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5-Hydroxymethylfurfural (HMF), a Maillard reaction product, can be formed when honey is subjected to
heat treatment or a long storage time, becoming volatile and toxic depending on its concentration. The
fact that, until today, there is no literature data on the extraction of 5-hydroxymethylfurfural (HMF) from
honey using ionic liquids directed the investigation of the influence of biodegradable cholinium ionic
liquids on the formation of aqueous biphasic systems and the application of these systems for the
extraction of HMF from honey. The influence of anions of synthesised ionic liquids on the construction
of biphasic systems in which an inorganic salt was used as a salting agent was investigated. Then, the
extraction of HMF in these systems was examined, and the mechanisms of HMF extraction using ionic
liquids were explained using computer simulations. Examining the effect of cholinium ionic liquids
(choline chloride (ICh]ICl]), cholinium nicotinate ([Ch][Nic]), cholinium propionate ([Ch][Prop]), and
cholinium butyrate ([Ch][Butl)) on the formation of aqueous biphasic systems by comparing the phase
diagrams, it was concluded that the ability of ionic liquids to form an aqueous biphasic system with
tripotassium phosphate (KsPO,4) decreases in the following order: [Ch][But] = [Ch][Prop] > [Ch][Nic] >
[Ch][Cl. By applying all tested aqueous biphasic systems for the extraction of HMF from honey, an
extraction efficiency of more than 89% was achieved. Complete extraction was achieved using the
extraction system with [Ch][But], while the weakest ability to extract HMF was exhibited by the system
with [Ch][Cl. The mechanisms of HMF extraction using ionic liquids are explained on the basis of the
optimised structures of the ionic liquid systems with HMF, together with the visualisation of non-
covalent interactions, and on the basis of the calculated binding energies AGy;,, which can be used as
a good predictor of the extraction potential of newly synthesised ionic liquids.
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monitoring and selective and precise methods for their deter-
mination are of exceptional importance.
5-Hydroxymethylfurfural (5-(hydroxymethyl)furan-2-

Introduction

Honey is a valuable food product in terms of nutritional value

and therapeutic potential consumed without prior technolog-
ical processing.' However, certain ingredients in honey, such as
heavy metals, alkaloids, and 5-hydroxymethylfurfural can
contribute to its toxicity. For that reason, continuous
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carbaldehyde, HMF) is a furan compound formed as an inter-
mediate in the Maillard reaction following dehydration of sugar
in an acidic medium during thermal treatments applied on
foods. In acidic conditions, HMF can be formed even at low
temperatures, although its content increases with an increase in
temperature. In addition to temperature dependence, the
amount of HMF formed in food also depends on pH value,
water activity, and the concentration of divalent cations in the
medium.>?

HMF in honey derives from hexoses, i.e., glucose and fruc-
tose, as the main sugar compounds, even at low temperatures
during a long storage period because honey is an acidic
medium.> HMF in honey represents a parameter that indicates
its toxicity and freshness.* The permissible concentration of
HMF, according to Codex Alimentarius, is up to 40 mg kg .
Exceptions are types of honey originating from the tropics

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06077b&domain=pdf&date_stamp=2023-11-06
http://orcid.org/0000-0001-8889-6267
http://orcid.org/0000-0002-8145-5239
http://orcid.org/0000-0001-9016-0902
http://orcid.org/0000-0001-8259-7549
https://doi.org/10.1039/d3ra06077b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06077b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013046

Open Access Article. Published on 07 November 2023. Downloaded on 12/9/2025 10:31:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(80 mg kg ').° The amount of up to 10 mg per kg HMF is
considered as naturally presents in honey.®

In vitro toxicological studies have shown that HMF is toxic in
high concentrations. Acceptable daily intake from food for
human beings was suggested to be 2 mg of HMF per kg body
weight.” Also, the range of 2-30 mg was cited for HMF per
person per day as acceptable.? Ulbricht et al. (1984)° reported
that the toxic effects of HMF were registered with a dose greater
than 75 mg HMF per kg body weight. HMF can cause irritation
of the eyes, upper respiratory tract, skin, and mucous
membranes. Also, in vitro animal experiments have shown that
exposure to higher concentrations of HMF can cause skin
cancer, kidney tumors and significantly increase the incidence
of hepatocellular adenomas.'®"* According to the conventional
Ames test, the attention in toxicological studies has been paid to
the conversion of HMF to sulfoxymethylfurfural (SMF), a muta-
genic compound. SMF is thought to be a major initiator of skin
tumors as well as liver and kidney damage."> However, many
literature data indicate the possibility of applying HMF and its
derivatives in various industry fields, such as the pharmaceu-
tical and petrochemical industries, for the production of resins,
green polymers, fungicides, and solvents."***

For all the reasons mentioned above, it is of great interest to
choose a suitable extraction technique for the extraction of
HMF from honey to ensure its safety for consumption.

Until now, the most commonly used methods for the
extraction of HMF from foods, including honey, were mainly
based on the application of solid-liquid (SP) extraction. Drif-
field et al. (2005)"° used SP extraction to isolate HMF from honey
using toxic solvents, acetonitrile and methanol, while the
procedure required considerable time. Giirkan and Altunay
(2015)"” developed a method of preconcentration and separa-
tion of HMF using ultrasonic extraction with micelles. Both
liquid-liquid extraction with the help of salting out'® and
dispersive liquid-liquid microextraction were applied for
HMF extraction and they also used toxic and volatile aromatic or
chlorinated organic solvents.

Ionic liquids (ILs) are solvents of the 21st century and they
are considered alternatives to volatile and toxic organic solvents
in many technological and industrial processes.”® ILs have
found significant analytical chemistry applications: in liquid-
liquid extraction and solid phase extraction (as sample prepa-
ration methods),>* gas and liquid chromatography, electro-
phoresis, and other analytical techniques.?*** By properly
selecting and combining cations and anions, it is possible to
adjust their selectivity and successfully extract non-polar and
polar compounds. By selecting an adequate ionic liquid, a high
extraction efficiency of the chosen compound can be achieved,
and the amount of solvent can be significantly reduced. ILs can
often be successfully recycled, leading to a significant reduction
in the cost of the process itself. It should be added that using
these compounds can reduce environmental harm due to their
biodegradability. At the same time, their non-flammability
ensures the safety of the process.”***

Emphasis should be placed on the development and
implementation of energy-efficient processes using non-toxic
chemicals to identify and determine compounds (such as
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HMF) that, if present in large quantities, reduce honey quality
and safety. Based on the above facts, it is crucial to examine the
possibility of honey compound extraction (HMF) following the
modern concept of sustainable development and environ-
mental protection, using less toxic, chemically and thermally
stable and non-flammable solvents — ionic liquids. Previous
research based on the use of green solvents, primarily ionic
liquids, has exclusively focused on the conversion of biomate-
rials (fructose, cellulose, sucrose) into HMF.>**° Until today
there are no literature data on the extraction of HMF from
honey using ionic liquids. Previous studies on the toxicity of
cholinium cation-based ionic liquids in combination with
different linear alkanoate anions demonstrated that these ionic
liquids are environmentally friendly and biodegradable.*
Furthermore, Vranes et al. (2017)** examined the toxicity of
vitamin-based cholinium ionic liquids and established that
ionic liquids, in which both cation and anion are biologically
active components, can be classified as non-toxic. Therefore,
the idea was to investigate (1) the influence of biodegradable
choline-based ionic liquids on the formation of aqueous
biphasic systems and (2) the application of these systems for the
extraction of HMF from honey. The influence of the anions of
the synthesized choline-based ionic liquids on the construction
of biphasic systems in which tripotassium phosphate (K;PO,)
was used as a salting agent was examined. The choice of this
salting-out agent relies on its strong salting-out effect, following
the position of the inorganic salt in the Hoffmeister series, as
well as considerations of biocompatibility and environmental
impact.

Afterwards, the extraction of HMF in these systems was
investigated and the mechanisms of HMF extraction using ionic
liquids were explained using computer simulations.

Materials and methods
Materials

The honey solution was prepared by dissolving 10 g of honey in
50 mL of distilled water using a magnetic stirrer (Witeg, Ger-
many) (500 rpm for 10 minutes), and after that, the mixture was
filtered through a 0.45 um nylon micro filter (Amtast, Lakeland,
FL, USA).

Analytical standard of 5-hydroxymethylfurfural (mass frac-
tion purity w = 98.0%) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Tripotassium phosphate was supplied from
Sigma-Aldrich (St. Louis, MO, USA). HPLC grade methanol and
formic acid (HCOOH) were purchased from Merck (Darmstadst,
Germany). All chemicals used for the synthesis of ionic liquids
were of analytical grade. Choline hydroxide solution (46 wt%)
(Sigma-Aldrich, St. Louis, MO, USA) and propanoic, nicotinic,
butyric, and oxalic acid dihydrate (Merck, Darmstadt, Germany)
were used without further purification.

Ionic liquid, choline chloride, [Ch][Cl], was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The synthesis of the other
three ionic liquids, choline propionate ([Ch][Prop]), choline
butyrate ([Ch][But]), and choline nicotinate ([Ch][Nic]) were
carried out by potentiometric titration. The synthesis of [Ch]
[Prop] and [Ch][But] was done according to Muhammed et al.
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(2012),>> while synthesis of [Ch][Nic] was carried out as
described by Vranes et al (2017).** An aqueous solution of
choline hydroxide (ChOH) was used as a titration agent, whose
concentration (¢ = 3.51 mol L") was determined by titration
with a standard solution of oxalic acid dihydrate. The pre-
determined amount of nicotinic, butyric, or propanoic acid was
dissolved in water at the room temperature. The solution was
titrated with choline hydroxide while monitoring the change in
pH value. The solution was overtitrated with the addition of
ChOH to determine the endpoint of the titration. Based on the
zero of the second derivative of the titration curve, the pH value
at the endpoint of the titration was read and adjusted by the
addition of nicotinic, butyric, or propanoic acid to correspond
to the pH value at the endpoint of the titration (pH [Ch][Nic] =
7.95; pH [Ch][But] = 10.40; pH [Ch][Prop] = 10.30).

Excess water was removed by evaporation on a rotary vacuum
evaporator (Reacti-Vap, Thermo Fisher Scientific, USA) at
a water bath temperature lower than the decomposition
temperature of the synthesized ionic liquids of T'= 343.15 K for
120 min. The procedure was continued using a stronger
(industrial) vacuum pump with heating until the water was
removed. After evaporation to a constant mass (+1.0 mg), the
ionic liquids were stored in a desiccator over phosphorus
pentoxide.

The structures of the synthesized ionic liquids were
confirmed by IR spectra (Fig. Sla-ct).

The structures of the applied ILs are given in Table 1.

Determination of phase diagrams

The binodal curves' construction was based on the cloud point
titration method at temperature 7 = 298 + 1 K and standard
atmospheric pressure. A turbid mixture was achieved by adding

Table 1 Structures of the applied choline-based ionic liquids
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a solution of K3PO, dissolved in a 20% solution of honey (wga1: =
55%) dropwise to a solution of ionic liquid prepared in a 20%
honey solution (wy, = 60%).

The amount of added salt was measured by an analytical
balance (AND HA-180M, Tokyo, Japan) with an uncertainty of
+10~* g. Furthermore, an aqueous honey solution was added to
the mixture until it became apparent, and the amount of added
honey solution was measured using the analytical balance. After
each addition, the mixture was stirred using a vortex mixer
(Boeco V1 plus, Hamburg, Germany) at 2500 rpm. This proce-
dure was repeated until sufficient points were obtained to
construct binodal curves. Ternary phase diagrams were fitted
using the Merchuk equation:*

Y = Aexp(BX"’ — CX°) (1)

where Y and X are the mass fractions of ionic liquids and salts,
while parameters 4, B, and C correspond to constants obtained
by least squares regression. The experimental data for ternary
mixtures are presented in Table S1.F

Extraction of hydroxymethylfurfural using aqueous biphasic
systems (ABS)

Characterized aqueous biphasic systems based on ionic liquids
[Ch][C]], [Ch][Nic], [Ch][Prop] and [Ch][But] and K;PO, were
applied to extract HMF from honey samples. In order to eval-
uate the extraction capabilities of ionic liquids (ILs), the iden-
tical composition of the ABS within the two-phase region as the
extraction point for all the ABS systems was chosen (Fig. S27). A
series of biphasic three-component systems with the following
composition was made in triplicate: 25% ionic liquid, 35%
K;PO, and 40% aqueous honey solution (20% v/v), in which the
concentration of HMF was 5, 10, 20, 40 and 60 mg kg !,
respectively. The prepared mixtures were shaken for 2 min,
centrifuged at 10 000 rpm for 10 min and left for 3 h to balance
the phases. After reaching thermodynamic equilibrium, the
phases were separated, and the concentration of HMF was
determined using high-performance liquid chromatography
with DAD.

The chromatographic separation and quantification of HMF
were performed using the HPLC method described by Ariffin
et al. (2014)** and Tomasini et al. (2012)* with some modifica-
tions. A liquid chromatograph (Agilent 1200 series, Agilent
Technologies Santa Clara, CA, USA), equipped with a DAD
detector and an Eclipse XDB-C18, 1.8 um, 4.6 x 50 mm column
(Agilent) was used for quantification of HMF in the obtained
extracts. The analyte was separated using column temperature
of 30 °C and a sample injection volume of 10 puL. The mobile
phase consisted of two eluents, H,O (0.1% HCOOH) (A) and
methanol (B), delivered at a flow rate of 0.75 mL min~'. The
isocratic elution was employed with the ratio A: B (90 : 10, v/v).
The DAD wavelength was set at 284 nm. The total run time of
the analysis was 10 min. The method recovery (R) was =93% for
the investigated HMF concentrations. The limit of detection
(LOD) and limit of quantification (LOQ) were 0.1 mg kg™ " and
0.3 mg kg, respectively.

All methodology steps are present in a flowchart (Fig. S31).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Computational setup

All the calculations presented in this paper were performed in
Jaguar software, implemented as a part of the Schrodinger Suite
2015-4 package. The initial phase considered the geometrical
optimization of each molecule. The optimization was under-
gone in the implicit water solvation phase, applying Poisson—
Boltzmann finite elements (PBF) solvent model. After successful
optimization, the optimized molecules of ionic liquids and
HMF were combined, and molecular pair was used for further
simulations. Upon initial geometrical optimization, the density
functional theory (DFT) calculations were applied. The used
functional was B3LYP exchange—-correlation functional (B3LYP-
D3) followed by 6-41+G(d,p) basis set. The validity of the results
was checked by Hessian analysis, which showed no presence of
imaginary frequencies proving that all optimized structures are
true minima. The non-covalent interactions (NCI) in the opti-
mized structures were analyzed by the method of Johnson et al.
(2010).>¢ Based on DFT calculations, ion-pair binding energies
(AGpin) between all constituents were calculated. To avoid
a basis-set superposition error (BSSE) binding energies (AGpin)
were counter-poise corrected using a standard approach by Boys
and Bernardi (1970).*” For the estimation of binding energies,
eqn (2) was used:

AGpin = Ep(I-1D) — Epin(I) — Emin(Il) + AZPVE (2)

where E.p(I-1I) is the counter-poise corrected electronic energy
of the ionic liquid and HMF, while E,;n(I) and Ep,y(II) are the
electronic energies of the ionic liquids and HMF in their
minimum-energy geometries. Zero-point vibrational energies
(AZPVE) were calculated using scaled B3LYP/6-31+G(d) vibra-
tional frequencies.

Results and discussion
Phase diagrams of aqueous biphasic systems

The new phase diagrams of the ABSs based on the targeted ILs
combined with inorganic salt (K3PO,) at 296.15 + 1 K and
atmospheric pressure p = 0.1 MPa were determined in this
work. The experimental binodal data for the ternary mixtures of

IL (molkg)

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

K,PO, (mol/kg)

Fig. 1 Ternary phase diagrams of the studied systems {IL + KzsPO,4 +
H,O} at T = 296.15 K and atmospheric pressure (p = 0.1 MPa). Legend:
[Chl[Propl, 4 [Ch][But], o [Ch][Nic] and a [Ch][CL].
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the studied ILs are reported in Table S1.7 The phase diagrams
(Fig. 1) are shown in molality units, moles of solute (IL or salt)
per kilogram of solvent, which allow comparison of diagrams
obtained for different ILs. The experimental data were fitted by
the empirical relation of Merchuk (eqn (1)) and the regression
parameters for this equation were estimated by least-squares
regression. The calculated coefficients of the Merchuk equa-
tion (4, B, and C) for the investigated ABS, corresponding
standard deviations (o), and correlation coefficients (R?) are
given in Table S2.7 The high values of the regression parameters
and low values of the standard deviations prove that the Mer-
chuk equation is suitable to fit the experimental data. In all
phase diagrams, the biphasic region is localized on the right
side of binodal curves.

Based on the phase diagrams, an insight into the miscibility/
immiscibility of phases is obtained depending on the compo-
sition of the mixture (mass fraction of ionic liquid and inor-
ganic salt). If the solubility curve is closer to the coordinate axes,
i.e. the wider the two-phase region, a smaller amount of salt is
needed to salt out a certain amount of ionic liquid.*® Phase
diagrams based on choline-based ionic liquids and salts (Fig. 1)
provide the insight into the influence of ionic liquids on the
ability to form an aqueous biphasic system.

When a salt with a high charge density such as K;PO, is
dissolved in water, the isolated ions are surrounded by a layer of
water molecules, a phenomenon known as ionic hydration.
Thus, when K;PO, is added to an aqueous medium containing
an ionic liquid, the two solutes compete for solvent molecules.
Inorganic ions are more capable of forming hydration
complexes and, therefore, there is a “migration” of solvent
molecules from the ions of the ionic liquid to the ions of the
inorganic salt, which consequently leads to liquid-liquid dem-
ixing. As a result, the ionic liquid-rich phase separates from the
rest of the inorganic salt solution.*

The condition for the formation of an aqueous biphasic
system is that the ions of the ionic liquid have a delocalized
charge and, consequently, are poorly hydrated in the solution.
Accordingly, choline-based ionic liquids with aliphatic anions
or fully hydrogenated C-atoms of the anion(s) can achieve phase
separation by adding the phosphate salt solution.

By comparing the phase diagrams of aqueous biphasic
systems based on choline-based ionic liquids containing the
same inorganic salt, it is possible to analyze the influence of the
anions of the ionic liquid on the ability to form the system
(Fig. 1). The ability of the studied ionic liquids to form an
aqueous biphasic system with K;PO, decreases in the following
order: [Ch][But] = [Ch][Prop] > [Ch][Nic] > [Ch][CI].

The ionic liquid that separated most easily from the aqueous
solution was [Ch][But]. An increase in the number of carbon
atoms in an ionic liquid leads to a decrease in its hydrophilic
nature, which implies a lower affinity for water. However, it can
be seen from Fig. 1 that [Ch][Nic] also builds a biphasic system,
and this ability can be attributed to the presence of an aromatic
ring with a large number of carbon atoms, which contributes to
the efficiency of the formation of aqueous biphasic systems.
Taking into account the values of the n-octanol-water distri-
bution coefficient (log K,y) for the anions of ionic liquids as

RSC Adv, 2023, 13, 32714-32721 | 32717
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a measure of the differential solubility of a given substance
between octanol and water, i.e. a measure of the hydrophobicity
of four choline-based ionic liquids, the following sequence was
obtained: log K, ([But]) = 0.78 > log Ky, ([Prop]) = 0.25 > log
Kow ([Nic]) = 0.15 > log Ko, ([Ch][C]]) = —3.70.*° The series of log
K, values for the investigated ionic liquids agrees with the
obtained capacities for the formation of biphasic systems from
Fig. 1, that is, the higher the hydrophobicity of the ionic liquid,
the easier it is salted out by K;PO,.

Nevertheless, it should be emphasized that the ability of
choline-based ionic liquids to separate phases is lower than that
of ionic liquids containing other types of cations. Thus, for
example, ionic liquids with chloride anion and different
cations, 1-butyl-3-methylimidazolium, 1-butyl-1-
methylpyrrolidinium, tetrabutylphosphonium or tetrabuty-
lammonium, are more easily isolated than [Ch][CI]. This is an
inherent consequence of the presence of three methyl groups
and a hydroxyl group on the cholinium cation, which enhances
its affinity for water.** The presence of -OH groups which enable
the formation of strong hydrogen bonds with water molecules
and obtaining dipole-dipole interactions, as well as the absence
of hydrophobic chains in the choline molecule leads to
a weakening of the hydrophobic solvation of the molecule.*

Extraction of HMF

In all cases, the concentration of HMF in the lower phase (salt)
was below the detection limit (0.1 mg kg™ '), indicating high
partition coefficients in the upper phase rich in ionic liquid.
Extraction yields (R) of HMF extracted by different aqueous
biphasic systems were calculated by measuring the concentra-
tion of HMF in the ionic liquid-rich phase (the extraction phase)
to evaluate the extraction efficiency of certain aqueous biphasic
systems. The corresponding chromatograms of HMF detected
in the ionic liquid phase are shown in Fig. 2.

The extraction yield (R) of HMF was used to evaluate the
efficiency of analyte extraction using aqueous biphasic systems
and it was determined using the eqn (3):
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Fig. 2 Chromatograms of HMF detected in the ionic liquid phase (a)
[Ch]ICL (b) [ChI[Nic] (c) [Ch][But] and (d) [Ch][Prop]. Legend: = 5 mg
kg™% = 10 mg kg™, = 20 mg kg%, = 40 mg kg™ and = 60 mg per kg
HMF.
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R(%) = % 100% (3)

[ 40
where ¢y, and ¢, are the concentrations of the analyte in the
phase with the ionic liquid (upper phase) and the initial
concentration of the analyte in the added sample solution,
respectively; Vi, and V, are the volumes of the ionic liquid phase
and the added sample solution, respectively.

Fig. 3 illustrates the extraction efficiencies of 5-hydrox-
ymethylfurfural (HMF) determined using eqn (3). The data
presented in Fig. 3 represents the average extraction efficiencies
obtained from three independent repetitions, accompanied by
their corresponding standard deviations.

This statistical approach provides valuable insights into the
variability within the extraction process and enables a robust
assessment of the reliability and precision of the calculated
HMF extraction efficiencies.

From the graph shown in Fig. 3, it can be seen that more
than 89% extraction efficiency was achieved by applying all the
systems. Complete extraction (EEgyr = 100%) was achieved
using the extraction system with [Ch][But], while the system
with [Ch][C]] showed the weakest ability to extract HMF.

The explanation of the extraction mechanism, that is, the
types of interactions that occur using aqueous biphasic systems
based on cholinium ionic liquids, which ensure appropriate
extraction efficiencies, can be obtained using computer
simulation.

Computer simulations of interactions of ionic liquids with
HMF

The optimized structures of HMF ionic liquid systems and
visualization of non-covalent interactions (NCI) are presented in
Fig. 4 and 5. Fig. 4 shows ionic liquids with halide anions to
distinguish the influence and potential of different cations for
interactions with HMF.

In each system, the optimized structures indicate that the
halide anions do not affect the HMF-ionic liquid interactions,
as all anions are “repelled” from the HMF-IL pair. Therefore,
the structure of the cation is decisive for the type of interactions
with HMF. As an initial step, an NCI study was carried out and it
was concluded that the imidazolium-based cations have 3 NCIs

HMF [mg/kg]
100} © 5

®10 H H °
20 : : ﬁ
®40 : . 1 N

@ s =l

Sak

1T
—fF
Jf

[Ch[CI] [Ch][Nic] [ChI[Prop] [Ch][But]

Fig. 3 Extraction efficiency (EE, %) using the aqueous biphasic systems
composed of choline-based ILs.
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Fig.4 The geometrical optimized system of ionic liquids with HMF. (a)
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Fig.5 The geometrical optimized system of ionic liquids with HMF. (a)
[ChI[Nicl, (b) [Ch][Pro], (c) [Ch][But].

with HMF, one via H-bond between the H, atom of the imida-
zolium ring and the oxygen of the keto group from HMF. The
additional stability of the structure is accomplished via two van
der Waals interactions between alkyl groups of imidazolium
side chain and oxygens from HMF. Indeed, the most deter-
mining interaction is H-bond (between ~OH group of cholinium
and HMF), but easily approachable methyl groups of cholinium
provide three more van der Waals-type of interactions with
HMF, contributing to the overall number of 4 NCI. The largest
number of interactions with HMF (6 NCI) was obtained using
tetrabutylammonium cation due to the pronounced possibility
of forming dispersive-type interactions with alkyl side chains.
After NCI analysis, AGp;, was calculated (in eqn (2) I is given for
the cation, while I is HMF) and the results are shown in Table 2.
The obtained data show that the affinity of the imidazolium
cation to HMF is the weakest. Contrary, the binding energy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated binding energies between ionic liquids and HMF

Ionic liquid AGpin/k] mol™*

[Bmim][Cl] —47.93
[Ch][c]] —65.27
[Nyaaa][CI] —68.61
[Ch][Nic] —84.83
[Ch][Pro] —98.16
[Ch][But] ~101.23

values for systems with cholinium and tetrabutylammonium
cations are similar, suggesting that the contribution of H-
bonding to the total binding is significantly greater than that
of dispersive interactions.

Due to the high binding energy and the best experimental
results, further research was directed only toward the cholinium
cation. In the next step, the influence of different anions on the
binding energy of cholinium ionic liquids was examined, i.e. the
chloride anion was replaced by nicotinate, propionate, or
butyrate, and the obtained results are shown in Fig. 5. With the
inclusion of more complex organic anions, the interaction
pattern between ionic liquid and HMF is drastically changed.
The geometrical position of cation and anion in each IL-HMF
complex was mostly the same. The presence of the carboxylic
group in anions mainly contributed to the weakening of cation-
HMF interactions. The previous main contributor to cation-
HMTF stability, the -OH group of cholinium cation was excluded
from interaction by the -COO™ group of anion. In that way,
cation and anion of investigated ionic liquid forms a strong H-
bond, leaving only methyl groups and van der Waals interac-
tions of cholinium cation to interact with HMF. In these
systems, the anion contribution to the overall stability of IL-
HMF complex becomes significant. The presence of -COO™
group not only stabilizes cation-anion interaction, but also
provides the ability to form H-bond with the -OH group of HMF
as well. By comparing the overall number of NCI, the same
cation-HMF interactions were obtained between HMF and [Ch]
[Nic] and [Ch][Pro]. In both situations, methyl groups of cations
established van der Waals interactions with oxygen of HMF,

100 - [

98 |

EE/ %

96

94 -

-105 -100 95 -90 -85 -80 -75 -70 -65
AG / kJ/mol

Fig. 6 The dependance of extraction efficiency binding energies
obtained using density functional theory (DFT) calculations.
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followed by similar orientation of HMF. The orientation of HMF
induced the additional interaction of propionate aliphatic
groups with HMF leading to one more NCI in [Ch][Pro]
compared to [Ch][Nic]. The higher flexibility of the aliphatic
anion compared to the aromatic-type allowed the closer prox-
imity of propinate to HMF, leading to overall better binding.
The influence of aliphatic side chain flexibility thoroughly
changed the HMF orientation in the system [Ch][But]-HMF.
Compared to systems with the other two cholinium ILs, the
HMF is rotated for 90°, followed by a completely different
interaction pattern. Foremost, the number of cation-HMF
interactions decreased to 4. However, anion contribution was
even more important represented in 4 NCI. Despite the usual H-
bond formation, three additional van der Waals interactions of
the butyrate alkyl chain with HMF were established increasing
the stability of IL-HMF complex. The increase in NCI was fol-
lowed by the rise of AGp;, (Table 2).

The obtained theoretical results (AGy;,) were correlated with
the experimentally determined extraction efficiency (Fig. 6).
From the correlation shown, an increase in extraction efficiency
can be observed with an increase in the absolute value of the
binding energy between the ionic liquid and HMF.

This dependence follows the linear trend, yielding the
correlation coefficient R* of 0.9903, indicating that the estimate
of AGpin can be a good predictor of the extraction potential of
newly synthesized ionic liquids.

Based on computer simulations of HMF interactions with
ionic liquids and certain binding energies, it can be concluded
that the influence of ionic liquid anions is crucial for HMF
extraction. Research by Berton et al (2021)," who applied
aqueous biphasic systems based on ([Ch][OAc], [Ch][Pro], [Ch]
[But] and [Ch][Hex]) and inorganic salts and extracted herbi-
cides with extraction efficiencies greater than 90% confirms this
statement. Shahriari et al. (2013)* also extracted antibiotics
with high yields using systems based on choline ionic liquids.
Furthermore, Nie et al. (2018)* utilized magnetic cholinium
ionic liquids in combination with inorganic salts for the
extraction of berberine hydrochloride from Rhizoma coptidis
with extraction efficiencies greater than 97%.

Conclusions

Extraction of HMF from honey using aqueous biphasic systems
based on cholinium ionic liquids involved testing: (1) the
influence of cholinium ionic liquids on the formation of
aqueous biphasic systems and (2) the efficiency of these systems
for the extraction of HMF from honey. The influence of anions
of synthesized cholinium ionic liquids on the construction of
aqueous biphasic systems in which K;PO, salt was used as
a salting agent was examined. To examine the influence of the
anionic part of ionic liquids on the construction of aqueous
biphasic systems, the following ionic liquids were used -
cholinium chloride ([Ch][CL]), cholinium nicotinate ([Ch][Nic]),
cholinium propionate ([Ch][Prop]) and cholinium butyrate ([Ch]
[But]). By comparing the phase diagrams of aqueous biphasic
systems based on cholinium ionic liquids, it was concluded that
the ability of ionic liquids to form an aqueous biphasic system
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with K;PO, decreases in the following order: [Ch][But] = [Ch]
[Prop] > [Ch][Nic] > [Ch][C]]. Characterized aqueous two-phase
systems based on investigated ionic liquids and K;PO, were
applied to extract HMF from honey. A series of biphasic three-
component systems was created with the following composi-
tion: 25% ionic liquid, 35% K3;PO, and 40% aqueous honey
solution (20% v/v), in which the concentration of HMF was 5,
10, 20, 40 and 60 mg kg ', respectively. By applying all the
described systems, an extraction efficiency of more than 89%
was achieved. Complete extraction (EEgyr = 100%) was ach-
ieved using the extraction system with [Ch][But], while the
system with [Ch][Cl] showed the weakest ability to extract HMF.
Structures of ionic liquid systems with HMF were optimized,
along with visualization of non-covalent interactions and
calculated binding energy AGy;,. Binding energies had almost
the same values for ionic liquids with [Pro]™ and [But] ™, while
the affinity of HMF to ionic liquid with nicotinamide anion was
significantly lower.

The obtained theoretical results (AGy,,) were correlated with
the experimentally determined extraction efficiencies. From the
correlation, an increase in extraction efficiency was observed
with an increase in the absolute value of the binding energy
between the ionic liquid and HMF. This dependence follows the
linear trend, where the correlation coefficient R* of 0.9903 was
obtained, indicating that the estimation of AGy;, can be a good
predictor of the extraction potential of newly synthesized ionic
liquids.
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