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Continuous extraction process of 5-hydroxymethylfurfural (HMF) in the liquid-liquid slug flow of
water/methyl isobutyl ketone (MIBK) formed in the microcapillary was examined under hydroperoxide
(H203) as a reactive oxygen species (ROS). Addition of H>O; reduced the extracted amount of HMF into the
MIBK phase. However, the addition of hemin recovered the HMF extraction. This probably resulted from
the competitive binding of H,O; and HMF to hemin. The binding of hemin to H>O, and HMF contributed to

anti-ROS activity and an accelerated mass-transfer of HMF, respectively.

1. Introduction

5-Hydroxymethylfurfural (HMF) is one of the many potential platform chemicals for a biorenewable
chemicals production [1] because an oxidation of HMF yields 2,5-furandicarboxylic acid which is a
promising alternative monomer for terephthalic acid used to produce polyethylene terephthalate [2]. It is also
well-known that HMF is an intermediate in the dehydration reaction for fructose, glucose, and xylose [3-5].
HMF can be directly obtained by the hydrothermal conversion from cellulose [6]. Hydrothermal processing
of cellulose tends to generate the reactive oxygen species (ROS) including superoxide (O, ™), hydroxyl radical
(‘'OH), and hydrogen peroxide (H20,). This is because intermediates such as monosaccharides, obtained from
cellulose, bears the reactive oxygen functional groups such as hydroxyl/phenolic, carbonyl, or carboxylic
groups [7,8]. It is mentioned that active oxygen is involved in the production of hydrochars [9]. Apart from
that, a use of liquid-O; gas slugs under a high temperature condition (up to 165 °C) made it possible to handle
the oxidation reaction of HMF into 2,5-frandicarboxylic acid [10]. Such use of slug flow as a reaction field
can generate the ROS. The pulsed discharge plasma into slug flow for removal of water pollution also induced
the production of ROS [11]. If the accumulation of ROS occurs during the hydrothermal processing of
cellulose, the value-added intermediates including HMF might be influenced by ROS. In addition, HMF has
the aromatic skeleton subject to the ROS-induced oxidation and is easily rehydrated in water [1,12,13].
Therefore, both separation of HMF from the water phase and anti-ROS treatment would be required for the
robust HMF production.

For the former case, the effective separation of HMF from the water phase requires the reduction in
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rehydration of HMF, which has been first achieved by the batch-typed two-phase system [1]. For a continuous
production of HMF from monosaccharides such as fructose and glucose, the authors have reported the use
of a liquid-liquid slug flow of water / organic biphasic system formed in the microcapillary [5,14]. The slug
flow is the flow of the intermittent sequence of fluid slugs followed by another fluid. The application of slug
flow has been reported [15]. For examples, the slug flow generates a vortex field, so that the mass transfer of
substrates and reactions can be accelerated [16]. The methods to estimate the mass transfer of dyes has been
reported by Lin et al. [17]. The partition behavior of 17 kinds of substrates in the slug flow has been clarified
to be controlled by the change of line velocity or hydrophobic difference between water and organic biphasic
systems [14]. These results give an adequate two-phase system for the reactive extraction process of
substrates based on the characterization of two-phase system [14]. Therefore, use of a liquid-liquid slug flow
of two-phase system is a promising approach for the effective separation of HMF.

For the latter case, the reduction in ROS can be performed by the specific enzymes and metal
complexes. Catalase and superoxide dismutase are the typical enzyme with anti-ROS activity [18]. However,
enzymes are not available under the hydrothermal conditions because of their denaturation. In contrast, hemin
with porphyrin structure [19-21] shown in Figure 1 is well-known for metal complex with anti-ROS activity.
The use of hemin is unlikely to be limited by temperature conditions including hydrothermal conditions. In
an earlier study, hemin could be recovered in the membrane fractions obtained from the pathological cells
[22,23] and partitioned into the liposome membrane [24]. Liposome membranes can be regarded as the water
/ organic biphasic system [25]. It was thus expected that hemin is a promising compound to reduce the ROS
at the interface of water / organic biphasic system. However, hemin in water phase favors the dimeric form,
in contrast to the monomeric form in DMSO [26]. Additionally, the dimeric form is inactive for catalytic
reaction [26, 27]. Therefore, control of the association behavior of hemin in the bulk water or organic phase
would allow the removal of ROS during the HMF extraction process.

In this study, we aimed to impart the anti-ROS activity to the extraction process of HMF using a liquid-
liquid slug flow of water / methyl isobutyl ketone (MIBK) biphasic system (Figure 1). Hydrogen peroxide
(H207) was used as model ROS. It is noted that a biphasic system of water / MIBK has been reported to be a
promising extraction field for HMF [14]. The extraction behavior of HMF and its coefficient of volumetric
mass transfer were characterized in the presence of H,O5 as ROS and/or hemin. Finally, how hemin molecules

acted to an HMF for its extraction process was discussed.
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Figure 1. Chemical structures for compounds used in this study.
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2. Experimental

2.1 Materials

Methylisobutylketone (4-methyl-2-pentanone; MIBK) and hemin (Mw = 651.9) were purchased from
Wako Pure Chemical Industry. Ltd. (Osaka, Japan). 5-hydroxymethyl-2-furaldehyde (HMF) (99%, Mw =
126.1) was purchased from Sigma Aldrich (Tokyo, Japan). Other chemical reagents were of analytical grade.
Polyetheretherketone (PEEK) and SUS tubes were obtained from GL Science, Co. Ltd. (Tokyo, Japan).
2.2 Set up of the extraction system

The flow system used in this study is shown in Figure 2 [14]. In short, hemin was first dissolved in
DMSO. This solution was thereafter mixed with MIBK solvent. For the extraction experiment, the aqueous
solution including 79 uM HMF with and without 1 mM H»O, was thereafter injected to mix with the organic
solvent MIBK including 0 — 1 mM hemin. Both aqueous and organic solution were loaded by a flow rate of
0.110 mL/min and mixed with one after another at a T-junction to form the slug flow. A flow rate ratio of
organic to aqueous solution was set at 1 because the liquid-liquid extraction of HMF is promoted by the
convection and vorticity in slugs at the flow rate and flow rate ratio mentioned above [14]. The mixture was
kept at 25 °C in a heating bath to control the extraction process. The pressure was elevated up to 2 MPa by
controlling the back-pressure valve. The tube with an inner diameter of 8.0 x 10™* m was used in the
instrument shown in Figure 2. The residence time of extraction was determined by the length of SUS316 tube
immersed in heating bath. The extraction into MIBK phase was monitored for 200 sec. For a UV
measurement, hemin in DMSO was injected in water with stirring. Final volume ratio of DMSO to water was

set below 2 vol% to ignore the influence of DMSO.
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Figure 2. Experimental instruments for HMF production using the flow system.

2.3 Determination of the HMF concentration

The concentration of HMF was measured according to the previous reports [5,14]. The sample
obtained from the reaction was analyzed by high performance liquid chromatography. The column used was
a COSMOSIL 5C18-AR-II packed column (4.6 x 250 mm, Nacalai Tesque Co. Ltd., Japan). We added 5 uL
of the sample into the column equilibrated at 38 °C wtih a flow rate of 0.80 mL/min. The mobile phase was
MeOH / H,O =20/ 80 (wt / wt). The HMF in the sample was detected by a peak at 254 nm of wavelength,
by using the photo diode array detector (SPD-M20A, Shimazu Co. Ltd.). The peaks derived from the water
and the MIBK phases were eluted at 10 and 45 min.
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3. Results and Discussion

3.1 Influence of H>O: on the continuous extraction process of HMF

In the first series of experiments, we measured the extracted amount of HMF into MIBK phase through
the continuous extraction operation by using a liquid-liquid slug flow of water/MIBK biphasic system formed
in microcapillary at 25 °C (see Figure 2). An excess H>O, concentration (1 mM) to achieve the HMF (79
p1M)-controlled extraction process was used, assuming the generation of more H>O, (model ROS) in the
upstream reaction than HMF synthesis reaction. Figure 3a and b show the extracted amount of HMF into the
MIBK phase and its extraction efficiency. The control system indicated 23.0 uM of HMF extracted into the
MIBK phase and its extraction efficiency was 29.1%. The addition of H>O, reduced the extracted amount of
HMEF to 15.9 uM (extraction efficiency 20.1%). Furthermore, the addition of hemin (0.1 mM) indicated the
recovery of extracted amount of HMF (32.5 uM, extraction efficiency 41.2%), which was more than that for
the control system. Therefore, the action of hemin to an extraction process of HMF into MIBK phase might
result from not only (i) the anti-H,O, activity of hemin but also (ii) accelerated mass transfer of HMF by

hemin.
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Figure 3. Continuous extraction of HMF under each condition. (a) Extracted amount of HMF into MIBK
phase and (b) its extraction efficiency. Initial concentrations of HMF, hemin, and H,O» were 79 uM, 0.1 mM,
and 1 mM, respectively. Extraction experiment was performed at 25 °C for 100 s. Both aqueous and organic

phases were mixed by 0.110 mL/min and Vorg/Vag = 1.

3.2 Anti-H,0; activity of hemin

The factor (i), anti-H>O, activity of hemin was discussed. For this, HO> concentration (I mM) was
set higher than that of hemin (0.1 mM). First, the solvation state of hemin in slug flow was examined. UV/Vis
spectra for hemin in water, MIBK, and DMSO are shown in Figure 4a. It is well-known that hemin is
dissolved in DMSO in a monomeric manner [26]. In this case, a Soret band was detected at 400 nm. In
contrast, a Soret band with a shoulder at 400 nm was detected at 385 nm, suggesting that hemin solved in
water was both monomeric and dimeric [28]. The same was true in the case on hemin dissolved in MIBK
phase. Alternatively, the Q band observed at around 500 nm results from the charge-transfer band. The Q
bands in water and MIBK were red-shifted from 501 to 505 nm. Next, the additive effect of H,O, to hemin

was examined. Figures 4b and ¢ show the UV/Vis absorption spectra for hemin in water and MIBK phases
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with and without H,O,. Soret band detected in the case of hemin alone suggested the heme Fe'!! [24,27]. The
addition of HyO» to hemin diminished this absorption, demonstrated the chemical reaction of Fe'! with H,O»
to be converted into Fe(IV). Further addition of HMF also indicated an extremely weak absorption at 385

nm, suggesting the low solubility of hemin and formation of catalytically inactive dimers [26].
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Figure 4. UV/Vis spectra for hemin. (a) Hemin in water, MIBK, and DMSO. (b) Hemin in water with H,O»
and HMF. (c¢) Hemin in MIBK with H,O, and HMF.

3.3. Effect of hemin on mass transfer property of HMF

In this section, the factor (ii) was examined. The extraction process of HMF relates to its mass transfer
process across the interface of the water and organic solvent. Defined the concentrations of HMF in aqueous
and MIBK phases as Ca and Cg, respectively, the volumetric mass transfer coefficient for HMF (kra) was

thereby estimated by using the time-development equation (1) [30].

ln[l—&j:—kLat (1)
CA

Figure 5a shows the semi-log plots of equation (1), indicating a better correlation. The kra values of HMF
with and without 0.1 mM hemin were then 1.6 x 1072 s™' (> = 0.9894) and 1.1 x 1072 5! (> = 0.9991),
respectively. An increase in hemin concentration (Cy) up to 1 mM elevated kLa value (Figure 5b), suggesting
that hemin molecule appeared to accelerate the mass transfer of HMF. Furthermore, the log-log plot of kra-
Cu was shown in Figure 5c, giving the linear correlation with a slope ~ 0.3 (> = 0.846). This plot is called as
Hill plot and the slope obtained from Hill-plot is interpreted as the cooperative binding of target with the
additive. That is, the mass transfer of one HMF molecule cooperatively related with three molecules of hemin
through the HMF extraction.
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Figure 5. (a) Semi-log plots of (1-Cr/Ca) to time z. Concentration of hemin was 0.1 mM. (b) Hemin
concentration dependency of volumetric mass transfer coefficient, kra. (c) log-log plots of ke and Cy. The
slope was about 0.3 (2 = 0.846). Cao = 79.4 uM and Cro = 0 uM. Both aqueous and organic phases were
mixed by 0.110 mL/min and Vorg/Vaq = 1.

3.4 Analysis of extraction behavior of HMF based on a kinetic model

The analysis using kra in the last section included the contribution of HMF rehydration and
decomposition by H,O». To consider these contributions to its extraction process, the facile model shown in
Figure 6a was then used. This is because rehydration of HMF is slower process than the extraction process
from water to MIBK phases [31]. This model that the influence of dimension of slugs dependent on the flow
rate ratio of water and MIBK phase are ruled out is the simplified version of our previous model [5]. First,
HMF is decomposed via both a rehydration with the rate constant krng and H>O»-induced decomposition with
the rate constant kmop. It was then assumed that the dehydration of HMF was independent of the
decomposition by H,O,. Therefore, the overall decomposition rate was regarded as k> = krnd + kr202. Both A
and R are defined in the eq. (1). B represents by-product obtained from HMF. And then, the reaction can be
considered as the competing reaction: A 2 R; A— B. Accordingly, the time variation of Ca, Cr, and Cg can

be written as follows.

dcC C

th =—k (CA _K_ZJ +k,C, (2)
dC, C

—k|C, ——% 3

Sy o
dcC,

dtB =Gy @
I/an‘AO = I/an‘A + I/org(jR + I/anB (5)

where ki, k> and Kex represent the mass transfer coefficient of HMF from water into MIBK phases, overall
decomposition rate of HMF in water phase, and partition coefficient of HMF between water and MIBK
phases. From the previous study, Kex = 0.91 (25 °C) [14]. Vaq and Vo are the flow rate of water and MIBK
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phases, respectively.

The Cr can be then regarded as the extracted amount of HMF into MIBK phase. Then, the Cr value
was monitored up to 200 s of residence time in the absence and presence of H,O; and/or hemin (Figure 6b).
The H,O; reduced the Cr in contrast to the control system. However, the addition of hemin elevated the Cr
compared with those for both control system and the condition with H>O,. Thereby, the time-course of Cr
was fitted with equations (2) — (5) to roughly estimate the rate constant k1 and k». The k; value in the presence
of HyO, (k1 = 1.5 x 1072 s7!) was reduced in the case of control system (k1 = 3.8 x 1072 s7!). Inversely, the
addition of hemin surpassed the k; value (k1 = 7.7 x 1072 s™!) as compared with the control system. In contrast,
ka (= krna = 7.1 x 107> s71) without H,O, was an order of magnitude smaller than k;, which was in agreement
with the previous report [31]. The addition of H»O, elevated the k> (= krna + ki202) value from 7.1 x 1073 57!
to 1.0 x 1072 5!, probably due to the increase in ki202. Further addition of hemin reduced &, value (8.0 x 107
s 1). This was probably because of the decrease in k02 by hemin. Thus, the increase of k1 and reduction of
k> by hemin suggested an accelerated effect of mass transfer of HMF from water to MIBK phase and anti-
H»0, effect, respectively. Therefore, the kinetic analysis demonstrated that hemin contributed to both factors
(1) and (ii).
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Figure 6. (a) Schematic illustration on mass transfer of HMF between water and MIBK phase. (b) Time-
course of HMF extracted into MIBK phase with and without H>O, and/or Hemin. Both aqueous and organic
phases were mixed by 0.110 mL/min and Vorg/Vag=1. Cu = 0.1 mM, Cao =79 uM, Cro = Co =0 pM.

3.5 Possible mechanism of hemin on HMF extraction under H,O; conditions

From the experimental results regarding the factors (i) and (ii), there was a possibility that hemin
molecule competitively interacted with HMF and H,O,. For examples, the possibility to form the n-xt stacking
between hemin and HMF is discussed from the UV spectra (Figure 4). The UV spectra for the specific
absorbance derived from the aromatic group (380 — 390 nm) should shift to longer wavelength region, along
the previous report [32]. No definite alteration for UV spectra for hemin with or without HMF was, however,
observed (Figures 4b and c). This strongly suggested no formation of n-x stacking between hemin and HMF.
Therefore, it was considered that hemin enhanced the mass transfer of HMF in a manner other than n-n
stacking. Recently, it was clarified that hemin immobilized on graphene exerted the catalytic activity to
cleavage the peroxide bond (-O-O-) because hemin could be well dispersed by n-x stacking and graphene as
n donor supplied the electron to Fe'! by cation-r interaction [26]. Accordingly, HMF might act as © donor to
supply the electron to Fe!! by cation-w interaction, without n-n stacking between hemin and HMF (Figure

7a). Thus, it was considered that HO> competed with HMF for binding to hemin.
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Alternatively, the rehydration of HMF is discussed. A rehydration of HMF yields a variety of
biproducts such as levulinic acid. Through rehydration, water molecules attack the furfural ring, hydroxy
oxygen and carbonyl oxygen [33]. Hemin accelerated the mass transfer of HMF (Figure 5) and indicated an

increase of ki (Figure 6b). It was therefore considered that Fe'

of hemin bound not only to oxygen of furfural
ring but also to oxygens of hydroxy and carbonyl groups (Figure 7b). This was in agreement with the result
of Hill-plot, i.e. 3:1 of hemin : HMF (Figure 5¢). Furthermore, the dimeric form of hemin is stable in a solvent
with high relative permittivity (like water), because the dimerization of hemin could reduce its
hydrophobicity [28,34] or n-w stacking of the porphyrin rings [34]. Under the coexistence of HMF and hemin,
hemin might easily form a complex structure with HMF near the interface (Figure 7b), and then decrease its

hydrophobicity, which promotes mass transfer into MIBK phase.
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Figure 7. Possible mechanism of (a) competitive binding of hemin to H,O, and HMF. The binding of ©

donation via O of furfural ring was drawn. (b) Hemin-induced extraction of HMF.

4. Conclusion
The extraction process of HMF in the liquid-liquid slug flow was, in this study, examined with and
without H>O; and hemin. In the presence of H>O,, the extracted amount of HMF into MIBK phase was
reduced. However, the addition of hemin recovered the extracted amount of HMF. A UV spectra and Hill-
plot using the volumetric mass transfer coefficient suggested competitive binding of hemin to HMF and H>O».
It was considered that hemin would interact with HMF in a manner other than n-x stacking. From the results,
it was implied that hemin played two roles: (i) anti-H>O, activity associated with HMF and (ii) improved

extraction of HMF based on its accelerated mass transfer.
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