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ABSTRACT: Ionic liquids have been widely studied as effective reaction
media for the conversion of glucose or cellulose to S-hydroxymethhyl-
furfural (S-HMF). However, the recovery of S-HMF from ionic liquids,
typically carried out by extraction, has been encountered with very low
extraction efficiency, which limited the reusability of the solvents.
Through this work, based on the model biphasic system that consists of 1-
butyl-3-methylimidazolium chloride ([BMIM]CI) as the ionic liquid
phase and methyl isobutyl ketone (MIBK) as the extractant phase, the
dominant force that suppresses the extraction efficiency of S-HMF was
identified as being the strong hydrogen bonding between S-HMF and
[BMIM]CL Solvent mediation with functional promoters have been
established as a new strategy to shift this force, resulting in improved
extraction efficiency of S-HMF from the ionic liquid. For example, with
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ethanol as a promoter, the distribution coefficient of S-HMF was about 10 times higher than that without a promoter.

B INTRODUCTION

Developing platform chemicals from biomass have been
considered a viable approach for the utilization of biomass
feedstocks." S-HMF as a versatile platform chemical® can be
synthesized from C-6 carbohydrates, the dominant monomers
in biomass. Until now, the synthesis of S-HMF from mono- and
polysaccharides has been widely studied, and many studies
adopted fructose as a starting material by acid catalyzed
dehydration.” However, fructose is not an abundant carbohy-
drate in most biomass. Producing S-HMF from cellulose and its
structural building block, glucose, is particularly attractive from
the perspective of sustainability as cellulose is the most
abundant carbohydrate polymer in nature.”

The synthesis of S-HMF from cellulose and glucose has been
met with a great technical challenge.” A technically viable route
for the conversion of glucose to S-HMF would be via
isomerization of glucose to fructose, followed by subsequent
dehydration of fructose to S-HMF. Great efforts have been
focused on one-pot tandem conversion strategies.” Recently,
some ionic liquids have been reported to be highly effective
reaction media for one-pot conversion of glucose to S-HMF,
and such media were also shown to be promising for producing
S-HMF from polysaccharides under mild conditions.”” The
first major breakthrough was reported based on the discovery in
1-ethyl-3-methylimidazolium chloride ([EMIM]CI) ionic liquid
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solvent.® A S-HMF vyield of up to 70% was obtained in these
solvents with CrCl, and CrCl; as catalysts. Other forms of
chloride salt or chromium ion based catalysts in 1-alkyl-3-
methylimidazolium chloride, [AMIM]CI, were also effective
catalysts.” Besides enabling high conversion of glucose to $-
HMF, some [AMIM]CI compounds were also reported capable
of dissolving and depolymerizing cellulosic biomass polymer.'’
Cellulose conversions were near 100% in [BMIM]CI and
[EMIM]CI solvents, with 83.7% and 87.1% to glucose and
12.6% and 12.5% to cellobiose, in 1-butyl-3-methylimidazolium
chloride ([BMIM]CI) and [EMIM]CI, respectively.'" More-
over, the pretreated cellulose in the solvents was converted into
5-HME by suitable catalysts in a single-step process under mild
temperatures.'> The 5-HMF yield of 53% with 95% cellulose
conversion was achieved at 120 °C in [BMIM]CI/Cr
([PSMIM]HSO,); reaction media."* Despite the significant
progress over the recent years, isolation of S-HMF from the
ionic liquids remains a great challenge and is a major hurdle for
recycled use of the ionic liquid solvents. Separation of 5S-HMF
from [BMIM]CI solvent by distillation is not practical due to
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the very low vapor pressure of S-HMF. The strong interaction
between S-HMF and the solvent further reduces the S-HMF
vapor pressure. The chemical nature of such interaction
remains unclear and has received little attention according to
published literature. The recovery of S-HMF by extraction with
a less polar organic solvent was an alternative choice. However,
although some biphasic systems involving an aqueous reaction
phase have been shown moderate extraction effects,”
extraction of 5-HMF over an ionic liquid phase was
encountered with very low extraction efficiency.'*™"°

We hypothesized that the strong interaction between S-HMF
and the ionic liquids may be the main underlying cause for the
poor effectiveness of the extraction phase for S-HMF
separation. We investigated this hypothesis by identifying the
primary cause for the poor S-HMF extraction efficiency in a
model biphasic system that contains [BMIM]CI as the solvent
phase and methyl isobutyl ketone (MIBK) as the extract phase.
The possible interaction forces between S-HMF and [BMIM]-
Cl were first studied in detail. On the basis of the fundamental
understanding of this dominant interaction force, a method for
promoting extraction of S-HMF from the [BMIM]CI phase by
MIBK solvent was investigated by using appropriate promoters.

B EXPERIMENTAL SECTION

Materials. S-Hydroxymethylfurfural (S-HMF, 98%) was
obtained from Aladdin. Furfuralcohol (99%) was purchased
from Sigma-Aldrich. Methanol (99%), ethanol (99%), glycerol
(99%), acetonitrile (99%), methyl isobutyl ketone (MIBK,
99%), and D-glucose (99%) were purchased from Sinopharm
(China). Furfural (99%) was obtained from TCI Chemical Co.,
LTD (Shanghai, China). Deionized water (DI H,0) was
supplied by Hangzhou Wahaha Group Co., Ltd. All the
chemicals above were used as received. [BMIM]Cl was
purchased from Lanzhou Greenchem ILS, LICP (China). It
was degassed through online-vacuum at 100 °C for 10 h. 'H
NMR spectral data of the [BMIM]CI were determined by using
an AV-400 Bruker spectrometer and was found in good
agreement with those reported in the literature.'”

Viscosity Measurement. Capillary viscosities of [BMIM]-
Cl and its mixtures at atmospheric pressure were measured
using an GB/T265 Kinematic viscosity measuring unit (Dalian
Zhineng Instrument Group Co., Ltd,, China) fitted with flat
open Abramovich Standard viscometers. The temperature of
the thermostatic glycerol bath was measured with a 100 Q
platinum resistance thermometer with an overall estimated
uncertainty of +0.1 K. The viscosity measurement for each
sample was repeated five times, and the overall maximum
uncertainty of these viscosity measurements was estimated as
<1%.

Extraction Methods. For each extraction sample, a
specified amount of [BMIM]CI (preheated at 100 °C and
kept in liquid state before dispensing), MIBK, the solutes to be
extracted, and promoter were added into a glass vial with scale
lines. The relative proportions of the compounds are listed in
the titles of figures or in the footnote of the table in the
discussion of the results. The glass vial was sealed with a cap,
and its volume was calibrated with scale lines on its wall.
Chemical dispense was conducted on a Core Module 3 (CM3)
high-throughput instrument (Freeslate Corporation), a bench-
top platform system that performs complex automated liquid
and powder weighing, mixture stirring, and temperature
monitoring. Except for special testing conditions at higher
temperature, the extraction experiments were operated at room
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temperature, 24—26 °C. The compounds in the vial were mixed
by manually shaking for 30 min with about 100 oscillating times
per minute, and at last, the vial was settled in the static stage for
phase separation for 3 h or longer. After several experiments
and taking samples at different time intervals, it was found that
increasing the agitation time (minimum time 30 min) and rest
time (minimum time 3 h) had no effect on equilibrium phase
compositions. Some samples, of which the bottom ionic liquids
were initially highly viscous with poor fluidity, were preheated
at 50 °C on the CM3 heating bath for 10—15 min before
shaking. The heat treatment reduced the viscosity for the
subsequent extraction. The experiments for testing the
extraction temperature at 50—75 °C were conducted as follows:
the compounds loaded in the vial were preheated to a specified
temperature on the CM3 heating bath for 0.5 h. They were
then shaken sufficiently to become well-mixed. At last the vial
was put on the heating bath again to allow static settlement of
the contents inside the vial. After complete phase segregation,
the volumes of the extract and raffinate phases were measured
according to the scale lines on the wall of the vial, and the
samples with specified volumes from the two phases were
collected with a pipet. Then glycerol as an internal analytical
standard was added to the extracted samples, and the mixtures
were further diluted and analyzed by HPLC. A mass balance
was made between the initial mass of S-HMF and the amounts
in the upper and lower phases on the basis of equilibrium
compositions. The relative error in the mass balance was within
2%.

All samples collected from the extract and raffinate phases
were analyzed on an Agilent 1260 HPLC equipped with a
refractive index detector (RID) and a diode array detector
(DAD). Components were separated with a Hi—Piex H (300 X
7.7 mm) column and an H,SO, (S mM) eluent at a flow rate of
0.6 mL min~’, and the column temperature was maintained at
65 °C. Glycerol was added as an internal standard for
quantitative calculations.

The characteristics of the distributions of solutes in both
phases were determined by the following parameters.'*"”

The distribution coefficient was determined as the ratio of
the equilibrium concentrations of the distributed solute in the
extract phase and the raffinate phase. It was calculated
according to eq 1:

distribution coefficient = C,/C,

(1)

where C, and C, are the equilibrium concentrations of the
distributed solute in the extract phase and the raffinate phase,
respectively.

The phase volume ratio was defined as the volume ratio of
the extract phase to the raffinate phase. It was calculated
according to eq 2:

phase volume ratio = V,/V,

)

where V, and V, stand for the volumes of the extract phase and
the raffinate phase, respectively.

The extraction efficiency, E, was the ratio of the S-HMF
distributed in the extract phase and the total S-HMF in the
biphasic system. It was calculated according to eq 3:

extraction efficiency = C,V,/(C,V, + C.V,) X 100% (3)

Calculation Methods. Molecular dynamics simulations
were performed with MDynaMix 5.2° by using an all-atom
force field. For S-HMF, ethanol, and [BMIM]C], the reported
parameters of AMBER force field were always used.”'
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Optimization of the isolated ion structures was performed by
using Gaussian 09 B.01** at the B3LYP/6-31+G* level. Atom
charges were obtained by fitting the electrostatic potentials
calculated at the B3LYP/6-311++G* level, and the one-
conformation, two-step restraint electrostatic potential method
was used for this purpose. The double time-step algorithm™’
was adopted with long and short time steps of 2 and 0.5 fs,
respectively.

The mixtures of [BMIM]CI and S-HMF with and without
the ethanol promoter were performed at 298 K. The molecule
numbers of [BMIM]CI, S-HMF, and ethanol in the simulation
system were 240, 100, and 240, respectively. The initial
configuration was prepared by PACKMOL™ in a square box,
typically larger than the “real” size to make the packing easier. A
starting simulation was carried out at 700 K in NVE ensemble.
After a relaxation for a few MD steps to reduce the possible
overlapping in the initial configuration, the Nose-Hoover NPT
ensemble simulation was performed. Descending from 700 K to
the sampling temperature at 298 K, the NPT simulations were
carried out under the standard atmospheric conditions. At the
sampling temperature point, the system was equilibrated for at
least 6 ns, and then the production phase lasted for 4 ns. The
conformations in trajectories were dumped with an interval of
20 fs for further analysis. The energies were collected every 10
ps for averaging.

B RESULTS AND DISCUSSION

Dominant Force between [BMIM]CI and 5-HMF. s-
HMEF, furfural, and furfuralcohol all belong to furan compounds
with structural variations in the functional groups. S-HMF has a
carbonyl group and a hydroxymethyl group, while furfural has
only a carbonyl group and furfuralcohol only a hydroxymethyl
group. When the three substrates were evaluated as the solutes,
distinctive differences among these compounds were observed
during their extractions. Figure 1 shows that the distribution
coefficient and the extraction efficiency values of furfuralcohol
and S-HMF are much lower than that of furfural, and the values
of furfuralcohol are a little higher than the values of S-HMF. A
higher distribution coefficient or extraction efficiency means a
more efficient extraction of a solute, due to a weaker interaction
of the solute with [BMIM]CIl. Therefore, according to the
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Extracted solute

5-HMF OH Il Extraction efficiency
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Figure 1. Extraction parameters of furfural, furfuralcohol, and S-HMF
from [BMIM]CI by MIBK (experimental conditions: 1 g [BMIM]CI
and 2.4 g MIBK; mole ratio of evaluated solute:[BMIM]CI = 0.5:1; 25
°C).
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results shown in Figure 1, it is evident that the interaction
strengths of the three solutes with [BMIM]CI follow the order:
furfural <« furfuralcohol <S-HMEF. Both S-HMF and furfur-
alcohol have hydroxyl groups and are capable of forming
hydrogen bonding with the CI™ of [BMIM]CL Besides the
hydrogen bond interactions, other interactions [i.e., p- and #-
electron dispersion interaction and van-der-Waals interaction
(nonelectrostatic interaction) also exist].”> In accordance with
the extraction properties in Figure 1 and the differences among
the molecular structures of the solutes, there is little doubt that
the hydrogen bonding exerts as the dominant force in the
interaction between S-HMF and [BMIM]CL. Hence, weakening
the hydrogen bonding between hydroxymethyl group of -
HMEF and CI™ of [BMIM]CI served as the basis of our design
strategy for the selection of promoters in our subsequent
experiments.

Ethanol Promoted 5-HMF Extraction. Extraction of 5-
HMF by MIBK from [BMIM]Cl with increasing ethanol
loading was studied to verify and elucidate the fundamental role
of ethanol as a promoter (Figure 2). The molar ratio of S-HMF
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Figure 2. Extraction parameters of S-HMF from [BMIM]CI by MIBK
with different ethanol loading (experimental conditions: 1 g [BMIM]
Cl and 2.4 ¢ MIBK; mole ratio of S-HMF:[BMIM]CI = 0.5:1; 25 °C).

solute to [BMIM]Cl solvent is fixed at 0.5:1 for this particularly
study. The distribution coefficient and the extraction efficiency
values are plotted to manifest the amount of extractable S-HMF
from [BMIM]CL. As shown in Figure 2, when the extraction is
performed at a relatively low ethanol loading of no more than
0.5:1 mol ratio of ethanol:[BMIM]CI, the increase in the
distribution coefficient value was not significant. However, with
further increase in ethanol loading from 0.5:1 up to 1.0:1 in the
mole ratio of ethanol:[BMIM]CI, the distribution coefficient
value showed a dramatic increase with ethanol loading, reaching
0.16 at the 1.0:1 mol ratio. The extraction efficiency of S-HMF
followed the same trend as the distribution coefficient value.
The turning point at 0.5:1 mol ratio of ethanol:[BMIM]C],
from the slow increase to the sharp increase in the fitted curve
of the distribution coeflicient and the extraction efliciency,
reflects the precise initial molar ratio of S-HMF to [BMIM]CL
The results indicate that the added ethanol molecules to the
system were first associated with the available [BMIM]CI not
yet bonded by S-HMF. When these free [BMIM]CI
compounds have been fully saturated by ethanol, extra ethanol
molecules compete for the [BMIM]Cl molecules associated
with 5-HMF. Only then can the promoter effectively interfere
and disrupt the interaction between S-HMF and [BMIM]C],
thus releasing S-HMF from the [BMIM]CL. These experimental
results demonstrate the positive role of ethanol in promoting S-
HMF extraction.

DOI: 10.1021/acs.iecr.5b01646
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Because each ethanol molecule, C,H;OH, has a hydroxyl
group, the results suggest that hydrogen bonding may be a
dominant interaction force for proton bearing molecules to
interact with [BMIM]C], by forming hydrogen bonding with a
Cl™ anion of the [BMIM]CL The results in Figure 2 can be
well-explained by the hydrogen-bonding model. Assuming each
Cl™ anion of the [BMIM]CI solvent forms a hydrogen bond
with the H" of a HO group, the initial 50% of 5S-HMF with
respect to the [BMIM]CI would interact with equal moles of
[BMIM]CI by hydrogen-bonding formation. This leaves 50% of
the [BMIM]CI free of the hydrogen bonding. Adding ethanol
in a molar amount that was equivalent to the free [BMIM]CI
only marginally promoted the distribution coeflicient and the
extraction efficiency values. Further increase in the ethanol
molar concentration resulted in competitive displacement of 5-
HMF from the [BMIM]CI solvent, resulting in the rapid
increase in the distribution coefficient and the extraction
efficiency values.

Effects of Other Molecules and NaCl Salt. To further
verify the hypothesis on the importance of hydrogen bonding
interaction between S-HMF and [BMIM]CI, other molecules
with and without H-bonding capabilities are quantitatively
studied for their promotional effect as the extraction parameters
in the [BMIM]CI and MIBK biphasic systems. In Figure 3, the
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Figure 3. Extraction parameters of S-HMF from [BMIM]Cl by MIBK

with different promoters (experimental conditions: 1 g [BMIM]Cl and

2.4 ¢ MIBK; mole ratio of S-HMF:[BMIM]CI = 0.5:1; mole ratio of

promoter:[BMIM]CI = 1:1; 25 °C).

promoting effects of other selected molecules and salt species
are compared in order to gain insight on the mechanism of
promoted S-HMF extraction. Considerable variations in the
extraction efficiency of S-HMF are observed when the values of
the distribution coeflicient and the extraction efliciency are
compared across different promoters. For the system without a
promoter, the distribution coefficient of the S-HMF was about
0.02. In comparison, the distribution coeflicient values were
increased about 6, 11, and 7 times with methanol, ethanol, and
turfuralcohol as promoters, respectively. Similarly, the extrac-
tion efficiency values of S-HMF were also largely increased
when the three protic promoters were used. Thus, addition of
the substrates with hydrogen donors displayed positive
promoting effects on the extraction of S-HMF by MIBK. The
polarity index of methanol, ethanol, and acetonitrile are 5.1, 5.2,
and 5.8, respectively. However, the promoting effect of the
strongly polar molecule, acetonitrile is much weaker than that
of the two alcohols. It can therefore be deduced that polarity
does not play a crucial role in the promoting effect. Furfural
may undergo n-electron dispersion interaction with the
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[BMIM]C] molecules. In accordance with Table 2, such
interaction offers a much weaker promoting effect compared
with the hydrogen bonding. It has been reported that the
presence of an inorganic salt (e.g. NaCl) in the aqueous phase
played an important role in improving the extraction efliciency
of 5-HMF.*® However, the salt did not improve the S-HMF
extraction from [BMIM]CI/MIBK phase. This difference could
be rationalized on the basis that [BMIM]CI is already a salt,
and additional salt should not be expected to enhance the 5-
HMF extraction.

Behaviors of Low Molecular Alcohols. Methanol and
ethanol are miscible with [BMIM]CI in any ratio and cannot
form two phases. Stark et al.”” reported the complete miscibility
of the alcohols like methanol in 1-butyl-3-methylimidazolium
methanesulfonate ([BMIM][CH;SO;]) ionic liquid and
concluded that such alcohols were not suitable agents for the
extraction of S-HMF from the ionic liquid. However, as
demonstrated in this work, these alcohols played a favorable
role as promoters in disrupting the hydrogen-bonding
interaction between S-HMF and [BMIM]CI, resulting in
enhanced extraction of S-HMF by MIBK. To establish the
role of methanol and ethanol as promoters, it is important to
determine the distribution properties of the methanol and
ethanol promoters between the [BMIM]CI and the MIBK
phases.

As shown in Table 1, when methanol or ethanol is added
into a [BMIM]CI/MIBK biphasic system, the low values of the

Table 1. Distribution Properties of Methanol and Ethanol As
Solutes in the [BMIM]CI/MIBK Biphasic System®

entry solute distribution coefficient extraction efficiency (%)
1 methanol 0.048 7.9
2 ethanol 0.125 15.1

“Experimental conditions: 1 ¢ [BMIM]Cl and 3 mL MIBK; mole ratio
of extracted solute:[BMIM]CI = 0.5:1; 25 °C.

distribution coeflicient and the extraction efficiency manifest
the low proportion of methanol or ethanol in the MIBK phase.
In accordance with the extraction efficiency value, it may be
deduced that nearly 92% of methanol is dissolved in [BMIM]Cl
phase, and the value for ethanol is 85%. Dumesic et al.”” used 2-
butanol as a phase modifier to promote efficient production of
S-HMF from fructose in a two-phase system involving an
aqueous phase and a MIBK phase. However, the role of 2-
butanol in that system is quite different from that of these lower
alcohols, such as methanol and ethanol used in our study,
because most of the 2-butanol (>95%) is partitioned effectively
into the MIBK layer and acts as an extractant together with
MIBK. In this work, the methanol or ethanol added in the
MIBK/[BMIM]CI two-phase system is mainly affiliated with
the bottom ionic liquid phase. Therefore, these lower alcohols
can hardly be considered coextractants with MIBK. For the
special roles of methanol and ethanol as revealed by the present
study, it is appropriate to define them as promoters.

Besides the positive roles in promoting extraction of S-HMF
from the [AMIM]CI ionic liquids, methanol and ethanol also
offer potential for optimization of the reaction system. When
used as reaction solvents, the ionic liquids can cause negative
impact on heat and mass transfers because of high viscosities. It
was found that addition of methanol and ethanol helped to
reduce [BMIM]CI viscosity significantly. When the alcohols
were used as the promoters, the kinematic viscosities of the

DOI: 10.1021/acs.iecr.5b01646
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[BMIM]Cl-methanol and [BMIM]Cl-ethanol mixtures (mole
ratio of promoter:[BMIM]CI = 1:1) at 80 °C were reduced to
8.8 and 9.6 mm?/s, respectively, which are more than an order
of magnitude lower than that of pure [BMIM]CI (109.4 mm?/
s). The reduced viscosity is highly favorable for the process as
the rates of heat and mass transfers and chemical reaction are
largely dependent on the fluid flow phenomena of the system.

Because of their low boiling points, the lower molecular
alcohols like ethanol and methanol can readily be recovered
from the ionic liquid by distillation. More than 95% ethanol was
removed from the [BMIM]Cl-ethanol mixtures (mole ratio of
ethanol:[BMIM]CI = 1:1) after 30 min atmospheric distillation
at 100 °C or reduced pressure distillation at 55 °C.

Support by Molecular Dynamics Simulations. Molec-
ular dynamics simulations were performed on the mixtures of
[BMIM]CI/S-HMF with and without ethanol promoter. The
interaction energies of [BMIM]CI with S-HMF and with the
promoter in different systems are listed in Table 2. An

Table 2. Interaction Energies of [BMIM]CIl with 5-HMF and
with Ethanol in Different Simulation Systems (kJ/mol)

[BMIM]*- CI'—  [BMIM]*-  CI' -
interaction system S-HMF S-HMF ethanol ethanol
[BMIMCI]/5-HMF —68.8 —128.1 - -
[BMIMCI]/5-HMF/ —64.5 —-90.3 712 —135.6

Ethanol

interaction energy with a larger absolute value manifests a
stronger interaction force. In accordance with the data in Table
2, it can be deduced that the interaction between CI™ and S-
HMF is much stronger than that between [BMIM]" and $-
HMF in the [BMIM]Cl/S-HMF mixture system. This result is
consistent with our initial hypothesis that the dominant
interaction between [BMIM]CI and S-HMEF is the hydrogen-
bonding interaction between the CI~ of [BMIM]Cl and
hydroxyl H of 5S-HMF, as discussed on the basis of Figure 1.
The interaction energies in the [BMIM]Cl/S-HMF/ethanol
mixture system manifest that the ethanol forms a strong
interaction with the CI~™ of [BMIM]C], and at the same time
the interaction force between CI” and S-HMF is decreased
markedly compared to the system without ethanol. These
results indicate that a strong interference force of ethanol is
exerted on [BMIM]CI.

The above results indicate that the strong hydrogen bonding
between the hydroxyl group of S-HMF and the CI™ anion of
[BMIM]Cl is the dominant force that suppresses the extraction
efficiency of S-HMF, and the promoters that contain hydroxyl
protons can effectively improve the extraction efficiency. The
possible promoting mechanism is deduced as follows: in the
[BMIMCI]/5-HMF mixture, S-HMTF is strongly associated with
[BMIM]Cl mainly through hydrogen bonding. When a
promoter (e.g, ethanol) is added, its hydroxyl proton can
also form hydrogen bonding with the CI~ of [BMIM]CL The
promoter with a stronger H-bonding ability can effectively
compete with the S-HMF and weaken the CI™-S-HMF H-
bonding interaction force. As a result, S-HMF is liberated from
the [BMIM]CI phase for a more favorable affinity with the
extractant, resulting in the enhanced extraction efficiency by the
organic extractant phase.

Effects of 5-HMF Initial Loading. The extraction
efficiency of 5-HMF without added ethanol does not vary
appreciably with the increasing S-HMF initial loadings. In
contrast, the extraction efficiency of S-HMF with added ethanol
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is concentration-dependent and it increases gradually with the
increase of S-HMF initial loading (Figure 4). Therefore, the

18
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7 /n,///'/
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S
T 61
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5 3
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5-HMF initial {oading (wt% of IL)

Figure 4. Extraction efficiency of S-HMF at different S-HMF initial
loadings in [BMIM]CI (experimental conditions: 1g [BMIM]CI and
24 ¢ MIBK; mole ratio of ethanol:[BMIM]CI = 1:1; 25 °C).

promoting effect of ethanol is more pronounced with the
increase of the 5-HMF initial loading. Because 5-HMEF in the
extract phase can be recovered by distillation of the extraction
solvent, the much increased S-HMF concentration in the
extractant phase can be expected to result in significantly
improved economics in the production of S-HMF. Most
importantly, the promoted high extraction efficiency is expected
to make it feasible to the recycled use of the ionic liquid and the
catalyst. It sould be noted that the amount of ethanol used as
promoter is only a fraction of the weight of S-HMF. For
example, under the extraction condition with 1:1 mol ratio of
ethanol:[BMIM]CI and 0.5:1 mol ratio of 5S-HMF:[BMIM]CI,
ethanol content is 26.7 wt % with respect to [BMIM]CI or is
74.0 wt % with respect to S-HMF.

Effects of Temperature. Figure S shows the results of
extracting S-HMF from [BMIM]CI by MIBK operated at
different temperatures with or without ethanol promoter. Both
the distribution coefficient and the extraction efficiency values
of S-HMF extraction have a small but not very significant
increase in the temperature range of 25—75 °C. This low
temperature-sensitivity is beneficial as the biphasic behavior

I Distribution coefficient
] Extra_ction efficiency

Distrfbution Coefficient

Figure S. Extraction parameters of S-HMF at different temperatures
(experimental conditions: 1g [BMIM]CI and 2.4 g¢ MIBK; mole ratio
of S-HMF:[BMIM]CI = 0.5:1; mole ratio of ethanol:[BMIM]CI =
1:1).

DOI: 10.1021/acs.iecr.5b01646
Ind. Eng. Chem. Res. 2015, 54, 7977—-7983


http://dx.doi.org/10.1021/acs.iecr.5b01646
http://pubs.acs.org/action/showImage?doi=10.1021/acs.iecr.5b01646&iName=master.img-004.jpg&w=189&h=149
http://pubs.acs.org/action/showImage?doi=10.1021/acs.iecr.5b01646&iName=master.img-005.jpg&w=189&h=158

Industrial & Engineering Chemistry Research

could be expected to be maintained under reaction conditions.
The maintenance of this biphasic behavior is also necessary for
continuous separation and reuse of the extractant solvent at the
reaction temperature. Therefore, the promoter-modified
biphasic system can be expected to be applicable to process
conditions.

B CONCLUSIONS

In summary, a new method based on the solvent mediation has
been established for enhanced 5-HMF extraction from
[AMIM]CI ionic liquids. On the basis of the model
[BMIM]CI/MIBK biphasic system, this work established that
the strong hydrogen bonding between the proton of the
hydroxyl group of S-HMF and the Cl™ anion of the [BMIM]CI
ionic liquid is the dominant force in suppressing the extraction
efficiency. Functional promoters that effectively displace the
strong hydrogen bonding between S-HMF and [BMIM]CI
were found to sufficiently weaken the interaction of 5-HMF
with the chloride based ionic liquid, resulting in enhanced
extraction efficiency. The feasibility of the strategy was
demonstrated by the substantially enhanced extraction
efficiency of 5-HMF from the ionic liquid with the use of
lower alcohol promoters. When ethanol was used as a
promoter, the distribution coefficient of S-HMF from the
ionic liquid by MIBK was increased by over 10 times than that
without the promoter. The lower molecular alcohols like
ethanol and methanol are particularly effective because of their
higher bonding ability with [BMIM]C], and their lower affinity
with MIBK. Because of their low boiling points, these alcohol
promoters can readily be recovered from the ionic liquid by
distillation.
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