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ABSTRACT: S-Hydroxymethylfurfural (HMF) was synthesized
from monosaccharides by a biphasic reaction system using a
microreactor. The biphasic reaction system realized an immediate
extraction and stabilization of product HMF, which further
degrades under the reaction conditions. Segmented flow was
utilized for an efficient reaction—extraction tool. The effect of
extraction ability was evaluated based on the extraction phase/
reaction phase partition coefficient of HMF. A Lewis acid catalyst
was introduced to overcome the obstacle of the reaction, which
was clarified as the isomerization of glucose to fructose, and
improved the HMF yield to 85 mol % under the condition of T =

:> Segmented flow in microreactor |:>

Glu. Fru.
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180 °C and 7 = 47 min. The recovery of the product HMF was also examined using a constructed microextraction system, and HMF

was selectively recovered from the extraction phase.

1. INTRODUCTION

HMEF is one of the important and valuable biomass-derivative
chemicals, which has applications such as in herbicides, food
additives, or medical supplies. Especially, the use as a bioplastic
material has gained attention because of worldwide urgent
environmental issues such as fossil resource exhaustion and
carbon dioxide emission.' ™ In addition, the importance of the
bioplastics is perceived more commonly after “sustainability”
had become one of the very important keywords for human life
activities at the United Nations General Assembly in 2015.
The practical utilization of HMF as a bioplastic material greatly
contributes to the realization of a sustainable society. HMF is
obtainable by an acidic aqueous conversion of hexose. Many
previous studies developed novel catalysts to improve the
HMF yield, and the yield reached approximately 50—60 mol
9%."° However, under the acidic aqueous condition, HMF
further converts into levulinic acid and formic acid or the
undesirable byproduct humin.”~” Levulinic acid is also one of
the biomass-derivative important chemicals. On the other
hand, humin has no applications at all, and it is regarded as a
completely useless matter. To improve the selectivity of HMF,
some previous studies introduced ionic liquids as solvents with
a metal catalyst, which resulted in a 40—70 mol % HMF
yield."""* The yield was high; however, the prices of ionic
liquids are too high, and the separation of product HMF is also
difficult. As another way to improve HMF selectivity, a novel
reaction system, which is known as the biphasic reaction
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system, was proposed in the 1950s.'”'* The system employs
the addition of an organic phase, which immediately extracts
the product HMF from the reaction phase and prevents the
overreaction. The system enabled high HMF yields even
without catalyst use, and thereafter, many researchers have
employed the system for efficient HMF production, which
resulted in a 50—70 mol % HMF yield."*~"® However, most of
them still employed high-price novel catalysts. In addition, they
conducted experiments using batch reactors. In the prospects
of process intensification, a continuous production system is
desirable. To conduct a biphasic reaction continuously, a
microreactor is one of the ideal tools. A microreactor can
realize the unique flow state of “segmented flow”, which is
often employed for a biphasic extraction. When two or more
kinds of immiscible fluids flow in a thin tube, each fluid flows
alternately as a slug segment. Because of friction between the
slug and tube wall, internal circulation occurs in each slug. This
internal circulation thins down the boundary layer thickness
and also prevents the accumulation of extracted objects near
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Scheme 1. Conceptual Diagram of the Reaction in a Microreactor (Glu. = Glucose, Fru. = Fructose, LA = Levulinic Acid, and

FA = Formic Acid)

)

Aqueous phase
(Reaction phase)

Organic phase

(Extraction phase)

Internal
circulation

Extraction

R

the phase boundary, which results in mass transfer improve-
ment.'”™> Our previously reported study employed the
segmented flow for the biphasic HMF production.”* Scheme
1 illustrates the conceptual diagram of the reaction. The system
enabled the high HMF yield of 76 mol % from glucose using
the simple experimental apparatus. On the other hand, the
obstacle in the conversion pathways was revealed as the
isomerization of glucose to fructose, and the use of a Lewis
acid catalyst was suggested for HMF yield improvement.
Therefore, this study reports the effect of Lewis acid use on the
conversion. In addition, the product HMF was recovered as a
solution in the organic phase in the previous study. Because
HMEF is not tolerant to heat, distillation is not suitable for
HME purification from solvents with high boiling points. This
means that the recovery requires further HMF extraction to
another kind of solvent or other operations such as
crystallization or drying. Because a microreactor is an effective
extraction tool, a microextraction apparatus was prepared and
examined in this study.

2. RESULTS AND DISCUSSION

2.1. HMF Synthesis Using Methylisobutyl Ketone
(MIBK) as an Extraction Phase. Our previous study using 2-
sec-butylphenol (SBP) as the extraction phase clarified that the
rate-determining step in the conversion of §lucose to HMF was
the isomerization of glucose to fructose.”” The impact of the
isomerization step was also evaluated using MIBK as the
extraction phase. Figure 1 shows the results after converting 1
wt % glucose or fructose solution in 1.0 M PB-3.0 (see Section
4.1 for the definition) at T = 180 °C at the ratio of the organic
and aqueous phase flow rates, O/A = 2. The biphasic system
using MIBK resulted in successful reaction—extraction syn-
thesis as well, and in this system also, the isomerization step
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Figure 1. Monosaccharide conversions using MIBK as an extraction
phase; 1 wt % saccharide solution, 1.0 M PB-3.0, T = 180 °C, an O/A
= 2. Solid line - glucose, broken line - fructose, square - saccharide
conversion, circle - HMF yield, triangle - HMF selectivity, and cross -
HMEF ratio in the organic phase.
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required long times judging from the differences between
materials. However, the HMF yield was lower than that of the
SBP case, for example, 5.5 min of conversion of fructose with
SBP resulted in 77 mol % whereas with MIBK resulted in 43
mol %. One of the important causes of the yield difference was
probably the difference in the extraction abilities between
MIBK and SBP. Figure 1 indicates that the ratio of HMF in the
organic phase did not depend on the residence time, which
meant that the mass transfer was promoted by segmented flow
and the extraction reached equilibrium. The organic phase/
deionized water partition coefficient K (see Section 4.3 for the
definition) of HMF was calculated via batch extraction
attempts, which resulted in K for MIBK being 1.3 and K for
SBP being 8.7. Therefore, product HMF was efficiently
extracted from the reaction phase when SBP was used as the
extraction phase and resulted in a higher HMF yield. Because
the extraction capacity could improve by increasing O/A, the
effect of O/A on the HMF yield was evaluated. Figure 2 shows

100 T T T T T 1.5
[ =
g‘ 80 i@
E ol I g
2 I =
g T 4
Z 40 5]
2 | {05 %
g =
o 20 S
=

0 : . 0

0 1 2 3 4 5 6
O/A[]

Figure 2. Effect of O/A on glucose conversion using MIBK as an
extraction phase; 1 wt % glucose, 1.0 M PB-3.0, 7 = 10.3 min, and T =
180 °C. Square - glucose conversion, circle - HMF yield, cross - HMF
ratio in the organic phase, and triangle - HMF concentration in the
product MIBK.

the results when 1 wt % glucose in 1.0 M PB-3.0 was converted
at T =180 °C and 7 = 10.3 min. Increasing O/A resulted in the
higher HMF ratio in the extraction phase and the higher HMF
yield, which clarified that the higher extraction capacity
resulted in a higher HMF yield. However, the HMF
concentration in the extraction phase decreased with increasing
O/A, which is a disadvantage for the recovery of HMF. In
addition, the HMF ratio in the organic phase almost reached a
plateau when O/A was over 4, and the HMF yield was still
much lower than that of the SBP extraction case. Therefore,
further HMF synthesis examinations were conducted using
SBP as the extraction phase.

2.2. HMF Synthesis Using SBP as an Extraction Phase.
As mentioned in the previous section, it was clarified that the

https://dx.doi.org/10.1021/acsomega.0c00399
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SBP/deionized water partition coefficient of HMF was much
higher than that of MIBK via batch extraction attempts.
According to K = 1.3 for MIBK, the maximum value of the
HME ratio in the organic phase was calculated as 71% at O/A
= 2. However, the results shown in Figures 1 and 2 indicated
that the ratio was approximately 80%. This fact implied that
the use of phosphate buffer saline (PB) as the aqueous phase
increased the partition coefficient. Thus, the SBP/PB partition
coefficients of HMF were calculated using different concen-
trations and pH values of PBs. The results are shown in Figure
3. The higher pH and especially the higher concentration of PB

the biphasic reaction system by preventing an overreaction
with the extraction phase.

Next, the effect of the catalyst was examined. In our previous
study, the use of a Lewis acid was predicted to be efficient on
this reaction system* because a Lewis acid was known to
promote the glucose isomerization to fructose, which was the
rate-determining step.”” >’ As the Lewis acid, cheap and
common AlCl;:6H,0 was employed. An amount of 0.05 g/g
glucose of AICl;-6H,0O was added to 1 wt % glucose solution in
1.0 M PB-2.0, and it was converted at T = 180 °C and O/A =
3. Figure 5 shows the glucose conversion and HMF yield.
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Figure 3. Effect of the pH and concentration of PB on the partition
coefficient of HMF. Circle - 0.1 M PB, square - 1.0 M PB, and triangle
-2.0 M PB.

showed the higher partition coefficient. Because the concen-
tration of PB changed the partition coefficient, the difference
between 1 wt % glucose conversions using 1.0 M PB-2.0 and
2.0 M PB-2.0 at T = 180 °C and O/A = 3 was compared, and
the results are shown in Figure 4. As expected, the HMF ratio
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Figure 4. Effect of the PB concentration on glucose conversion using
SBP as an extraction phase; 1 wt % glucose solution, T = 180 °C, and
O/A = 3. Solid line - 2.0 M PB-2.0, broken line - 1.0 M PB-2.0, square
- glucose conversion, circle - HMF yield, triangle - HMF ratio in SBP,
and cross - HMF yield by the monophasic reaction.

in SBP increased with the PB concentration. Glucose
conversion also increased with the PB concentration; however,
the difference in the HMF yield was little. The results meant
that HMF selectivity decreased with increasing the PB
concentration, which implied that the high concentration of
PB also promoted undesirable HMF degradation. Figure 4 also
shows the HMF yield from glucose by a monophasic reaction
using 1.0 M PB-2.0 at 180 °C. By a biphasic reaction, the HMF
yield clearly increased. In addition, the HMF yield decreased
after reaching the highest yield at 24 min of conversion without
the extraction phase, which was not observed for the biphasic
reaction using SBP. The 1 wt % HMF solution in SBP was
heated at 180 °C to confirm the HMF degradation behavior in
SBP, and 100% HMF was recovered as the result. Therefore, it
can be concluded that the HMF yield significantly increased by
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Figure 5. Effect of Lewis acid on glucose conversion using SBP as an
extraction phase; 1 wt % glucose solution, 1.0 M PB-2.0, T = 180 °C,

and O/A = 3. Solid line - with a Lewis acid, broken line - without a
Lewis acid, square - glucose conversion, and circle - HMF yield.

AlCl; significantly improved the HMF yield, and it reached
849 mol % after 47 min of conversion. The partition
coefficient change due to the catalyst being little where K =
12.1 with AICl; and K = 11.7 without AICl;. The HMF ratio in
SBP after catalytic conversion was 97%, which was at
approximately the equilibrium with K = 12.1 and O/A = 3.
In addition, the undesirable byproduct formic acid was
suppressed to less than 2 mol %. In summary, the use of
segmented flow realized that the extraction reached equili-
brium, and the use of a Lewis acid significantly reduced the
obstacle of the isomerization step, resulting in the high HMF
yield of 84.9 mol % with the simple reaction setups and the
simple operation.

Scheme 2 illustrates the sequential reaction mechanisms of
glucose to fructose, HMF, and levulinic acid (LA) + formic
acid (FA) via isomerization, dehydration, and hydrolysis,
respectively.””¥~*¢ Basically, fructose conversion to HMF and
HME conversion to LA are promoted by a Brensted acid, and
HMF conversion obviously favors the aqueous phase with a
Bronsted acid according to Scheme 2. Without a Lewis acid,
the employed reaction-phase PB contained only the Bronsted
acid. Therefore, the isomerization step was the rate-
determining step. Glucose isomerization to fructose was
promoted by the Lewis acid. According to Zhang et al,, even
fructose conversion to HMF is promoted by the Lewis acid,”’
which probably helped the HMF yield improve in this study.
The partition coefficients of the chemicals involved in the
reaction were examined using deionized water or 1.0 M PB-2.0
as the aqueous phase and SBP as the organic phase. Among the
chemicals, glucose, fructose, and acid catalysts of AICl; and the
phosphoric ion were completely hydrophilic in that all the
dissolved amounts were recovered in the aqueous phases. FA
was also strongly hydrophilic, and it was slightly extracted to
SBP with the partition coefficients of 2.5 X 1072 and 2.4 X
1073 for deionized water and 1.0 M PB-2.0, respectively. LA,
on the other hand, favored SBP with the partition coefficients
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Scheme 2. Reaction Pathways of Glucose to Levulinic Acid
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of 2.3 and 3.3 for deionized water and 1.0 M PB-2.0,
respectively. Because all the catalysts and upstream chemicals
were completely hydrophilic, the reactions proceeded in the
aqueous phase. Ideally, the reactions except for the over-
reaction of HMF occur in the organic phase because water
inhibits dehydration and Lewis acid activity. The HMF yield
possibly increases by selecting the organic solvent that has the
high value of the partition coefficient of HMF and capable of
dissolving sugars and Lewis acids. In the examined system in
this study, nevertheless, the HMF yield was highly improved
by promoting isomerization with the Lewis acid and preventing
an overreaction of HMF with the extraction phase. It should be
noted that the solubility of SBP in water was very low (1.4 g/
L) and favorably even lower in 1.0 M PB-2.0 (0.4 g/L).

2.3. HMF Extraction from the Organic Phase. Because
the introduced organic solvents (MIBK and SBP) are toxic
reagents, the recovery of HMF from the extraction solvents is
essential. The synthesis experiments revealed that the
extraction ability of MIBK was inferior to that of SBP.
However, the inferior extraction ability might be the advantage
when the whole process was taken into account. Because HMF
is not tolerant to heat, distillation is not suitable for HMF
purification from solvents with high boiling points. This means
that the recovery requires operations such as back extraction,
crystallization, or drying. The inferior extraction ability works
as an advantage in these processes. Because the partition
coefficient was revealed to be highly dependent on the aqueous

9387

solution, the back extraction of HMF to deionized water using
a constructed counter-current flow microextractor was
examined in this study. First, the back extraction of the
product HMF in MIBK after the synthesis reaction was
examined. The synthesis conditions were as follows: 1 wt %
glucose, 1.0 M PB-3.0, 7 = 16.8 min, T = 180 °C, and O/A = 2.
After the examination, the chromatogram of the obtained
MIBK decreased the intensity of HMF only. In addition, the
obtained water phase only delivered the peak of HMF. Thus,
using the constructed microextraction apparatus, HMF was
selectively extracted from the product organic phase to
deionized water. Next, the extraction efficiency of the
constructed system was examined. The HMF solution in
MIBK was prepared, and then dissolved HMF was extracted to
deionized water using the constructed microextractor. Figure 6
shows the extraction results with the equilibrium line. In
average, 50% or 95% equilibrium was achieved after 3.8 min or
19 min of extraction, respectively. The 19 min operation
enabled us to extract 79% initial HMF in MIBK to the
deionized water phase. In summary, it was confirmed that the
counter-current microextractor enabled rapid and selective
HMF extraction from MIBK to deionized water. However,
when HMF was extracted from SBP to deionized water, the
extracted rate was only 11% equilibrium after 19 min of
extraction (the initial HMF concentration in SBP was 5.86 g/
L, and the HMF concentration in deionized water after
extraction was 0.0760 g/ L). The back extraction from SBP was

https://dx.doi.org/10.1021/acsomega.0c00399
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Figure 6. HMF extraction from MIBK to deionized water by a
counter-current microextraction system. Circle - 19 min, square - 3.8
min, and line - equilibrium line.

slower than that from MIBK. This was probably because of the
SBP kinematic viscosity, which was 12 times greater than that
of MIBK, which resulted in a lower diffusion coeflicient and
insufficient mass transfer. Therefore, the HMF extraction from
SBP was examined using segmented flow (co-current with the
PFA tube of i.d. = 2.18 mm, o.d. = 3.18 mm, and length = 100
cm). Figure 7 shows the extraction results with the equilibrium
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Figure 7. HMF extraction from SBP to deionized water by co-current
segmented flow extraction. Circle - A/O = 1, square - A/O = 2,
triangle - A/O = 3, and broken lines - equilibrium lines.

line. The extraction rate was not high because of the high
partition coefficient K = 8.7. However, segmented flow enabled
the rapid HMF extraction reaching equilibrium. This process
also could be a part of the efficient HMF purification method.
To produce pure HMF from monosaccharides, the balance of
efficiency both at the reaction and the extraction must be taken
into account. Our future work will develop the HMF
production method including all the processes from the
sugar material to pure HMF.

3. CONCLUSIONS

The liquid—liquid biphasic reaction and extraction was applied
to HMF production from monosaccharides. Segmented flow
enabled the rapid extraction of the product HMF from the
reaction phase and prevented the further conversion of product
HMF. The extraction ability of the extraction phase was
clarified as the important factor for the HMF yield improve-
ment, and the higher partition coeflicient and O/A resulted in
the higher yield. The acid concentration of the reaction phase
also affected the partition coefficient; however, it also changed
the reactivity, and the yield improvement was not expected.
The use of the Lewis acid had less effect on the partition
coefficient. Nevertheless, the Lewis acid promoted the
isomerization of glucose, which was the rate-determining
step in the reaction, and improved the HMF yield significantly.
The HMF yield reached 85 mol % under the condition of 1 wt
% glucose solution in 1.0 M PB-2.0, 0.05 g/g-glucose AICl;-
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6H,0, and O/A = 3 using SBP, T = 180 °C, and 7 = 47 min.
Product HMF was selectively extracted from the organic phase
to deionized water. Counter-current extraction using a
microextractor and co-current extraction by segmented flow
enabled rapid HMF extraction from MIBK and SBP,
respectively. Thus, a high-yield HMF production method
from glucose and selective HMF recovery method were
developed.

4. EXPERIMENTAL SECTION

4.1. Materials. As a material, glucose (FUJIFILM Wako
Pure Chemical, Japan) or fructose (KISHIDA CHEMICAL,
Japan) was solubilized into PB. PB was prepared at three
different pH values (2.0, 2.5, and 3.0) by mixing the same
concentrations of dilute phosphoric acid (0.1, 1.0, and 2.0 M)
and NaH,PO,-2H,0 solution (0.1, 1.0, and 2.0 M), which
resulted in nine different types of PB. Hereafter, the prepared
PB is denoted as “concentration PB-pH”, for example, 0.1 M
PB at pH 3.0 is “0.1 M PB-3.0". A dilute phosphoric acid was
prepared by diluting 85% phosphoric acid (Nacalai Tesque,
Japan) with deionized water, and NaH,PO,-2H,0O solution
was prepared by dissolving NaH,PO,2H,0 (Nacalai tesque)
into deionized water. AlCl;-6H,0 (Nacalai Tesque) was also
dissolved into PB when catalytic conversion was examined. As
an extraction phase, MIBK (FUJIFILM Wako Pure Chemical)
or SBP (Tokyo Chemical Industry, Japan) was used. All the
chemicals were used as purchased without any further
purification.

4.2. HMF Synthesis Using a Microreactor. The
experimental apparatus consisted of two high-pressure
pumps, SUS 316 tubes, a PTFE tube, a hastelloy tube, a
SUS 316 union tee, and a back pressure regulator. The 1 wt %
sugar solution in PB and the organic phase (MIBK or SBP)
were fed by the high-performance liquid chromatography
(HPLC) pumps (LC-20 AD, Shimadzu Corporation, Japan)
and mixed at the union tee with an internal diameter of 1.3
mm (i.d. = 1.3 mm), which was connected in sequence to a
PTFE tube (ID. = 2 mm) and hastelloy tube (i.d. = 2 mm).
The PTFE section was prepared for the visualization of the
flow states, and all of the biphasic experiments were guaranteed
to be conducted under segmented flow. The hastelloy section
with the length of 1.6 or 19.7 m was employed as the reactor
section, which was coiled and soaked into an oil bath to
maintain the reaction temperature at 160—190 °C. At the
reactor outlet, 1 m of the coiled SUS 316 tube (i.d. = 2 mm)
was soaked into an ice bath to quench the reaction. The
quenching section was followed by a back pressure regulator
(IDEX Health & Science, U.S.A.), which pressurized the entire
channel to 3.45 MPa to prevent fluid evaporation in the
reactor. The depressurized product was collected at the
ambient sampling section. The reaction temperature T [°C],
residence time 7 [min], sugar type, pH and concentration of
PB, and the ratio of the organic and aqueous phase flow rates
O/A [—] were varied to evaluate the effects on the HMF yield.
In addition, the effect of the Lewis-acidic catalyst was
examined using the sugar solution prepared with AlCl;-6H,0
(5 wt % sugar). The product HMF concentration in each
phase was analyzed by HPLC.

4.3. HMF Extraction from the Organic Phase. A
double-pipe counter-current flow extractor was constructed
for the HMF extraction from the product organic phase to
deionized water. Scheme 3 illustrates the setups. The outer
tube was the PFA tube with the outer diameter of 1.6 mm (o.d.
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Scheme 3. Prepared Counter-Current Microextraction
System
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= 1.6 mm; id. = 1.0 mm), whereas the inner tube was the
porous PP tube (o.d. = 0.63 mm, i.d. = 0.33 mm) with 0.2 ym
diameter pores. The HMF solution in MIBK or the product
organic phase of MIBK from the synthesis section (1 wt %
glucose, 1.0 M PB-3.0, 7 = 16.8 min, T = 180 °C, and O/A =
2) flowed in the outer channel, whereas deionized water flowed
in the inner channel at the same volumetric flow rates (O/A =
1). The obtained extract and raffinate were analyzed by HPLC.
To examine the organic phase/aqueous phase partition
coefficient of HMF K, the same volumetric amount of the
aqueous phase and organic phase were prepared in a glass
bottle, and a certain amount of HMF was added and then
stirred for 7 days. After time elapsed, the mixture solution was
kept still until the two phases were clearly separated. As the
aqueous phase, deionized water or 0.1-2.0 M PB at the pH
range of 2.0—3.0 was examined, while SBP or MIBK was
employed as the organic phase. The partition coeflicient K was
calculated according to the equation K = [HMF],,,/[HMF],,,
whereas [HMF]org and [HMF]aq were the HMF concen-
trations [g/L] in the organic phase and aqueous phase,
respectively.

4.4. Product Analysis. All the reactants and products
(glucose, fructose, HMF, LA, and FA) were quantified by
HPLC equipped with a refractive index detector (RID-20A,
Shimadzu Corporation, Japan). For the analysis of saccharides
in the aqueous phase, the employed eluent, eluent flow rate,
column, and column temperature were a mixture of
acetonitrile/deionized water (v/v = 3), 1.0 mL/min, Asahipak
NH2P-50 4E (Shodex, Japan), and 30 °C, respectively. For the
analysis of HMF, LA, and FA in the aqueous phase, the
employed eluent, eluent flow rate, column, and column
temperature were 2.5 mM sulfuric acid, 0.6 mL/min, Aminex
HPX-87H (Bio-Rad Laboratories, USA), and 50 °C,
respectively. For the analysis of the organic phase, the
employed eluent, eluent flow rate, column, and column
temperature were a mixture of methanol/deionized water
(w/w = 4), 1.0 mL/min, COSMOSIL 5C,s-AR-II (Nacalai
Tesque), and 40 °C, respectively. The dilute sulfuric acid was
prepared by mixing 97.0% sulfuric acid (FUJIFILM Wako Pure
Chemical) with deionized water. All the reported yields were
the sum of them in aqueous and organic phases unless there
was any notification.
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