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Sustainability spotlight

Green and efficient one-pot synthesis of the bio-
based platform molecule 4-hydroxymethyl-2-
furfural on a multigram scalef

Kubilay Ceyhan, Mattis Rottmann and Harald Gréger@*

This study outlines a detailed process development of dendroketose preparation and its conversion to the
bio-based platform molecule 4-hydroxymethyl-2-furfural (4-HMF) through a dehydration reaction in water
as a green and sustainable solvent. Initially, dendroketose was synthesized via a monoaldol reaction of
dihydroxyacetone (DHA) as a glycerin- or CO-based product, simply using NaOH as a catalyst at various
DHA concentrations. We successfully demonstrate preparation of a high loading of dendroketose,
resulting in an ecological factor (E-factor, EF) of EF = 1. For the subsequent dehydration of dendroketose
to 4-HMF, an optimized process was designed after evaluating various solvents and catalysts. Saturated
aqueous NaCl solution offered the highest 4-HMF:5-HMF reaction selectivity of 95%. Optimal conditions
for the 4-HMF synthesis were determined as 0.25 M HCl, 80 °C, 100 g per L dendroketose, and
a reaction time of 120 minutes, achieving an 80% selectivity towards the formation of total HMF. In
addition, scale-up experiments on an elevated lab scale of 100 g dendroketose in combination with
a tailor-made reactor set-up for smooth product removal confirmed the identified preferred process
conditions, leading to an 89% reaction yield over nine cycles, with an isolated 4-HMF yield of 76%,
a purity of 92% and an EF = 0.67. These results also underline the potential of this process and reactor
set-up for efficient and scalable 4-HMF production, with further optimization opportunities identified in
salt selection, catalyst loadings, and process control strategies.

An efficient and sustainable process for the biobased chemical 4-hydroxymethyl-2-furfural (4-HMF) was developed. We optimized the synthesis of the substrate
dendroketose (running at 1000 g per L) and improved the process for 4-HMF through optimization of multiple reaction parameters. Our process was already
carried out at an elevated lab scale with a substrate amount of 100 g in combination with a tailor-made reactor set-up, leading to 89% reaction yield over nine
cycles and 76% yield. Environmental metrices of our 4-HMF process were also determined, revealing an outstanding E-factor of only 0.67. Besides opening up
a perspective for technical production of 4-HMF, our work addresses particularly the UN sustainable development goals “Industry, innovation, and infra-
structure (SDG 10)” and “Climate action (SDG 13)”.

Introduction

appears straightforward through Brensted or Lewis acid-
catalyzed triple dehydration of fructose, the state of the art is

In recent years, the plant biomass-based compound 5-
hydroxymethyl-2-furfural (5-HMF) has garnered significant
attention in the framework of the green transformation of the
chemical industry. This multifunctional aromatic compound is
considered a key platform chemical for replacing petroleum-
based drugs, fuels, and organic materials and its oxidized
derivative 2,5-furandicarboxylic acid was ranked by the national
renewable energy laboratories (NREL) to be one of the top 12
renewable feedstocks in 2004." While the production of 5-HMF
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that both the selective synthesis of 5-HMF and the extraction
and purification processes are so challenging that large-scale
production of 5-HMF is still done to a limited extent.>* A
major limitation in the production of 5-HMF is the high waste
generation due to humification reactions, which result from
cross-polymerization reactions between the sugar feedstock and
the synthesized 5-HMF alongside with its degradation products.
These reactions produce “humin,” a black polymeric solid that
is in some modifications soluble and in others insoluble in
water and most organic solvents, making the overall 5-HMF
synthesis economically difficult on a large scale.®*** However,
recent developments in industrial 5-HMF production show
interesting advances. For instance, AVA Biochem's hydro-
thermal carbonization process (which is primarily a biocoal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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production process), developed in 2014, was announced with an
annual production capacity of 20 tons of 5-HMF with the
expectation to double the production capacity by the end of the
same year.® On the current website of AVA-Biochem from 2024 it
is reported that the company is producing 5-HMF for the
specialty chemical market, as well as “technical grade” 5-HMF
for bulk application.® Another significant effort in the produc-
tion of a 5-HMF derivative comes from the Dutch company
Avantium, which has developed a production process for FDCA
on a plant scale.” Here, instead of 5-HMF Avantium produces 5-
methoxymethyl-2-furfural (5-MMF) as a key intermediate due to
the challenges posed by 5-HMF's high polarity and reactivity.”
Since 5-HMF contains a hydroxymethyl group and an aldehyde
functionality, dissolving 5-HMF in common apolar solvents for
extraction purposes is difficult.” Purifying 5-HMF is especially
problematic due to its instability, which can lead to the
formation of humins or its reaction with acidic water to form
levulinic acid. It is noteworthy that many researchers have
focused on synthetic and process optimization approaches to
maximize 5-HMF reaction selectivity and yield. The most
promising results have been achieved using very polar solvents
such as THF,* DMSO,° DMAc,' or deep eutectic solvents (DES)"*
during the sugar dehydration reaction, resulting in HMF reac-
tion selectivity exceeding 99%."* Nevertheless, purifying the
aromatic compound from such high-boiling or water-miscible
organic solvents is highly energy-intensive and, thus, consid-
ered questionable in terms of sustainability.

While much attention has been focused on 5-HMF, another
intriguing derivative, in detail its regioisomer 4-hydroxymethyl-
2-furfural (4-HMF), deserves consideration. This compound can
be synthesized through the simple mono-aldol reaction of
dihydroxyacetone (DHA), which is available from the renewable
resource glycerol or industrial waste carbon monoxide, followed
by a Bronsted acid-catalyzed triple dehydration of the resulting
sugar molecule 2,4-bis(hydroxymethyl)tetrahydrofuran-2,3,4-
triol, which is further named dendroketose.” Dihydroxyace-
tone itself can be produced from CO being available from
industrial waste streams, or through enzymatic or anodic
oxidation of bio-based glycerol, making it an attractive,
sustainable, and inexpensive starting material (Scheme 1).****
Selective oxidation of glycerol can take place via various reaction
pathways, including microbial fermentation with Gluconobacter
oxydans.** This method represents an industrial application of
microorganisms that has been extensively investigated from
a microbiological perspective.'®

o
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Scheme 1 Synthesis of 4-hydroxymethyl-2-furfural from glycerin or
CO/H;,-based dihydroxyacetone.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

Notably, Deng et al. made significant progress by synthe-
sizing 4-HMF from formalin, subsequently hydrogenating it to
2,4-dimethylfuran and further to Cy-C;g alkanes for biofuel
applications. They reported a high HMF selectivity of 93% using
DMSO as a solvent and Amberlyst®15 (Amb15) as the acidic ion
exchange resin catalyst, at a substrate loading of 200 g per L
(0.5 g scale synthesis).”” Later, in 2016, the same group
described an optimized process for selective 4-HMF synthesis
and subsequent isolation from the DMSO-based solution on
a 400 mg scale (100 g per L), achieving an 80% HPLC yield and
an 80% isolated yield through column chromatography, or 60%
when purified by distillation.*® The 4-HMF process developed by
the Deng group was successfully demonstrated in a flow setup,
showcasing the potential for a scale up into industrially relevant
scales.” Furthermore, they synthesized important derivatives of
4-HMF such as 2,4-furandicarboxylic acid or 2,4-dihydrox-
ymethylfuran, which are suitable for the production of bio-
plastics as already demonstrated for their 5-HMF-based
counterparts 2,5-furandicarboxylic acid and bishydrox-
ymethylfuran.” Inspired by the Deng group's work, we aimed to
further optimize the 4-HMF synthesis process by excluding
DMSO and using water as a green and sustainable solvent,
although it has to be mentioned that a water/MIBK-based
biphasic system was already introduced by Deng et al. in 2013
resulting in an impressive 4-HMF yield of 80% at a 99% den-
droketose conversion using a self-synthesized tantalum phos-
phate catalyst (reaction scale 2.4 g, dendroketose loading 100 g
per L, catalyst loading 10 g per L, with an organic to aqueous
ratio of 1.5 : 1, and a reaction temperature of 180 °C at 50 bar N,
pressure).”® Our approach aims to simplify this synthesis
process by facilitating product removal via straightforward
liquid-liquid extraction, thereby avoiding the energy-intensive
DMSO distillation. We focus on using inexpensive, readily
available catalysts and conducting the reaction under mild
conditions, at low temperatures and atmospheric pressure. This
methodology is designed with scalability in mind, enabling the
reaction to be performed efficiently on a multigram scale.
Additionally, our goal has been to develop a feasible, cost-
effective, and reproducible process for the selective and
sustainable synthesis of 4-HMF. This study focuses on synthe-
sizing 4-HMF in water, followed by an in situ product removal
process to enhance the yield in combination with a tailor-made
reactor set-up. Like 5-HMF, 4-HMF is a highly versatile
compound that can be further derivatized into valuable chem-
icals such as biofuels, pharmaceuticals, lubricants, and
plastics.*®

Results and discussion
Dendroketose preparation

For the preparation of dendroketose, we adapted the method of
the Deng group by using 0.1 M NaOH solution for the mono-
aldol reaction of two molecules of DHA. The synthesis was
performed at 100 g per L and 1000 g per L DHA loading. Fig. 1A)
shows the DHA conversion over time for both experiments,
revealing that the reaction is faster performed at lower DHA
concentration which can be rationalized by the relative
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Fig.1 (A) Consumption of dihydroxyacetone over time ata 100 g per L
substrate loading (red curve) and 1000 g per L substrate loading (black
curve) (B) physical appearance of the produced dendroketose.

concentrations between DHA and the catalyst sodium
hydroxide. For example, for a 100 g per L DHA loading, the total
catalyst loading of NaOH is calculated to be 8.3 mol%, while for
a 1000 g per L DHA loading, it is 0.9 mol%. Indeed, the reaction
can be performed faster, when for higher DHA loadings the
NaOH concentration is adapted, but for a later neutralization
step this would mean a higher amount of salt production. When
calculating the ecological factor (E-factor; EF = mass (waste)/
mass (product)) for both reactions, the 100 g per L reaction
achieves an undesired EF = 10, while the 1000 g per L reaction
achieves an EF = 1, when the water is removed for substance
isolation. When the water is not removed, as it will be demon-
strated in the last section of this work, the E-factor is calculated
to be EF = 0.01 for the 1000 g per L reaction with the assump-
tion that the produced NacCl is treated as waste (which will not
be the case as demonstrated in the further sections). The atom
economy of the reaction is calculated to be AE = 100%. The
reaction is performed at ambient conditions, and the reaction
enthalpy is endothermic. For the work up procedure, the reac-
tion water might be removed by distillation procedures. For
substance characterization, we removed the water at 40 °C and
0.001 mbar, which lasted 2 h of distillation time to remove
100 mL of water. The total energy consumption for this process
was calculated to be 1.04 kW h, which is related to the
production of 374 g of CO, per 100 g of product and an esti-
mated energy cost of 0.19 EUR per 100 g of produced den-
droketose (see ESIf for further details). The 'H-NMR and "*C-
NMR of the synthesized dendroketose is presented in the ESIf
of this work. According to both spectra successful production of
dendroketose is concluded, which is present as its 5-membered
ring furanose form, since no evidence was found for a substance
with keto-functionality. Dendroketose appears as a yellowish oil
and was isolated with a purity of 92%, while 8% is attributed to
the produced NaCl salt during the neutralization step.

Solvent screening for the selective preparation of 4-HMF

To optimize the preparation of 4-HMF starting from the aldol
product of DHA, we investigated the most promising synthesis
conditions already established for producing 5-HMF from b-
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fructose or similar C6-sugars. We initially adopted the method
of Yu et al.,” who achieved an 82% yield of 5-HMF from sucrose
using the ionic liquid [HMIm]JHSO,, synthesized by simply
adding sulfuric acid to N-methylimidazole (NMI). This yield is
remarkably high for sucrose. Another efficient synthesis
strategy was reported by Guo et al.,”® who used a tetraethy-
lammonium bromide (TEAB)/CrCl; system to obtain a high 90%
yield of 5-HMF starting from p-fructose and 76% from b-
glucose. We also explored the method of the Deng group,™ who
synthesized 4-HMF with yields close to 80% using DMSO as
a solvent and Amb15 as an immobilized acidic catalyst. Addi-
tionally, we were inspired by the Yousatit group,* who achieved
a 56% yield of 5-HMF with 82% sugar conversion in an aqueous
NaCl/THF solution; however, we omitted THF and focused on
synthesizing 4-HMF solely in an aqueous NaCl solution. To
ensure comparability across all synthetic strategies, we consis-
tently used Amb15 as a reusable strong acid catalyst, conducted
all reactions at 95 °C, and monitored the 4-HMF yield and
dendroketose conversion to assess the reaction progress and
the 4-HMF selectivity, which are shown in Fig. 2A and 2B.

For example, the dehydration reaction of dendroketose,
produced from the aldol reaction of two molecules of DHA,
proceeds most rapidly when a deep eutectic solvent such as
[HMImJHSO, or TEAB is used as the reaction medium.
However, in [HMIm]|HSO,, we observed a continuous decline in

[F—TEAB, 100g/L Dendroketose, 50 gL Amb 15, 120 °C
|A— NaCI/H,0, 100g/L Dendroketose, 50g/L Amb 15, 95 °C
|-0— DMSO, 200g/L Dendroketose, 50 g/L Amb 15, 110 °C
|- [(HMIm]HSO,, 100g/L Dendroketose, 50g/L Amb 15, 130 °C]
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Fig. 2 Screening of literature-known synthesis strategies for the
production of 5-HMF and 4-HMF. (A) HMF yield and 4-HMF selectivity
over time (@ TEAB, A NaCl/H,O, B [HMIm]HSO,], ¢ DMSO), (B)
dendroketose conversion over time (@ TEAB, A NaCl/H20, &
DMSQO). For the dendroketose conversion an error of +5% is to be
mentioned.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4-HMF selectivity from the start, with a maximum yield of only
14% after 30 minutes, leading us to conclude that this reaction
medium is not promising for further optimization. In contrast,
using TEAB as the solvent, we achieved a maximum 4-HMF yield
of 50% after 30 minutes, although the yield then steadily
decreased, likely due to humin formation which could be
observed from the black discoloration of the reaction solvent
over time. The 4-HMF selectivity in the TEAB system was
calculated to be 82%, with the remaining 18% attributed to the
formation of 5-HMF. When using DMSO as the solvent, the
reaction rate slowed down, reaching a maximum 4-HMF yield of
37% after 4 hours. The selectivity for 4-HMF decreased from
90% at the beginning of the reaction to 80% after 5 hours, with
5-HMF again identified as a by-product. In the dehydration
reaction of dendroketose in saturated aqueous NaCl solution,
a 4-HMF yield of only 17% was achieved after 3 hours, but this
reaction exhibited the highest selectivity for 4-HMF being close
to 95%, which would mean in a later purification process that
the separation between 4-HMF and 5-HMF can be nearly
omitted. Additionally, monitoring dendroketose conversion
over time revealed nearly complete conversion in the TEAB
system, 93% conversion in the DMSO system after 5 hours, but
only 57% conversion in the NaCl solution over the same period.
In conclusion, while the NaCl/H,O system offers the highest
selectivity for 4-HMF, the incomplete reaction presented
a challenge for further optimization to improve the overall 4-
HMF yield.

Another key factor in choosing the NaCl/H,O system over the
DES and DMSO systems is the energetic and toxicological
advantages offered by the aqueous system. In the case of the
DMSO system, isolating the product requires the distillation of
the solvent. As reported by Deng et al.,* this distillation process
should preferably be carried out after basification of the reac-
tion mixture, below 50 °C and under a high vacuum of at least
10> mbar for several hours to ensure complete removal of
DMSO. For example, our laboratory vacuum oil pump consumes
0.18 kW of energy and to remove 1 L of DMSO at 50 °C would
require approximately 16 h of distillation time. This would
mean an energy consumption of 0.18 kW x 16 h = 2.88 kW h.
Additionally, heating 1.1 kg of DMSO (¢, = 2780 J (kg x °C) from
25 °C to 50 °C and maintaining that temperature for 16 hours
with using the laboratory heating device (0.1 kW average power)
requires approximately 1.64 kW h of energy. Thus, the total
energy consumption for only DMSO distillation in the purifi-
cation process amounts to around 4.52 kW h per kg of solvent
which is related to the production of 52 g of 4-HMF with respect
to our best achieved synthesis yield of 37% at a dendroketose
loading of 200 g per L.

On the other hand, the DES system, which includes TEAB,
involves less favorable halogen chemistry, as the salt is
synthesized from toxic bromoethane (a known CMR - carcino-
genic, mutagenic, or reprotoxic substance) and triethylamine,
which is an inhalation toxin. TEAB itself is a respiratory and
skin irritant.

In contrast, the aqueous NaCl solution uses non-toxic
sodium chloride, and the product can be efficiently extracted
using low-boiling solvents like methyl tetrahydrofuran (MTHF),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a bio-based THF alternative. MTHF can be regenerated in
a closed-loop process, further reducing environmental and
energy costs.

However, since the aqueous system currently achieves a low
HMF yield of only 17%, the goal is to optimize process param-
eters such as salt additives, synthesis temperature, catalyst type
and dendroketose concentration, as well as the reaction control
which is needed to enhance yields. These adjustments aim to
improve HMF selectivity and yield, ensuring a process with
minimized waste generation and maximum productivity.

Salt screening

The first optimization step in the saturated salt/H,O system
consisted of a screening of different salt systems while varying
the cations and anions to observe their impacts on the reaction.
For example, we screened also KCl and NH,CI next to NaCl, thus
varying the nature of cations, and on the other side we screened
(NH,4),SO,4 and NH,Ac to get an insight into the effect of the
anion. We chose readily available and cost-efficient salt addi-
tives to make the overall synthesis economically valuable. For
comparison, the reaction was also conducted in deionized water
(D.I.) and the results of these experiments, which were con-
ducted at 95 °C and with an Amb15 catalyst loading of 50 g per L
at a reaction time of 2 h, are provided in Fig. 3.

The results presented in Fig. 3 show that the addition of salt
can significantly influence the dehydration reaction leading to
4-HMF formation. For instance, when the reaction was con-
ducted in deionized (D.1.) water, the 4-HMF yield was surpris-
ingly low with just 3% and a dendroketose conversion of only
5%. However, under the same conditions, the addition of NaCl
increased the 4-HMF yield to 15% and the dendroketose
conversion to 51%. Using a saturated KCI solution resulted in
a reduction of the 4-HMF yield to 10% and a dendroketose
conversion to 35%. With a saturated NH,Cl solution, the 4-HMF

95°C, 100g/L Dendroketose, 50g/L Amb15, 2h

[ ] Dendroketose conversion
[ 4-HMF —
L |

~
=)
1

5-HMF

o
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1 1 1 1

Proportion after the reaction [%]
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_Ik

D.L NaCl KCI

|
NH,CI (NH,),SO,NH,Ac

o
1

Saturated aqueous solutions

Fig. 3 Screening of salt additives for the dehydration reaction of
dendroketose to 4-HMF at 95 °C for 2 h and 50 g per L Amb15.
Synthesis was performed in deionized water (D.l.), and saturated
solutions of sodium chloride (NaCl), potassium chloride (KCl),
ammonium chloride (NH4Cl), (NH4),SO4, NH4Ac. HMF yields and
dendroketose conversion were determined by *H-NMR analysis (error
of + 5% for the dendroketose quantification).
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yield was like that of NaCl at 15%, but the 4-HMF:5-HMF ratio
and dendroketose conversion were significantly higher. Inter-
estingly, when the anion was changed from Cl~ to SO,>~ or
acetate, the 4-HMF yields dropped significantly, and in case of
NH,Ac, no 4-HMF was detected at all, despite the consumption
of dendroketose. For further optimization, we selected NaCl as
the salt additive of choice due to its lower cost, greater avail-
ability, and lower toxicity compared to ammonium-based salts.

Screening of different dendroketose concentrations for the
synthesis of 4-HMF

The next step in optimizing our 4-HMF-synthesis involved
screening different dendroketose concentrations to determine
the ideal sugar loading that balances both optimal space-time
yields and overall HMF selectivities. We tested dendroketose
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Fig. 4 Screening of the dendroketose loading for the dehydration
reaction of dendroketose to 4-HMF at 95 °C and 50 g per L Amb15. (A)
HMF yield and dendroketose in aqueous solution over a period of
420 min for a dendroketose concentration of 100 g per L, 200 g per L,
and 500 g per L, (B) HMF yield x HMF selectivity at a dendroketose
concentration of 100 g per L, 200 g per L, and 500 g per L over a time
period of 420 min. HMF yield and dendroketose quantification were
determined by *H-NMR analysis (error of 4+ 5% for the dendroketose
quantification). HMF selectivity is defined as the molar amount of
formed 4-HMF and 5-HMF related to the molar amount of consumed
dendroketose.
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loadings across a range from 10 g per L to 500 g per L (see ESIT
for comprehensive data). For clarity reasons, we present the
results for 100 g per L, 200 g per L, and 500 g per L dendroketose
loadings, illustrating the HMF yield over time in Fig. 4A and
yield-related selectivities in Fig. 4B. As before, we maintained
constant unoptimized parameters such as a reaction tempera-
ture of 95 °C, and 50 g per L Amb15 catalyst.

In Fig. 4A, which illustrates the time course of HMF yield in
solution and dendroketose conversion, it becomes evident that
higher sugar loadings, such as 200 g per L or 500 g per L, result
in a more rapid consumption of the sugar molecules, but the
HMF yield remains relatively low. Typically, the HMF yield
decreases over time as the sugar consumption curve intersects
with the HMF production curve, indicating that side reactions
are becoming more dominant. For the 100 g per L dendroketose
loading, the highest HMF yield of 32% is observed after 240
minutes of reaction time. However, when analyzing yield-
related selectivities (HMF yield x HMF selectivity), which are
shown in Fig. 4B, the 100 g per L sugar loading delivers the best
results in terms of yield and overall HMF selectivity, while the
process running at a 200 g per L sugar loading gives similar
results at higher substance concentrations, thus making it more
advantageous from an industrial production perspective. The
results suggests that further optimization, particularly by
screening reaction temperatures at 100 g per L and 200 g per L
dendroketose loadings, could further enhance the process.

Temperature screening

The reaction temperature represents an important parameter
when it comes to the dehydration reaction of sugar molecules.
In case of 5-HMF-production, the reaction temperature is a key
criterium to determine dehydration velocity, but if the
temperature is chosen too high, side reactions such as humi-
fication will dominate leading to non-satisfactory selectivity. For
5-HMF, typically reaction temperatures between 100 °C to 200 °©
C are chosen,” but in our case of the 4-HMF process reaction
temperature is limited to the boiling temperature of the
aqueous NaCl system at 1013 mbar and, thus, we investigated
the reaction at temperatures of 60 °C, 80 °C, and 95 °C. When
employing a pressurized system, the maximal reaction
temperature can be increased, but this requires special autho-
rized equipment and appropriate safety measures. As discussed
in the section before, we focused to study the temperature effect
on the dendroketose dehydration at 100 g per L and 200 g per L
loadings. The results on the corresponding 4-HMF yields and
dendroketose conversion are summarized in Fig. 5A and 5B.
The reaction temperature turned out as a critical factor in the
dehydration of dendroketose to 4-HMF, as clearly shown in
Fig. 5A and B. For instance, at 60 °C, almost no 4-HMF is
produced over 420 minutes, although dendroketose consump-
tion reaches nearly 10% at a 100 g per L sugar loading and 20%
at a 200 g per L sugar loading. When the temperature is
increased to 95 °C, both 4-HMF yield and dendroketose
conversion rate rise significantly, with maximum yields of 32%
and 28% observed after 240 minutes for 100 g per L and 200 g
per L sugar loadings, respectively. At 80 °C, the reaction is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature screening between 60 °C to 95 °C of the den-
droketose dehydration reaction to synthesize 4-HMF. (A) 100 g per L
dendroketose loading (B) 200 g per L dendroketose loading. HMF
yields were determined by *H-NMR analysis (error of & 5% for the
dendroketose quantification).

slower than at 95 °C but faster than at 60 °C, with a more linear
dendroketose conversion rate. Notably, during the first two
hours at 80 °C and a 100 g per L sugar loading, a high 4-HMF
selectivity is observed. With this positive result in hand, at
a dendroketose substrate loading of 100 g per L and tempera-
tures of 95 °C and 80 °C, optimization of the catalyst amount
was carried out.

Screening of different catalyst loadings

The next step in our optimization process focuses on adjusting
the amount of catalyst used, specifically the ion exchange resin
Amberlyst 15. Amberlyst 15 (Amb15) is a strong acidic solid
catalyst known for its effectiveness in the dehydration of Ce-
sugar molecules to produce 5-HMF, and in our case, 4-HMF.
Being a heterogeneous catalyst, a key advantage is its easy
removal from the reaction system and its potential for recycla-
bility. Numerous studies have demonstrated Amb15's reus-
ability in reactions forming both 5-HMF and 4-HMF across
various solvents such as ionic liquids,* water-based systems,**
and DMSO.>***

We tested varying amounts of Amb15, ranging from 25 g
per L to 500 g per L, to assess its impact on the reaction. We
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Fig. 6 Time resolved screening of the Amb15 catalyst loading between
10 g per L to 500 g per L for the dendroketose dehydration reaction to
synthesize 4-HMF. (A) HMF yield at 100 g per L dendroketose loading and
80 °C, (B) HMF yield at 100 g per L dendroketose loading and 95 °C, (C)
HMEF reaction selectivity at 100 g per L dendroketose loading and 80 °C,
(D) HMF reaction selectivity at 100 g per L dendroketose loading and 95 ©

C. HMF yields and selectivity were determined by *H-NMR analysis (error
of £+ 5% for the dendroketose quantification).
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then measured the resulting 4-HMF yields and selectivities at
reaction temperatures of 80 °C and 95 °C over a time frame of
420 min, as shown in Fig. 6.

In general, increasing the amount of catalyst accelerates the
reaction rate, as illustrated in Fig. 6A and B, with the reaction
progress steadily increasing from 25 g per L to 500 g per L
Amb15 loading. However, at 80 °C, the overall HMF selectivity
appears to be higher compared to the reaction at 95 °C.
Specifically, at 95 °C, HMF selectivity is high when using lower
catalyst amounts, such as 25 g per L Amb15, where a maximum
selectivity of 60% is achieved after 240 minutes. However, the
corresponding HMF yield is only 10%. As the catalyst amount
increases, HMF yields improve, but selectivity decreases. This
indicates that at 95 °C, while selectivity peaks early in the
reaction, the yields remain too low.

In contrast, at 80 °C the same trend of decreased selectivity
with increasing catalyst amounts is observed. However, with
100 g per L Amb15, the highest overall HMF selectivity of 80% is
achieved, along with a corresponding yield of 33%. Since both
yield and selectivity decrease over time due to the formation of
soluble and insoluble oligo- or polymeric side-products, we
propose a strategy to remove HMF from the system via liquid-
liquid extraction. We expected that by isolating the HMF, it is
prevented from further participating in undesired reactions.
This approach suggests the following optimal reaction condi-
tions: 80 °C, 120 minutes, and 100 g per L Amb15, followed by
HMF extraction. The remaining dendroketose in the aqueous
phase can then be dehydrated in subsequent cycles. However,
before scaling up the reaction and engineering the process, the
final parameter requiring optimization is the catalyst type.

Catalyst type

Next to Amb15, we also evaluated alternative heterogeneous
solid catalysts, including Dowex50, Amberlyst16, Fulcat22F, and
Fulcat22B (for details, see ESIT). Amb15 consistently provided
the best HMF yields and selectivity. However, despite its effec-
tiveness, recycling studies in our saturated NaCl/H,O system
(for details, see ESIt) revealed that Amb15 became inactivated
after the first recycling cycle and was no longer able to catalyze

100g/L Dendroketose, sat. NaCl/H,0, 80°C, 2h

[l HMF Selectivity
90 - [ HMF Yield
[ |

Dendroketose Conversion
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50 +

40
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304

20 4

0,1 0,25 0,5 0,75 1
HCI Concentration [mol/L]

Fig. 7 Screening of HCl catalyst concentration for the dehydration
reaction of dendroketose to 4-HMF. HMF yields and selectivity were
determined by *H-NMR analysis (error of +5% for the dendroketose
quantification).
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the dehydration of dendroketose to 4-HMF. During the recy-
cling process, we washed the solid catalyst with the reaction
solvent before reusing it in the subsequent cycle. Upon
measuring the pH of the solution with fresh Amb15, we found it
to be 1, indicating a proton (H') exchange with sodium ions
(Na") from the resin. This suggests that, in essence, aqueous
HCI is the real catalyzing component in this system. This
hypothesis was confirmed by a control experiment (results are
available in the ESIf of this work), where we compared the
dehydration of dendroketose using (1) fresh Am15 beads and its
reuse in the 1st recycling cycle after washing it with the reaction
solvent NaCl/H,0, and (2) the NaCl aqueous solution of fresh
Amb15 beads, which was incubated in the named solvent for 2 h
at 80 °C without dendroketose. Accordingly, when the reaction
solution, which was previously incubated with Amb15 beads,
was used for the dehydration reaction of dendroketose without
the presence of Amb15, we found an HMF yield of 33%, while
the same reaction gave an HMF yield of 3% when ‘recycled’
Amb15 beads were used. This finding proves that the ion
exchange resin does not act as a heterogeneous catalyst in our
reaction solvent, but releases HCI into the solution, which
catalyzes the dehydration reaction as a homogeneous catalyst.
From this point on, we screened several homogeneous Brgnsted
acid catalysts such as HCIl, H,SO,, trifluoromethanesulfonic
acid or Lewis acid catalysts like several metal triflates (see ESIT
for further details), but the utilization of HCI as homogeneous
Brgnsted acid catalyst delivered best results. For identifying
optimal conditions, we screened HCI concentrations between
0.1 M to 1 M (Fig. 7).

It was found that both 4-HMF yields and selectivity decrease
as the HCI concentration increases, a trend previously observed
when using the Amb15 catalyst. The optimal HCI concentration
under the given conditions was determined to be 0.25 M, as this
concentration resulted in 83% selectivity towards 4-HMF with
a 31%yield. A similar result was obtained when the reaction was

100 g/L Dendroketose, 80°C, 2h
120

HMF Yield, Reaction Control 1
110 HMFSelektivity, Reaction Control 1
100 I HMF Yield, Reaction Control 2
L |

HMF Selektivity, Reaction Control 2]

90
80
70
60 -
50
40 4

Percentage [%]

30
20+
10

0

1 2 3 4 5
Reaction Cycles

Fig. 8 Dehydration reaction of the dendroketose to synthesize 4-
HMF. HMF yield and selectivity by performing the reaction at 100 g
per L dendroketose concentration at the beginning of the reaction
(reaction control 1, grey columns), and HMF yield and selectivity by
performing the reaction at 100 g per L dendroketose concentration
during all reaction cycles (reaction control 2, blue columns). HMF
yields and selectivity were determined by *H-NMR analysis (error of
+5% for the dendroketose quantification).
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carried out with 100 g per L Amb15. Using the resin's acid
number, we calculated the theoretical amount of HCI that could
be released during the ion exchange reaction. Taking into
account its 50% water retention capacity, this amount was
estimated to be 0.24 M HCL>® Finally, a control test to determine
ifa 0.25 M HCl solution in deionized water would yield the same
reaction result was carried out. As shown in the ESI (see
Fig. S771), the addition of NaCl significantly enhances the
dehydration reaction of dendroketose demonstrating the
crucial role of the salt addition in this reaction.

Optimization of the reaction process

Through our optimization process, have achieved
a maximum selectivity of 80% for 4-HMF synthesis using
a dendroketose loading of 100 g per L, an HCI concentration of

0.25 M, a reaction temperature of 80 °C, and a reaction time of

we

A)

B)

0 100 g/L Dendroketose, 0,25 mol/L HCI, sat. NaCI/H,0, 80 °C, 2h
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| HMF Yield
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Fig. 9 (A) Reaction apparatus for the 100 g scale synthesis of 4-HMF,
(1): reaction zone, (2): pump, (3): filtration unit, (4): distillation unit, (5):
solvent reservoir, (B) HMF vyield and selectivity and dendroketose
conversion during the 100 g scale synthesis of 4-HMF for 9 reaction
cycles. HMF yield and selectivity and dendroketose conversion were
determined by *H-NMR analysis (error of +5% for the dendroketose
quantification).
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120 minutes. Under these conditions, we obtain a maximum
yield of 30% HMF when the reaction is performed on a 1 g scale.
As discussed above, our strategy to further improve the HMF
yield involves isolating the product from the reaction mixture
after 2 hours, since extended reaction times decrease both yield
and selectivity. Therefore, we stop the reaction after 120
minutes, at which point the HMF selectivity is 80%, and extract
the product using 2-methyltetrahydrofuran (MTHF) as the
solvent. From our data we are aware that after 2 hours the
dendroketose is not fully consumed. When the reaction mixture
is reheated to 80 °C for a second dehydration cycle, the den-
droketose concentration will be below 100 g per L, leading to
a gradual decline in both product yield and selectivity with each
cycle. To maintain consistent reaction control, one strategy is to
replenish the consumed dendroketose after each cycle to keep
the concentration at 100 g per L. To evaluate the impact of these
two approaches, we performed the reaction on a 10 g scale using
two methods: (1) starting with a dendroketose loading of 100 g
per L and continuing the reaction in multiple cycles until all
dendroketose is consumed, and (2) maintaining a 100 g per L
dendroketose loading in every cycle, allowing the reaction to
proceed without interruption. The results of both methods,
which are designated as ‘reaction control 1’ and ‘reaction
control 2’, are summarized in Fig. 8. The experiment was con-
ducted over five reaction cycles for both control variants. In
‘reaction control 1’, the initial amount of dendroketose was fully
consumed at the end of the cycles, while in ‘reaction control 2’,
the dendroketose concentration was maintained at 100 g per L
throughout. In ‘reaction control 1’, where the dendroketose
concentration gradually declined, the HMF yield peaked at 20%
in the first cycle (100 g per L dendroketose) with a reaction
selectivity of 68%. However, both yield and selectivity steadily
decreased in subsequent cycles, resulting in an average HMF
yield of 43% and an average selectivity of 33% after five cycles.

B)

0 | D)

cocy

Transmisslon [%]

SZSSESB‘!!

00 3500 3000 2500 2000 100 1000 50
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Fig. 10 (A) Physical appearance of the isolated 4-HMF, (B) *H-NMR
spectrum of the isolated 4-HMF, (C) ATR-FTIR spectrum of the iso-
lated 4-HMF, (D) *C-NMR spectrum of the isolated 4-HMF.
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In contrast, for ‘reaction control 2’, where dendroketose was
replenished to 100 g per L after each cycle, HMF yields remained
relatively stable between 10% and 20%, with reaction selectivity
consistently ranging between 70% and 90% (Fig. 8). The average
HMF yield for this method was calculated to be 92%, with an
average selectivity of 85%. These favorable results from ‘reac-
tion control 2’ encouraged us to further scale up the reaction to
an elevated 100 g lab scale.

Multigram preparation under optimized conditions

This section presents the synthesis of 4-HMF on a 100 g scale,
aimed at validating the robustness of the developed process
under optimized reaction parameters, including the optimal
solvent, dendroketose concentration, temperature, reaction
time, catalyst, and reaction control. For this purpose, we
designed a customized reaction apparatus to stop the reaction
at the optimal reaction time, extract the produced 4-HMF prior
to the occurrence of side reactions, and replenish the consumed
dendroketose after each cycle. The apparatus, shown in Fig. 9A,
consists of five components: (1) reaction zone, (2) pump, (3)
filtration, (4) product concentration, and (5) solvent reservoir. In
the reaction zone, dehydration of dendroketose takes place
using saturated NaCl/H,O as the reaction medium and 0.25 M
HCI as a homogeneous catalyst. After 2 hours at 80 °C, the
extraction solvent, MTHF, is added, initiating the first of three
extraction cycles. Using the neckpiece of a Wulf bottle, the
organic solvent is drawn from the reaction zone into the filtra-
tion zone, where it passes through activated carbon filtration.
From there, it moves to the vacuum distillation zone, where
MTHF is distilled at 40 °C and 150 mbar into the solvent
reservoir. Once the reservoir collects 250 mL of MTHF, the next
extraction cycle begins. Fig. 9B presents the results of the

Atom economy [%]
80

20 Energy consumption
[KWhikg]

CO,, production
kalkg] °

Energy costs
[EUR/kg]

E-factor

‘ Sustainability metrics for the production of 4-HMF‘

Fig. 11 Sustainability metrics to produce 4-HMF with the optimized
dendroketose dehydration procedure with the proposed synthesis
strategy of this work by means of E-Factor generation (calculated and
determined on a 1 L scale), atom economy calculation, energy
consumption calculation (calculated for a 125 L scale), energetic
production price calculation (calculated for a 125 L scale), and the
calculation of CO, production (calculated for a 125 L scale).
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multigram synthesis of 4-HMF. In each cycle, the HMF yield
consistently reached 10%, with reaction selectivity ranging
between 75% and 90%.

Approximately 15% of dendroketose was consumed per
cycle, and fresh dendroketose was added prior to the start of the
next cycle. Using this approach, we achieved a total reaction
yield of 89% related to the total amount of dendroketose that
was consumed across nine reaction cycles (109 g consumed
dendroketose in total). The average HMF selectivity was calcu-
lated to be 84%. After removing the solvent MTHF, the isolated
yield of 4-HMF was determined to be 76% (58 g of 4-HMF were
determined by weighing), with a purity of 92%, and 8% attrib-
uted to the side product 5-HMF (Fig. 10). The mentioned yields
were calculated as follows: yield [%] = moles of HMF produced/
maximal moles of HMF that can be formed from the reacted
amount of dendroketose. The final product appeared as a dark
reddish viscous oil. The E-factor for the multigram reaction was
determined by mass analysis to be EF = 0.67, as the organic
solvent was recycled in a closed-loop process. This calculation
assumes uninterrupted reaction cycles, with the NaCl/H,O
reaction solvent continuously reused as demonstrated during
this work for the nine reaction cycles (see ESI{ for further
details). The total energy consumption of this reaction is
calculated with the energy requirement that is needed to heat
the sat. NaCl solution (¢, = 2.97 kJ (kg x °C) from 25 °C to 80 °C
in the first cycle and from 60 °C to 80 °C in the further cycles,
and to hold it at that temperature for 2 h (see ESIT for further
details). Accordingly, the heating up operation will require
a total energy amount of 0.18 kW h. The energy requirement to
hold 80 °C for 2 h of reaction time is calculated to be 0.2 kW h x
9 cycles = 1.8 kW h. The energy consumption for 15 min of
MTHEF distillation, which is required to recover 0.25 L of the
solvent, is calculated to be 0.05 kW h x 9 cycles x 3x extraction
per cycle = 1.22 kW h for the pump, and additional 0.68 kW h to
hold the distillation temperature of 40 °C for 9 cycles and 3 x
extraction procedure with the used laboratory heating device.
Therefore, the total amount of energy that is required to
produce 58 g of 4-HMF is calculated to be 3.88 kW h.

Sustainability metrics

The optimized multigram scale 4-HMF synthesis process has
been evaluated by means of sustainability metrics including E-
factor, total energy consumption, estimated product costs, atom
ecomomy and total CO, emissions (Fig. 11). During the whole
process, which includes 9 reaction cycles, 209 g dendroketose
was needed to conduct the reaction. Accordingly, 109 g took
part in the dehydration reaction within the 9 reaction cycles,
and the residual 100 g were kept in loop to stabilize the whole
process. The total yield of 4-HMF was determined to be 58 g
(76%) and the total dry amount of solid humin was determined
to be 13.7 g after 9 reaction cycles. The total loss of the biobased
organic solvent MTHF was determined to be 24.7 g which
results in an overall excellent E-factor of EF = 0.67. This desir-
able E-factor is calculated with the assumption that the reaction
is conducted in a non-interrupted mode, because the saturated
NacCl solution can be used for further dendroketose dehydration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cycles. In comparison to a typical 5-HMF process, the E-factor of
only 0.67 for this 4-HMF process is remarkably low, thus being
highly attractive and underlining the sustainability of the 4-
HMF production process from the perspective of a decreased
waste generation. Furthermore, it justifies to focus in further
research on this aromatic compound 4-HMF as a biorenewable
platform-chemical with potential for bulk production.

The total energy amount that was needed to produce 58 g of
4-HMF was calculated to be 3.88 kW h with respect to the energy
requirements for heating and distillation procedures. This
would correspond to a total energy requirement of approxi-
mately 66.90 kW h for the production of 1 kg of 4-HMF by
means of this process being conducted at a 1 L synthesis scale.
With the current energy costs of 0.181 EUR per kW per h in
Germany,” the production of 4-HMF with the described
procedure would cost 12.11 EUR per kg from the energy cost
perspective. In Germany, the amount of released CO, per
generated kW h of energy is estimated to be 360 g kW per h in
2023.”® For our process this would mean a generation of 24.1 kg
CO, per generated kg of 4-HMF. Indeed, the calculated amount
of 66.90 kW h per kg is considered to be high for a compound
that is intended to be produced on bulk industrial scale. On the
other side, the current calculations are based on our lab-scale
experiments, and we are confident that the energy require-
ments can be significantly reduced when upscaling the reac-
tion. Energy costs for heating and distillation will be reduced
significantly when producing 1 kg of product in just one cycle,
instead of 153 cycles (which would be the case in the 1 L scale
experiment). For example, to produce 1 kg of 4-HMF with our
synthesis strategy in only one cycle, one would need a synthesis-
scale of 125 L. The total energy requirement on a 125 L scale is
estimated to be only 8.61 kW h, and accordingly the production
costs will be reduced to only 1.56 EUR/kg, while the corre-
sponding CO, production reduces to only 3.1 kg kg™' (for
details, see ESIt). It should be added that our estimation is
made based on the assumption that product yield and selec-
tivity (and with it also the E-factor) remain the same as in the 1 L
scale reaction. Note that our evaluation of production costs and
CO, emissions was based solely on an energy perspective. The
method used to produce DHA from glycerol—whether through
anodic oxidation or biocatalytic oxidation—can significantly
impact both the CO, emissions and the product price, poten-
tially altering the calculated values by a factor of 5 to 10.
Therefore, the origin of the glycerol feedstock (whether bio-
based, fossil-based, or CO-based) can have a substantial effect
on the sustainability metrics of the process.

However, also employing more energy-efficient devices,
integrating heat exchangers for better energy circulation and
recovery, and utilizing advanced extraction technologies (e.g.,
stronger extraction agents or membrane-assisted pervapora-
tion techniques) can reduce energy requirements. Addition-
ally, incorporating solar energy could significantly reduce
dependence on fossil energy sources and can further reduce
the carbon footprint of the whole process. The atom economy
for the dendroketose dehydration reaction is calculated to be
70%.
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Conclusions

In summary, we successfully optimized the preparation of 4-
HMF from dendroketose through a series of reactions and
process enhancements. Based on a literature-known protocol,
initially dendroketose preparation using 0.1 M NaOH has been
optimized, demonstrating that the reaction can be performed at
a high substrate loading of 1000 g per L. With this optimized
synthesis of dendroketose in hand, we then explored various
synthetic strategies for its dehydration under formation of the
desired target compound 4-HMF. Our results showed that when
using [HMIm]HSO, and TEAB as reaction media, 4-HMF reac-
tion was connected with selectivity concerns due to substantial
extent of side reactions such as 5-HMF and humin formation. In
contrast, using an aqueous saturated NaCl solution as a solvent
provided the highest 4-HMF:5-HMF selectivity of 95%, with an
acceptable 17% yield. Through salt screening, we identified
NacCl as the optimal additive, improving both conversion and
yield while being economically accessible. Further optimization
focused on dendroketose concentration, temperature, catalyst
amount, and type of catalyst. The optimal conditions were
determined to be 100 g per L dendroketose, 0.25 M HCI, 80 °C,
and a reaction time of 120 minutes, resulting in a maximum 4-
HMTF yield of 30% with 80% selectivity. Furthermore, our find-
ings indicated that controlling dendroketose loading across
multiple reaction cycles significantly improves the yield, with
‘reaction control 2’ maintaining a 100 g per L dendroketose
concentration yielding a stable average yield of 92% over five
cycles. In the final scale-up experiment on a 100 g scale, we
validated our optimized parameters, achieving a total reaction
yield of 89% over nine reaction cycles with an average HMF
selectivity of 84%. The isolated yield of 4-HMF was 76%, with
a purity of 92%, making this process highly efficient and
attractive in terms of future technical applications. The calcu-
lation of the E-factor for the multigram reaction turned out to
give a favorable value of 0.67, underlining the environmental
and economic viability of this optimized synthesis pathway for
4-HMF.

Experimental section (materials and
methods)

Chemicals

2-Methyltetrahydrofuran (>99%, Roth), acetonitrile (>99.9%,
Honeywell), Amberlyst 15 (Thermo Scientific), ammonium
acetate (98.2%, VWR Chemicals), ammoniumchloride (98%,
Roth), ammonium sulfate (99.5%, Thermo Scientific), cal-
ciumchloride (99%, Supelco), deuteriumoxide (99.9%, Deu-
tero), dihydroxyaceton (98%, BLD Pharm), potassium chloride
(>99%, VWR Chemicals), magnesium sulfate pentahydrate
(>99%, Roth), sodium chloride (99.8%, VWR Chemicals), 1 M
hydrochloric acid solution (Fisher), tetraethylammonium
bromide (98%, Thermo Scientific), N-methylimidazole (>99%,
Roth), sulfuric acid (97%, Bielefeld University), 1 M sodium
hydroxide solution (Fisher) were purchased from the suppliers
given in parentheses.
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Preparation and isolation of dendroketose

100 g of DHA (1.11 mol) and 100 mL of 0.1 M NaOH were stirred
in a one-necked flask at room temperature for 22 hours. The pH
was then adjusted to 7 using 1 M HCI. An orange, transparent
solution was obtained. The water was then removed under
reduced pressure. Yield: >99%, Purity: 92%.

'H NMR (500 MHz, D,0) 6 [ppm]: 4.19-3.41 (m, 7H).

3C NMR (126 MHz, D,0O) ¢ [ppm]: 103.15, 82.39, 77.24,
77.19, 63.86, 61.75.

ATR-FTIR » [cm ™ ']: 3014-3666, 2913, 2887, 1003.

Preparation of 4-HMF on a 100 g scale

In a 2 L three-necked flask, DHA (100 g, 1.11 mol) and 100 mL
NaOH (0.1 M) were stirred at room temperature for 22 hours.
The pH was then adjusted to 7 with 1 M HCL 40 g NacCl,
237.5 mL HCI (1 M) and 600 mL saturated NaCl/H,O solution
were added to the yellow solution. The mixture was stirred at an
oil bath temperature of 80 °C for 2 hours. The mixture was then
extracted with 3 x 250 mL of MTHF. Using a vacuum pump, the
organic phase was passed through a CaCl,/activated charcoal
filter (10:1 w/w) and the MTHF was distilled under reduced
pressure and re-used, thus being retained in the system loop.
After the determination of the dendroketose consumption (see
ESIY for further details) an amount of sugar being equivalent to
that consumed in the previous cycle was re-added to the
aqueous phase and the next cycle was started. The extract was
dried with 100 g MgSO,-5H,0, filtered, and was then distilled
off completely under reduced pressure. 4-HMF was obtained as
a dark reddish oil. Isolated yield: 76%.

"H-NMR (500 MHz, CDCl;) 6 [ppm]: 9.61 (s, 1H), 7.66 (s, 1H),
7.26 (s, 1H), 4.62 (s, 2H).

BC-NMR (126 MHz, CDCl;) 6 [ppm]: 178.15, 153.29, 145.31,
128.28, 120.59, 57.60.

ATR-FTIR » [em~']: 3157-3600, 3125, 2885, 1666, 1508, 1145,
1018, 763.

EI-MS [m/z]: 126[M] ", 97 [M-HCO]".
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