, investigates several application scenarios, and outlines future research
directions. Meanwhile, the potential choice, research and development of feedstocks and catalysts are
discussed, incorporating the LCA investigations to provide potential directions for enhancing the sustain-
ability and viability of furanic compounds through the improvement of synthetic routes. Moving forward,
we recommend macroalgae as a new feedstock that has the potential to produce furanic compounds
because of its high carbohydrate content, significant carbon sink capacity, and simultaneous capacity for
domestic sewage treatment. To accelerate the green and cost-effective development of biomass pre-
treatment, HMF and furfural in biorefineries from lab scale to commercial scale needs a greater use of ex-
ante LCA and TEA methodologies integrating chemical process simulations, artificial intelligence, and
other computational techniques.

1. This review describes the findings of life cycle assessments (LCAs) of the published methods of converting biomass into furfural and hydroxymethyl-

furfural, including identification of the factors, steps, and choices that can lead to minimized environmental harm.

2. Furans are among the most widely studied bioderived platform chemicals. Lessons learned from the LCA literature of furans production can guide green

decision making not only for furans but for all other bioderived platform chemicals and final products.

3. As LCAs become progressively more readily available, they should increasingly be used in guiding the design and development of green chemical

syntheses.

1 Introduction

will be on track to meet the 2015 Paris Agreement goal of con-
taining global warming to 1.5-2 °C by 2050. As is well known,

Global greenhouse gas emissions (GHGs) must be cut by the world primarily uses fossil fuel-derived forms of energy
25-50% so that the global carbon emission control program that have significantly contributed to global GHGs." It is pre-

“School of Environmental Science and Engineering, Shanghai Jiao Tong University,

800 Dongchuan Road, Shanghai, China

dicted that between 2000 and 2050, the world’s energy
demands in the heat, power, transportation, and chemical
sectors will double. Meanwhile, the availability of non-renew-
able fossil resources is uncertain, and there could be future
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increase in concern for the ecosystem and human health. We
must therefore strike a balance in the ensuing decades to meet
the rising demand for energy and value goods like fuel, fine
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chemicals, and plastics, as well as to attain net zero goals and
safeguard the environment. The most practical and necessary
way to achieve this balance is to switch existing energy and
feedstock resources from those with high carbon emissions
and non-sustainability to those with low carbon emissions and
sustainability.

Biomass, which sequesters carbon dioxide during its
growth process, represents the sole naturally occurring
source of renewable organic carbon. Using biomass through
various conversion methods is crucial in replacing fossil
energy and facilitating the transition to a sustainable, zero-
carbon society. Biomass has been employed since prehistory
to generate ethanol through biological fermentation. Then,
thermochemical methods such as pyrolysis, gasification, and
liquefaction were developed to realize biomass conversion to
syngas and bio-oil. Although the technologies mentioned
above have enabled biomass use, biological conversion is
often inefficient especially if a biopolymer such as cellulose
is used as feedstock. Thermochemical methods require
harsh conditions (such as high temperature and pressure)
and often produce low-value products and poor selectivity.
Therefore, such complex processes make it difficult to fully
and efficiently use biomass. As a result, studies on improved
syntheses of bio-derived chemicals and fuels have been
actively promoted. Biomass resources must be converted
into high-value chemicals through green, sustainable and
efficient approaches because such processes maximize the
value of the resources while achieving low-carbon or even
negative-carbon effects. By using biomass resources, it is
possible to alleviate the global fossil fuel shortage and
reduce the impact of global warming. Furthermore, global
markets demand the green technologies of biomass-based
products to help the future transition to a circular and sus-
tainable economy.

The primary objective of producing platform compounds
extends beyond resolving the energy shortage to encompass a
wider array of chemical products essential for a circular
society. This pursuit entails ensuring that both the products
and their production processes minimize environmental
impact, aligning with the goals of green, low-footprint develop-
ment, and carbon neutrality. Several chemical companies have
successfully implemented more sustainable practices. For
instance, BASF, a German chemical company, has pledged a
25% reduction in greenhouse gas emissions by 2030 and has
invested in renewable energy sources and emission-reducing
technologies. Similarly, Dow Chemical aims to decrease net
annual carbon emissions by 5 million metric tons by 2030
while also investing in renewable energy and developing more
sustainable products.

In the past decade, considerable attention has been
devoted to the conversion of carbohydrates into fine chemi-
cals, including furfural, 5-hydroxymethylfurfural (HMF),
formic acid, acetic acid, lactic acid, and fuel hydrogen.
This interest stems from the US Department of Energy’s
(DOE) identification of the “Top 10” platform molecules in
2004, which included HMF and furfural, as well as the sub-

Green Chem.

View Article Online

Green Chemistry

sequent revision of the list to include four additional mole-
cules, known as the “Top 10 + 4”(Fig. 1). Notably, the
DOE’s list reflects the potential for large-scale production
and commercial viability, as well as derivatization ability.?
As shown in Fig. 2, research on the conversion of biomass
into HMF and furfural has been increasing steadily since
2009.

HMF was first detected in 1875 and first synthesized in
1895, with the method involving heating inulin in an acidic
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Fig. 1 Selected molecules from the “Top 10 + 4" list of most promising
candidates from carbohydrates.
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Fig. 2 The number of publications on furfural and HMF per year
(2003-2024). Source: Web of Science (keywords: “furfural”, “"HMF or
5-hydroxymethylfurfural”).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03729h

Open Access Article. Published on 22 October 2025. Downloaded on 11/5/2025 1:07:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

aqueous solution.* The history of HMF has been divided into
three stages: the early stage, from 1895 to 1980; the develop-
ment stage, from 1980 to 2000; and the active stage, after 2000
(Fig. 3).> Beginning in 2008, there was an enormous increase
in HMF-related publications, from 181 publications in 2008 to
1164 publications in 2024 (Fig. 2). The growing interest in
HMF production is a result of the overwhelming need for suc-
cessful implementation of bio-renewable products to replace
fossil fuel-based products. HMF and its derivatives could be
widely used as platforms or starting materials in bulk chemical
and fuel production; its active functional groups, aldehyde and
hydroxyl, allow for upgrading HMF into more valuable pro-
ducts. For instance, 2,5-furandicarboxylic acid (FDCA), an
HMF derivative, could be used in the poly(ethylene tere-
phthalate) (PET) industry to produce biodegradable plastic
materials as a bio-derived substitute for PET.?

HMF and furfural were discovered in the nineteenth
century; however, HMF industrial applications are still lagging,
whereas furfural production was commercialized in 1921 and
has been used for nearly a century. Avalon Industries AG (AVA)
produced the first commercial small-scale HMF (300 t per
year) in 2014. AVA announced they would focus on the global
implementation of hydrothermal carbonization (HTC) techno-
logy for industrial-scale HMF production. Although AVA
claimed to have reached technology readiness level 9, it has
not yet succeeded in large-scale industrial production, with
only an HMF plant with an annual operating capacity of 300
tons in Miitenz, Switzerland. AVA announced in 2019 that a
new HMF production plant with a capacity of 5000-10 000 tons
per year was in the works, but so far, the plan hasn’t come to
fruition. In October 2018, on-farm biorefinery technology in
Stuttgart-Hohenheim (Germany) was officially put into oper-
ation. The core module of this small biomass-based plant was
an HMF production module. The EU “Grace” project
(2017-2022) also planned to develop a new HMF production
process using Miscanthus as a raw material. To sum up, there
has been no large-scale HMF production so far, which is also

HMF production Organic solvents | [ High yield from | " lonic liquids Eruption
| Water, mineral acids | polar aprotic fructose | first used Stage
[ Continuous 3
extraction Heterogeneous Alcohol Fixed bed
= N catalysts solvent system
| | Biphasic system 3 o P '

1895 1956 1977 1980 1982 1983 1986 2000
2022 2018 2014 2010 2009 2007 2006 2003

T T T [

Processto | // First / > § R
bulk V commercial /

production at
300ty

IMs lonic
liquids

Cr/IL for
glucose

Continuous
chemicals process
HMF
production in
on-farm
biorefinery

Process connect to
biofuel

Advanced biphasic

Green solvent system

Room temp. process
processes

Fig. 3 The significant milestones of HMF synthesis since its discovery in
1895. Reproduced from ref. 5 with permission from the RSC,> copyright
2014.
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reflected in the exorbitant price of HMF (Millipore-Sigma,
€3500 per kg in 2022).° Presently, investigations about HMF
are centered around the advancement of eco-friendly and pro-
ductive methodologies for its synthesis, while simultaneously
striving for its industrial implementation. For the successful
industrialization of HMF, careful consideration for the choice
of appropriate feedstock, solvents, catalysts, purification tech-
niques, and reaction pathways ensures optimal selectivity,
recovery, sustainable development, and cost-effectiveness in
the preparation method.

Furfural was first reported by Johann Wolfgang Dobereiner
in 1832 and has since become a molecule of great interest.” It
can be produced from pentose sugars such as xylose, which is
obtained from hemicellulose in lignocellulosic biomass. Its
furan ring and aldehyde group make it a versatile platform
molecule that give it utility in various applications, for
example, as an extractant in the refining of lubricants and
vegetable and diesel oil.® There has also been a growing inter-
est in the use of furfural as a platform feedstock for the gene-
ration of biofuels, bio-derived plastics, and bio-based chemi-
cals.® In 2022, the estimated global market value of furfural
stood at 556 million USD, with projections indicating an
increase to 954 million USD by 2030.°

The history of furfural syntheses has also been divided into
three stages: the early stage: 1832-1923; the furfural industrial
use stage: 1923-2000; and the development stage: 2009 and
onwards (Fig. 4). The first two stages are focused on the best
production methods for furfural and its derivatives based on
yields, while the development stage is focused on green and
sustainable furfural synthesis.

In 1921, the first commercial process for the production of
furfural was established by Quaker Oats, in which oat husk
was used as the raw feedstock material.'® Quaker Oats used
diluted sulfuric acid as the catalyst and steam as the heat
source in the aqueous phase, facilitating the conversion of oat
husk-derived pentose sugars into furfural. This process
obtained a furfural yield of less than 50% at 153 °C.""'* To
this day, more than 70% of furfural production companies still
use the Quaker Oats method to produce furfural on a large
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Fig. 4 The significant milestones of furfural synthesis methods since its
discovery in 1832.
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scale. Prior to 2004, these companies obtained a final furfural
yield of 40 to 50% and produced approximately 280 000 metric
tons of furfural per year.>'*'* Up to now, Chinese companies
are the main producers of furfural.

There are, however, limitations associated with the tra-
ditional furfural production process, which include: (1) The
amount of superheated steam consumed is 50 times greater
than the amount of furfural produced, and a long reaction
time (5 h) is required, resulting in a large energy consumption
of about 400 kWh per ton;">'° (2) Extensive equipment cor-
rosion is common; (3) diluted sulfuric acid can be neither sep-
arated nor reused; (4) a large amount of acidic wastewater is
generated (chemical oxygen demand (COD) of 10000 to
50 000 mg L™, biochemical oxygen demand (BOD) of 3000 to
8000 mg L™, and 200 to 600 mg L~" of oil and grease), which
is difficult to treat; and (5) large volumes of side products are
formed in the aqueous solution."” Given that the demand for
furfural in various fields is expanding, there is an urgent need
for green, sustainable, and low-carbon furfural production pro-
cesses. Therefore, more recent studies in furfural production
have mainly focused on developing more sustainable and
efficient production processes.

Mass production of furanic compounds currently faces
economic and environmental challenges, solving these chal-
lenges can be likened to solving a complex “multivariate
equation.” This involves the careful selection of starting
materials, solvents, catalysts, and process routes, all of which
are interdependent and can simultaneously impact the econ-
omic and environmental performance of the synthesis.
Leveraging economic and environmental factors is a critical
consideration for future green technology development and
industrialization of furfural compounds. Several reviews on
the synthesis of furanic compounds, including HMF and fur-
fural, have been published, emphasizing solvents,'®>!
catalysts,”* > raw materials,”>*” and applications.”®*' While
existing reviews have addressed various aspects of furanic com-
pounds, none have simultaneously covered their synthesis
alongside life cycle assessment (LCA) studies. Therefore, this
review aims to bridge that gap by exploring LCA studies related
to furanic compound production. We highlight the selection
of environmentally friendly solvents, assess potential feed-
stocks, and evaluate catalysts involved in the process.
Additionally, we provide a comprehensive review of crucial yet
often overlooked aspects, such as the separation and purifi-
cation of furanic components, transportation logistics, and
biomass pretreatment. By examining these multiple dimen-
sions, this review seeks to promote greener, more sustainable
and cost-effective industrial production of furanic compounds
within the context of biorefineries.

2 LCA studies

LCA is the process of analysing the environmental impacts
associated with all stages of a product’s life, from the cradle to
the grave, by quantitatively assessing its use of energy and
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natural resources and monitoring the generation of waste and
products, all of which have associated impacts on the
environment.*>** LCA has been identified as a critical part of
the strategy to decarbonize the chemical industry, not only as
a means of quantifying environmental impacts but also as a
way of justifying investment into new sustainable technologies
(Fig. 5).>*7° Therefore, a reliable justification for further
investment and development in emerging green chemical
technologies from LCA is essential.>®*” LCA studies that have
already been done on the production of HMF and furfural are
reviewed in this section, illuminating the path taken by
researchers to find greener methods to produce HMF and fur-
fural. Tables 1 and 2 provide additional relevant information
that further explains the details of the reviewed LCA studies.

LCAs are categorized into four types based on varying
scopes: cradle-to-grave, cradle-to-gate, gate-to-gate, and cradle-
to-cradle (Fig. 6).*® The selection of scope in LCA is critical
since it has a direct impact on the results.>® Product life cycles
typically involve five key stages: raw material extraction (known
as the “cradle”), manufacturing and processing, transpor-
tation, usage and retail, and waste disposal (known as the
“grave”). A cradle-to-grave LCA includes all of these stages. In
contrast, a cradle-to-gate LCA focuses on the first three stages
while ignoring the environmental impacts of the product’s use
and end-of-life phases. Similarly, the gate-to-gate LCA concen-
trates on the environmental implications of a specific process
or activity within a product’s life cycle, while neglecting the
effects of upstream and downstream stages. Finally, cradle-to-
cradle LCA highlights the construction of closed-loop systems
that reduce waste and allow for continuous reuse or recycling
of materials.*°

Within the life cycle of a product, the step which causes the
most harm is called a hotspot. For example, the agricultural
production of corn may be the step that causes the most eutro-
phication in the life cycle of corn-derived ethanol. If so, then it
is the eutrophication hotspot. The hotspot for other impacts
like global warming or smog formation might be different
steps. An indirect hotspot is a step that doesn’t cause the most
harm itself but indirectly influences the harm of a hotspot. For
example, if the fermentation step for converting corn-derived
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acid (PLA), polyhydroxyalkanoates (PHA), and polyethylene
(PE)), PEF production is also superior in terms of GHG
emissions.**

Isola et al.*” conducted a cradle-to-grave LCA aimed at eval-
uating the sustainability of the production of FDCA from HMF,
employing data obtained at the laboratory scale. The synthesis
of HMF from fructose was accomplished with a yield of 45% in
a mixed solvent system comprising water and dimethyl-
acetamide, employing lithium bromide and H,SO, as catalysts.
Subsequently, a conversion of HMF to FDCA was achieved with
ayield of 65%. Electricity consumption and the use of potass-
ium permanganate made substantial contributions to climate
change and human toxicity impacts during HMF production.
Sensitivity analysis identified electricity and solvent as the
main contributors to climate change. Encouragingly, the inves-
tigators have found that environmental impact can be lessened
through FDCA recycling, potentially reducing the environ-
mental impact by 11% to 23% by assuming a 40% recovery of
FDCA weight during the recycling process.

Dros et al. investigated three bio-based pathways aimed at
the production of 1,6-hexanediol, using maize-derived fructose
syrup and potato-derived starch as the starting materials, with
HMF serving as an intermediate. The objective of this study
was to observe the most efficient and environmentally friendly
route for 1,6-hexanediol production, with a focus on achieving
optimal outcomes. The best case with the highest HMF yield
(88%) was the preparation from fructose syrup in DMSO and
water, while the worst case with the lowest HMF yield (49%)
was prepared just in water using Cu(NTF,), as the catalyst.
Sensitivity analysis revealed that HMF yield was a sensitive
variable for the environmental impacts studied. An HMF yield
variation from 49% (worst case) to 88% (best case) resulted in
8.6 and 5.7 kg CO, eq. per kg 1,6-hexanediol, respectively. The
difference was mainly attributed to the higher steam consump-
tion required for fructose syrup drying in the best case.
Furthermore, HMF yield fluctuation of worst case and best
case translated to 0.052 and 0.028 kg N eq. per kg 1,6-hexane-
diol for marine eutrophication which was primarily attributed
to increased feedstock consumption and fertilizer use. These
findings for the sustainable production of 1,6-hexanediol
underscore the importance of optimizing HMF yield in the
production process to mitigate environmental impacts.*®

In a comprehensive study, Lin et al. undertook a compara-
tive cradle-to-gate LCA analysis of two distinct routes to
produce p-xylene: one derived from biomass sources such as
red oak and maize starch with HMF serving as an intermedi-
ate, and the other sourced from petroleum. The investigation
encompassed the hydrolysis of starch into glucose using an
aqueous hydrochloric acid (HCl) solution. Subsequently, the
resulting product mixture was combined with tetrahydrofuran
(THF) and sodium chloride (NaCl) to yield a 10 wt% HMF
solution. Sensitivity analysis was performed to evaluate the
impact of feedstock variation on LCA results, revealing that
cultivation and processing of maize starch were hotspots for
most impacts, followed by the heating steam requirements.
However, it was observed that as the concentration of HMF

This journal is © The Royal Society of Chemistry 2025
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increased with sugar concentration, the environmental impact
of THF had the potential to decrease. This was attributed to
the reduced demand for THF, HCl, and NaCl by 44%, 52%,
and 39%, respectively, as a result of higher sugar concen-
tration.*® This paper highlighted the importance of feedstock
selection and optimization of the production process for the
sustainable production of p-xylene.

Zuiderveen et al. conducted an ex-ante LCA to evaluate the
cradle-to-gate environmental impacts of producing PEF via
HMF and xylitol using a novel electrochemical process. The
study encompasses TRL 2 to 4, spanning conceptual design.
Specifically, HMF was produced through selective dehydration
of fructose in an MIBK/2-butanol/DMSO solvent system, with
HCl as a catalyst at 443 K. HMF production including
upstream processes of corn glucose production, glucose-to-
fructose conversion, and fructose dehydration to HMF
accounts for 17% of total non-renewable energy use (NREU)
impact, 18% of acidification impact, and 27% of GHG emis-
sions. However, HMF production shows limited contributions
to land use (7%) and eutrophication (2%). Notably, land use
attributed to corn production for HMF and wood production
for xylitol represents 65% and 30% of the total land use
impact, respectively.*®

Bello et al. performed cradle-to-gate LCA to compare two
purification methods for FDCA production (Scenario 1: crystal-
lization and Scenario 2: distillation). The study used ligno-
cellulosic feedstocks, specifically hardwood chips, as the start-
ing material for the production of FDCA via lignocellulosic
biomass-derived HMF as an intermediate. The study aimed to
identify key environmental hotspots in the early stage of
process design. HMF was produced using Sn,0-Al,O; as the
catalyst at 150 °C and 8.2 bar in DMSO. HMF (96.5% concen-
tration) was extracted using a liquid-liquid extraction column
with DCM/water (9/1). Results revealed that, in both scenarios,
HMF production was the largest or second-largest hotspot in
FDCA production across all environmental impacts, including
global warming, ozone depletion, ozone formation, terrestrial
acidification, freshwater eutrophication, marine eutrophica-
tion, freshwater ecotoxicity, marine ecotoxicity, human toxicity
and fossil scarcity. Notably, DCM, employed during the recov-
ery process of HMF, emerged as the primary contributor to
climate change and ozone depletion, responsible for approxi-
mately 50% and 98% of the respective impacts. This can be
attributed to its chlorinated nature, which possesses the poten-
tial to influence chemical reactions within the atmosphere.
The use of the metal catalyst exhibited the most prominent
influence on terrestrial acidification, freshwater eutrophica-
tion, freshwater ecotoxicity, and marine ecotoxicity, contribut-
ing impacts of 21%, 14%, 29%, and 28%, respectively.’® It is
worth noting that the lack of data on the catalyst in the data-
base was addressed by using literature data and taking into
account the use of platinum and zirconium oxide.>*

Separation techniques for HMF isolation. Derosya et al. per-
formed a gate-to-gate laboratory-scale LCA comparing THF-
water and DMSO-water systems to produce HMF from sago
pith waste (SPW). Under the THF-water system, 33% HMF
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yield was achieved at 160 °C for 45 min using aluminum sulfate
as a catalyst and sodium chloride as an additive. In contrast,
the DMSO-water system yielded 58% HMF under the same
temperature conditions in 8 min. The LCA analysis revealed
that, without considering HMF separation, the production
process emitted 0.4 kg CO, eq. for the DMSO-water system and
0.8 kg CO, eq. for the THF-water system. However, when HMF
separation was included, the environmental impact increased
significantly. The DMSO-water system emitted 9.7 kg CO, eq.,
whereas the THF-water system emitted only 2.1 kg CO, eq. The
lower environmental impact of the THF-water system can be
attributed to its higher HMF concentration in the crude extract,
and the low boiling point of THF reduces the energy required
for separation. Experimental evidence further demonstrated the
difficulty of separating HMF from DMSO, highlighting a key
drawback of this solvent system.>*>

Different catalyst for HMF production. Barman et al. con-
ducted a gate-to-gate LCA to compare two nano-photocatalysts
(FA_NPC*° and FA_NPC®?) for the conversion of cooking rice
water to HMF using lab-scale experimental data. FA_NPC*®
and FA_NPC®® gave HMF yields of 38 mol% and 22 mol%
under tungsten-halogen radiation and ultrasound at 70 °C in
60 min. Results showed that catalyst preparation, HMF pro-
duction, and HMF purification were the three largest contribu-
tors to the total environmental impacts.”® The findings of this
study suggested that the selection of appropriate catalysts,
optimization of HMF production and purification processes
could significantly improve the environmental performance of
the process.

Nakason et al. conducted a cradle-to-gate LCA of HMF pro-
duction, comparing the performance of three catalysts: H,SO,,
p-toluenesulfonic acid (TsOH), and FeCl; grafted onto biochar
derived from cassava rhizomes, using laboratory-scale data. The
highest HMF yield (53%) from fructose was achieved with the
H,S0, grafted biochar catalyst in an i-PrOH/water solvent system
(v/v, 80/20) at 175 °C over 30 min. The other two catalysts
demonstrated slightly lower yields, with reductions of 5-8%
compared to the H,SO, grafted biochar catalyst. Notably, the
biochar-based catalysts exhibited excellent recyclability, main-
taining consistent HMF yields over five reuse cycles. In HMF
production, 7 processes including feedstock, transportation,
pulverization, carbonization, acid grafting, HMF synthesis, and
HMTF extraction and purification were assessed. The LCA results
revealed that the synthesis, extraction, and purification of HMF
accounted for 80-99% of the impacts across all assessed cat-
egories. Specifically, electricity and solvent consumption during
the synthesis step were identified as the primary contributors to
environmental impact. Among the catalysts, the TsOH-grafted
biochar-based catalyst demonstrated the lowest global warming
potential (GWP), suggesting a more favourable environmental
profile compared to the other catalysts. However, it is worth
noting that the LCA study did not account for the potential
environmental benefits of catalyst recycling, which could further
influence the comparative sustainability of these systems.>*

HMF production in biorefinery. Kim et al. conducted a
series of enlightening cradle-to-gate LCA studies encompass-
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ing the synthesis of FDCA from HMF, derived from cellulose
obtained from wood chips.>®>’ In their first publication,
they compared the environmental impacts of biomass-
derived FDCA and petroleum-derived terephthalic acid pro-
duction. The study highlighted THF and electricity as the
primary contributors to the environmental burdens associ-
ated with the process of HMF production.’® Different from
the first paper, their second and third papers, for example,
include biomass pretreatment and the synthesis of furfural
or furfural-derived products. The second work from Kim
et al. assessed a method for the co-production of FDCA (con-
verted from Cg sugars via HMF), THFA (converted from Cs
sugars via furfural), and activated carbon (lignin) from wet
wood chips, using y-valerolactone (GVL)/H,O as a pre-treat-
ment solvent. Notably, the main takeaway from this work is
that the use of THF, lime, and electricity in HMF production
contributed to 50 to 80% of the overall impacts, including
climate change, ozone depletion, terrestrial acidification,
freshwater eutrophication, human toxicity, etc., in FDCA pro-
duction process. The study also suggested the potential for
enhancing sustainability by substituting electricity-generat-
ing resources with renewable alternatives (e.g., biogas, wood
chips, hydropower, wind power, and nuclear power) rather
than natural gas.>® Their third cradle-to-gate LCA evaluated a
new catalytic process for producing FDCA from cellulose.
HMTF production accounted for 7% of climate change, while
electricity consumption, particularly in the heat pump,
accounted for 36% (0.58 kg CO, eq.) of the climate change
impact (Fig. 8). Remarkably, the HMF production subsystem
emerged as the largest contributor to the capital costs associ-
ated with the process.’” It should be mentioned that HMF
(with a 42% yield) was generated entirely from the dehydra-
tion of cellulose (3% loading in solvent) using THF and H,O
as solvents (THF:H,O = 9:1 mass ratio) over dilute H,SO,
(20 mM) in three publications. However, the disparities in
results are related to differences in process procedures and
feedstock.
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Fig. 8 Sunburst chart for the environmental impact of biomass-derived
FDCA. Adapted from ref. 57 with permission from the RSC,%” copyright
2020.
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Gotz et al. presented a comparative cradle-to-gate LCA of
four simulated HMF biorefineries using maize-based high-
fructose corn syrup (HFCS) and miscanthus as feedstocks. The
scenarios investigated were as follows:

Scenario A: maize cultivated in Germany produces HMF
and char as the main products.

Scenario B: maize cultivated in Hungary produces HMF and
char as the main products.

Scenario C: miscanthus cultivated in Germany produces
HMF, furfural, monomeric and oligomeric aromatic com-
pounds, and char.

Scenario D: miscanthus cultivated in Germany produces
HMEF, furfural, lignin, and char.

LCA outcomes indicated that the miscanthus-based biorefi-
neries exhibited lower emissions across all assessed impact
categories compared to the HFCS biorefineries, with the sole
exception of land occupation. Contribution analyses revealed
that the primary environmental impact within HMF pro-
duction arises from the auxiliary materials used in separation
units and the heat required for processing.>®

Through a comprehensive review of LCA studies of HMF
production, significant insights were garnered concerning
critical factors in the production process encompassing energy
consumption, feedstock use, solvent selection, and catalyst
efficacy. Notably, one of the major sources of environmental
impact identified was the high energy demand associated with
HMF production.* In light of these findings, it is imperative
to focus on saving energy and improving energy efficiency in
the pursuit of developing economically and environmentally
sustainable processes for HMF production.

Identifying a suitable feedstock is a crucial factor in pro-
moting environmentally friendly HMF production, given the
significant environmental impact associated with feedstock
cultivation which requires inputs such as energy, fertilizer,
and land use, all of which are associated with environmental
consequences.’”” Agricultural and forestry biomass are fre-
quently used in HMF production. A cradle-to-gate LCA by Isola
et al. contrasted the environmental impact of two feedstocks
(maize and potato) for HMF production. They had radically
different impacts in environmental categories like climate
change, aquatic eutrophication, land use, and human toxicity
(Fig. 9).*” Specifically, aquatic eutrophication is driven by
nitrogen and phosphorus, which are present in the fertilizers
used for agricultural biomass cultivation.”® In the case of for-
estry derived biomass, land occupation, terrestrial acidifica-
tion, marine ecotoxicity, particulate matter formation, and
freshwater ecotoxicity are primarily from the biomass pro-
duction step.*”°

The key role of solvents in the development of environmen-
tally conscious and sustainable technologies cannot be under-
stated, as they often contribute significantly to the overall
environmental impact of HMF production. The environmental
impacts associated with solvent were attributed to two major
factors: the toxicity of the organic solvents and the energy
requirement in solvent production. Energy-associated impacts
include climate change, photochemical oxidant formation,
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Fig. 9 Comparing maize and potato for HMF production. Adapted from
ref. 47 with permission from Elsevier,%” copyright 2017.

acidification, and fossil fuel depletion.*>®*°* Among solvents
used for HMF production, THF, commonly used, should be
avoided because the highest energy consumption required for
THF production and the large amount of THF used.*® The pro-
duction of THF incurred the highest environmental impacts
because the petrochemical production process involves numer-
ous steps with high energy and resource
requirements. MeTHF, water and acetone have been pro-
posed as more environmentally friendly alternatives.*>®" To
reduce the environmental impact of solvents in HMF pro-
duction, the adoption of green solvent substitution and re-
cycling practices has been suggested.’”” Moreover, future
research should prioritize the investigation of green biomass-
derived solvents for HMF and furfural production, illuminat-
ing the path toward sustainable solvent choices.

Despite extensive research on HMF production, there is a
significant gap in LCA and technical studies specifically
addressing the separation processes of HMF. This lack of
research has led to a limited understanding of HMF and
hampers the ability to perform a comprehensive comparative
evaluation of different HMF isolation methods.®>®® Most LCA
studies involving the separation and purification of HMF are
conducted in conjunction with LCA studies of high-value pro-
ducts derived from HMF, such as FDCA. These studies indicate
that the separation and purification processes of HMF consti-
tute a significant portion of the production cost and environ-
mental impact.>® Specifically, the challenges associated with
HMF separation and purification stem from the substantial
energy consumption and the extensive use of extracting
agents, irrespective of the distillation method employed. This
high energy usage results in poor environmental performance,
particularly regarding GWP, acidification potential, ozone
depletion, eutrophication potential, photochemical ozone for-
mation potential, cumulative energy demand (CED), toxicity
potential, and non-renewable energy use. To mitigate the
energy consumption associated with distillation, one strategic
approach involves the back-extraction of HMF into an organic
phase characterized by a lower boiling point. Additionally,
adsorption and membrane methods offer a greener alternative
for the selective separation of HMF. This technique not only
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reduces energy use but also enhances the sustainability of the
overall process.

Even a minimal quantity of a catalyst yields a noteworthy
increase in the production of HMF while simultaneously influ-
encing the results of LCAs. The use of different catalysts in
HMF production raises significant concerns about their
environmental impacts. For example, the widely used acidic
catalyst, H,SO,, primarily contributes to the formation of par-
ticulate matter, terrestrial acidification, and depletion of water
and metal resources.®® Furthermore, the use of metal catalysts
in chemical processes is highly relevant to several key environ-
mental impact categories, including GWP, CED, terrestrial
acidification, human toxicity, and aquatic ecotoxicity (both
freshwater and marine). While these catalysts are often crucial
for improving reaction efficiency and selectivity, they can con-
tribute to environmental burdens throughout their life cycle
starting from extraction and refining, continuing through their
use, and extending to disposal. For example, the extraction
and refining of metals typically require energy-intensive pro-
cesses, which elevate CED and GWP. Additionally, the leaching
of metal ions into aquatic environments can significantly
increase freshwater and marine ecotoxicity.>*°

2.2 Furfural LCA studies

Within this section, a collection of LCA investigations relating
to furfural production is presented. These studies naturally fall
into five distinct categories.

(1) Studies based on actual industrial implementations and
demonstration projects.

(2) Studies evaluating novel furfural synthesis methodologies.

(3) Comparative analyses of furfural production in a biore-
finery context with different configurations.

(4) Comparative studies of different feedstock options for
furfural production.

(5) Studies evaluating various
employed to isolate furfural.

Industrial and demonstration projects. Two noteworthy
studies by Hong et al. and Wang et al. offer valuable insights
into furfural production using actual industrial and demon-
stration project data. These comprehensive investigations have
greatly contributed to refining and optimizing furfural large-
scale production process. Hong et al. presented the first LCA
analysis based on furfural industry data where 12.24 tons of
corncob could yield 1.12 tons of furfural, 1 ton of furfuryl
alcohol, and 0.11 tons of methyl furan. The furfural pro-
duction process applied a traditional method using sulfuric
acid as a catalyst in an aqueous phase, subsequently neutral-
ized by sodium hydroxide. The sensitivity analysis highlighted
that the environmental and economic performance of furfural
production is predominantly affected by total electricity con-
sumption, transportation logistics, and corncob feedstock,
with lesser influence from other factors such as sulfuric acid
usage and wastewater management.®* To improve the environ-
mental footprint of furfural production, it is recommended to
increase furfural yield and optimize the efficiency of electricity
use.® Wang et al. reported a cradle-to-grave LCA of ethyl levuli-
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nate and furfural production from cornstalk based on demon-
stration project data where 35.3 tons of cornstalk produced 3.7
tons of ethyl levulinate and 3.6 tons of furfural. The same syn-
thesis method for furfural as in Hong et al. was used. Through
sensitivity analysis, it was determined that a decrease in corn-
stalk revenue (the selling price of cornstalk) correspondingly
reduced the amount of energy consumption and environ-
mental emissions allocated to furfural, as the allocation per-
centages of energy consumption and environmental emissions
were influenced by cornstalk revenue fluctuations.®?

Lab-scale furfural synthesis. Thompson et al. compared the
hydrolysis and pyrolysis pathways for furfural production from
sugar beet pulp. The hydrolysis pathway yielded 20 g of fur-
fural per kg of wet sugar beet pulp by employing sulfuric acid
as the catalyst and water as the solvent. In contrast, the pyrol-
ysis pathway yielded a significantly higher furfural output of
77 g per kg of sugar beet pulp. The main take-away from this
work is that the pyrolysis pathway gave the lowest CO, emis-
sions (267 kg CO, eq. per ton) and furfural production cost
(846 $ per ton). In contrast, the high water use and low energy-
density feedstock transportation in the hydrolysis method
resulted in the highest CO, emissions (1095 kg CO, eq. per
ton) and furfural production cost (980 $ per ton). The sensi-
tivity analysis revealed that biomass conversion rate, drying
(only in the pyrolysis pathway), and transportation were the
three hotspots that impacted the environmental perform-
ance.®® This study provides valuable insights into the potential
improvement directions for the hydrolysis pathway to enhance
its sustainability.

Hao et al. conducted an LCA study of bio-jet production via
furfural from corn stalk comparing two processes that differed
in how lignin was used. The first process used lignin to gene-
rate H, for hydrogenation, while the second used the lignin as
fuel. Sulfuric acid was the catalyst for furfural and levulinic
acid co-production in the aqueous phase. The study employed
process simulations using Aspen Plus software, and exergy
analysis and LCA were used to evaluate the cumulative exergy
efficiency and renewability of the bio-jet fuel production
process. The study found that minimizing the consumption of
acid and base chemicals and increasing the methanol recovery
rate could significantly improve the cumulative exergy
efficiency and renewability of bio-jet fuel production.
Sensitivity analysis indicated that the conversion efficiency of
furfural and levulinic acid to bio-jet fuel and the consumption
of stripping steam significantly affected the energy efficiency
and exergy efficiency.®”

Furfural production in biorefinery. Liu et al. compared two
distinct scenarios of wheat straw biorefinery, each involving
different pretreatment methods. As shown in Fig. 10, the first
scenario, referred to as the Dilute process, solely focused on
ethanol production, while the second scenario, known as the
Formiline process, extended its scope to include various
derivatives derived from furfural and lignin-based phenol-for-
maldehyde. The functional unit in this study is 1 ton of
ethanol. The LCA outcomes revealed that the Formiline biore-
finery exhibited a lower intensity in terms of GWP owing to the
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Fig. 10 Formiline and dilute acid processes.

production of multiple products. In the Formiline biorefinery,
a furfural yield of 63% was achieved using acetic acid as the
catalyst in the aqueous phase, and chloroform as the extracting
phase. It is noteworthy that the expanded design within the
Formiline process showcased positive effects on all environ-
mental categories, with the exception of ozone layer depletion,
which was attributed to the use of chloroform in the extraction
process. Sensitivity analysis further revealed that electricity
consumption had the most substantial influence on GWP,
while the impact of solvents (specifically chloroform) and cata-
lysts (acetic acid/sulfuric acid) remained negligible, accounting
for less than 0.14% for both processes. Furthermore, the
results indicated that the primary contributors to environ-
mental impact across all impact categories for both the Dilute
and Formiline biorefineries encompassed chemical inputs,
electricity consumption, direct emissions, and ash landfill, col-
lectively accounting for approximately 75-100% of the overall
impact.®®

Farzad et al. presented a case study comparing six biorefin-
ery scenarios expanded from the existing sugar industry. The
scenarios differed in the products obtained from bagasse and
other sugarcane waste.

Scenario 1: ethanol and electricity (the main products in
the biorefinery);

Scenario 2: ethanol, lactic acid, and electricity;

Scenario 3: furfural, ethanol, and electricity;

Scenario 4: butanol and electricity;

Scenario 5: methanol and electricity;

Scenario 6: syncrude and electricity.

Furfural production in Scenario 3 was carried out using a
THF/water biphasic system, with NaCl and HCI as additive and
catalyst, respectively. However, the results indicated that
Scenario 3 had significant challenges in terms of economic
competitiveness and environmental friendliness compared to
other options. These difficulties mainly resulted from the
energy-intensive process of furfural recovery and purification,
wherein THF, used as the solvent, emerged as the predomi-
nant contributor to the overall impact. To enhance the sustain-
ability of Scenario 3, it is recommended to focus on reducing
solvent usage, enhancing internal solvent recycling, and boost-
ing furfural efficiency.®® This study highlights the intricacies,
opportunities, and obstacles associated with integrating fur-
fural production processes into the existing sugar industry.

Pachén et al conducted a comprehensive series of LCA
studies, with a specific focus on the production of furfural and
other valuable chemicals within the context of a biorefinery. In
a 2018 paper, the authors investigated the environmental and
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economic performance of two integrated biorefinery-sugar mill
scenarios: SM-LE (lactic acid and sugar) and SM-LF (lactic
acid, sugar, furfural, and surplus). The finding demonstrated
that the inclusion of furfural production in scenario SM-LF
(2.5 g/38.2 g sugar) resulted in a more favourable economic
outcome compared to scenario SM-LE. However, it is impor-
tant to note that THF used as a solvent in the furfural pro-
duction process contributed significantly to its poor environ-
mental performance, particularly in terms of climate change
impact and fossil depletion.”® In their subsequent study in
2019, Pachén et al. investigated three integrated sugar mill
biorefinery scenarios. In scenario SM-FF, furfural was pro-
duced in an aqueous phase using sulfuric acid as a catalyst.
The study revealed that scenario SM-FF was economically
unfavourable due to low furfural and ethanol yields. In
addition, furfural production by this process had higher
environmental impacts on freshwater ecotoxicity and fossil
depletion than the conventional furfural production route,
which resulted from using the toxic chemical ammonia in the
pretreatment process.”’ Comparatively, in their most recent
LCA study, Pachdn et al. compared two biorefinery scenarios.
Furfural (2.5 g/38.2 g sugar) was produced from vine shoots
using sulfuric acid and NaCl in THF/water in Scenario 2. The
study found that furfural produced in biorefinery is less envir-
onmentally harmful than the conventional furfural conversion
processes, which is different from the early LCA study in
2019.”7> The differences in results across the studies conducted
by Pachén may be attributed to variations in feedstock and
scope. Changes in the scope of an LCA can significantly influ-
ence the environmental outcomes. As such, it is not feasible to
conclusively determine which technique is more environmen-
tally friendly until comprehensive LCAs, covering cradle-to-
gate or cradle-to-grave perspectives, are thoroughly analyzed.*’

Ng et al. conducted a prospective gate-to-gate LCA on the
co-production of furfural and glucose from empty fruit bunch
biomass, using an Aspen Plus simulated database. The ana-
lysis revealed that the furfural and glucose recovery units had
the most significant environmental impacts, accounting for
50-80% of the total across multiple categories, including GWP,
acidification potential, and eutrophication potential. The
product purification stage emerged as a critical phase due to
its substantial energy demands, primarily met by high-
pressure steam and hot water supplied to the reboiler. This
energy-intensive process led to emissions of sulphur oxides,
nitrous oxide, nitric oxide, nickel, cadmium, and palladium,
all contributing to acidification potential, eutrophication
potential, and human toxicity. Furthermore, sulfuric acid used
for converting hemicellulose in EFB to xylose was a key contri-
butor to acidification potential. The co-production process
also required significant quantities of steam and hot water,
resulting in considerable consumption of liquefied natural gas
(LNG). The combustion of LNG released contaminants and
contributed to GWP. The study further highlighted that substi-
tuting diesel with LNG increased the carbon footprint by 16%,
whereas replacing diesel with hydrogen led to a substantial
reduction in the carbon footprint by 47%.”>

Green Chem.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03729h

Open Access Article. Published on 22 October 2025. Downloaded on 11/5/2025 1:07:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

Khounani et al. conducted a cradle-to-gate LCA of furfural
production in a poplar wood-based biorefinery, analyzing vari-
ations in mannitol concentration (ranging from 0-15% w/w)
and different catalyst types (FeCl;, FeCl,, CuCl,, AlCl;, and
MgCl,). The study was based on lab-scale data, excluding the
impacts of catalyst recycling, as well as wood cultivation and
transportation. The results revealed that furfural production
using AICl; with a 5% w/w concentration of mannitol exhibited
the most favorable environmental performance among all the
conditions assessed. Specifically, the use of AlCl; led to a
45-79% reduction in environmental burdens across all impact
categories when compared to the other catalysts. Furthermore,
it was observed that the use of fossil-based electricity was a sig-
nificant contributor to the overall environmental impacts of
the process.’

Different feedstock for furfural production. Putra et al. con-
ducted an environmental assessment of the co-production of
furfural and dissolving pulp from non-woody biomass waste
empty fruit bunches (EFB) obtained from oil palms as a poten-
tial substitute for wood as a feedstock. Three scenarios were
proposed and compared. In the first scenario, 50% of wood
consumption was substituted with EFB. The second scenario
involved a complete replacement of wood consumption with
EFB. Lastly, the third scenario not only replaced 100% of wood
consumption with EFB but also substituted sulfuric acid with
water. This adjustment aimed to enhance overall environ-
mental performance while maintaining identical cooking and
bleaching conditions as implemented in the other scenarios.
The majority of the inventory data used in this study origi-
nated from laboratory-scale experiments conducted by Pytra’s
research group. Furfural was produced in an aqueous phase
with 6 wt% sulfuric acid under mild reaction conditions of
98 °C and 1 h, and 400 kWh t™" of furfural production was
used. This study highlighted the importance of prehydrolysis
which breaks down the carbohydrates in biomass to provide
sufficient xylose for furfural co-production, furfural is a valu-
able by-product that can increase revenue. The study presented
the potential of food waste EFB as a substitute for wood within
the dissolving pulp industry, with the additional advantage of
furfural co-production, thus further enhancing the economic
viability and environmental benefits of the process.”*

Separation techniques for furfural isolation. Contemporary
methodologies employed in furfural production suffer from
high energy consumption. The purification step in particular
is well known for its substantial energy consumption.”” Three
LCA studies have been conducted to comprehensively evaluate
the procedures of furfural separation. Bello et al. investigated
the production of high-value chemicals from beech woodchips
rather than fossil resources, integrating organosolv fraction-
ation. Furfural, as a Cs sugar valorisation product, was pre-
pared in ethanol/water (50% v/v) with 1.25% sulfuric acid. A
traditional distillation method and a hybrid extraction-distilla-
tion method for furfural recovery were compared, using extrac-
tive solvents including benzene, toluene, and butyl chloride.
The results identified benzene as the most effective option for
furfural recovery, while toluene was determined to be the least
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efficient. Among the alternatives evaluated, including butyl
chloride and exclusive distillation, the hybrid process utilizing
benzene demonstrated the most favourable outcomes based
on the LCA analysis. However, benzene poses significant carci-
nogenic risks, which must be carefully considered in its appli-
cations. In addition, the hybrid extraction-distillation method
exhibited superior environmental performance compared to
distillation alone because it used less energy. The use of fossil-
based solvents for furfural recovery increases the contributions
to climate change, ozone depletion, and fossil fuel depletion.”®

The published LCA studies about furfural synthesis have
produced several similar results. The traditional method of
furfural production in reviewed LCA studies commonly
employed water as the solvent and sulfuric acid as the catalyst,
respectively. Another commonly used design was a two-phase
reaction system in a batch or continuous reactor with in situ
extraction of the organic phase, which can lead to a higher
yield and selectivity for furfural. This is due to the inhibition
of the rehydration of furfural in the reaction phase, and the
addition of an extractive phase can improve the separation of
furfural and increase the recyclability of the reaction phase.
THF has been frequently used, but THF has a strongly negative
environmental impact because its production requires much
more energy than other organic solvents.”” As a result, improv-
ing the reaction system and looking into different solvents
may result in more benign ways to produce furfural.

Long-distance transportation of feedstocks and high energy
consumption for production and separation were the major
contributors to the environmental impact of furfural manufac-
turing.®* To reduce the environmental impact of the biorefin-
ery, it is essential to shorten transportation distances,
implement milder reaction conditions, and adopt energy-
efficient separation systems. Additionally, the heavy reliance
on fossil-based electricity significantly contributes to the
environmental footprint of the process. Transitioning to
renewable electricity would substantially mitigate these
impacts, particularly in terms of GWP.

Furfural separation has been more extensively studied in
LCA research compared to HMF separation. These studies
demonstrate that furfural separation plays a significant role in
both the production cost and the overall environmental impact
of its production process. Additionally, two Eco-indicator 99
studies conducted by Zarazua et al. provide further insights
into its environmental impact. In 2021, Zarazta et al. com-
pared eight distillation methods for purifying furfural and its
co-products, using extractive distillation with butyl chloride as
a solvent (see Fig. 11). These methods included direct, indir-
ect, direct thermally coupled (DTC), indirect thermally coupled
(ITC), thermally coupled equivalent direct (TCED), thermally
coupled equivalent indirect (TCEI), direct intensified (DIS),
and indirect intensified alternative (IIS) distillation. These
methods differ in terms of the separation process and the
equipment and technology used. Specifically, direct methods
are traditional separation methods, while indirect methods
require adding another fluid to the column to improve energy
efficiency. Intensified methods build upon traditional
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Fig. 11 Four distillation methods. Adapted from ref. 75 with permission
from Elsevier,”® copyright 2021.

methods to achieve greater efficiency and lower costs. The
study revealed a direct correlation between cost, environmental
impact, and energy requirements.”> When comparing the
seven separation methods, it was concluded that IIS stands out
as the best option, offering the lowest environmental and
economic impact. Based on Zaraztia’s findings, it is clear that
further advancements in furfural and HMF separation tech-
niques are essential, with a focus on reducing energy con-
sumption through methods such as membrane technology or
crystallization. In 2022, Zarazua et al. conducted a comprehen-
sive analysis using Eco-indicator 99 and total annual costs to
evaluate two pretreatment methods (acid pretreatment and
ammonia fibre explosion (AFEX)) and four purification tech-
niques (conventional Quaker Oats process, thermally coupled
process, divided wall column scheme and extractive liquid-
liquid process) for producing furfural from four types of agri-
cultural residues (corn stover, wheat straw, sorghum bagasse
and sugarcane bagasse). The assessment, based on data simu-
lated through Aspen Plus within the context of a biorefinery
(see Fig. 12), revealed that wheat straw using dilute acid pre-
treatment and thermally coupled separation gives the lowest
cost and lowest harm.”®

Raw material Pretreatment Purification
Corn Quaker Oats
Stover 5 i
Dilute Reaction
Acid Thermally
Sugarcane Coupled
Bagasse Reaction (TCC)
Zone Divided Wall
Sorghum Column
Bagasse
8 AFEX (bwc)
Hybrid Extractive
Wheat Distillation
straw (ED)

Fig. 12 Diagram illustrating the different possible scenarios studied by
Contreras-Zarazua et al. Adapted from ref. 78 with permission from
Elsevier,”® copyright 2022.
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The choice of feedstock is crucial in determining both the
environmental impact and the final cost and yield of a
product, influencing these factors both directly and indirectly.
For instance, biomass feedstocks have a carbon sink capacity
that can partially offset the greenhouse gas (GHG) emissions
generated during their conversion. A notable example is corn-
stalks, whose growth can offset 83% of the GHG emissions
associated with furfural production. However, it is important
to recognize that agricultural biomass often depends on agro-
chemical fertilizers, such as urea, which contribute to environ-
mental issues like global warming, acidification, eutrophica-
tion, and human toxicity.”® The selection of biomass signifi-
cantly impacts the LCA results for furfural production
indirectly.”? Some feedstocks, like EFB, require lower energy
inputs and less intensive processing conditions to produce fur-
fural. This is particularly significant, as energy consumption—
encompassing electricity and steam—accounts for more than
60% of the total environmental impact in conventional wood-
based processes. As such, selecting feedstocks that require
milder processing conditions is a key strategy for mitigating
the environmental impact of furfural production.

Technology comparisons by LCA not only facilitate the
evaluation and screening of novel, environmentally friendly
furfural production techniques but also enable purposeful
improvement of methodologies through an analysis of environ-
mental sensitivity. Such studies have shown that expansion of
a biorefinery’s multi-production spectrum, such as furfural
and ethanol co-production, has the potential to enhance both
the environmental and economic aspects. Additionally, redu-
cing energy consumption via optimization or redesign would
be advantageous.”® Future process and technology advances,
such as catalysts, process routes, green solvents, and reaction
conditions, will necessitate more LCA studies.

3 TEA studies

TEA is a systematic approach to evaluating the technological
and economic viability of a product or process. This method-
ology typically involves five key steps: process design, mass
and energy balance calculations, cost estimation, profitability
analysis, and sensitivity analysis. Once capital expenditures
(Capex) and operational expenditures (Opex) are determined, a
cash flow analysis is performed over a defined lifetime to
assess various economic indicators, such as internal rate of
return (IRR), net present value (NPV), payback period (PP), and
minimum selling price (MSP).%*%*

Recent research focusing on TEA for furfural and HMF pro-
duction has explored simulated plant designs, experimental
setups, and integrated processes utilizing different feedstocks.
Common studied feedstocks for TEA of furfural production
often include bagasse, corn cobs, oil palm empty fruit
bunches, switchgrass, waste hemicellulose, birch hydrolysate,
and mixed feedstocks,*>*>** while HMF production primarily
utilizes raw materials like fructose, bagasse, high-fructose corn
syrup, glucose, starch, miscanthus, and corn. TEA studies on
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furfural production often incorporate the generation of co-pro-
ducts such as glucose, ethanol, HMF, levulinic acid, and
levoglucosenone.”*®” TEA studies for HMF production typi-
cally focus on standalone production or on processes where
HMF is synthesized alongside furfural, ethanol, levulinic acid,
or as an intermediate for FDCA production. Through these
TEA studies, it was discovered that key elements impacting the
economic feasibility of furanic production across studies
include feedstock cost, transportation logistics and availability,
process efficiency and yield, energy consumption, solvent and
catalyst recycling, and the scale of production facilities.

Furfural has been commercially established for over a
century, with its market price typically falling between US
$1000 and US$1500 per metric ton. TEA study of furfural pro-
duction consistently presents potential for further lower MSP
estimates relative to market values. Minimum selling prices
(MSP) for furfural are estimated to range between US$366 and
US$625 per ton.®*#379° A study even showed that a continuous
biphasic reactor system for furfural production achieves a
remarkably low MSP of US$366 per ton—approximately 75%
below the prevailing market price. Another example is an inte-
grated switchgrass-based production system, which cites an
MSP of US$625 per ton alongside a 10% internal rate of return
(IRR).”® Given that, the research for furfural production focus
will be on leveraging of environmental and economic perform-
ance of the furfural process as well as on leveraging its pro-
duction with by-product production to improve the overall
environmental and economic performance of the biorefinery.”

However, the large-scale commercialization of HMF pro-
duction continues to face challenges related to HMF MSP. In
contrast to furfural, MSP for HMF varies widely, from approxi-
mately US$1000 per ton to as high as US$3000 per ton, influ-
enced by factors like feedstock selection, production scale, and
geographic region.””””” A TEA of HMF production was con-
ducted by Torres et al. in 2010, who evaluated a semi-batch
biphasic system with an annual capacity of 7000 tons. Their
study reported an MSP of $1968 per ton of HMF from fructose.
Reducing the MSP of HMF is critical. Without this adjustment,
HMF will struggle to compete with fossil fuel alternatives,
making it the primary challenge that must be addressed for its
economic viability. This study showed that feedstock alone can
account for over 80% of the MSP of HMF.”?

Glucose is a good alternative to fructose for HMF pro-
duction. The difference between using fructose and glucose as
feedstocks was further investigated by Yan et al. in 2020. Their
work demonstrated that fructose dehydration catalysed by HCI
in water, with 2-MeTHF as an extractant, achieved an HMF
yield exceeding 94%. Additionally, they confirmed that glucose
could also be converted to HMF with a high yield (close to
70%) using HCI and AICl; as catalysts in water, with MIBK as
the extractant. A subsequent techno-economic analysis indi-
cated that HMF could be produced at an MSP of $1716 per ton
from fructose and $1215 per ton from glucose, based on a
plant capacity of 10 128 tons per year. In this study, feedstock
cost remained the largest contributor to the MSP, accounting
for 429%.%*
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Lignocellulosic feedstocks such as miscanthus, bagasse, or
corn are much cheaper than fructose and glucose, it has been
proposed to be a promising feedstock. HMF produced from
woody residues under catalytic hydrothermal conditions has
been reported to have a selling price of $2160 per ton regard-
less of IRR of 44%, and a payback period of 2.25 years.’®
Another study estimated a total investment of 257 million
euros for a plant processing spruce to produce 5 kt of HMF
annually. The MSPs were estimated at 1930 € per ton for HMF.
The profitability analysis showed an IRR of 16%, indicating
that the process is both viable and profitable.”® A TEA study
proposed using milled corn kernels as feedstock, achieving
over 80% molar yield of HMF within 3 min of reaction time.
For a facility with an annual production capacity of 330 kilo-
tons, the MSP of HMF was estimated to be $1105 per ton.
Further analysis suggested that with very high solvent recycling
efficiency (99%), the MSP could be reduced to as low as $560
per ton. However, it should be noted that this analysis is overly
optimistic from a technical perspective.’”

4 Catalysts

4.1 Homogeneous catalysts

Homogeneous catalysts, commonly used in furanic compound
production, commonly include inorganic and organic acids
such as HCI, H,S0,,°°7% formic acid, acetic acid, maleic acid,
and succinic acid.'®"% In addition to these acid catalysts,
metal salts such as AICl,, CrCl,, FeCl,, FeCl; and CuCl, '%8713
are widely employed. Conveniently, these homogeneous cata-
lysts are commercially available and reasonably stable.

The use of H,SO, in the traditional furfural production
process causes concerns for the environment and equip-
ment."** H,SO,4, the most commonly used acid, contributes
significantly to terrestrial acidification, water depletion, and
depletion of metal resources.®* Researchers have explored ways
to reduce the negative effects on the environment as well as
equipment corrosion caused by homogeneous acidic catalysts
such as H,SO, and HCI while maintaining high yields.'*>*®
Alternative acids, such as organic acids like formic acid""” and
acetic acid, have been explored as less toxic and safer options
for handling."*® However, the use of organic acids as milder
acidic catalysts requires careful evaluation, as their application
may result in higher electricity consumption due to longer
reaction times and elevated operating temperatures.
Maintaining mild reaction conditions is essential for the
efficient use of organic acids, highlighting the need to balance
their more benign nature with potential increases in energy
demand.

Metal chlorides, such as FeCl;, NaCl, and AlCl;, have been
recognized as excellent catalysts for the synthesis of furanic
compounds. Reduced corrosiveness, commercial availability,
and lower cost make metal chlorides more appealing as cata-
lysts.'*® Particularly, the synergistic effect of combining Lewis
and Brgnsted acids significantly promotes HMF production.
Specifically, Lewis acids can facilitate the rate-determining iso-
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merization, in which aldose is converted into ketose, by pro-
moting the formation of an enol intermediate. On the other
hand, Brensted acids catalyse the hydrolysis and dehydration
reactions. The significance of this synergistic effect has been
demonstrated in several studies.®*®> The metal catalyst has
the most significant impact on terrestrial acidification, fresh-
water eutrophication, freshwater ecotoxicity, and marine
ecotoxicity.”®

Numerous investigations have conclusively demonstrated
that metal chlorides, particularly trivalent cations, represent
the most promising catalysts in aqueous solution. Mao et al.
reported that a combination of 60 mM FeCl;-6H,0 and acetic
acid (2 to 4 wt%) produced a good furfural yield of 73%
directly from corncob at 190 °C in seawater.''® This is because
of the nucleophilic properties of Cl”, which prove advan-
tageous in furfural synthesis. Additionally, it has also been
proven that CI™ as well as Br~ and I" can promote the selective
dehydration of glucose, thus improving the selectivity of HMF.
Nevertheless, the use of metal chlorides may give rise to
environmental concerns owing to the presence of metals and
halogens. Bello et al, for instance, reported that the most
noticeable impacts resulting from the use of metal catalysts
were terrestrial acidification, freshwater eutrophication, fresh-
water ecotoxicity, and marine ecotoxicity, with impact contri-
butions of 21, 14, 29, and 28%, respectively.’® Different metals
have diverse impacts on the environment. For instance, Lam
et al. in their investigation of HMF production from bread
waste, employed AICl, and SnCl, catalysts, revealing that the
selection of catalyst had a noticeable impact on LCA results.
The aluminium-based catalyst exhibited reduced effects com-
pared to the tin-based catalyst, largely due to the higher abun-
dance of aluminium.*? In support of this, Khounani et al.
emphasized that using an appropriate catalyst, specifically
AICl;, can significantly reduce the environmental impact of
furfural production, achieving a reduction of 45% to 79% com-
pared to alternative catalysts such as FeCl,, FeCl;, CuCl,, and
MgCl,.°

4.2 Heterogeneous catalysts

Various heterogeneous catalysts, including zeolites,'>**>

modified zeolites,'**™**® metallic oxides,**! and ion exchange
resins’®*™*” are commonly used in the synthesis of furans
from carbohydrates. Compared to homogeneous catalysts,
heterogeneous catalysts are easier to separate from the product
and solvent after the reaction. Catalyst recovery is an essential
consideration in chemical and fuel-based industries, with the
catalyst and its required reaction equipment often accounting
for more than half of total equipment investments.'*® Easy
solvent-catalyst separation improves the feasibility and econ-
omic viability of furanic compound production.

In addition, the effective inhibition of the undesired
polymerization of furanic compounds, leading to the for-
mation of humins, is crucial for achieving higher yields of
furanic compounds. Heterogeneous catalysts like zeolites with
appropriate pore size are effective in achieving this goal.
Gurbiiz et al. examined various solid acid catalysts for the con-
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version of xylose into furfural in GVL. These catalysts included
zeolites such as H-mordenite, H-beta, and HZSM-5, modified
zeolites, Sn-SBA-15, and sulfated varieties. The heterogeneous
catalysts exhibited significantly higher yields (>70%) of fur-
fural compared to the use of 0.02 M H,S0,."*° In another
study, Lessard et al. reported a furfural yield of 98% from
xylose using a mordenite catalyst in a toluene-water biphasic
system."*® A kinetic analysis showed that the use of ZSM-5 zeo-
lites with pore sizes in the range of 0.8 to 1.0 nm could miti-
gate the undesired reaction of furfural converting into humins
in the aqueous phase. Specifically, the appropriately sized
pores of the ZSM-5 zeolites spatially hindered humin for-
mation by limiting the space available for furfural to polymer-
ize with itself or side products.'*'"***> The regulation of catalytic
sites in zeolites, coupled with precise control over pore size,
holds significant potential for the development of improved
catalysts for furanic compound synthesis.

Zeolites have been widely used in the synthesis of furanic
compounds, but the preparation of the catalyst itself contrib-
utes to environmental harm. The production of zeolite A, a
commonly used zeolite, involves various chemical inputs, with
aluminum hydroxide being the primary contributor, followed
by silica and sodium hydroxide.'** The Bayer process is the
primary method of manufacturing aluminum hydroxide used
in commercial applications and involves the digestion of
bauxite in a caustic solution of NaOH at high temperatures,
followed by separation of the resulting waste and precipitation
of aluminum hydroxide from the remaining solution.'**
However, the resulting insoluble bauxite residue known as
“Red Mud”, which consists mainly of iron oxide and residual
NaOH, has a significant environmental impact, particularly on
freshwater ecotoxicity and human toxicity. Storage of “Red
Mud” in lagoons has historically presented a range of chal-
lenges, highlighting the need for effective management strat-
egies to mitigate its adverse effects. The intricate relationship
between zeolite synthesis, aluminum hydroxide production,
and the associated environmental impacts necessitates careful
consideration and exploration of alternative approaches to
enhance sustainability and mitigate the environmental foot-
print of zeolite production.'*>4¢

An environmental study for metallic oxide y-Al,O; pro-
duction demonstrates lower GHGs compared to ZSM-5, while
its modified metallic oxides, including CoMo/y-Al,0; and Pt/
y-Al,O3, exhibit GHGs similar to that of ZSM-5, as depicted in
Fig. 13. However, it is worth noting that even a small amount
of metal loaded in the catalyst can have a significant environ-
mental impact. For example, platinum constitutes only 2% of
the catalyst mass, yet it contributes about a third of the cata-
lyst’s GHG intensity due to the high GHG intensity for its pro-
duction. Platinum production is an energy-intensive
process.'”” This observation highlighted the critical role of
metal selection in catalyst design, where the environmental
impact of individual metals must be considered alongside
their catalytic performance.

Furthermore, the catalyst consumption rate and the inputs
for producing the catalyst together determine the environ-
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Fig. 13 Cradle-to-gate GHGs for the synthesis of ZSM-5, CoMo/
v-Al,O3, and Pt/y-Al,O5. Adapted from ref. 147 with permission from
Elsevier,**” copyright 2017.

mental impact of furanic compound production. Despite the
lower GHGs associated with ZSM-5 production, its higher con-
sumption rate compared to the bimetallic catalyst CoMo/
y-Al,O; makes the overall production of furanics more GHG
intensive. This is because the recovery of spent ZSM-5 catalyst
is generally deemed economically infeasible and not widely
practiced. The difference in catalyst consumption rates is sub-
stantial, with ZSM-5 exhibiting a consumption rate 22-36
times greater than that of CoMo/y-Al,O;. Consequently, the
use of ZSM-5 in the production of renewable gasoline signifi-
cantly contributes to GHGs, potentially accounting for up to
14% of these emissions."*’

Thus far, limited literature exists regarding the LCA of ion
exchange and carbon-based catalyst production. Despite that,
numerous examples have demonstrated the exceptional per-
formance of such catalysts for HMF production. For instance,
Amberlyst-15 powder with a size range of 0.015-0.053 mm
demonstrated 100% HMF yield at high fructose concentrations
(50 wt% in DMSO) at 120 °C for 2 h.'*® Carbon-based catalysts
have also shown promising results, with the highest HMF yield
of 94% being achieved using sulfonated graphitic carbon
nitride (S-GCN) with glucose as the substrate and water as the
solvent at 200 °C for 5 h. S-GCN possesses amphoteric pro-
perties by having both Breonsted base and Brensted acid
sites.’*® Carbon-based heterogeneous catalysts such as biochar
and bio-carbon-based heterogeneous catalysts produced par-
ticularly from carbon waste could potentially offer a more
promising approach for the production of environmentally
benign catalysts. This potential is attributed to the dual advan-
tages of employing waste carbon-based materials and various
unique functional groups on their surface, such as oxygen-con-
taining species (carbonyl groups, phenolic hydroxyl groups,
and carboxylic acidic groups)."*®

Heterogeneous catalysts encounter challenges when it
comes to the hydrolysis of raw biomass. This limitation arises
due to the restricted contact area between the catalyst and the
feedstock, impeding the hydrolytic depolymerization of raw
biomass and subsequently resulting in diminished mass trans-
fer and low yield.”"'*" To illustrate, Chareonlimkun et al.
studied the conversion of corncob to furfural in the presence
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of TiO,-ZrO, and water at 573 K, achieving a small yield of
10%."*"'*! Consequently, raw biomass necessitates additional
pretreatment to facilitate the hydrolysis of polysaccharides into
monosaccharides, then monosaccharides rapidly diffuse into
the inner pores of heterogeneous catalysts through suitable
external pores and channels, benefiting from their high solubi-
lity in solvents. As a result, the transformation of monosac-
charides would not be constrained by mass transfer limit-
ations, enabling their conversion into furanic compounds by
specific catalytic active sites located within the internal pores.

The need for new catalysts or additional pretreatment is
anticipated to address this limitation of heterogeneous cata-
lysts. New recyclable and green catalysts have been studied to
overcome heterogeneous catalysts’ poor catalytic performance
for lignocellulosic biomass. For instance, a new recyclable
polytriphenylamin-SO;H solid acid catalyst (MSPFR) was devel-
oped. MSPFR could wrap around untreated biomass, which
increased the contact area and mass transfer between the cata-
lyst and biomass feedstock material. Yields of 43% furfural
and 31% HMF were obtained from cornstalks using MSPFR.
The MSPFR could then be regenerated through a washing
process employing water and acetone.'® In addition to
MSPFR, CO, was also used to produce furfural as a non-toxic,
recyclable gaseous catalyst. Morais et al. reported, for the first
time, that xylose conversion of more than 83 mol% and fur-
fural yield of 70 mol% were obtained at 180 °C and a pressure
of 50 bar of CO, as a catalyst in THF/water mixture.'>® One
advantage of using CO, as a catalyst lies in its potential to
serve as an extractant during downstream treatment processes,
facilitating the separation and purification of furanic com-
pounds. This is achieved by introducing additional CO, into
the biphasic mixed reaction medium containing water and
organic solvents subsequent to the reaction, thereby forming
an extraction layer."®* Catalysts like MSPFR and CO, are both
easily recovered and able to react with solid biomass, which is
a winning combination for the conversion of raw biomass.

In summary, the use of catalysts in industrial-scale biofuel
production has a minimal impact on GHGs during the conver-
sion stage, generally ranging from 0.5% to 5% depending on
the co-product treatment method applied.’®® Despite their
small usage, catalysts have a significant impact on chemical
reactions in terms of both the economy and the environment.
Their manufacturing, recycling, lifetimes, metal loading, and
consumption rate are major drivers of process economics, sus-
tainability and greenness.'”” However, this information is
often undisclosed."”® Because there are not enough in-depth
insights, further research is required before we can make
precise recommendations for catalyst development.

5 Feedstocks

5.1 The starting materials for HMF production

The feedstocks for HMF synthesis can be categorized into
three groups: monosaccharides (e.g., glucose and fructose),
polysaccharides (e.g., cellulose and starch), and raw biomass
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(e.g., lignocellulosic biomass and waste, algae). Using fructose
and glucose, monomeric C¢ sugars derived from raw biomass,
in HMF synthesis results in a superior yield of HMF, particu-
larly fructose as it is an intermediate in the HMF production
pathway. However, the process of obtaining monosaccharides
also required more energy, chemicals, and additional pro-
cesses such as pretreatment.®® Furthermore, fructose lacks the
reserves and viability of glucose and cellulose. Given that, fruc-
tose is less favourable than glucose. Comparatively, raw
biomass, such as corn stover, hardwoods, conifers, and sugar-
cane, is cheaper than monosaccharides. The economics of
HMF production using raw biomass as a feedstock hinge on
various factors, including taxes, feedstock price, transpor-
tation, electricity, technology, and infrastructure investment.®*
Raw biomass gives a lower HMF yield, resulting in low material
and energy efficiency.

The industrialization of HMF is facing significant impedi-
ments attributed to two fundamental factors, namely the
inflexible structure of cellulose and the instability of HMF. The
high degree of polymerization and the crystalline structure of
raw cellulose makes it harder to depolymerize and convert to
HMF than hemicellulose. In natural cellulose, there are three
hydrogen bonds per glucose unit in the same sheet (Fig. 14).
The main force between each sheet is the van der Waals inter-
action, which contributes greatly to the stability of cellulose.
Cellulose is a component in lignocellulosic polymers, and the
number of glucose units in one polymer chain can reach
10000 or more."”” Although glucose monomers and glucose
oligomers are hydrophilic, cellulose is insoluble in water due
to its high molecular weight (solubility is usually inversely pro-
portional to polymer chain length). In addition, the flexibility

Hemicellulose

Fig. 14 Spartial arrangement of cellulose, hemicellulose and lignin in
the cell walls of lignocellulosic biomass. Adapted from ref. 161 with per-
mission from the U.S. Department of Energy Genomic Science

program,*®! copyright 2011.
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of cellulose polymeric chains is relatively low."*® The hydrogen
bonds between molecules and the van der Waals interactions
between the top and bottom layers of the hydrophobic plane
cause the cellulose chains to pack together tightly, resulting in
cellulose being insoluble in water and most hydrophilic sol-
vents and resistant to hydrolysis. As a result, more severe reac-
tion conditions, such as high temperature and high pressure,
are required to achieve effective cellulose hydrolysis.

However, HMF, being a kinetic product, can readily further
react to produce humins in an acidic environment or under
severe reaction conditions such as high temperature and high
pressure."®® HMF contains two reactive functional groups: an
aldehyde group and one hydroxyl functional group, while fur-
fural has only one functional group: the aldehyde group. The
two active functional groups on the HMF ring are readily
involved in isomerization, condensation, and cross-polymeriz-
ation, which cause the instability of HMF. Because of this
instability, HMF generally needs to be refrigerated and stored
away from light. Galkin et al. reported that HMF oil (97-99%
purity) was placed at room temperature for two weeks and
found that part of the HMF oligomerized into dimers and oli-
gomers."®® The instability of HMF and the recalcitrance of cell-
ulose result in a low yield and a high selling price for HMF.

The direct and indirect effects of the choice of feedstock on
the economic feasibility and environmental impact have not
been comprehensively discussed in published reviews. The
high cost of some feedstocks poses a significant hindrance to
their industrial application in HMF production. A techno-econ-
omic analysis (TEA) conducted by Torres et al. in 2010 con-
cluded that fructose is an unsuitable raw material for HMF
production, as its high price outweighs the benefits of any
optimization of the production system.’® A thorough investi-
gation of the TEA aspects involved in the successful synthesis
of HMF and furfural from mixed-sugar hydrolysates was pre-
sented by Gogar et al. They cleverly combined chemical and
enzymatic catalysis. Within the scope of this study, a thorough
sensitivity analysis proved that feedstock sugar cost and overall
furan yield were the dominant determinants of the selling
price.’®> A TEA of a low-cost, high-efficiency method for FDCA
synthesis from starch, glucose, or high-fructose corn syrup
using HMF was conducted by Dessbesell et al. Sensitivity ana-
lysis revealed that, across all scenarios, the feedstock (high-
fructose corn syrup, glucose, or starch) had the most effect on
the discounted payback period."?

A considerable number of LCA studies have been conducted
to evaluate the environmental impacts of HMF production
from various raw feedstocks. These studies emphasize the sub-
stantial influence of material and energy inputs related to
feedstock cultivation on the overall environmental perform-
ance of HMF production. Key factors include the use of fertili-
zers and pesticides, irrigation water, and diesel fuel for planta-
tion operations. The variability in these inputs across different
feedstocks highlights the importance of carefully selecting and
managing raw material supply chains to minimize the environ-
mental footprint of HMF production systems. Wang et al. elu-
cidated that raw feedstock has a carbon sink capacity during
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growth, offsetting GHGs from ethyl levulinate production.®
Dros et al. suggested that using potatoes as the feedstock
instead of maize could minimize GHGs, primarily due to the
higher crop yield achieved in potato production.*® However,
Isola et al. reported that fructose from potatoes negatively
impacted GHGs but significantly reduced freshwater eutrophi-
cation and human toxicity. These varying outcomes among
studies can be attributed to diverse assumptions regarding
crop yield and fertilizer use.’” Lin et al. evaluated the environ-
mental impacts of p-xylene production from different feed-
stocks, and they observed that the cultivation and processing
of maize starch had a substantial influence on most impact
categories, accounting for 75% of impacts in marine eutrophi-
cation, terrestrial ecotoxicity, freshwater ecotoxicity, agricul-
tural land occupation, and urban land occupation. In compari-
son, oak cultivation predominantly impacted the categories of
agricultural land occupation and urban land occupation.® It
should be noted that repurposing land use is a critical factor,
particularly when evaluating biofuels in comparison to fossil
fuel alternatives. Repurposing land may disrupt global market
dynamics and influence the prices of goods. Consequently,
this could potentially trigger land use conversion in other
regions, leading to deforestation and the subsequent release of
carbon into the atmosphere."®*1%°

The choice of biomass feedstock significantly influences
reaction conditions and process design, which in turn impact
both the cost and environmental footprint of furanic com-
pound production. For example, EFB exhibit higher delignifi-
cation efficiency compared to wood, allowing the use of envir-
onmentally friendly, sulfur-free pulping systems to remove
lignin. In conventional wood-based processes, energy con-
sumption (primarily electricity and steam) accounts for more
than 60% of the total environmental impact. As an alternative
feedstock, EFB offers substantial energy savings during pre-
hydrolysis and soda cooking processes, while also reducing the
need for nitric acid, leading to a lower overall environmental
impact.”* A comprehensive study by Zarazda et al. evaluated
furfural production from various agricultural residues, includ-
ing corn stover, wheat straw, sorghum bagasse, and sugarcane
bagasse. The results showed that wheat straw had the lowest
environmental impact and cost, followed by corn stover, sugar-
cane bagasse, and sorghum bagasse. This ranking can be
attributed to the higher water requirements of sugarcane and
sorghum bagasse, which increase separation costs and energy
consumption. These findings highlight the importance of
careful biomass selection to minimize the environmental foot-
print and cost of furfural production.”®

In summary, feedstock selection is crucial as it directly and
indirectly influences the technical, economic, environmental,
and social performance of furanic compound production in
biorefineries. Ideally, raw materials with desirable character-
istics such as agricultural wastes (e.g. corn stover and
corncob), low polymerization and high carbohydrates, large
and stable production, less land wuse, high carbon sink
capacity, short transportation distances, less water usage and
reasonable cost, are recommended.
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5.2 The starting materials for furfural production

As with HMF, the starting materials for furfural production
can be divided into monosaccharides (such as xylose, arabi-
nose, and Cs hydrolysate), polysaccharides (such as hemi-
cellulose and xylan), and raw biomass (such as lignocellulosic
and marine biomass). LCA studies showed that different feed-
stocks (such as monosaccharides and lignocellulosic biomass)
have diverse effects on climate change, freshwater eutrophica-
tion, and human toxicity. For example, the preparation of fur-
fural from agricultural waste corncob involves land use, pesti-
cides, fertilizers, diesel, and electricity consumption during
corn growth. However, corn growth is also a carbon sequestra-
tion process, which offsets part of the GW of the final
product.®*  Comparatively, —monosaccharide production
requires more material and energy input than raw materials
such as lignocellulosic biomass, even though a higher furfural
yield could be obtained from monosaccharides. Studies show
that use of monosaccharides can substantially increase fur-
fural yields, potentially 80% to 90%, by employing diverse
solvent systems such as biphasic or monophasic mixtures,
ionic liquids, and deep eutectic solvents (DESs).'®”"'°°
However, the cost of feedstock is a key factor in determining
the market price of furfural; the industrial furfural synthesis is
much more economical produced from lignocellulosic
biomass than with isolated monosaccharide and polysacchar-
ide feedstocks. The traditional “one-pot” furfural production
method, which uses lignocellulosic biomass as the main feed-
stock and sulfuric acid in an aqueous environment to produce
furfural, is one of the conventional methods used in its pro-
duction on an industrial scale. This method gives a furfural
yield of between 40% and 50% by mass fraction. Notable
examples of these lignocellulosic biomasses comprise corn-
cobs, corn straw, oat husks, wheat straw, and wheat husks.

6 Solvents
6.1 Green solvent selection

In today’s chemical industry, solvents are used in large quan-
tities. In particular, large amounts are used per mass of final
products in fine-chemical production. Therefore, solvents
define a significant part of the environmental performance of
a chemical process.®® One of the most efficient and essential
strategies for minimizing the environmental impact of HMF
and furfural production on an industrial scale is the appropri-
ate selection of solvent.

The LCA studies reviewed demonstrate that the solvent
affects not only environmental and economic performance but
also product yield, cost, energy consumption, and safety of
HMF or furfural production, even when compared to the
choice of catalyst and feedstock. The selection of a solvent is
pivotal in refining downstream separation processes, directly
influencing factors such as reaction selectivity, extraction
efficiency, phase dynamics, and overall operational perform-
ance. Strategic solvent choices tailored to interact specifically
with solutes can dramatically enhance separation efficiency
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during stages like extraction or crystallization, simplifying the
isolation of the desired product from impurities. An optimal
solvent not only facilitates smoother process operations but
also streamlines energy-efficient techniques such as liquid-
liquid extraction and distillation. Moreover, a well-chosen
solvent contributes to improved sustainability metrics, includ-
ing superior E-factor values or reduced process mass intensity.
This is achieved by optimizing the selectivity of HMF or fur-
fural during the reaction stage, enhancing their separation
efficacy during extraction, and minimizing energy consump-
tion during purification.

In addition, solvents that can be used in various processes,
such as biomass pretreatment and the production of HMF and
furfural, provide considerable advantages. Their versatility con-
tributes to supply chain stability and improves the adaptability
of chemical process design. For example, the use of a single
solvent across multiple reaction units can streamline oper-
ations, reduce energy consumption, and minimize solvent and
product losses. This approach enables direct use of the
product in its solvent medium for subsequent reactions
without the need for intermediate separation, thereby optimiz-
ing resource efficiency. Furthermore, the integration of such a
continuous chemical process can eliminate the additional
costs associated with separation equipment, contributing to
improved economic and environmental sustainability of the
overall production system.

Numerous solvents have been explored and applied in
studies related to furfural and HMF. This review paper places
strong emphasis on identifying environmentally sustainable
and greener alternatives among these options, given that the
solvent selection greatly impacts the environmental and econ-
omic aspects of the process, both directly and indirectly.
Significant strides have been made through extensive research
into green solvents, marking notable advancements in this
field. Prominent frameworks frequently referenced include the
Conductor-like ~ Screening Model for Real Solvents
(COSMO-RS),"7*""" the CHEM21 guide,'””> and the GSK
guide,’”?"”* all of which align with Green Chemistry prin-
ciples. The CHEM21 guide and GSK guide offer thorough
evaluations encompassing health, safety, and environmental
considerations, but tend to emphasize the impacts of the
solvent itself rather than the impacts of the solvent’s manufac-
ture. Thus a good score in CHEM21 does not guarantee a rela-
tively benign life cycle. COSMO-RS facilitates predictions about
solvent extraction efficiency using molecular-level parameters
like structural features, molecular affinities, and dissolution
properties.

Table 3 presents a selection of solvents that are considered
relatively green, safe, and less toxic for HMF and furfural syn-
thesis, as well as biomass pretreatment, based on these screen-
ing solvent studies. THF is included for comparison. The ideal
solvent should exhibit high performance (COSMO) and be
known for its safety, low toxicity, and environmental sustain-
ability, as defined by established frameworks such as the GSK
guide and CHEM21. In addition, these solvents should
possess exceptional versatility to potentially facilitate not only
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HMF and furfural synthesis, but also biomass pretreatment,
downstream reactions for the synthesis of various other pro-
ducts, and their purification.

6.2 Solvents for the preparation of HMF and furfural

Historical attempts to synthesize HMF were primarily con-
ducted in water with the aid of various minerals or organic
acids as catalysts, spanning a century-long period from 1875 to
1977. Despite ongoing efforts to optimize reaction conditions
such as temperature, reaction time, and starting materials,
HMTF yields have remained disappointingly low, with fructose
typically yielding less than 50% HMF. To address this chal-
lenge, it is necessary to prioritize the development of cleaner
and more efficient chemical processes. In this regard, solvents
play a critical role in enabling more sustainable and environ-
mentally friendly production of HMF, because a proper solvent
can enhance HMF yields, whether from raw feedstocks or
monosaccharides.

In the furfural industry, water is the primary solvent used in
the traditional furfural synthesis method, specifically in indus-
trial applications using sulfuric acid and steam. However,
studies have shown that, as water is used alone as a solvent, it
is challenging to increase furfural yield only by increasing the
catalyst loading or the temperature. Many studies indicated
that adding additional organic solvent could effectively
improve the furfural yield by improving the furfural formation
rate and decreasing the furfural degradation rate.'*>'77'78
Therefore, a proper solvent can also promote the effective
hydrolysis of raw biomass and polysaccharides.

Therefore, this section critically discusses the selected
green solvents for HMF and furfural production, which allow
effective cellulose and untreated lignocellulosic biomass
breakdown and efficient HMF and furfural production in a
one-step or multi-step (including biomass pretreatment) reac-
tion process.

Monophasic solvent systems. The addition of water-miscible
organic solvents (polar organic solvents) to water, making a
monophasic solvent system (Fig. 15), can improve the selecti-
vity and production rate of furanic compounds by affecting the
solvent shell around the sugar and the catalyst."”® These inter-
actions between solvent and reagent result in changes in reac-
tion rate, reaction pathway, and product distribution.®® In this
regard, the conventional practice includes the use of a mono-
phasic system composed of water and hydrophilic solvents,
including DMSO’105,133,1817194 GVL,20,178,195—204 THF,198,205—218
acetone,2197223 n_butanoly133,219,2247230 and ethan01,149’220‘231’232
have been employed in HMF and furfural synthesis and can be
broadly classified into two categories: protic and aprotic sol-
vents. DESs***?** and ionic liquids*****” have also been
employed in HMF and furfural synthesis due to their desirable
properties such as thermal stability, non-flammability, high
customizability, etc. Many of these solvents can form a mono-
phase reaction medium when mixed with water or a biphasic
reaction medium when salts or pressure are introduced. An
aqueous blend of water with a hydrophilic solvent (particularly
THF, n-butanol, and acetone) could generate a biphasic state
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Fig. 15 Monophasic solvent system.

as a result of the addition of salts at room temperature. Such
phase separation arises from the salting-out effect of kosmo-
tropic salts.

In the realm of hydrophilic organic solvents such as DMSO
and GVL, DMSO provided an encouraging reaction environ-
ment to boost HMF production and selectivity because aprotic
solvents can accept hydrogen bonding, which facilitates the
stabilization of transition states and products in the dehydra-
tion reaction.>'®?**7>* It has been found that DMSO hinders
the degradation of HMF by creating a solvation shell around
the HMF, thus considerably reducing the degradation that
ensues from the interaction of water with the sugar, a finding
that has significant implications for the efficient synthesis of
HMF.?**?*! In 1983, Musau and Munavu achieved a milestone
in the synthesis of HMF by effecting its dehydration from fruc-
tose in DMSO at 150 °C for 2 h using sulfonated silica as the
catalyst, which furnished the product in a remarkable 92%
HMF yield.”** Subsequently, it has come to light that the
highest HMF selectivity (92%) from fructose could be obtained
in DMSO without any additive or catalyst, employing micro-
wave as a heating medium, by heating at 150 °C for 4 min, a
surprising discovery that drew considerable attention.>** With
the use of a catalyst, HMF selectivity could be pushed to reach
100%. Notably, a 10% w/w proportion of Si0,-SO;H was used
for the preparation of HMF from fructose, resulting in a 100%
conversion in a microwave reactor during a 10 min interval at
150 °C in DMSO, with 100% selectivity for HMF, and the SiO,-
SO;H could be recycled three times, adding an eco-friendly
aspect to the synthesis.*****

DMSO is also a representative solvent used in furfural pro-
duction research. Studies indicated that DMSO may act as a
catalyst in the conversion of sugar to furanic compounds
through their dissociation or degradation behavior.>*®**’
Notably, DMSO enables higher furfural yields by stabilizing
intermediates of xylose and restraining the condensation of
xylose and furfural.>*® Moreover, another study demonstrated
that the conversion of xylose in DMSO was fast, and side reac-
tions accounted for a large proportion of the feedstock.”*® For
instance, Lin et al. conducted a comparative study effect of
DMSO, dimethyl formamide (DMF), isopropanol (ISO), GVL,
and y-butyrolactone (GBL) on xylose conversion under catalyst-
free conditions. Without any catalyst, the increasing order of
xylose conversion in a pure solvent system is GVL < GBL < H,0

This journal is © The Royal Society of Chemistry 2025
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< ISO < DMF < DMSO. Remarkably, water and DMSO gave 34%
and 30% furfural yield, respectively, at 180 °C in 2.5 hours.
The yield of furfural could be further boosted with the aid of
the catalyst. The highest furfural yield in DMSO was 53% when
PTSA and CrCl;-6H,0O were combined in a 10:1 molar ratio
and reacted at relatively mild reaction conditions (60 min at
120 °C).>*°

DMSO offers several advantages, such as a low selling price,
and low GWP for DMSO production in the range of 1.2-1.3 kg
CO, eq. Nevertheless, its application in the production of
furanic compounds is constrained by the significant amount
of energy required for the subsequent separation. Roman-
Leshkov and colleagues evaluated the energy requirements
associated with HMF separation from MIBK and DMSO. The
result demonstrated that the use of MIBK, a low boiling point
solvent (116 °C), instead of DMSO, a high boiling point solvent
(189 °C), led to a 10% reduction in HMF loss and a 40%
decrease in energy requirement during vacuum evaporation.
Given that energy savings and reductions in HMF loss have
substantial economic and environmental implications for
HMF industrial production, the choice of solvent significantly
impacts process efficiency. Alternatively, a low-boiling-point
solvent could be used as an extractive solvent to remove HMF
from DMSO. For instance, Bello et al. reported a separation
method using DCM/water (9/1) to isolate HMF (96.7%) from
DMSO. It should be noted that DCM, employed in the recovery
of HMF, has been identified as a primary contributor to
climate change and ozone depletion, accounting for roughly
50% and 98% of the environmental impact associated with
HMF production, respectively.*’ It has also been banned in the
US for many applications.

Dumesic’s research group first synthesized and studied
GVL in the production of furfural and HMF. Analogous to
DMSO, the introduction of aprotic solvents such as GVL
greatly enhances the selectivity and conversion of HMF and
furfural.>*® Given that GVL is an excellent solvent with good
application prospects, it is widely used in the production of
furanic compounds. In a study by Song et al., the effect of
aprotic and protic hydrophilic solvents (GVL, acetone, dioxane,
methanol, and ethanol) on glucose and fructose conversion
was compared in hot-compressed solvent/water mixtures
(90:10 v:v) at varying temperatures without any catalysts or
additives. The results demonstrated that the GVL/water solvent
mixture led to the highest HMF yield (50%) and selectivity
(69%) from fructose of all the other solvents tested.
Subsequent analyses of HMF production in GVL/water mixture
revealed that the highest HMF yield of 94% from glucose was
reported by Zhang et al. using SAPO-34 as the sole catalyst at
170 °C for 40 min.>®" A GVL/water mixture was also employed
in pretreatment for lignocellulosic biomass, leading to an
enhanced glucose yield of nearly 80% by dissolving lignin,
which was double the glucose yield obtained using water
alone.

The traditional furfural industrial production methods
using sulfuric acid (1 to 7.5 wt%) as the catalyst in water
achieve 40 to 50% furfural yields in a “one-pot” method.
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However, furfural’s rapid degradation in water limits the
increase in its yield. Because the stabilization of acidic protons
by polar aprotic solvents (GVL) reduces the activation energy
for acid-catalysed reactions, the addition of hydrophilic
organic solvents (GVL) not only reduces the required amount
of sulfuric acid but also increases the final yield of furfural by
accelerating the dehydration rate of C; sugars and decreasing
the rate of furfural degradation."”® Furthermore, it was also
found that GVL effectively reduced the activation energy of
lignocellulose biomass hydrolysis, which provided favourable
energy conditions for lignocellulose biomass hydrolysis to
effectively release monosaccharides.”’® The highest furfural
yield of 99.5% from raw lignocellulosic biomass corncob was
obtained in GVL in the presence of 0.1 wt% sulfuric acid at
190 °C for 20 min."** From a technical standpoint, GVL exhi-
bits promising potential as a solvent for biomass pretreatment
and the production of furanic compounds within the context
of a biorefinery setting.

These results suggest the potential of GVL as a promising
solvent for HMF and furfural production, as well as biomass
pretreatment. GVL emerges as an environmentally friendly and
sustainable solvent. But there is unfortunately no LCA study
on GVL production. To further understand GVL potential from
an environmental perspective, we employed published GVL
industrial-scale production Aspen simulation data to build an
LCA model for GVL production.”®® Additional details are pro-
vided in the SI. The use of GVL derived from agricultural waste
corncob has substantial promise for enhancing sustainability
due to its carbon dioxide absorption capability during its
growth stage, which contributes to the mitigation of GWP and
makes GVL a more sustainable and eco-friendly solvent
option. Our LCA finding reveals that GVL is like MIBK and
DESs in the GWP for solvent production.

Nevertheless, it is important to acknowledge that the rela-
tively high boiling point of GVL (207-208 °C) necessitates a
greater energy input for the separation of HMF and furfural
compared to low-boiling solvents like acetone. Investigations
specifically targeting furfural recovery via distillation remain
relatively scarce. Only two papers have addressed the topic
thus far. Ding et al. reported that 80% of furfural could be
recovered by distillation from GVL/H,0.*** Similarly, Morais
et al. demonstrated that distillation from a DES/GVL mixture
can recover 90% of the furfural.>®* Regrettably, these studies
failed to provide comprehensive details concerning the energy
consumption entailed in the process of furfural recovery.
Therefore, future studies aimed at investigating low-energy
methodologies for achieving a high recovery rate of furfural
from GVL become imperative, particularly considering the
growing demand for large-scale applications of GVL.

DMSO and GVL with their high boiling points have been
shown to require a greater amount of energy for their sub-
sequent separation.”>® Despite that concern, in the field of
HMF and furfural production research, these solvents have so
far made significant progress, enabling admirable yields.
Besides, from a safety perspective, such solvents are safe for
storage and transportation purposes. Thus, there is a need for
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further exploration and optimization of HMF and furfural sep-
aration from DMSO and GVL. In addition, research efforts
should focus on identifying other alternative solvents that can
reduce energy requirements while maintaining high yields of
HMF and furfural.”*®

In the process of solvent selection, in addition to boiling
points, the vaporization enthalpy is another important aspect
that deserves consideration, as vaporization enthalpy directly
influences the energy required for solvent vaporization. For
instance, organic solvents, as opposed to water, have consider-
ably lower vaporization enthalpies, although small alcohols
such as ethanol and n-butanol exhibit higher vaporization
enthalpies due to their ability to form hydrogen bonds. Aprotic
solvents like MIBK, THF, MeTHF, acetone, ethyl acetate, or
those with higher boiling points require less energy when they
are removed by distillation or evaporation. Low vaporization
enthalpy is essential to ensure an economically viable
procedure.>*®

In addition, the use of protic organic solvents, including
n-butanol, acetone, and ethanol, has exhibited promising
potential in reducing the amount of catalyst required, owing to
their capacity to decrease humins formation. Moreover, this
approach was also associated with an average reduction in the
mass of formed humins by approximately 60%. Studies have
demonstrated that the incorporation of water as the solo
solvent resulted in a furfural yield of 36-52%, which could be
improved up to 90% by supplementing the reaction mixture
with ethanol. The suppression of humins formation is due to
the diminished availability of free carbocations in the presence
of ethanol.>”’

From an economic and environmental perspective, ethanol
also emerges as a highly advantageous solvent for industrial
processes due to its cost-effectiveness, renewability, and high
solubility. Moreover, ethanol possesses several environmen-
tally friendly qualities, including low toxicity, biodegradability,
low emissions, renewability, and overall sustainability.
Ethanol’s advantageous characteristics place it in a superior
position among organic solvents, not only as a solvent for fur-
fural and furfural derivatives but also as a co-product in
biomass biorefineries.

Given that, ethanol as an alternative solvent has garnered
the attention of academia and industry. Notably, the Agency
for Science, Technology, and Research (A*STAR) of Singapore
has led the development of a fructose dehydration process to
produce HMF in a solvent mixture of ethanol and water,
achieving an impressive HMF yield of 60% using HCI as the
catalyst, a reaction temperature of 100 °C, and a reaction time
of 4 h.>*?> In a separate study, recyclable heterogeneous cata-
lysts (Sn-beta (Si/Sn = 230) and Amberlyst-15) in an ethanol
and water solvent system led to a 53% HMEF yield.>*?
Additionally, Novamont S.P.A., an Italian company, achieved a
93% yield with a purity of 97.6% using ethanol and THF sol-
vents for HMF separation and purification. However, it is
essential to acknowledge that ethanol’s compatibility with
other solutes does not come without limitations. The use of
ethanol can lead to unwanted byproducts, such as ether,
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2-diethoxymethylfuran or acetal, reducing overall HMF and fur-
fural output.*®” Therefore, the development of sustainable
industrial processes for HMF and furfural production in alco-
holic solvents, including n-butanol and ethanol, requires
further investigation into suppressing side reactions. Selecting
the appropriate reaction conditions that maximize the pro-
duction of furfural while simultaneously minimizing accompa-
nying side reactions is significant.**®**® Future investigations
into the synthesis of HMF in ethanol should prioritize strat-
egies to mitigate the formation of humins, a challenge exten-
sively highlighted by Thoma et al. in their critical review of sus-
tainable approaches to converting biomass into HMF."*”

Despite being a low-cost and easily recoverable organic
solvent, acetone has received surprisingly little attention, as
evidenced by the limited number of publications on the
subject. Pioneering studies conducted by distinguished
researchers, including the investigations led by Dumesic and
colleagues, have shed light on the considerable potential of
acetone in HMF production. Acetone has a range of advan-
tageous characteristics, notably its ability to decrease the acti-
vation energy required for Cs sugar dehydration. Specifically,
the activation energy for fructose dehydration in an 80:20 v/v
acetone/water mixture was determined to be 90 kJ mol™*, sig-
nificantly lower than that in water (130-140 kJ mol *).>*"2°
Acetone mixed with LiBr hydrate could obtain 93% of HMF
yield from fructose, and 37% of HMF yield from cellulose even
without catalysts.>®® A momentous achievement in the path
towards the industrialization of HMF production was pub-
lished by Dumesic and colleagues. HMF can be produced cost-
effectively in an acetone/water mixture, with a high HMF recov-
ery rate (96%) and purity (>99%). Remarkably, this study
demonstrated the successful separation of HMF, a thermally
unstable molecule, from this low-boiling solvent while main-
taining high recovery and purity. These findings have signifi-
cant implications for the industrial-scale production of HMF
and demonstrate the remarkable potential of acetone as a
solvent for HMF production, particularly when using fructose
as a feedstock. The resulting HMF can be obtained at a
minimum selling price (MSP) of US$1710 per ton, and further
reduction in the MSP can be achieved by using glucose as a
feedstock, resulting in an MSP of US$1460 per ton.>®?
Published results suggest that acetone is the most commer-
cially feasible and environmentally friendly solvent in which to
produce HMF and furfural.*>®!

Biphasic systems. As previously mentioned, water is the
solvent employed in conventional methods for HMF and fur-
fural synthesis, especially in industrial applications.
However, furfural and particularly HMF are unstable in
acidic aqueous solution and often react further to form by-
products such as humins (water-insoluble polymeric by-
products).

In 1977, a biphasic reaction system was first introduced for
the synthesis of HMF, marking a significant development
(Fig. 16).® In this system, HMF is initially formed from water-
soluble C¢ sugars within the aqueous phase, and from there it
partitions into the organic phase (MIBK), consequently
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Fig. 16 Biphasic solvent system.

slowing the further conversion of HMF to humins. A kinetic
investigation revealed that the organic solvent in the biphasic
system protects the HMF by simultaneously extracting it away
from the active aqueous phase.”®* The presence of a limited
quantity of organic solvent molecules within the aqueous
phase additionally serves to inhibit the kinetics of unfavour-
able side reactions of Cg sugar, such as fructose, via inter-
action with sugars and the active species.’®* Weingarten et al.
reported that an 85% furfural yield could be obtained from
fructose using HCI as the catalyst in a MIBK-water biphasic
system, which can be compared to the 30% furfural yield that
is obtained in a monophasic system (water).>®> Furthermore,
another benefit of using a biphasic system is that organic sol-
vents can be recycled and reused multiple times, and the cata-
lyst in the aqueous reaction layer can continue to be used in
the next reaction run as well.">'*°

A diverse range of solvents have been employed as the
extractive phase in a biphasic system, including THF,>®%*¢”
n_butanol’2687271 MIBK,272 MeTHF’106,109,264,2737278 acetone’266,279,280
ethyl acetate,"****"*%> and ionic liquids.”***** MIBK and ethyl
acetate are hydrophobic solvents that can naturally establish a
two-phase solvent system without the addition of salts.
Conversely, the other solvents under consideration are hydro-
philic and require the presence of salts to achieve phase separ-
ation. Biphasic solvent systems are frequently preferred due to
their natural phase separation at room temperature. Following
the reaction, the organic phase, which predominantly contains
a high concentration of HMF and furfural, can be readily sep-
arated from the aqueous phase.

In the extant literature, THF, a well-studied solvent capable
of generating a biphasic reaction environment by adding salts,
has attracted a great deal of interest due to the advantageous
partition coefficient of HMF between THF and water, cost-
effectiveness, and low boiling point, all of which help to sig-
nificantly reduce energy consumption and increase economic
viability. In addition, the unique chemical composition and
characteristics of THF have a significant impact on lignin solu-
bilization, allowing for the fractionation of lignocellulosic
biomass and the production of furanic compounds.
Furthermore, the THF co-solvent exhibits excellent perform-
ance in the pretreatment of raw biomass due to its high lignin-
dissolving ability, extracting lignin with a recovery rate of over
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90% as a fine powder.”®® Because lignin content can be signifi-
cantly decreased via the THF/H,O system, it effectively miti-
gates the cross-condensation reaction through bond cleavage
between lignin and amorphous cellulose.*®® As a result, more
soluble monosaccharides were released from raw biomass,
allowing their efficient use; thereby, THF/H,O delivers good
HMF and furfural yields in a one-pot method even when ligno-
cellulosic biomass is used as the starting material without any
pretreatment.?®® Sun et al. employed NH,SO;H as the catalyst
and microwave heating to attain a 52% HMF yield from
bamboo in THF/water.*®” Similarly, Cai et al. obtained a 51%
HMF yield and 95% furfural yield from maple wood and a
comparable yield from corn stover in THF/water, using FeCl;
as the catalyst at a reaction temperature of 170 °C with conven-
tional heating.>*

Yang et al. further corroborated the feasibility of THF/H,O
as a furfural production medium by producing furfural from
diverse feedstocks in a water-THF biphasic medium contain-
ing AICl;3-6H,O and NaCl, generating high furfural yields of
75% (xylose), 64% (xylan), 55% (corn stover), 38% (pine wood),
56% (switch grass), and 64% (poplar wood).>*® Despite these
benefits, comprehensive LCA studies have revealed that THF
does not meet the standards for environmentally friendly sol-
vents due to the high energy consumption required to manu-
facture THF and the need for large amounts of THF during the
synthesis of HMF.***%%" THF employment should be avoided
unless significant progress is made in reducing its ecological
footprint and minimizing the energy consumption associated
with its production.®*

MeTHF has emerged as a highly promising candidate to
replace THF as the preferred solvent of choice for both
biomass fractionation and HMF and furfural production in
biorefinery applications. MeTHF exhibits chemical properties
similar to THF, while its physical properties resemble toluene
and MIBK.>**?% Furthermore, MeTHF is regarded as safer
than THF in terms of handling and storage. While MeTHF has
a lower tendency to form peroxides compared to THF, the
potential risk should not be entirely overlooked. Appropriate
precautions must be taken during its handling and storage to
minimize any associated risks (see Table 4).>°° Additionally,
MeTHF-water demonstrates a stable biphasic system across a
broad temperature range, positioning it as a highly promising
solvent system for biorefinery operations, particularly concern-
ing lignin softening processes.”®* Xu et al. conducted a com-
parative investigation involving three biphasic systems: THF/

Table 4 Various properties of THF and MeTHF2%°

THF MeTHF
Price Low High
Peroxide High Moderate
Boiling point Low Moderate
Flammability High High
Water miscibility High Low
Feedstock 1,4-Butanediol Renewable resources
Acid stability Low Moderate
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H,0, MeTHF/H,O, and butanol/H,O. The research team
employed a cost-effective heterogeneous catalyst, HZSM-5, and
discovered that THF/H,O and MeTHF/H,0 produced roughly
equivalent HMF yields of 61% and 50%, respectively, when
glucose was subjected to optimal reaction conditions of 160 °C
and 90 min.>’® In another study, MeTHF exhibited praise-
worthy efficiency in HMF synthesis. At 150 °C and 20 min, sul-
furic acid catalyzed a reaction that produced 91% HMF in
MeTHF and water.>’"?”” Additionally, an unprecedentedly
high HMF selectivity and yield of >90% were realized using
salted diluted thick juice from sugar refining as the feedstock
with H,SO, as the catalyst. This feat was recorded in a biphasic
MeTHF/water solvent mixture at 150 °C.>””

Xu et al. achieved an 82% furfural yield from xylose using
CrPO, as a catalyst in a biphasic system consisting of MeTHF
and water.>®> This study of the conversion efficiency of bipha-
sic systems also found that MeTHF, with its wonderful xylose
conversions and furfural yields, could be ranked above butanol
and MIBK but slightly below DCM.>**> Some researchers have
reported MeTHF as the extracting solvent in furfural pro-
duction with reactive phases such as DESs and ILs.****?® For
example, using a renewable glycine-based ionic liquid with
MeTHF as the extractive phase, a 90% furfural yield was
attained from sugarcane bagasse acid hydrolysates.”*?

MeTHF is a bio-derived solvent obtained through catalytic
hydrogenation of furfural or levulinic acid and possesses the
dual advantage of being more economically feasible and envir-
onmentally benign than THF. Notably, MeTHF has been found
to effectively aid in the biomass fractionation of substrates like
bamboo and birch wood as well.?®® Furthermore, MeTHF
facilitates rapid phase separation, high selectivity and partition
coefficient values for furanic compounds (furfural and HMF),
and easy azeotropic drying at atmospheric pressure. These
physical advantages reduce solvent consumption, carbon
dioxide/VOC emissions, and energy consumption. Moreover,
MeTHF significantly reduces the environmental footprint and
production costs, as Table 3 shows. Given these advantages,
several global corporations have initiated programs to replace
traditional solvents with MeTHF.>** However, despite these
promising experimental results and advantages, MeTHF as a
solvent in HMF production has been less well-studied than
THF, and further research on this topic is necessary.

n-Butanol, known as a low boiling point solvent, has poten-
tial applications in furanic compound production in biorefin-
ery from both an ecological and economic standpoint.>*®*7°
Most production of n-butanol is from fossil fuels, but it used
to be made by fermentation of biomass. It can form a mono-
phasic or biphasic reaction system in depending on the con-
ditions. For example, n-butanol and water are completely mis-
cible at temperatures above 125 °C. However, below that upper
critical solution temperature, a miscibility gap exists.>?®
2-Butanol has also been used in a monophasic system, the
highest recorded HMF yield of 99.1% from fructose was
achieved using a mild reaction condition of 120 °C and
120 min in the presence of 2-butanol as the solvent. A hetero-
poly acid salt of an IL-forming cation functionalized with
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propane sulfonate as a “reaction-induced self-separating”
recyclable catalyst.”*® In the biphasic system, 2-butanol, as an
extraction solvent, has been found to possess a remarkable
ability to achieve optimal partition coefficients for furanic
compounds.”® Roman-Leshkov et al. used 2-butanol as the
organic extraction agent for HMF production and reported an
impressive HMF yield of 88% from a high fructose concen-
tration (10 to 50 wt%) at a reaction temperature of 180 °C.>”*
Moreover, a good HMF yield could also be obtained in butanol
using RuCl; as the catalyst, with a high yield of 83% and
selectivity of 88% in a NaCl-butanol/water biphasic system.**’

Zhang and colleagues achieved 97% xylose conversion and
44% furfural yield in 3 h at 170 °C in the co-solvent system
comprising 1-butanol and water. Additionally, their findings
suggested that the ratio of 1-butanol to water could influence
the furfural yield.>®® Subsequently, Enslow et al. looked into
the effect of reaction conditions and modifiers on furfural
degradation in n-butanol. They achieved a xylose conversion of
95% and furfural selectivity of 88% using a biphasic system of
n-butanol and water and mild reaction conditions of 5 hours
at 140 °C.%*° In a recent study, Wang et al. recycled the catalyst,
solvent, addition, and products in a n-butanol/NaCl/water
system in recent research. The maximum furfural yield from
xylose was 78%, while the xylose conversion was 99.7% after
30 min of reaction at 180 °C using modified MCM-41. Yields
from poplar and corncob were 76% and 67%, respectively.
After the reaction, the organic and aqueous phases were separ-
ated. The organic phase was distilled under vacuum and at a
moderate temperature (30-50 °C) to remove the n-butanol
from the furfural. The NaCl in the aqueous phase was recov-
ered by drying.”®” Furthermore, n-butanol exhibits a high
capacity to remove lignin and hemicellulose, leading to
improved enzymatic hydrolysis in biomass pretreatment pro-
cesses. This broadens the application range of this solvent in
biorefinery.

As aforementioned, the potential for acetone in industrial
applications is quite substantial, but acetone reactivity may
result in unwanted polymerization with furfural when
employed as a monophasic solvent in conjunction with acidic,
basic, or metallic catalysts.>®?%° To address this issue, the
adoption of a biphasic solvent system presents a potential
solution, wherein acetone is employed solely as the extractive
phase through the addition of secondary solvents like DESs or
water with salts such as NaCl>’® For instance, a biphasic
system comprising acetone and DES (choline chloride and EG)
gave a furfural yield of 75% using AICl; as a catalyst. Widsten
et al. also reported that acetone and brine (35 wt% NaCl in
water) biphasic solvent system yielded 62 mol% furfural, with
1% H5PO, as the catalyst.>*® Furthermore, if more than 90% of
the furfural were partitioned into the extractive phase
(acetone), the energy required for furfural and acetone separ-
ation would be much less than the energy required for remov-
ing high boiling solvents.>*°

MIBK has been extensively studied for HMF production.
MIBK (944 $ per ton (ref. 300)), a non-toxic, low-boiling renew-
able solvent, is comparable in price to acetone (970 $ per ton
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(ref. 300)) from an economic and environmental standpoint.**!
One notable advantage of MIBK lies in its inability to form per-
oxides, rendering it a safer alternative to ether solvents like
THF. MIBK, sometimes blended with other solvents (water,
DESs, and ionic liquids), has been used in many HMF synth-
eses that resulted in high yields.

The best HMF yield of 98.6% from fructose was achieved in
a biphasic system where [BMIM][Cl] served as the reactive
phase and MIBK as the extractive phase under mild conditions
of 112 °C and 24 min using sulfonated wood pulp catalysts.>**
Another example with a high HMF yield of 93% from fructose
was published by Desir et al. employing the simple catalyst
HCI at 200 °C for 2 s in a MIBK/water biphasic microreactor.>*?
The low boiling point of MIBK makes it an effective solvent for
the separation of HMF. This is due to the ease with which
HMF in the MIBK phase can be separated by vacuum evapor-
ation or distillation, which is accompanied by solvent recovery.
Studies have shown that vacuum evaporation technology can
effectively separate 99.5% of MIBK and 97.5% of HMF under
conditions of 13 mbar and 70 °C.>°* These results demonstrate
the efficiency of MIBK as a solvent for HMF separation and the
potential for its application in biomass conversion processes.
The use of MIBK could thus contribute significantly to the
development of sustainable and cost-effective strategies in
HMF production.

Monosaccharides, polysaccharides, lignocellulosic
biomass could be effectively converted into furfural with a
high yield in a mixed solvent containing MIBK. Then, furfural
in the MIBK phase can be readily separated by vacuum evapor-
ation or distillation.****°® Employing monosaccharides as raw
materials can yield furfural with remarkable efficiency, exceed-
ing 90% in product yield. Tao et al. presented an efficient and
simple approach for furfural production from xylose; a high
xylose conversion of 95% with a high furfural yield of 92% was
achieved in only 25 min at 150 °C in a water-MIBK biphasic
solvent system using a Brensted acidic ionic liquid catalyst
[C4SO;HmMim][HSO,]**” Moreover, lignocellulosic biomass can
be used directly as a raw material for furfural production
without the need for pretreatment for the feedstock. Rivas
et al. employed MIBK as an extraction solvent and H,SO, as a
catalyst for the dehydration of birch hemicelluloses by two-
step processing, achieving a noteworthy furfural yield of 75%
from hemicellulosic saccharides that were derived from the
autohydrolysis of Pinus pinaster wood.**° Additionally, Morais
et al. introduced a novel approach to producing furfural from
lignocellulosic biomass in a biphasic system with water/MIBK/
THF. Under the reaction conditions with 50 bar of initial CO,
pressure, at 180 °C for 60 min, wheat straw-derived hemi-
cellulose hydrolysate dehydration yielded 43 mol% of furfural
with a selectivity of 44 mol%.>%®

In addition, MIBK has garnered attention for its use as a
pretreatment solvent, aimed at enhancing the enzymatic
digestibility of biomass. In detail, the pretreatment process
involves the removal of hemicellulose and lignin from the cell
wall, followed by enzymatic saccharification of the cellulose-
rich solid residue. Following the filtration step, which separ-

and
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ates the solid and liquid fractions, the pretreatment liquid is
mixed with water, thereby leading to the phase separation and
recovery of lignin-rich MIBK from the aqueous alcohol solu-
tion containing hemicellulose and soluble sugars.**® The
MIBK/water system has shown practical effectiveness in the
removal of hemicellulose from raw biomass without the need
for additional catalysts. The creation of fermentable sugars
and the production of “clean” lignin are potential benefits of
this pretreatment technique using MIBK. In the context of
biorefinery, MIBK’s unique properties give it versatility as a
solvent in a variety of processes, including biomass pretreat-
ment and furfural synthesis.>*%3*°

Ethyl acetate has been identified as a promising solvent for
HMF and furfural extraction from aqueous solutions owing to
its remarkable performance. The addition of ethyl acetate as
an extractive phase, either before or after the reaction, has
been shown to effectively enhance the equilibrium yield of
HMF, especially at high initial feedstock concentrations.***
This property of ethyl acetate allows for the reduction of the
required solvent quantity and a decrease in energy demand
during the purification.

Sulfonated carbon-titanium dioxide composite nanofiber
tube catalysts have also demonstrated excellent performance
in preparing HMF using fructose, glucose, and cellulose as raw
materials, with a good yield of 76% under a mild reaction con-
dition of 150 °C and 180 min in an aqueous/ethyl acetate
biphasic solution.?’* At a very low temperature of 65 °C, a
biphasic acetone-water/ethyl acetate medium gave a high HMF
yield of 50% using a mordenite catalyst for 9 h.'*°
Additionally, the incorporation of ethyl acetate in the HMF
industry confers multiple benefits, including cost-effective-
ness, reduced emissions of greenhouse gases, and low boiling
point. The use of a minimal quantity of ethyl acetate for HMF
separation leads to decreased energy consumption during the
purification of the concentrated HMF solution, thus resulting
in reduced HMF production costs.’® Notably, ethyl acetate has
also demonstrated efficacy in the purification and separation
of HMF, yielding HMF crystals with a purity of 95%.>%"

Trimble et al. have conducted a pioneering investigation
exploring the feasibility of furfural extraction from aqueous
solutions using ethyl acetate as a steam-saving alternative to
azeotropic distillation.*"* Importantly, the superior stability of
furans, including furfural and HMF, in ethyl acetate constitu-
tes a significant economic advantage in downstream separ-
ation processes.””® Due to its propensity for hydrolysis under
acidic and aqueous conditions at elevated temperatures, ethyl
acetate typically serves as an extractive medium after the reac-
tion.?”® For instance, Zhang et al. have reported a remarkable
furfural yield of 94% from xylan obtained by H3;PW;,0,, at
160 °C in [BMIM][Cl], with ethyl acetate employed as the
extractant for furfural from [BMIM][C1].>"?

The solubility of lignin in ethyl acetate has been investi-
gated, and it has been found that a mixture of ethyl acetate,
ethanol, and water can result in 59% lignin recovery, 44%
xylose yield, and 85% glucose enzymatic yield. These results
demonstrate the effectiveness of ethyl acetate not only as a
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solvent for the production and purification of HMF but also in
the process of biomass pretreatment. The implications are pro-
found, as they highlight the potential of ethyl acetate as a ver-
satile and valuable solvent capable of finding diverse appli-
cations in the biorefinery context.>’* However, it has been
acknowledged that ethyl acetate’s solvent recovery and re-
cycling would be affected by its vulnerability to hydrolysis in
acidic environments; therefore, it is crucial to take this charac-
teristic into account for its effective use in biorefinery
operations.

Aside from water and the organic solvents mentioned above
as a reaction phase, ionic liquids and DESs could be applied
for HMF and furfural production as a reaction phase in either
a biphasic or a monophasic system. The reactive phase (ionic
liquids and DESs), containing HMF and/or furfural, could be
extracted in real-time or post-reaction using organic solvents.
The use of ionic liquids and DESs in biomass conversion pro-
cesses offers a multitude of advantages, including low vapor
pressure, thermal stability, recyclability, and designability.
Furthermore, their chemical properties can be tailored by
manipulating the anion and cation components, thereby
meeting the needs of experiments.

The use of ionic liquids in the catalytic dehydration of fruc-
tose, glucose, and other biomass sources into HMF has a rich
research history dating back to 1983.2%*%% Jonic liquids have
been found to effectively hydrolyze polysaccharides into mono-
saccharides, which are subsequently converted to HMF in a
one-pot synthesis.*> Ionic liquids consist of anions and
cations that interact with the hydroxyl group of cellulose to
cleave the a- and f-1,4-glycosidic bonds. The anion interacts
with the proton of the hydroxyl group, while the cation inter-
acts with the oxygen of the hydroxyl group, thus facilitating the
cleavage of both the intramolecular and intermolecular hydro-
gen bonds of cellulose.?'® Notably, ionic liquids have demon-
strated good selectivity for HMF in the presence of metal chlor-
ides or acidic catalysts.>’” For instance, Zhang et al have
achieved HMF yields of 62% and 52% from cellulose and pine
wood, respectively, in [BMIM][Cl] using AICl; highlighting the
effectiveness of ionic liquids in the catalytic dehydration of
polysaccharides and raw biomass sources to HMF.*'®

[Bmim][Cl] is also a commonly used ionic liquid for fur-
fural production. Zhang et al. have widely studied the potential
of this solvent for furfural production from monosaccharides
(xylose and arabinose), polysaccharides (xylan), and raw ligno-
cellulosic biomass (corncob, grass, and pine) using homo-
geneous catalysts (AICl;) and heterogeneous catalysts
(Amberlyst-5 and NKC-9). The highest furfural yield of 94%
was obtained from xylan using H3;PW;,0,, catalyst at 160 °C
for 10 min in [Bmim][Cl]. When corncob, grass, and pine were
used as the feedstock, the furfural yields were 12-27% over
different solid acids. In addition, the [Bmim][Cl] could be
recycled and reused after ethyl acetate extracted most of the
furfural from the [Bmim][Cl] mixture.*"?

Nevertheless, the adoption of ionic liquids, as mentioned,
has been hindered by their higher cost and potential environ-
mental impacts, thus limiting their industrial applicability

This journal is © The Royal Society of Chemistry 2025
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when compared to the aforementioned organic solvents. For
example, a comparative LCA between toluene and [Bmim][ClI]
shows that the environmental impact of producing [Bmim][Cl]
is approximately 2 to 100 times higher than that of toluene
across all assessed environmental categories. This difference is
especially large in categories such as terrestrial, freshwater
aquatic, human, and marine aquatic ecotoxicity
potential.**®?1® Despite the hindrances posed by the relatively
higher cost of ionic liquids compared to organic solvents and
the associated environmental concerns, it is important not to
overlook the significant potential that ionic liquids hold as a
viable option. Ongoing research and advancements in ionic
liquid technology are continuously addressing the challenges
associated with cost and environmental concerns, presenting
opportunities for the broader use of ionic liquids in the
pursuit of sustainable and economically viable strategies for
large-scale HMF production.

Considerable attention has been directed towards the
exploration of new alternatives, focusing on new ionic liquids,
or DESs, that offer greater affordability and greener profiles.
For instance, Hallett et al. pointed out that acidic ionic liquids
(AILES) are potentially more efficient and cheaper than ordin-
ary ones. AILES could be used as a solvent and a catalyst, often
called a bifunctional ionic liquid.**®**' For instance,
Gschwend et al. pretreated miscanthus in triethylammonium
hydrogen sulfate ([TEAJ[HSO,]) at 120 °C for 24 h to obtain
40% furfural without any additional catalyst.>**> Importantly,
[TEA][HSO,] proves to be an economically viable and environ-
mentally friendly solvent. Aspen HYSYS modeling estimates a
minimum commodity price of $1.24 per kg.***??® Its price is
close to the industrial selling price of organic solvents such as
acetone and toluene and 40-70 times lower than the common
ionic liquid commodity prices ($40-81 per kg).>**?%
Additionally, an LCA of [TEA][HSO,] production showed that
in terms of human health, ecosystem quality, and resource
availability, [TEA][HSO,] is equivalent to acetone.***

As ionic liquid equivalents, DESs have received more atten-
tion than ionic liquids on furanic compound production topics
and biomass pretreatment. Many review papers have been pub-
lished about DESs for furanic compound production and
biomass fractionation.**>**° The unique characteristics of DESs
are garnering attention in the scientific community. Not only
do they share the same advantages as ionic liquids in terms of
application-specific tunability, designability, nonflammability,
various viscosities, low vapor pressure, safe transportation, and
thermal stability, but they also effectively address the issues of
cost, purification, and biocompatibility, as highlighted in pre-
vious studies.'”” DESs are economical and straightforward to
synthesize, requiring only a mild temperature and a specific
duration for mixing two or more components. In addition, most
raw materials used for the synthesis of DESs can be derived
from biomass, except for urea and thiourea, which are tradition-
ally sourced from petroleum-based feedstocks. The synthesis
process for DESs is relatively straightforward, often eliminating
the need for complex multistep procedures, extensive separ-
ations, or the use of additional organic solvents.
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DESs have emerged as notable liquid mixtures comprising
two or three compounds that form a liquid state below 373 K.
These compounds can be classified into two categories: hydro-
gen-bond acceptors (HBA) such as quaternary ammonium
salts with amides and carboxylic acids, and hydrogen-bond
donors (HBD) such as urea, thiourea, glycerol, or oxalic
acids.*****”** Among the diverse range of DESs, choline
chloride (ChCl) and urea have garnered significant attention
as environmentally benign DES components. ChCl-based DESs
can be obtained by mixing EG, glycerol, lactic acid, and gluta-
ric acid."”” Four representative ChCl-based DESs (ChCl with
EG, ChClL: glycerol, ChCl: citric acid, and ChCl: glucose) and
reline DES were evaluated using LCA. This LCA study revealed
that, in general, the studied DESs have lower environmental
impacts than DCM and ethyl acetate but higher impacts than
methanol and ethanol. Among the four studied ChCl-based
DESs, ChCl/citric acid DES had the highest environmental
impacts due to the high-water consumption and greenhouse
gas emissions caused by fermentation to synthesize the citric
acid.>*°

DESs can form biphasic systems when mixed with organic
solvents listed in Table 3, such as MIBK, acetone, ethyl acetate,
MeTHF, THF, DMSO, and GVL, for HMF production. A notable
example of this is the use of an ultra-low sulfuric acid loading
at 190 °C for 10 min in a ChCl-H,O-acetone solution with a
mass ratio of 1:2: 3, resulting in a competitive HMF yield of
73%.**' Additionally, Zuo et al. reported that noteworthy HMF
yields of 55-65% were obtained from various feedstocks from
monosaccharides (glucose), polysaccharides (starch), food
waste (rice waste), and food waste (bread waste) at 130 °C in
the DES/MIBK biphasic system.**” Interestingly, the mixture of
DES and isopropanol was found to be the most effective
solvent system for the conversion of fructose into HMF cata-
lyzed by [HNMP]CI with an HMF yield of up to 89% after 3 h
of reaction at 25 °C.>*3

Furthermore, a ChCI/MIBK biphasic system was able to
achieve effective biomass fractionation and furfural production
in a one-step reaction, yielding up to 84% furfural while pre-
serving over 90% of the cellulose pulp, which can sub-
sequently be hydrolyzed into glucose.*** Wang et al. received a
70% yield of furfural from Eucalyptus urophydis under the best
conditions (at 140 °C for 90 min) in DES (choline chloride-
oxalic acid)/MIBK biphasic system using the AICl;-catalyzed
reaction.?*?

Notably, DESs demonstrate multifunctionality, serving not
only as Brgnsted acid catalysts and solvents in HMF and fur-
fural production but also as pretreatment solvents for lignin
extraction and facilitators of saccharification enhancement.
Significant removal of hemicellulose (100%) and lignin (91%)
was achieved in DESs using Eucalyptus as feedstock under the
optimized conditions (150 °C, 30 min, 0.2 M Al,(SO,4)3, 0.075
M H,S0,), further highlighting the versatility and potential of
DESs in biomass pretreatment and biorefinery.>*> At a similar
loading of acid, over 70% of lignin can be removed in organic
solvents (methanol, ethanol, acetone, acetic acid, THF, MIBK,
ethyl acetate, MeTHF, n-butanol, GVL at 120-220 °C), ionic
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liquids (at 50-130 °C) and DESs (at 70-150 °C) compared to
20% lignin removal in the aqueous phase with dilute acids
(such as sulfuric acid, 180 °C).?%*'® More details were shown
for pretreatment reaction conditions using the aforementioned
solvents in the review papers from ref. 335-350.

DESs were used as agents for both raw biomass pretreat-
ment and furanic compound production. DESs first segregated
raw biomass under particular reaction conditions, and then
the reacted mixture comprising released monosaccharides
could be efficiently transformed into furanic chemicals with
the addition of additional catalysts. In this two-step process,
cellulose, xylan, and cellulose were isolated and ready for use
in further high-value product manufacture.**3*°

The viability of DESs integrated in a biorefinery for the one-
step or two-step production of furfural and other products
from switchgrass was studied by Zang et al**' and Chen
et al.*>*® Zang and colleagues analyzed the economic perform-
ance of a reaction system in which the ChCl functioned as the
reaction medium for biomass pretreatment and hemicellulose
conversion, while MIBK was used as the organic phase for the
extraction of furfural. This analysis specifically investigated the
feasibility of using a biphasic solvent mixture consisting of
ChCl and MIBK, with sulfuric acid as a catalyst, to establish an
integrated biorefinery for the simultaneous production of fur-
fural (18%), lignin (16%), and ethanol (15%) from switchgrass
with roughly 49% of total carbon. The minimum furfural
selling price was $625 per ton, which is about 37% lower than
the furfural market price. The sensitivity analysis highlighted
the significance of technical parameters, such as reaction
temperature and solid loading, in influencing the minimum
selling price of furfural, as opposed to economic factors like
material and installation costs. To enhance the economic per-
formance of the process, it is crucial to minimize ChCI con-
sumption, increase solid loading during pretreatment, and
enhance the ChCl recycle ratio. These findings have important
implications for the development and optimization of cost-
effective and sustainable DES-based biorefinery processes.*’
Chen and colleagues developed a two-step method that effec-
tively maximizes the xylan and furfural production from
switchgrass. Initially, a ChCl:EG pretreatment was
implemented, creating an acidic environment to facilitate the
dissolution of xylan from switchgrass. Remarkably, this
approach results in a xylan recovery rate of up to 94%.
Subsequently, a 1.5% concentration of AICl; is introduced to
the ChCl:EG system, catalysing the conversion of xylan into
platform chemicals and giving an overall furfural yield of
91-92%. To efficiently extract the produced furfural, the
addition of MIBK as an extractive phase was employed to
extract 92% of the produced furfural, while its immiscibility
with the aqueous ChCl:EG phase facilitates its easy separ-
ation.*> The recovery of MIBK from the organic phase was
facilitated by its relatively low boiling point. It was suggested
that the application of a low-boiling solvent system such as
MIBK and acetone is energetically more advantageous, pro-
vided that more furfural can be removed from DESs using less
extraction solvent.?>33
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The reusability of DESs in biomass processing is an impor-
tant factor in their practical implementation. The ability to
reuse DESs not only holds the potential to significantly reduce
the cost associated with biomass conversion processes but
also contributes to minimizing their environmental impact,
thereby rendering them more sustainable and economically
viable options. ChCl, in particular, has exhibited good recycl-
ability and reusability with minimal degradation even after
multiple uses. Chen et al. conducted a study highlighting the
reusability of ChCl: Gly, which demonstrated its ability to
undergo at least five additional pretreatment cycles (120 °C,
60 min) while consistently retaining its effective pretreatment
capability.>>* Additionally, Mankar et al. reported a promising
yield of HMF ranging from 71 to 83% for five consecutive re-
cycling runs using the catalytic system ChCl: lactic acid. These
significant results highlight the suitability of DESs, in particu-
lar ChCl-based DESs, for repeated application across multiple
cycles while successfully maintaining their catalytic activity
and selectivity.*>*

7 Discussion

Mass production of bio-based chemicals currently faces econ-
omic and environmental challenges, solving these challenges
can be likened to solving a complex “multivariate equation.”
This involves the careful selection of starting materials, sol-
vents, catalysts, and process routes, all of which are interde-
pendent and can simultaneously impact the economic and
environmental performance of the synthesis. Leveraging econ-
omic and environmental factors is a critical consideration for
future green technology development and industrialization of
furanic compounds.

This review consolidates and categorizes recent studies on
LCA and technological advances in furanic compound pro-
duction. It concludes that improving the efficiency of material
and energy use emerges as the key approach to enhancing the
environmental and economic impacts of the final products.
While general optimization efforts have predominantly aimed
at maximizing product yields, it is crucial to acknowledge that
optimization objectives should extend beyond just boosting
yield. They must also include higher feedstock loading and
enhanced efficiency in the use of solvent and catalyst. Driving
resource and energy efficiency, as well as waste minimization,
should be considered as one of the optimization objectives.

In addition to LCA studies, incorporating green metrics can
serve as a rapid tool to enhance the sustainability and environ-
mental friendliness of a process, particularly in early stage of
technique development. However, it is crucial to emphasize
that LCA should not be overlooked, even if green metrics indi-
cate the process is potentially greener or more sustainable.
LCA remains the definitive method for evaluating the overall
environmental performance of a product or process.
Frequently used green metrics can generally be categorized
into mass-based metrics, such as the E-factor, atom economy,
and process mass intensity (PMI), and energy-based metrics
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like energy intensity.>>**%° These metrics are practical tools
for quickly assessing both resource and energy efficiency as
well as waste generation. They allow for specific assessments,
such as determining how much material is consumed per
gram of product during the reaction phase and how much is
used during the purification stage. A potential method is to
evaluate the energy demand per gram of purified product,
such as furfural or HMF, by analyzing the total electricity used
during the reaction and separation phases in a lab-scale purifi-
cation process to identify the most efficient furanic production
approach in the early research stage. In brief, these metrics
play a fundamental role in conducting preliminary analyses of
material and energy efficiency within chemical processes,
offering valuable insights into reaction system development,
process design and process optimization.

Some strategies that can be used to increase mass use
efficiency include:

1. Enhancing yield can effectively reduce the environmental
impact. Notably, variations in HMF yield, ranging from 49%
(worst case) to 88% (best case), resulted in emissions of 8.6
and 5.7 kg CO, eq. per kg HMDA, respectively.*® Furthermore,
studies have shown that if the furfural yield is increased from
45% to 55% by mass, the overall environmental impact of pro-
ducing 1 ton of furfural and furfuryl alcohol will be reduced by
about 13% and 11%, respectively, and their total cost will also
be reduced by 5%."%*

2. Reducing solvent loading and increasing solvent re-
cycling rates bring about multiple simultaneous advantages.
For instance, achieving recycling rates above 95% contributes
to lower capital costs, reduced electricity consumption, and
decreased working capital requirements.*®* However, recycle
rates much higher than 95% may be challenging due to issues
including solvent losses and accumulating impurities.

3. Selecting solvents with high distribution coefficients of
furanic compounds relative to water as the reaction medium
represents an effective strategy for improving solvent use
efficiency.>®*

4. Reducing the demand for catalysts, solvents, and utilities,
or focusing on boosting their recycling for catalysts, solvents,
and utilities can further contribute to lowering the manufac-
turing cost of bio-based chemicals.

5. Co-production within biorefineries offers compelling
benefits, including the maximization of value derived from
biomass resources, enhanced economic viability, and
improved environmental performance. For instance, the inte-
gration of value-added products derived from lignin can gene-
rate additional profits and enhance the economic feasibility of
biorefinery technologies.*®**%3

As demonstrated by LCA studies, electricity consumption
had the most substantial impact on the GWP in the pro-
duction of furanic compounds. Therefore, it is imperative to
use green electricity and improve energy efficiency in the
pursuit of developing economically and environmentally sus-
tainable processes for production and separation. The choice
of energy sources used in industrial processes can significantly
influence the overall environmental impact. Studies have con-
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sistently shown that shifting from fossil-based energy systems
to low-carbon or renewable energy sources drastically reduces
greenhouse gas emissions associated with industrial
production.’**%* Consequently, the adoption of renewable
primary energy sources for electricity generation would con-
tribute to the sustainability goals of furanic compound pro-
duction. Furthermore, improving electricity efficiency is a key
approach to improving environmental performance. For
instance, if the advanced power consumption level (400 kWh
™! furfural) replaces the power consumption (600 kWh t™* fur-
fural), the overall environmental impact of producing one
tonne of furfural will further decrease by about 7%.%*

To reduce energy use impact or increase energy efficiency,
other approaches have been suggested:

1. Investigating energy-efficient approaches for the pro-
duction and separation of furanic compounds, focusing on
strategies like utilizing low-temperature, short-duration syn-
thesis processes and implementing advanced energy-saving
separation techniques.

2. Process intensification strategies, including the inte-
gration of reactions with in situ extractions, reactive extrac-
tions, reactive distillations, and microwave heating, which not
only enhance material efficiency but also improve energy
efficiency.

Feedstock, directly and indirectly, affects the reaction con-
ditions, process design, and economic and environmental per-
formance of furanic compound production. Given that, the
choice of biomass should be carefully studied based on a
thorough understanding of the technical perspective, and the
economic and environmental impacts of using different ligno-
cellulosic feedstocks in biorefineries to produce furanic com-
pounds. These investigations will be urgently needed in the
future study.

Among the many different feedstocks, we want to highlight
the numerous benefits of using macroalgae as a new substrate
for the synthesis of furanic compounds. Macroalgae offers
several advantages that lignocellulosic biomass lack. To begin
with, macroalgae can grow across diverse aquatic ecosystems,
avoiding not only the use of agrochemicals such as pesticides
and fertilizers but also extensive land use. Land-use changes
can greatly influence the global carbon cycle, leading to sub-
stantial greenhouse gas emissions by altering carbon stored in
soil and vegetation.”® Notable life cycle assessment studies
confirm the advantages of macroalgae for HMF production,
highlighting their distinct suitability in this context.>®®
Secondly, macroalgae growing in water could maintain an
uninterrupted reproductive cycle throughout the year. This
ensures a steady and consistent supply of feedstock. Thirdly,
macroalgae have a significant carbohydrate content that
ranges from 25% to 80%, and they have a structural rigidity
that is greatly reduced, making them easily converted into
furanic compounds. They lack lignin, which makes it
unnecessary for lignin or its breakdown products to be
removed. Compared to microalgae, macroalgae are much
easier to remove from the water they were raised in. Fourthly,
macroalgae play a wide variety of ecological roles that go
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beyond just serving as a source of food. They also effectively
improve wastewater with a high CO, burden, providing a
method for sequestering carbon.

A study presented that the net “cradle-to-gate” carbon emis-
sion of agar from seaweed is —1.11 kgCO, eq per kg, indicating
a net positive environmental impact.>**® Carbon-negative agar
could be further converted into HMF and levulinic acid using
acid/alkali catalysts under hydrothermal condition, indicating
the potential for macroalgae valorisation into valuable plat-
form chemicals such as HMF.*®” Furthermore, Pereira et al.
developed an integrated biorefinery system that utilized macro-
algae Ulva lactuca in combination with spent coffee grounds to
produce HMF alongside alternative fuel precursors. In this
study, C¢ sugars were converted into HMF through hydro-
thermal liquefaction, achieving yields of 46.6 g kg™' HMF,
78.2 g kg~ " biocrude, and 390 g kg~ biochar under optimized
conditions.**® This finding highlights the feasibility of employ-
ing Ulva lactuca in an integrated HMF biorefinery system.
Similarly, Mondal et al. proposed a detailed processing meth-
odology using Kappaphycus alvarezii seaweed to produce HMF
from x-carrageenan, employing Mg(HSO,), as a catalyst. The
process delivered calculated yields of 0.18 tons of HMF per ton
of granular biomass, illustrating another viable pathway for
macroalgae-based HMF production.>®® Macroalgae hold sig-
nificant potential as a valuable raw biomass source for future
biorefineries. However, further research is essential to advance
the synthesis of furanic compounds derived from macroalgae.

The selection of solvents holds the key to advancing green
production and facilitating mass and energy-efficient separ-
ation of furanic compounds, thereby playing a pivotal role in
the development of sustainable and environmentally friendly
production processes. The choice of solvents influences
several critical aspects, including reaction kinetics, product
yield, energy consumption, separation efficiency, and overall
process economic and environmental performance. Low
boiling-point green solvents, including MIBK, MeTHF,
butanol, ethyl acetate, ethanol, and acetone, could efficiently
reduce the energy required for product separation. Studies for
furanic compound synthesis using other solvents other than
MIBK are not yet sufficient. Green solvents with high boiling
points, such as GVL and DMSO, require more energy during
the post-reaction separation process. However, from a safety
perspective, these solvents prove to be more suitable for
storage and transportation purposes because they are not flam-
mable or prone to vapor emissions. Importantly, extensive
research on GVL and DMSO as reaction solvents has been con-
ducted, with promising results in terms of target product
yields. As a result, GVL and DMSO with effective and low-
energy product separation processes would be more attractive
in the manufacture of furanic chemicals in the setting of
biorefineries.

Among selected green solvents, due to versatility, greenness,
sustainability, recyclability, and modifiability, DESs are worthy
of further investigation. The biorefinery industry may wish to
use them more widely, giving DESs a prominent position in
the future of biorefinery operations. DESs could function as
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agents for both raw biomass pretreatment and furanic com-
pound production, or as catalysts for the production of furanic
compounds. Due to their unique properties, DESs offer signifi-
cant potential for developing a green and sustainable process
for producing furanic compounds. The process begins with
DESs fractionating raw biomass under specific reaction con-
ditions. Following this, the biomass-derived mixture contain-
ing monosaccharides can be further transformed into furanic
compounds using additional catalysts within a biphasic
solvent system. Environmentally friendly, low-boiling-point sol-
vents such as MIBK, acetone, ethyl acetate, and MeTHF could
be employed as extractive solvents in this system. These bipha-
sic solvent systems boost the production of HMF and furfural
by rapidly extracting them from the reaction phase, thereby
reducing their participation in side reactions. Additionally,
DESs improve the stability of furanic compounds.>”®
Furthermore, the use of low-boiling extraction solvents poten-
tially facilitates an easy, mass- and energy-efficient separation
and purification process for furfural and HMF. Given the sig-
nificant potential for furans production in DES, it’s surprising
that there’s a scarcity of LCA and TEA research applicable to
many popular DESs that consider the implications of recycl-
ability, extraction efficiency, and varied raw materials. As a
result, the future requires a broader range of experimental
studies, LCA and TEA research using DESs as solvents for pre-
treatment and furanic chemical manufacturing inside biore-
finery frameworks.

Because they are used in very small amounts, catalysts typi-
cally have a lower environmental impact than electricity con-
sumption and solvents. Some catalysts even achieve 100%
yields of furanic compounds, demonstrating remarkable
efficacy. Impressively, at high fructose concentrations (50 wt%
in DMSO) for 2 h at 120 °C, Amberlyst-15, with particle sizes
ranging from 0.15 to 0.053 mm, was used to facilitate an excep-
tional HMF yield."*® Both homogeneous and heterogeneous
catalysts play significant parts in the production of furanic
compounds. However, in LCA studies, the evaluation of the
influence of heterogeneous catalysts is sometimes hampered
by a lack of data on their production, recycling and regener-
ation processes, so the environmental harm caused by those
steps must be unjustifiably disregarded. Without this infor-
mation, it is difficult to ascertain how green catalytic processes
are. In addition, it is critical to provide relevant information in
LCA studies on catalyst loadings, lifetimes, and specific com-
positions to examine their long-term implications thoroughly.
Water, as a green and abundant solvent used in biorefinery
operations, provides numerous advantages in terms of cost-
effectiveness, practicality, and environmental performance. An
outstanding breakthrough for the low-cost and green pro-
duction of furanic compounds in water could be achieved by
recyclable water-tolerant catalysts and waste-based catalysts,
but it will require more attention and development. A sulfo-
nated graphitic carbon nitride heterogeneous catalyst in the
presence of glucose as the substrate and water as the solvent,
for 5 h at 200 °C, gave an outstanding HMF yield of 94%.
Sulfonated graphitic carbon nitride exhibits amphoteric
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characteristics, harbouring both Brgnsted base and Brensted
acid sites."” Because of the presence of diverse functional
groups on their surface, carbon waste-based heterogeneous
catalysts such as biochar and bio-carbon-based heterogeneous
catalysts created from carbon waste may offer a more viable
alternative for green catalyst synthesis.

Homogeneous catalysts, that involve both inorganic and
organic acids, as well as metal salt solutions, are examples of
commercially available catalysts with reliable supply chains.
Despite this, homogenous acids cause significant terrestrial
acidification, water depletion, and metal resource depletion.
Furthermore, the question of recyclability presents a new chal-
lenge for these homogeneous catalysts. In contrast to hetero-
geneous catalysis, homogeneous catalysis faces the challenge
of evenly mixing the solvent and catalyst, which complicates
catalyst recycling and product separation, increasing costs and
operational inefficiencies. To address this, efforts have been
directed toward developing homogeneous catalysts while being
adaptable for reuse in multiphase systems. For example,
biphasic systems could offer a practical solution by allowing
the catalyst to remain in one phase while facilitating the extrac-
tion of products into another phase.’”" There is still a need for
further LCA and TEA research to determine how many times
these homogeneous catalysts can be reused and, if recycling is
feasible, to evaluate the environmental and economic impli-
cations of the recycling process. Efforts should focus on avoid-
ing high energy demands during the recycling of homo-
geneous catalysts, as seen with recovery boilers using for re-
cycling cooking chemicals and generate energy in the Kraft
pulp industry, which heavily impact the overall environmental
performance of process and product.

Heterogeneous catalysts, on the other hand, include a wide
range of solid acids, such as zeolites, modified zeolites, metal-
lic oxides, and ion exchange resins. The use of heterogeneous
acid catalysts has numerous benefits in biorefinery and chemi-
cal processes, including improved control over reaction kine-
tics, improved catalytic stability and reusability, and increased
environmental sustainability. However, a common challenge
persists in the hydrolysis of raw biomass feedstocks, which
detrimentally affects the production of furanic compounds
from abundant sources such as lignocellulosic biomass. To
overcome this barrier, novel catalysts (MSPFR and CO,) or sup-
plemental pretreatment techniques could be investigated.

The recycling of solvents and catalysts holds the potential
for further reducing the environmental impacts associated
with HMF and furfural production. A recent LCA study by
Barman et al. demonstrated that heterogeneous catalyst re-
cycling can notably lower environmental impacts compared to
processes that do not incorporate catalyst recovery.”® However,
it is crucial to recognize that recycling is not universally ben-
eficial. In certain scenarios, the material and energy demands
associated with the recycling process itself can be substantial,
potentially offsetting the environmental advantages of the re-
cycling process. This highlights the importance of conducting
LCA studies to evaluate the trade-offs associated with solvent
and catalyst recycling. Such assessments are necessary to
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determine whether recycling strategies contribute to net
environmental benefits under specific process conditions and
to guide the development of more sustainable production
pathways.

The early stages (feedstock cultivation and transportation)
also play a critical role in shaping the overall environmental
outcomes, as demonstrated in several studies.>’>”°> A LCA
conducted for large-scale furfural and furfuryl alcohol pro-
duction, with an annual capacity of 60000 tons, highlighted
that the feedstock production and transportation stages
exerted significant environmental impacts, primarily due to
the direct emissions of heavy metals, phosphates, and phos-
phorus associated with corncob cultivation and handling.*”®
Furthermore, feedstock cultivation involves several operations,
including fertilization, irrigation, sowing, land preparation,
and harvesting. Among these, traditional fertilization was
found to be the largest contributor to various environmental
impacts, especially in categories such as ecotoxicity and GWP.
Transportation of feedstock also introduces environmental
burdens, including emissions of CO,, CO, NO,, and hydro-
carbons, which are particularly relevant to GWP, acidification,
eutrophication, and human toxicity indicators.*”* This holistic
perspective is essential for identifying key impact drivers and
potential opportunities for improving the sustainability of
HMF and furfural production systems.

Research on LCA of HMF and furfural separation techno-
logies remains relatively scarce. However, LCA studies have
reported that the energy consumption associated with separ-
ation processes exceeds 50% of the total electricity use.®®
Various studied distillation techniques present minor differ-
ences in environmental performance, further emphasizing the
need for a deeper investigation into emerging separation
technologies and their environmental investigations.***
Separation technologies such as membrane-based methods
present several advantages, including lower energy consump-
tion, a smaller footprint, and enhanced selectivity. Membrane
processes, by maintaining the integrity of heat-sensitive mole-
cules like HMF, avoid the degradation risks commonly associ-
ated with distillation, thereby enhancing both yield and
purity.>”” In addition, another approach to reduce the energy
used for separation and purification involves the design of
reaction processes that eliminate the need for HMF and fur-
fural separation. For instance, HMF can be directly routed into
subsequent stages along with the solvent, thus avoiding the
losses typically incurred during traditional separation and
purification steps. This approach not only reduces the loss of
HMF yield but also does not demand additional energy,
offering a more sustainable solution for industrial applications
while minimizing environmental impacts.®

A promising strategy for accelerating the industrial-scale
production of furanic compounds involves integrating their
production into newly established biorefineries or existing
industrial infrastructures, such as sugar mills and pulp mills.
For instance, the conversion of existing sugar mills into versa-
tile biorefineries capable of producing a diverse range of pro-
ducts including food, biochemicals, and energy has enormous
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potential for fostering a paradigm shift towards a more sus-
tainable industrial landscape in South Africa.>”® This approach
offers notable advantages, including reduced capital invest-
ment requirements and minimized environmental impacts.
Furthermore, the Canadian and Nordic forestry sectors have
faced a consistent downturn over the past decades, with saw-
mills and paper mills enduring the majority of recent closures.
However, the development of new biorefineries has opened
opportunities to recover lost production capacity and revitalize
the industry.

8 Conclusions and perspectives

In conclusion, with the increasing needs for sustainable biore-
finery development, production of furfural and HMF in biore-
finery context requires further research. The research need for
furfural would be leveraging economic and environmental per-
formance and upgrading to high-value biobased products
either in a stand-alone plant or in a biorefinery plant. In con-
trast, HMF production still needs to overcome the economic
barriers to before its commercialization.

In this review, we have concluded that the choice of feed-
stock and solvent determine whether the process will be sus-
tainable and economic, because they directly and indirectly
determine the deployment of the process, equipment selec-
tion, energy requirements, solvent and chemical recyclability,
transportation  distance, feedstock availability, energy
efficiency and mass efficiency. Therefore, thoughtful selection
of feedstock and solvent will be the first and key step for fur-
fural and HMF economic and green production. Some essen-
tial approaches have the potential to improve the environ-
mental and economic aspects of furanic chemical production.
These approaches include a lower E-factor or higher PMI,
shorter transportation distances, the use of more energy-
efficient and milder reaction and separation conditions,
improvement of solvent and catalyst recyclability, etc. These
parameters have had a favourable impact on the overall per-
formance of furanic compound production by lowering energy
requirements, resulting in better environmental and economic
outcomes. Notably, using energy-efficient and less harsh reac-
tion conditions in furanic chemical synthesis reduces energy
consumption, expenses, and GHGs. It is important to stress,
however, that recommendations for improvement should be
based on a comprehensive study of each instance using LCA
and TEA approaches.

Furthermore, conventional LCA and TEA were used primar-
ily to evaluate established technologies. However, conducting
LCA and TEA at early stages with a Technology Readiness Level
(TRL) of 1 to 2 allows for greater flexibility in optimizing inno-
vative techniques in terms of environmental and economic
performance. The outcomes of these studies can directly
support decision-making aimed at reducing environmental
and economic impacts, then fostering more sustainable and
cost-effective chemical production practices. As a result, the
growth of ex-ante LCA and TEA approaches is as a critical
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research avenue for efficiently assessing the potential life cycle
environmental and economic implications of furanic chemical
synthesis technologies during their development stage. Ex-ante
LCA and TEA comprise estimating energy consumption,
input-output material data, various costs after the industrializ-
ation of new technologies, using mathematical models that
include reaction processes, chemical process simulations, arti-
ficial intelligence, and other computer approaches. Simulated
process design has proven to be very useful to fill in the data
gaps for technology with TRLs below 5 but higher than 2-3.%°
This method combines upstream and downstream data from
industrial chains, making it easier to identify and analyze
potential environmental and economic impact hotspots. The
resulting conclusions provide invaluable insights and rec-
ommendations, as well as green and cost-effective guidelines
for future experimental attempts and process design
efforts,?%97383
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