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The scale up and recycling of all process streams in the H4SiW;,0,4¢ catalyzed dehydration of p-fructose
(Fru) to 5-hydroxymethylfurfural (HMF) were investigated. For this, a biphasic system based on a self-
consuming deep eutectic solvent (DES) consisting of choline chloride (ChCl) and Fru in a molar ratio of
5:1 as the reaction phase with in situ extraction of HMF employing acetonitrile was employed. In
addition to ChCl: Fru being a cost-effective DES of renewable origin, it provides a way to suppress side
reactions to levulinic and formic acid, particularly. The scale-up of the reaction system to a total volume
of 180 mL resulted in a reaction time of 12.5 minutes to achieve quantitative conversion reaching high
yields of 76% and selectivities as high as 83% whilst operating temperature was only at 80 °C, while
proceeding twice as fast compared to the smaller scale reaction of previous work. The system shows
easy separation of the upper extraction phase from the reaction phase due to the solidification of ChCl
and the catalyst H4SiW;,040 upon cooling to room temperature showing partition coefficients of about
4 to 5. HMF could be isolated from the extraction phase, recovering HMF crystals of >99% purity. The
system has the potential for numerous recycling runs up to a water content of 7.5 wt%, beyond which

the DES phase undergoes a loss of activity due to the system transitioning to an agueous solution. The
Received 22nd November 2024

Accepted 17th February 2025 extraction phase shows full recyclability and can be reused after simple distillation to separate HMF,

showing promise for further implementation. Finally, considering the mass balance of the system, the
DOI: 10.1035/d4su00733f basic green metrics of the system are calculated to show its potential compared to other similar

rsc.li/rscsus concepts in the literature.

Sustainability spotlight

5-Hydroxymethylfurfural (HMF) is a key building block in the development of biorefinery concepts for a more sustainable production of biofuels and bio-
products. The development of clean and effective synthetic routes to its production is crucial to reduce by-product generation. The research presented here
scales-up the use of a biphasic system based on a self-consuming deep eutectic solvent for production with in situ extraction of HMF catalysed by a hetero-
polyacid. This system shows high solvent and catalyst recyclability with a high partition facilitating the separation of HMF and subsequent purification to 99
wt%. This work aligns with the UN sustainable development goals: affordable and clean energy (SDG 7), responsible consumption and production (SDG 12), and
climate action (SDG 13).

1. Introduction

) . . o The depletion of fossil resources may lead to a potential future
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‘Department of Chemical Engineering, The University of Manchester, Manchester, M13 composted leaving the energy it contains unused.! In addition
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platform chemicals that are currently derived from fossil sour-
ces could also be obtained from biomass.>®* A promising plat-
t Electronic ~ supplementary  information (ESI) available. See DOI: form chemical is 5-hydroxymethylfurfural (HMF), obtained
https://doi.org/10.1039/d4su00733f from the dehydration of bio-based carbohydrates. Due to its
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reactive aldehyde and alcohol groups, HMF is a suitable plat-
form chemical for molecules such as 2,5-furandicarboxylic acid
(FDCA), 2,5-bis(hydroxymethyl)furan or 2,5-dimethylfuran,
which are important in the plastics, petrochemical and phar-
maceutical industries.*® Research towards commercial
processes for the production of HMF is attracting significant
interest in the bioeconomy, where, additionally, new processes
should consider the principles of green chemistry to minimize
the risks to human health and the environment.”

Scaling up the production of HMF from the laboratory to the
industrial scale is fraught with a multitude of technical chal-
lenges.* HMF is chemically unstable and prone to the formation
of byproducts such as humins and hydrolysis to levulinic and
formic acid in the presence of water, particularly under acidic
conditions and/or at high temperatures,” which are typical in its
production process. This instability has led to numerous efforts
towards the development of methods to convert HMF in
a cascade to useful products.’® With the intention to obtain
HMF, the use of biphasic systems for the in situ separation of
HMF during reactions has widely been reported.” Mostly,
biphasic systems using water as the reaction phase (RP) have
been employed, although an increasing number of efforts
contemplate the use of ionic liquids and deep eutectic solvents
(DESs).*

With an eye on process development, the scalability of the
application and its circularity, it is crucial to consider chal-
lenging aspects that integrate the recycling of catalysts as well as
the RP and extraction phases (EP) without compromising the
quality or yield of HMF. In a previous study, we developed
a promising laboratory scale approach to the synthesis of HMF
from fructose using H,SiW,,0,, as a catalyst, reaching yields as
high as 80%." This synthesis uses a DES made from choline
chloride and fructose (ChCl:Fru) with acetonitrile (MeCN)
being an effective EP exhibiting high partition coefficients for
the separation of HMF. Considering the renewable origin of the
components of the DES as well as the potential production of
aliphatic nitriles from biobased feedstock,** this concept has
great promise in the context of Green Chemistry.” Similar
systems, based on the same DES and EP but using an inorganic
homogeneous acid, with slightly higher yields of about 90%,
have previously been reported;** however, the system we devel-
oped requires lower temperatures (80 vs. 100 °C) and signifi-
cantly shorter reaction times (as low as 12.5 min vs. 240 min)
and provides full recyclability of the EP.*®

Typically, the production of HMF has been tackled at only
a few mL scale to perform solvent selection and catalytic testing
and screening.'” After many years of academic research, the
interest in technology development for the production of HMF
has transcended to industry, even at small reaction volumes,*®
as displayed in Table 1. For example, BASF SE investigated the
impact of different reactor operation modes (semi-batch,
continuously stirred tank reactors, and pipe reactors) on the
yield of HMF from Fru.'”?* Additionally, they patented a two-
step continuous process using [EMIm][MeSO,]'**° as a solvent
in a monophasic system, achieving an HMF yield of up to 88%.
Whilst yields are undeniably high, ionic liquids are typically
costly and challenging to operate with. By way of another
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example, the Archer Daniels Midland Company developed
various methods to optimize HMF production. Their highest
yield, 80.6%, was achieved in a batch reactor using N-methyl
pyrrolidone (NMP) as the solvent and Amberlyst 35 Wet as the
catalyst at 115 °C for 5 h. As a general rule, the results show that
HMTF production takes place under relatively harsh temperature
conditions (mostly above 100 °C) and at long reaction times,
which translates into an energy-intensive operation.

This highlights a clear gap for the development of a reaction
with an in situ extraction system that can produce high yields of
HMF (a) with high selectivity in a short time, (b) under mild
conditions and (c) with good product separation from the
reaction medium owing to the high partition coefficients
offered by the ChCl:Fru/MeCN solvent pair. Therefore, this
work investigates the scale-up on a laboratory scale assessing
the recyclability of the biphasic system and catalyst. In addition,
we address the isolation and purification of the product from
the EP via crystallization and quantify green metrics of this
reaction and separation concept compared to other proposed
work in the literature using non-water based biphasic systems.

2. Experimental
2.1 Materials

Choline chloride (67-48-1, =98%) and silico tungstic acid
(12027-43-9, =99%) were purchased from Sigma Aldrich. p-
Fructose (57-48-7, 99%) was purchased from abcr GmbH.
Acetonitrile (75-05-8, =99.5%) and diethyl ether (60-29-7,
=99.5%) were purchased from Carl Roth. All chemicals were
used without further purification.

2.2. Reaction setup and procedure

The reactions were carried out using a Biichiglasuster® Eco-
clave 075 dc type 1 system (0.25 L) from Biichi AG, Switzerland.
This borosilicate glass reactor has a 250 mL capacity and
features a jacketed design for heating and cooling, utilizing
water as the heating medium. The reactor's inner diameter
measures 52 mm, while the outer jacket diameter is 125 mm,
with a wall thickness of 9 mm for the reaction vessel and 5 mm
for the jacket. Deflector baffles are included to prevent vortex
formation during stirring. An image of the reactor setup is
shown in Fig. 1. The system's product-contacting components
are made of borosilicate glass, modified PTFE, or stainless steel.
Stirring is achieved with an impeller or a pitched blade stirrer,
powered by an IKA Eurostar 60 Control stirrer. Temperature
monitoring and control are managed via a Pt100 thermocouple
and an IKA HBC 10 basic thermostat.

For a standard reaction, Fru (4.5 g, 25 mmol, 1 eq.), ChCl (18
g, 130 mmol) and 150 mL MeCN were placed in the glass
reactor. The DES formed within the heat up period of the
reaction mixture and therefore did not need (ex situ) perform-
ing. A small amount of Fru and 15 mL of MeCN were retained.
The retained amount was used to fill the sluice with H,SiW,,0,4,
(623 mg, 216 pmol, 0.009 eq.). To ensure the complete transfer
of the catalyst into the reaction mixture, half of the retained Fru
was placed into the sluice first followed by the catalyst and then
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View Article Online

Paper

‘\\\\||\||

“\\\\\\\“‘

1707

Fig. 1 Glass reactor (Buchi) with a built-in pitched blade stirrer,
a thermocouple, immersion tubes and a baffle.

by the rest of the retained Fru. After the mixture was brought up
to 80 °C under constant stirring, the catalyst was added through
the sluice and rinsed with the retained MeCN (15 mL). This
determines the start of the reaction (¢ = 0). Sampling of the
reaction and EPs was performed using a tube attached to
a syringe, which was inserted into the liquid through a port on
the top of the reactor and samples of the respective phases were
taken. Stirring was stopped for the duration of the sampling to
ensure phase separation. After the desired reaction time, the
mixture was cooled to 20 °C, which was accelerated by adding
ice to the storage container of the thermostat. To evaluate the
reproducibility of the sampling of the RP, the analysis of two
experiments was performed three times. In addition, for three
experiments with different reaction times, the sampling of the
solidified RP at 20 °C was compared with the sampling of the
liquid RP at 80 °C. For experiments regarding stirrer speed, the
arithmetic mean and standard deviation of the triple determi-
nations were obtained for 400 and 600 rpm.

2.3. Solvent and catalyst recycling

After each experiment, the EP mainly consisting of MeCN was
purified via rotary evaporation at 40 °C under a vacuum of 200
mbar. The water content of the distillate was determined using
gas chromatography with a barrier discharge ionization
detector (GC-BID). Evaporation of the EP produced a clear
distillate and an oil phase as the bottom product with a brown
appearance and high viscosity that wetted the vessel wall (see
Fig. S17).

The reaction was started as described above, except that the
catalyst was already present in the reaction mixture prior to
heating. The reaction was completed 12.5 minutes after reach-
ing 80 °C at a stirrer speed of 400 rpm. Afterwards, the reaction
mixture was cooled down to 20 °C.

The EP was then removed with a tube as described in the
standard procedure. Analysis was carried out with the GC-BID

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and MeCN was isolated from the remaining EP with the rotary
evaporator. The RP was left in the reactor, to which 4.5 g Fru and
ChCl were added. After the reaction 139 mL on average were
recovered from the reactor. The solvent loss during the distil-
lation was 2.8% on average, which can mainly be attributed to
the transfer of the extraction phase into the various glass
vessels. Detailed volumes for the workup are provided in Table
S3.1 The MeCN distillate was added to the reactor and filled up
to 150 mL with the MeCN distillate from previous experiments
to compensate for solvent loss during the workup. No change in
volume of the extraction phase was observed during the recy-
cling runs according to the calibration marks on the reactor
wall. A new reaction run was then performed using the reaction
conditions described above. This was repeated 3 more times. In
a final experiment, a fresh RP was used and prepared with 18 g
ChCl, 4.5 g Fru, and 623 mg H,SiW;,0,. The distillate, which
had already undergone 6 reaction cycles, was made up to 150
mL with distillate from a previous experiment and added to the
reactor. The reaction conditions were the same as those in the
previous experiments.

2.4. HMF purification

To recover HMF, solvent removal, extraction of the product and
crystallization were conducted. MeCN was removed from the
isolated EP in the rotary evaporator at a pressure of 100 mbar
and temperature of 40 °C. In a separating funnel, the highly
viscous sump was washed three times with 10 mL of diethyl
ether. The diethyl ether containing HMF was collected in
a flask. The extract was reduced to 10 mL using a rotary evap-
orator and then stored at —25 °C for 6 days. The liquid phase
was then decanted from the flask and analyzed using the GC-
BID. The crystal was dried under vacuum and subsequently
analyzed by "H-NMR spectroscopy.

2.5. Analytical methods

The DES phase was analyzed with HPLC. The device used
consists of modules from the Shimadzu company: an LC-20AD
(pump), an SIL-20-AC (autosampler), a CTO-10ASvp (oven),
a CBM-20A (control unit) and an RID-10A (refractive index
detector). Furthermore, a 40 x 8 mm precolumn for organic
acids and two additional columns for organic acids with
a length of 30 and 10 cm and a diameter of 0.8 cm each were
implemented. All columns were purchased from CS-Chroma-
tography Service GmbH. 2 mM trifluoroacetic acid in ultrapure
water solution was used as the eluent. The measurement time
was set to 40 min with a flow rate of 1 mL min ' and an
injection volume of 20 pL.

The EP was analyzed with a Shimadzu GC-BID 2010Plus
provided with a 15 m x 0.25 mm Restek RTX-1701 column with
a film thickness of 0.25 pm. The injection volume was 0.2 uL
and the injection temperature was 250 °C. Helium was used as
the carrier gas and the linear velocity was 30 cm s~ * with a split
ratio of 30. Detection temperature was 260 °C. Before the
measurement started, the oven was heated to 50 °C for 2
minutes. It was then heated to 250 °C at a rate of 25 °C min ™"
maintaining the temperature for 7 min before starting the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measurement. Mesitylene was used as the internal standard for
the GC analysis.

The "H-NMR spectroscopy NMR measurements to quantify
the purity of HMF were carried out at 400 MHz on a Bruker
Ascend 400 nuclear magnetic resonance spectrometer at 25 °©
C. The residual proton signal of the deuterated solvent is used
as a reference for the chemical shift 6. The reference signal is
labelled in the NMR spectra with the symbol #. A sample of the
crystal (9.9 mg) was dissolved in deuterated chloroform and
mixed with mesitylene (9.6 mg) as an internal standard.

3. Results and discussion

3.1. Mixing considerations

The small-scale experiments performed in our previous work to
screen operating conditions were performed with a simple
stirring bar in a total volume of about 30 mL."* However,
changing the vessel to increase the reaction volume entails
a change in the surface-to-volume ratio of the dispersion to be
formed and fluid dynamics, which could affect mass transfer in
a multiphase system like the one being dealt with. For this
reason, here it was decided to check the reaction performance
using two different types of impellers: a pitched blade (Fig. 2a)
and an impeller blade (Fig. 2b) stirrer, which promote axial and
radial flow, respectively.®

Fig. 2 shows the yields of HMF in the RP, the EP and the
conversion for the two stirrer geometries considered, with the
conversion being about 95% for both stirrers. The overall yield
in both phases was higher with the impeller stirrer (b), reaching
a value of 66%, than that with the pitched blade stirrer (a),
obtaining about 54%, thus providing a higher selectivity
considering the similar conversions achieved. It is assumed that
the higher yield with the impeller stirrer (c) was achieved by
improved mixing of the RP. This did not result in locally
elevated concentrations of HMF. With the pitched blade stirrer,
it is assumed that high concentrations of HMF occurred locally,
resulting in increased production of high-molecular by-prod-
ucts such as soluble humins. For the pitched blade, an HMF
distribution coefficient of 5.5 was achieved, with a somewhat
lower yet similar value when an impeller blade was employed.
Due to the higher selectivity for the desired product, the
compromise of the lower distribution coefficient was chosen
and further experiments were carried out with the impeller
blade.

After selecting a mixing device, an analysis of the stirring
rate was conducted to ensure operation in a regime where no
mass transfer limitations exist. For this, the reaction perfor-
mance and HMF partitioning were evaluated between 200 and
800 rpm. Fig. 3 shows that when the reaction was stirred at 200
rpm, the biphasic system was clearly insufficiently mixed. At
this stirring rate, the lack of mixing of the catalyst in the RP
leads to low conversions of 40% after 15 minutes, which may
be seen in Fig. S2.1 Above this layer, a yellow hue was observed
indicating the formation of HMF in this part of the RP. This
optical observation of the reaction is supported by the analysis
of the reaction, revealing an overall yield of less than 20%. In
addition, the partition coefficient reaches a value of only about

RSC Sustainability, 2025, 3, 1848-1858 | 1851
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performance and HMF distribution in both phases achieved with both types of impellers. Reaction conditions: 18 g ChCl, 4.5 g Fru, ChCL: Fru (5:
1), Vsowent = 150 mL, T = 80 °C, t = 15 min, w = 600 rpm, cy siw,,0,, = 0.87 Mol%¢ .
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Fig. 3 Screening of the stirring speed and influence on the reaction.
Reaction conditions: 18 g ChCl, 4.5 g Fru, ChCL: Fru (5:1), Vsowent =
150 mL, T =80 °C, t = 15 min, cy,siw,0,, = 0.87 MOl%.

2, which is indicative of the low contact between the reaction
and the EPs to promote the transfer of HMF from the former to
the latter.

However, stirring speeds of =400 rpm result in consistently
high yields and selectivities, thus indicating that mixing is
sufficient and that no mass transfer limitations take place. This
is also underlined by constant HMF distribution in both phases.
A speed of 400 rpm was chosen for further tests and shows an
improvement of the reaction proceeding twice as fast compared
to reactions conducted on a smaller scale."® Despite the results
presented here being obtained in a larger reaction vessel, there

1852 | RSC Sustainability, 2025, 3, 1848-1858

appears to be an agreement that only relatively low reaction
rates are typically required in the production of HMF in
biphasic systems to ensure that no mass transfer limitations
occur.’*%

3.2. Reaction progress

An analysis of the reaction progress was carried out to assess the
evolution of HMF production. Fig. 4 shows that HMF yield
increases rapidly within the first half of the reaction time
reaching a HMF yield of 60% with 90% selectivity after 7.5
minutes. At 15 minutes a maximum yield of 78% was achieved
with a slight decrease in selectivity (83%). The reaction
proceeding twice as fast compared to our published small scale
reaction system™ is a significant improvement that underlines
the importance of thorough mixing in a biphasic system. After
15 minutes similar values were obtained and the concentration
of HMF in the RP remained constant over the course of the
reaction. After 15 minutes, an average HMF distribution of 5 is
achieved, but fluctuates between 4.1 and 5.8 due to the fact that
small fluctuations in HMF content in the lower phase signifi-
cantly influence the HMF distribution. Remarkably, a decrease
in the HMF concentration due to by-product formation was not
observed in these experiments, indicating HMF remaining
stable in the reaction environment due to the lack of consecu-
tive reactions. In fact, no levulinic or formic acid was detected at
any time, with a sample chromatogram from these reactions
being shown in Fig. S3 (GC) and S4} (HPLC). The color of both
phases intensified from colorless to a yellow hue to dark yellow
(Fig. S51) over the course of the reaction indicating the forma-
tion of a small amount of humins over the course of the
reaction.*

As seen from the evolution of HMF presented in Fig. 4, only
three samples were collected before a Fru conversion of 90%
was reached at 12 minutes. A second experiment was conducted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Dynamic evolution of the concentration of the substrate Fru
and product HMF during the first 10 minutes of the dehydration
reaction. Reaction conditions: 18 g ChCl, 4.5 g Fru, ChCl: Fru (5:1),
Vsowvent = 150 mL, T = 80 °C, t = 15 min, w = 400 rpm, Cy,siw,0,, =
0.87 mol%ky,.

to obtain dynamic data at a higher resolution for the evolution
of the amount of HMF and Fru conversion for the first 10
minutes of the reaction, as shown in Fig. 5. It can be observed
that there is a linear evolution during these first moments of the
reaction according to the high regression coefficients for the
evolution of the concentrations of the substrate and the main
product. From the linear trend, it can be inferred that the
kinetics follow a zero order with respect to the concentration of

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

the substrate and, thus, the initial reaction rates can be
described by the value of an apparent reaction constant (kapp,i)-
Applying a simple differential method analysis, the initial
reaction rates for the consumption and production of each
compound (r;,0) can be approximated using the increments of
the evolution of the concentrations (AC;) with respect to those
of time (Af), as shown in eqn (1) and (2):

dC; ACF;,
TFruo = — dl; e Al; = = kapp,Fru (1)
dCumr _ ACumF _
FHMF,0 = — a = Kapp,HMF (2)

At

Analysing the values of the slope, the initial consumption
rate of Fru is 0.0082 mol L™ " min~", which is slightly higher
than that of the production of HMF, at 0.0076 mol L' min~".
This aligns with the fact that Fru converts to HMF and another

product, the humins, with a good selectivity towards the former.

3.3. Recycling of the reaction and extraction phases

To approach the circularity of the reaction and separation
concept and a high overall efficiency of the process, it is crucial
to recycle MeCN as the EP as well as ChCl and the H,SiW;,0,¢
catalyst as remaining components of the RP, as depicted in
Fig. 6a. For the procedure, the reaction mixture was heated to
80 °C and cooled down to room temperature after the desired
reaction time. This results in the crystallization of the lower
phase, which allows easy separation of the EP. After removing
the EP, ChCl continued precipitating and was then fed back into

RSC Sustainability, 2025, 3, 1848-1858 | 1853
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400 rpm, Cy,siw = 0.87 mol%k,.

12040

the mixture to prevent any loss. After separation from the
reaction medium, MeCN was then recovered from HMF via
vacuum distillation and could then be recycled for the next
reaction run after the addition of fresh substrate Fru to then
form the self-consuming DES. Only samples from the upper
phase were collected to avoid removing significant amounts of
catalyst from the RP throughout the reaction, which could
influence the dynamics of the system. The yield in the EP of the
recycling tests is shown in Fig. 6b. A decrease in the system
productivity over 5 recycling runs expressed as yield of MeCN
only in the EP can be observed from 50% to 30%. Previous
research demonstrated that the loss of productivity could
initially mainly be attributed to water accumulation in the lower
phase and potential proton leaching. However, as proven in
previous work, catalyst leaching, with a maximum of 0.038% of
the initial employed amount of catalyst per run, into the EP is
negligible.*

In addition, and quite notably, after recycling MeCN 6 times,
a stable water content of about 1 wt% could be observed in this
solvent, as seen in Fig. 6¢c. In the RP, however, the calculated
water content according to the yielded HMF increased signifi-
cantly over the 5 cycles, as more HMF was produced each run,

1854 | RSC Sustainability, 2025, 3, 1848-1858

but the water was not removed and thus accumulated in the RP.
This also correlates with our previously identified water toler-
ance of this system of up to 7.5 wt% before the systems
undergoes performance loss.™ Finally, to further investigate the
performance of 5 times recycled MeCN, a fresh RP was
prepared. This led to the restoration of the initial performance
of the system, leading to the conclusion that the accumulation
of water in the acetonitrile is not considered problematic for
this process and the solvent can be reused repeatedly.

3.4. Product purification

The self-condensation of HMF in solution significantly accel-
erates the oligomerization process, particularly when acidic
impurities are present.’” This instability extends even to room
temperature, where HMF can exist as either a solid or a meta-
stable liquid, depending on its melting point (30-34 °C). The
liquid state, in particular, degrades more quickly due to
increased molecular diffusion and residual acidity from its
synthesis.***® This effect is more pronounced at higher
concentrations of HMF and also impacts neat HMF stored in its
oil form. Crystalline HMF, on the other hand, proves to be more
suitable for storage and practical synthetic applications.*” To

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Recorded 'H-NMR spectrum of an HMF crystal dissolved in CDCls with mesitylene as a standard (400 MHz, * = mesitylene, # = CDCls).

purify and obtain a more stable product, crystallization of HMF
was carried out from the acetonitrile-free residue, which had
been extracted with diethyl ether after distillation. After storage
of the extract at —25 °C for 144 h, yellow crystals precipitated
with a yellow liquid supernatant, as depicted in the photograph
featured in Fig. 7. Determination by 'H NMR spectroscopy
showed that the yellow crystals were HMF with a purity >99%,
with the corresponding spectrum shown in the figure. A total of
409 mg of HMF crystal was recovered, which corresponds to an
isolated yield of 69%.

3.5. Assessment of green metrics

Several key metrics exist for evaluating green chemistry and
sustainability, which focus on the quantification of the waste
generated, resource efficiency or solvent use, among others, in
a reaction or process. These metrics provide a framework for
industries such as pharmaceuticals and fine chemicals to
minimize their resource use and potential environmental
impact. To set out this work in perspective, a comparison with
published systems of ionic liquids (ILs) and different DESs was
made. For this assessment, the E-factor (environmental factor),
process mass intensity (PMI), reaction mass efficiency (RME),
solvent intensity (SI), and mass productivity (MP), were
considered, as defined by Sheldon® and detailed in eqn
(S1)—(S5) in Table S1 in the ESLt The E-factor and PMI offer
insights into waste generation and resource use, helping to
optimize processes for minimal waste and maximum material
efficiency. RME refines this analysis by considering the practical
performance of chemical reactions, while SI considers the mass
of solvents used per unit mass of product. Mass productivity
ensures that inputs are being efficiently converted into valuable
products, further driving resource conservation. The results
displayed in Table 2 show the results for 6 cases contemplated.

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

The values that the calculations are based on can be found in
Table S2.7

The conversion of Fru to HMF in an ionic liquid 1-butyl-3-
methylimidazolium chloride ([Bmim][Cl]) was achieved using
THF as an EP with WCl, as the catalyst. The reaction proceeded
at 50 °C, the lowest temperature reported for HMF production,
yielding 72%.° The reaction, consisting of 100 mg Fru, 500 mg
IL and 11 mg WCl catalyst, was performed in a semi batch (6 h
per batch). Due to the fact that a fresh catalyst was added before
run 6, only the first 5 cycles are considered for the calculation of
green metrics. HMF yields that were achieved per run were 60%
for the first run and around 80% for consecutive runs. Due to
the high amount of THF that was used (10 mL/90 min), the E-
factor, PMI and SI increased to very large numbers >600. This
indicates a large production of waste/use of solvents mainly
driven by the fact that no solvent recycling was performed in
this work. Only the RME of 53 is in a good range, since it does
not take into account the mass of solvents, which is taken into
account for MP, resulting in 0.15%. According to case 1.2 this
system was also investigated as a continuous reaction on
a larger scale using a 2 L reaction system equipped with
a solvent flow setup for simultaneous input and extraction.
Initially, the system was charged with 1 L of THF, 10 g Fru, 100
grams of [Bmim][Cl], 2.2 grams of tungsten hexachloride
(WClg), and 5 grams of H-Y zeolite. Fresh THF was continuously
supplied to the system at a flow rate equivalent to 4 liters every 6
hours. HMF was then recovered from THF by evaporation,
allowing THF to be recycled back into the system. Due to the
recycling of THF, the E-factor, PMI and SI improved to lower
values between 167 and 170 and the MP from 0.15 to 0.58%.
Every 6 hours, an additional 10 grams of fructose were added to
the reaction mixture to sustain the reaction. After 42 hours
ayield of 55% (26.7 g) was achieved. The lower overall yield led

RSC Sustainability, 2025, 3, 1848-1858 | 1855
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Table2 Comparison of green metrics of studies using biphasic systems based on ILs and DESs for the production of HMF using Fru as a substrate

Case RP EP E factor PMI SI RME [%] MP [%] Ref.

1.1 [Bmim][CI] WCl6 THF 671.2 672.2 670.3 53.2 0.15 40

1.2 [Bmim][CI] WCl6 THF 172.1 173.1 170.2 38.1 0.58 40

2 TEAC : fructose (1:0.92)¢ THF 43.1 44.1 41.3 35.4 2.27 41

3 ChCl: fructose (1:0.2)* MeCN 45.6 46.6 44.9 59.8 2.15 15

4 ChCl: citric acid (1:2.33)¢ EtOAc 1708.6 1709.6 1708.1 64.4 0.06 42

5 ChCl: fructose (5: 1)“? MeCN 57.8 58.8 56.6 53.3 1.71 This work
6 ChCl: fructose (5:1)**¢ MeCN 18.4 19.4 16.6 36.4 5.18 This work

“ For DESS, the ratio in brackets corresponds to the molar ratio of HBA : HBD. * This work. ° This work with a recycled extraction phase according to

Fig. 6 (only considering HMF in the extraction phase).

to a decrease in the RME from 53 to 38%. The ionic liquid and
catalyst components of the reaction medium were reused
without requiring replenishment or modification, maintaining
their functionality throughout the process.

Cao et al. explored DESs as the reaction medium. The dis-
played example involves eutectic mixtures of tetra alkyl
ammonium chloride and alkylamine hydrochloride salts, along
with Fru. In these systems, the salts act as catalysts with
NaHSO, as a co-catalyst. Of the salts tested, the combination of
tetraethyl ammonium chloride (TEAC) with Fru as the RP and
THF as the EP produced the highest yield of 83% at 120 °C.**
They performed 14 cycles of semibatch reactions, but due to the
addition of the catalyst and further modifications, only the first
8 runs are considered for the calculations of the green metrics.
One batch took 30 min using 10 mL of fresh THF for the next
batch. For batch 1 and 2, 1.0 g of fructose, TEAC 1.0 g, and
NaHSO,-H,0 0.038 g were used. 0.50 g of fructose were added
from batch runs 3 to 8. An overall yield 50% corresponding to
1.77 g HMF was achieved.

Each batch took 30 min at 120 °C, achieving HMF yields of
31% in run 1 and 50-60% for the following batches. Due to the
higher Fru loading and less use of solvent, a significant
improvement of the considered metrics can be observed leading
to the E-factor, PMI and SI in the lower 40 range and a compa-
rable RME to case 1 whereas the MP improved to 2.3%. If there
were a recycling concept for cases 1 and 2, this would be
a significant safety concern due to the fact that THF tends to
form peroxides and recycling the solvent can lead to an accu-
mulation of peroxides and therefore a risk of explosion.**
Furthermore, according to the CHEM21 solvent selection guide,
THF is considered “problematic”.**

Another DES system using choline chloride (ChCl) as the
hydrogen bond acceptor (HBA) and Fru as the hydrogen bond
donor (HBD) in a 1: 0.2 molar ratio, with acetonitrile as the EP,
achieved complete Fru conversion and 90% selectivity after 4
hours at 100 °C with HCI as the catalyst.'® This system was also
investigated for recyclability over 6 runs. However, it must be
emphasized that only ChCl (3.6 g) was recycled, because fresh
catalyst (HCl 1.2 mol% wj/regard to Fru) and fresh MeCN
(30 mL) were added before each run. The addition of fresh
catalyst led to constant HMF yields between 87 and 92% except
for the last run yielding 63%. The five-fold amount of ChCl in
this case and the larger volume of EP (MeCN) have a negative

1856 | RSC Sustainability, 2025, 3, 1848-1858

impact on the green metrics, resulting in an E-factor, PMI and SI
in the low 50 s. The RME is the highest with 59.8%, but the
larger amount of solvent used leads to a decrease in MP to 1.9.
CHEM21 has rated MeCN better than THF in terms of safety,
health and environmental impact. However, after further
discussion, MeCN was downgraded from “recommended” to
“problematic”.** Kobayashi et al. investigated a mixture of ChCl
and citric acid as the HBD that served as both the RP and
catalyst, with EtOAc forming a biphasic system. This setup
showed the highest activity compared to THF, 2-BuOH, and
MIBK, reaching a yield of 92%.* Despite the high yield, the
tenfold amount of solvent compared to the RP and the actual
mass of HMF achieved led to inferior metrics of >1700 for the E-
factor, PMI and SI. The high yields contribute to a good RME of
64.4% but due to the large amounts of solvent, the MP
decreased to 0.06%. Despite the classification as “recom-
mended” according to the CHEM21 solvent selection guide,
EtOAc is an ester which, under acidic conditions, can hydrolyse
to ethanol and acetic acid, both of which could act as cosolvents
and disrupt the intended biphasic system.*

The system in this work considered without any recycling
(case 5) already shows good green metrics as it comes out as the
third best in this comparison with a slightly higher E-factor,
PMI and SI and MP compared to a similar DES system in case 3.
However, it should be emphasized what a significant influence
our proven recycling of the EP (MeCN) has on these metrics
(case 6). This leads to the best E-factor, PMI and SI between 16
and 20 for the compared systems and a second best RME of
36.4% as well as a significant increase in the MP to 5.2% making
the system promising in terms of the metrics obtained thanks to
its recyclability.

4 Conclusion

This work investigated the scale-up to a volume of approxi-
mately 180 mL of a biphasic reaction system for the conversion
of Fru to HMF with in situ extraction catalyzed by H,SiW;,0,¢
using ChCl: Fru (5:1) as the RP and MeCN as the EP.

First, an analysis on mixing considerations led to the selec-
tion of an impeller blade as a stirring device operating at
a minimum stirring rate to ensure that no mass transfer limi-
tations take place in the operation. From the progress of the
reaction, it was observed that a remarkably low reaction time of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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about 12.5 min is sufficient to attain conversions of Fru greater
than 90% with an overall yield of HMF of greater than 70%.
During the first minutes of the reaction, a linear trend in the
conversion of the substrate and the production of HMF indicate
a zero-order reaction under these conditions.

An assessment of the recyclability of the biphasic system
returned promising results. Concerning the RP, choline chlo-
ride could be precipitated with the catalyst, and the DES was
recycled through the addition of Fru as a substrate with MeCN
being recyclable with low accumulation of water after recovery
by vacuum distillation. A relatively low loss of yield to HMF was
observed after recycling the EP 5 times, with the initial activity
of the system being recovered upon using a fresh batch of
MeCN. From the separation of MeCN from HMF, the latter
could then be isolated and crystallized to a purity >99%.

Finally, a comparison in terms of green metrics for this ChCl:
Fru/MeCN biphasic system with 4 other cases involving DES and
IL-based media reported in the literature was made. The proven
recyclability of our concept stands out among the others
providing the best results for the E-factor, PMI, SI, RME and MP.

In summary, the short reaction time required for the reac-
tion to complete with high selectivity, the mild operating
temperature of 80 °C, the high recyclability of the RP and EP
and the results from the green metrics make this reaction
concept very attractive for a techno-economic analysis for
further scale-up and potential implementation.
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