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CHAPTER 4

Continuous Synthesis of 5-Hydroxymethyl-
furfural from Glucose Using a Combination of
AlCl3 and HCl as Catalyst in a Biphasic Slug Flow

Capillary Microreactor

This chapter is published as:
Guo, W.; Heeres, H. J.; Yue, J., Continuous synthesis of 5-hydroxymethylfurfural from glucose
using a combination of AlClz and HCl as catalyst in a biphasic slug flow capillary microreactor.
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Abstract

5-Hydroxymethylfurfural (HMF) was synthesized from glucose in a slug flow capillary
microreactor, using a combination of AICIs and HCl as the homogeneous catalyst in the
aqueous phase and methyl isobutyl ketone as the organic phase for in-situ HMF extraction.
After optimization, an HMF yield of 53% was obtained at a pH of 1.5, 160 °C and a residence
time of 16 min, and it could be further increased to 66.2% by adding 20 wt% NaCl in the
aqueous phase. Slug flow operation in the microreactor greatly promoted mixing/reaction in
the aqueous droplet and facilitated HMF extraction to the organic slug, enabling the reaction
to run (largely) under kinetic control and an enhanced HMF yield by suppressing its further
rehydration, degradation and/or polymerization. Confining reaction in the aqueous droplet
prevented humin deposition on the microreactor wall. In line with the literature, [Al(OH),]*
was confirmed by ESI-MS as the catalytically active species, and is responsible for the glucose
isomerization to fructose under various pH values. The ratio between AICl3; and HCl was
optimized for the highest HMF yield and the best results were obtained with 40 mM AIClz and
40 mM HCI. Compared with batch results, a higher HMF yield was obtained in the microreactor
at the same reaction time mainly due to a higher heating rate therein. The aqueous catalyst
was recycled and reused three times without a noticeable performance loss. Thus, the present
recyclable and stable homogenous catalyst system, combined with biphasic microreactor

operation, is an attractive concept for the glucose conversion to HMF.

4.1. Introduction

Diminishing fossil resources and growing environmental concerns over greenhouse gas
emissions have spurred research efforts towards utilizing biomass for the production of fuels,
chemicals and performance materials. High attention is currently given to the conversion of
lignocellulosic biomass (the most abundant biomass in nature) to 5-hydroxymethylfurfural
(HMF). HMF is a versatile platform chemical which can be converted into derivatives with
applications as biofuels, biobased polymers and chemicals'3. For example, the selective
oxidation of HMF yields 2,5-furandicarboxylic acid®, a building block to make polyethylene
furanoate (PEF), which is a promising replacement for petroleum-based polyethylene
terephthalate (PET)°. The selective hydrogenation of HMF yields 2,5-dimethylfuran and 2-

methylfuran®, which have potential as liquid transportation fuel additives’. HMF can also be
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rehydrated to levulinic acid®, an interesting platform chemical which for instance can be
hydrogenated to y-valerolactone®1°,

HMF is typically produced by the dehydration of lignocellulosic hexoses such as fructose
and glucose. HMF yields are a strong function of the hexose used, with fructose giving by far
better results than glucose!''? . However, glucose is a more attractive source for HMF
synthesis as it is cheaper than pure fructose and fructose rich sources (inulin, high fructose
corn syrup)31>, To be able to use glucose as the feed, the in-situ isomerization of glucose to
fructose followed by the subsequent dehydration to HMF has gained high research attention
111619 High HMF yields from glucose are attainable in ionic liquids?®?! and aprotic organic
solvents?%23 using various mineral salts as Lewis acid catalysts. However, the usually high price
of ionic liquids and the difficult downstream separation of HMF from the high-boiling solvents
are still issues to be solved. Consequently, water as a green and cheap solvent is preferred as
the reaction medium for large scale HMF production. However, in water the yield of HMF from
glucose is limited due to various parallel and series reactions to among others levulinic acid,
formic acid, soluble and insoluble oligomers/polymers (collectively known as humins)?*. To
increase yields, biphasic systems (consisting of an aqueous phase for the reaction and an
organic phase for in-situ HMF extraction) have been developed and experimentally proven to
be effective for improving HMF yield?>2¢, Usually heterogeneous catalysts are preferred over
homogeneous ones due to the ease of catalyst separation and reuse'®?7:2, However, humins
may deposit on the catalyst and block active sites and pores, requiring advanced catalyst
regeneration procedures.

In the past years, several homogeneous Lewis acid catalysts such as Cr(ll1), Al(lll), Zn(ll) and
Sn(IV) have been reported to be active for the isomerization of glucose to fructose in the
aqueous solution and this opens the opportunity for a concept where glucose is in-situ
isomerized to fructose, which is subsequently converted to HMF in high yields!%1516,24,29-31,
However, Cr(lll) and Sn(IV) are toxic and carcinogenic. As for Zn(ll), a rather high concentration
is required to catalyze the glucose conversion, and it is soluble in methyl isobutyl ketone
(MIBK), a common organic solvent for HMF extraction, causing HMF-involved side reactions
and catalyst loss?°. In contrast, Al(lll) (e.g., in the form of AlCls) is cheap and has a low toxicity.
HMF vyields over 40% from glucose have been reported using AlCl3 (and HCI) as catalyst in

biphasic systems in batch reactors!%15182430 However, improvements are required such as i)
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identification of extraction solvents with high HMF partition which are less expensive and toxic
than those like alkylphenolics; ii) improved space time yields as reactions were typically
investigated in laboratory batch reactors with low substrate concentrations and long reaction
times (e.g., ca. 1 h or more); iii) development of efficient catalyst recycle strategies. In addition,
relatively little is known about the active species when using AlCls as the catalyst. It is known
to hydrolyze rapidly in water to form various species (e.g., [Al(H20)s]3*, [AI(OH)(H20)s]?* and
[AI(OH)2(H20)4]*) depending on the pH value, AICl; concentration and temperature32.
Therefore, identification of the active Al species and their role in regulating the glucose
conversion network is of high interest.

Compared with conventional batch reactors (especially on a large scale), continuous flow
processing in microreactors has certain advantages such as much higher heat and mass
transfer rates leading to higher space time yields33*37, In the past years, the use of
microreactors for the synthesis of HMF or 5-chloromethylfurfural (CMF) from fructose in single
phase or biphasic systems has been investigated344. For instance, Shimanouchi et al. 404!
developed a simplified kinetic model for slug flow operation and suggested that the vortex field
generated in slug flow likely contributed to an increase in HMF mass transfer rates. However,
there have been fewer reports about the application of microreactors for the conversion of
glucose to HMF. Recently, Muranaka et al.3®> demonstrated HMF synthesis from sugars in a slug
flow capillary microreactor (made of stainless steel) using 2-sec-butyl phenol as the extraction
solvent and a phosphate saline buffer as catalyst. HMF yields of 80.9% and 75.7% could be
obtained from fructose and glucose, respectively, at 180 °C after 47 min residence time.
Despite the high HMF yield (primarily due to the high HMF partition into 2-sec-butyl phenol),
the solvent is expensive and toxic, catalyst recyclability was not examined, and relatively long
residence times negatively affect the space time yield. Besides, solid humins as a byproduct
could accumulate and adhere to the inner wall of the stainless steel microreactor since the
aqueous reaction phase was the continuous phase, potentially causing reactor blockage (an
important issue to be mitigated for flow processing in microreactors).

We here report for the first time a systematic experimental study on HMF synthesis from
glucose in a biphasic system in a slug flow capillary microreactor, using a combination of AICl3
and HCl as the homogeneous catalyst and MIBK as the extraction solvent (cheap, low toxicity,

acceptable HMF partition capacity compared to its counterparts). A perfluoroalkoxy alkane
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(PFA) capillary microreactor was used to ensure that the aqueous reaction phase is present as
droplets and thus not in direct contact with the microreactor wall to avoid humin deposition
on the reactor wall causing reactor blockage. The roles of AICI3 and HCl in the reaction network
of the glucose conversion were investigated by performing experiments with glucose, fructose
and HMF as the substrate. The reaction conditions were screened, with a focus on the ratio
between AlCls and HCI which was investigated to regulate the reaction network and thus to
optimize the HMF yield. Advanced mass spectroscopy on model reactants and product
samples was performed to investigate the variation of the catalytic active Al species present
in solution with Brgnsted acidity, and to explain the pH dependency of the glucose conversion
and the possible intermediates in the reaction network. Moreover, a performance comparison
with a laboratory batch reactor as well as the literature work was made to highlight the
potential of microreactors, and the recyclability and reusability of the homogenous catalyst

system were demonstrated.
4.2. Experimental section

4.2.1. Materials

D-glucose (99 wt%), D-fructose (99 wt%), D-mannose (99 wt%), methyl isobutyl ketone (MIBK,
99 wt%) were purchased from Acros Organics Co., Ltd. Aluminum chloride hexahydrate (99
wt%), hydrochloric acid (37 wt%), 5-hydroxymethylfurfural (99 wt%), formic acid (99 wt%),
levulinic acid (99 wt%) and lactic acid (99.0 wt%) were all purchased from Sigma-Aldrich Co.,
Ltd. All chemicals were of chemical grade and used as received without any further treatment.
PFA tubings (inner diameter: 1.65 mm) were used as capillary microreactors and supplied by

Swagelok company.

4.2.2. Experimental setup and procedure

Fig. 4.1 shows the experimental setup for HMF synthesis in the slug flow capillary microreactor,
which was designed and built based on the previously reported work for HMF or CMF
synthesis in microreactors3®43, Typically, the aqueous feed consisted of glucose and the
AICI3/HCI catalyst, and the organic feed consisted of MIBK. Both phases were fed to the
microreactor using a binary HPLC pump unit (Agilent 1200 Series) at an organic to aqueous

volumetric flow ratio of 4 to 1. The two phases were mixed in a polyether ether ketone (PEEK)
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Y-connector (inner diameter: 1.65 mm) to generate a uniform slug flow in the downstream
PFA capillary microreactor. The microreactor was coiled around an aluminum block and placed
in an oven at 160 °C. The microreactor exit was passed through a water bath (ca. 20 °C) to
quench the reaction. A back pressure regulator was installed at the end of the microreactor
to maintain a constant pressure of around 10 bar in the microreactor to keep the reactor
content in the liquid state. Product samples were collected after the system reached steady
state (i.e., after approximately 4 times the residence time in the microreactor). The length of
the microreactor (i.e., excluding very short sections outside the oven which were kept at room
temperature and thus without appreciable reaction occurrence) is typically 4.5 m. For
experiments aimed at investigating the role of mass transfer on performance, microreactors
of 1.2 mand 17 m length were also used. The residence time (t) in the microreactor was varied
by adjusting the flow rates (details about the calculation of T and the actual flow rates are

given in Tables S4.1 and S4.2 in the Supplementary material).

Fig. 4.1. Schematic diagram of the slug flow capillary microreactor system for continuous HMF
synthesis from glucose. The inner circulation in droplets and slugs promoted mixing/reaction in the

aqueous phase and enhanced in-situ extraction of HMF to the organic phase.

The collected aqueous and organic phases were filtered through a polytetrafluoroethylene
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(PTFE, 0.45 um) filter, and subsequently analyzed by high performance liquid chromatography
(HPLC) and gas chromatography (GC), respectively. To elucidate the role of AlIClz and HCl in the
glucose conversion reaction network, the aqueous phases containing different substrates
(glucose, fructose, HMF) and catalysts (HCI or AICls only) were also tested in the same setup.

Some additional experiments in the microreactor have been performed to study the
influence of the reaction temperature, the organic to aqueous volumetric flow ratio, the
extraction solvent type (i.e., using methyltetrahydrofuran) and the addition of salt (i.e., NaCl)
in the aqueous phase on the reaction performance with the purpose of further optimizing the

HMF yield. The other experimental details remained unchanged as shown above.

4.2.3. Analyses and characterization

The composition of the aqueous phase was analyzed by an Agilent 1200 HPLC, equipped with
an Agilent 1200 pump, a refractive index detector, a standard ultraviolet detector as well as
a Bio-Rad organic acid column (Aminex HPX-87H). A diluted aqueous H,SO4 solution (5 mM,
0.55 mL/min) was used as the eluent, and the temperature of the column was maintained at
60 °C. The analysis was complete within 60 min. The organic phase was analyzed by a TraceGC
ultra GC, equipped with a flame ionization detector and a fused silica column (Stabilwax-DA).
The concentrations of the components in the aqueous and organic samples were determined
from the calibration curves obtained using the standard solutions with known concentrations.

GC-MS analysis was performed to further identify the components (e.g. HMF, levulinic acid,
furfural) in the organic product samples, using an HP6890 GC equipped with an HP1 column
(dimethylpolysiloxane; length of 25 m; inside diameter of 0.25 mm; film thickness of 0.25 um)
in combination with an HP5973 mass selective detector. Peaks were identified using the
NISTO5a mass spectral library.

Inducted coupled plasma atomic emission spectroscopy analyses (ICP-AES) were
performed using an Optima 7000 DV Optical Emission Spectrometer (PerkinElmer, USA) to
quantify the amount of Al species in the organic phase.

Dynamic light scattering (DLS) was performed on a Brookhaven ZetaPALS instrument to
determine the presence of solid particles after the reaction. Fresh aqueous solutions of AlCls
(40 mM), AICI3/HCI (40 mM/40 mM) were prepared and analyzed. In addition, samples after

a thermal treatment were investigated. For this purpose, the fresh solutions were filtered
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using a syringe filter (0.45 um; PTFE), and heated at 160 C for 20 min. It was assumed that the
viscosity of the solutions was equal to that of water. The data were analyzed using the
Multimodal Size Distribution algorithm of the software.

Electro-spray ionization mass spectra (ESI-MS) were recorded on an Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) with ESI ionization in the positive mode. Samples
including the fresh and recycled glucose solutions containing AICls and HCl were measured in
the range of m/z 100-600 with the following operating parameters: capillary voltage at 3.2 kV,
sample cone voltage at 40 V, vaporizer temperature of the source at 150 °C, cone gas (N3)
flow at 20 L/h, injection volume of 5 uL. A collision energy of 20 eV was used for the collision-
induced dissociation stage in the MS/MS measurements. The data acquisition and analyses

were performed using Xcalibur software.

4.2.4. Definitions and calculations
The conversion of substrate i (Xj) and the yield of product j (Y)) in the microreactor are defined

by Egs. 4.1 and 4.2.
Qaq,OCaq,i,O - Qaq,lCa

X = “EL % 100% 41
l Qaqﬁocaq,i,o ( )

y = O, Cosit +QugnCog i «100% (4.2)
! Qaq,OCaq,i,O

In the above equations, 0, , and O, , refer to the flow rates of the aqueous and organic
phases at the microreactor inlet (at ca 20 °C), respectively. O, , and O, refer to the flow
rates of the aqueous and organic phases at the microreactor outlet (at ca. 20 °C), respectively.
C,.0 and C,,, are the concentrations of substrate i in the aqueous solutions at the

microreactor inlet and outlet, respectively. C,,;, andC,,, ;, represent the concentrations of

product j in the aqueous and organic phases at the microreactor outlet, respectively. Due to

the partial miscibility of MIBK and water, the volumetric flow rates of the two phases at the

microreactor outlet (Q,,, and 0, ) differ from the inlet flow rates, and were corrected as
Qaq.l = Ui 0%y (4.3)
Qorg,l = Qgrg.Oaarg (44)

where a,, or «,, is the correction factor which represents the ratio of the volumetric flow
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rates at the microreactor outlet and inlet for either the aqueous or organic phase (see Table
S4.3 in the Supplementary material for calculation details).
The carbon balance is defined in Eq. 4.5.

C amount in the products + C amount in the remaining substrate

C balance = x100% (4.5)

C amount in the starting substrate
The carbon balance is based on the quantified products by HPLC and GC (including glucose,
fructose, mannose, HMF, levulinic acid and formic acid). It does not account for the non-

identified soluble/insoluble byproducts.
4.3. Results and discussion

4.3.1. HMF synthesis from glucose using a combined AlICI3/HCI catalyst in a biphasic slug
flow capillary microreactor

Experiments with glucose (0.1 M) in the microreactor were performed using a combination of
AICl3 and HCl as catalyst at 160 °C in a water-MIBK biphasic system. A HMF yield of 53% was
obtained at a glucose conversion of 95.8% and a residence time of 16 min using 40 mM AICls
and 40 mM HCI (pH = 1.5 measured at 20 °C; Fig. 4.2). It is worth noting that here the reaction
was conducted under the optimized temperature, AlCls/HCl ratio and MIBK to water
volumetric flow ratio, and HMF yields can be further improved by enhancing the HMF
partition into the organic phase, which will be discussed in detail hereafter. Good
reproducibility was observed as is evident from the error bars provided in Fig. 4.2. Fructose
was the primary product, together with small amounts of the epimerization product mannose.
The vyields of fructose, mannose and HMF showed clear maxima, indicating that these are
intermediate products and prone to further chemistry!’. The expected byproducts at longer
residence times were LA and FA. In addition, HPLC and GC showed the presence of acetic acid
and furfural, though in amounts less than 1%. The carbon balance closure was high at short
residence times, though decreased rapidly, likely due to the formation of the unidentified
soluble byproducts (by HPLC and GC) and higher molecular weight compounds such as humins
(under these optimized reaction conditions little insoluble black solid humins were observed

visually).
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Fig. 4.2. HMF synthesis from glucose in a biphasic system in the slug flow capillary microreactor.
Reaction conditions: 0.1 M glucose, microreactor length of 4.5 m, 160 °C, 40 mM AICl; and 40 mM HCI
(pH = 1.5 measured at 20 °C), 4:1 organic to aqueous flow ratio at the microreactor inlet (unless
otherwise specified, the organic phase refers to MIBK). In the figure legend, Glu, Fru, Man, FA and LA
denote glucose, fructose, mannose, formic acid and levulinic acid, respectively (the same in other

figures shown hereafter).

Based on the literature data'®24394> and the current set of experiments, a typical glucose
conversion network is provided in Fig. 4.3. The initial step involves the isomerization of glucose
to a mixture of fructose, mannose and remaining glucose. This isomerization reaction is
known to be equilibrium limited*®*’. HMF is expected to be formed mainly via fructose
dehydration and not from glucose dehydration. The latter reaction is known to be by far
slower than the reaction from fructose®?, and as such of less importance than the reaction
from fructose to HMF. HMF was not inert under the prevailing conditions and could be further
rehydrated to produce equimolar FA and LA*. A stoichiometric excess of FA over LA was
observed, suggesting that FA was also formed by other reaction pathways. A possibility is the
formation directly from the degradation of sugars and HMF (leading to the formation of other
byproducts like humins as well)?**°. Another possibility is the decomposition of HMF into
furfural and formaldehyde?*>%>1, the latter is converted to FA, for instance by oxidation with
the remaining air?*. The possibility of LA conversion to among others levulinates or poly-
condensated products® was excluded on the basis of control experiments using LA as the

starting substrate at the same operational conditions (160 °C, 40 mM AICls and 40 mM HClI,
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4:1 organic to aqueous inlet flow ratio) in the microreactor. Here, the LA conversion remained

below 1% for a residence time of 20 min (Fig. S4.3 in the Supplementary material).

Formic acid Other byproducts
HO S0 + (oligomers, humins, etc. )
Levulinicacid
<« «—> _v v
+
Mannose Glucose Fructose 3H,0
X,
H c - HO™ ~o
Formaldehyde Formic acid
Other byproducts

(oligomers, humins, etc.) €——

Furfural

Fig. 4.3. Proposed reaction network for the glucose conversion to HMF.

It is known that at higher temperatures the AICl3 hydrolysis equilibrium tends to shift to
the formation of Al(OH)s which subsequently precipitates irreversibly and thus would result
in a pH decrease of the solution after the reaction3?, as was also found in the case of CrCl5Y’.
However, in our experiments shown in Fig. 4.2, pH of the solution was found nearly constant
after the reaction. DLS measurements indicated the absence of the suspended particles in the
heat-treated (160 °C, 20 min) aqueous solution of 40 mM AICl; and 40 mM HCI, and thus no
appreciable AI** loss in the form of Al(OH)s is expected.

Additionally, due to the presence of HCl in the reaction mixture, the hydroxyl group of HMF
might be substituted by chlorine to form CMF in the aqueous phase followed by transfer of
CMF to the organic phase. This reaction is well established for the dehydration of
carbohydrates (e.g., fructose, glucose and sucrose) using highly concentrated HCI solutions
(32 wt%; ca. 8.7 M) in biphasic continuous reactors3®43. However, CMF was not detected by
GC-MS in the MIBK phase after the reaction for all experimental runs in this work, probably

due to a much lower HCl concentration used by us (<< 1 M).

4.3.2. Role of catalyst components: experiments with glucose and reaction intermediates

using AICl; or HCI as catalyst in the slug flow capillary microreactor
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Since AICI3 hydrolyzes in water to form Al species and HCI3?, the catalytic effects in the glucose
conversion may be related to both of them. Thus, to better understand the roles of Lewis acid
(Al species from AICl3) and Brgnsted acid (HCI) in the glucose conversion network (Fig. 4.3)
and to help optimize the microreactor performance, experiments with the individual catalyst
components in combination with glucose, fructose or HMF were conducted in a water-MIBK
biphasic system in the capillary microreactor in the slug flow regime. The reaction was
catalyzed using either AICI3 (40 mM) or HCI (0.39 mM). In both cases the pH of the aqueous

phase was 3.4 (measured at 20 °C).

4.3.2.1. Experiments with HMF

Fig. 4.4. Results of experiments with HMF as the substrate in a biphasic system in the slug flow capillary
microreactor with (a) AlICl; and (b) HCI as catalyst. Other reaction conditions: 160 °C, 0.1 M reactant
solution, microreactor length of 4.5 m, 40 mM AICl; or 0.39 mM HCI (both yielding pH = 3.4 at 20 °C),

4:1 organic to aqueous inlet flow ratio.

When using HMF as the substrate and AICls as the catalyst (pH = 3.4 at 20 °C), the HMF
conversion, FA and LA yields were 10.8%, 13%, and 5% at a residence time of 20 min in the
microreactor, respectively (Fig. 4.4 a). These values are considerably higher than experiments
with HCl only (2.6%, 1.3% and 0.2%, respectively; Fig. 4.4 b). This implies that Al species,
beside H*, catalyzes the conversion of HMF?*. In both cases, the observed stoichiometric
excess of FA relative to LA is believed to originate from other reaction route(s) (e.g., from the
direct degradation of HMF or from the oxidation of HCHO via HMF decomposition?4°3>4; Fig.

4.3). The carbon balance in both cases became worse at increasing HMF conversion, owing to
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the more significant generation of the unidentified product (e.g., oligomers or humins; Fig.

4.3).

4.3.2.2. Experiments with fructose

When using fructose as the substrate and AICl3 as the catalyst (Fig. 4.5 a), the fructose
conversion reached 97.3% at 20 min in the microreactor with an HMF yield of 34% and an FA
yield of 118%. Glucose and mannose were already formed at an early stage of the reaction
(the respective yields reaching a maximum of 13.3% and 11.7% at 2 min). In the presence of
HCI (Fig. 4.5 b), the fructose conversion (14.7% at 20 min) is by far lower than with AICls. The
corresponding HMF yield was 5.1% (and 6.9% for FA), whereas small amounts of glucose and
mannose were formed (1.6% and 1.2% in yield, respectively). In another control experiment
starting from fructose without catalyst under the same operating conditions, similar glucose
and mannose yields were obtained (1.5% and 1.3% at 20 min, respectively). This implies that
the reversible isomerization between fructose and glucose or mannose (and possibly the
epimerization between glucose and mannose) is catalyzed mainly by Al species and only in
very minor amounts by H*. Besides, the higher fructose conversion and product yields in AlCl3-
catalyzed case is possibly due to a higher activity of the active Al species than that of HCI. In
both cases (particularly for AICIz), more FA than LA was observed. Besides, the FA formation
already started at an early stage of the reaction, when the HMF yields were still low. Thus,
both AICI3 and HCl catalyze the direct degradation of fructose to FA, in line with the
literature?*#°. The FA yields are even higher than 100% (Fig. 4.5 a), which implies that one
fructose molecule decomposes to more than one FA molecule. In both cases, the carbon
balance became worse with increasing fructose conversion, indicating the gradual formation

of the unidentified byproducts (accompanying the FA formation) (cf. Fig. 4.3).
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Fig. 4.5. Results of experiments with fructose as the substrate in a biphasic system in the slug flow
capillary microreactor with (a) AICl; and (b) HCl as catalyst. Other reaction conditions are the same as

those specified in Fig. 4.4.

4.3.2.3. Experiments with glucose

For experiments with glucose as the substrate and AICls as the catalyst (Fig. 4.6 a), fructose
and mannose were initially formed (mainly derived from the isomerization and epimerization
of glucose, respectively'’), and then consumed rapidly to give HMF or byproducts such as
humins, together with a large amount of FA. The HMF yield increased gradually with the
glucose conversion reaching a maximum of 35% at 16 min, followed by a slight decrease to
29% (at 20 min) due to its further degradation or oligo-polymerization to byproducts®. In the
presence of HCl as catalyst (Fig. 4.6 b), the glucose conversion was rather low (ca. 10% at 20
min), and limited amounts of fructose, mannose, HMF and FA (the respective yields up to
1.5%, 0.6%, 0.3% and 2%) as well as a trace amount of LA were observed. Higher HMF yields
obtained in the AlCl3-catalyzed are highly likely due to the much higher isomerization activity
of Al species than HCI (vide supra) to fructose and the higher rates of HMF formation from
fructose (vide supra). The gradual decrease of carbon balance with increasing glucose
conversion in both cases could be similarly explained by the side reactions involving sugars

and HMF (cf. Fig. 4.3)?45°, as discussed above.
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Fig. 4.6. Results of experiments with glucose as the substrate in a biphasic system in the slug flow
capillary microreactor with (a) AICI; and (b) HCI as catalyst. Other reaction conditions are the same as

those specified in Fig. 4.4.

4.3.2.4. Role of the individual catalyst component

The above experiments starting from HMF, fructose and glucose using either AICls or HCl as
catalyst (under the same pH value measured at ca. 20 °C), combined with the literature
results®?43045 provide valuable insights in the roles of Al species and Brgnsted acidity in the
glucose conversion network (Fig. 4.7). In summary, the reversible isomerization of glucose to
fructose and epimerization of glucose to mannose are catalyzed mainly by Al species, while
the subsequent fructose dehydration to HMF as well as HMF rehydration to FA and LA is
catalyzed by both, though higher rates were observed with Al species under the prevailing
conditions. Besides, both Al species and HCl catalyze side reactions involving glucose, fructose

and HMF, such as their degradation to FA and polymerization to humins.

Fig. 4.7. Simplified view of the main reaction routes during HMF synthesis from glucose (based on

the details depicted in Fig. 4.3).
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4.3.3. Effect of Brgnsted acidity on the AICI3/HCl-catalyzed glucose conversion in the slug
flow capillary microreactor

As elaborated in Section 4.3.2, both AICl3 and HCI play a catalytic role in different reactions in
the glucose conversion network. Thus, fine tuning the ratios of HCl and AICls is an important
optimization tool to improve the HMF yield (in the current microreactor system) as well as to
gain a better understanding into the effects of the different catalyst components in the
reaction network (Fig. 4.7). It is noteworthy that the synthesis of HMF from glucose using the
combined AICI3 and HCl as catalyst has been briefly demonstrated by Pagén-Torres et al.*'.
However, a more systematic investigation into the effect of Brgnsted acidity on regulating the
glucose conversion network as well as mechanisms thereof is still lacking. Additional
experiments on the glucose conversion in the slug flow capillary microreactor were thus
conducted, where Brgnsted acidity of the reaction medium was adjusted (within a pH range
of 0-4) by the addition of HCl at a fixed AICl; concentration in the aqueous phase. Experiments
were conducted at three AICIs concentration levels (10, 20 and 40 mM) and the results are
given in Fig. 4.8. Similar profiles for the glucose conversion, product yields and carbon balance
with respect to the pH values were observed. Clearly, three regimes can be discriminated: 2<

pH <4, 1< pH <2 and pH <1.

4.3.3.1. Regime 1 (2 < pH <4)

In this regime, the glucose conversion and fructose yield were about constant (Figs. 4.8 a and
b). This suggests the presence of a rapid isomerization equilibrium between glucose and
fructose, supported by the constant concentration ratio of fructose to glucose in this range.
The ratio is close to 1.9, which is the equilibrium value as reported in the literature®®4’. It
implies that the subsequent conversions of fructose (e.g. to HMF) are slow compared to the
isomerization, likely due to the low Brgnsted acidity in this regime. Besides, the LA yield was
almost constant in this regime and less than 3% (Fig. 4.8 d). As such, the rate of the HMF
rehydration in this regime is low, supported by the results of the control experiments using
HMF as the substrate (cf. Fig. 4.4). A different profile was found for FA (Fig. 4.8 c). Here, high
amounts were formed at the highest pH value in this regime. It implies that the FA formation
was mainly from AlCls-catalyzed degradation of sugars and/or HMF, as also supported by the
literature observation (e.g., FA with a yield over 100% was obtained from glucose under the

catalysis of AlCl; only?*). As a result, the HMF yield went up (Fig. 4.8 e) and the carbon balance
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was improved with the pH decrease (Fig. 4.8 f).

Fig. 4.8. Effect of Brgnsted acidity on the glucose conversion reaction performance in the slug flow
capillary microreactor using AlCl; and HCl as catalyst. (a) glucose conversion; (b) fructose yield; (c) FA
yield; (d) LA yield; (e) HMF yield; (f) carbon balance. Other reaction conditions: 0.1 M glucose, 160 °C,
microreactor length of 4.5 m, residence time at 16 min, 4:1 organic to aqueous inlet flow ratio, pH
values were adjusted by the addition of HCl in the aqueous phase and reported according to the

measurement at ca. 20 °C.



278 | chapter 4

4.3.3.2. Regime 2 (1< pH <2)

In this regime, the glucose conversion showed a sharp drop, with a minimum at a pH value of
about 1. This trend is also visible for the fructose yield, which dropped to almost zero (Figs.
4.8 a and b). The concentration ratios of fructose to glucose were much lower than 1.9,
suggesting that the glucose isomerization to fructose was not at equilibrium*®4’. This is due
to: i) a gradual shift of AICI; hydrolysis equilibrium at higher Brgnsted acidity with less active
Al species present, leading to a lower rate of the glucose isomerization (and a longer time
needed to reach equilibrium); ii) a faster fructose dehydration to HMF and/or other
byproducts (such as FA and humins) than its isomerization to glucose, which is facilitated by
the significantly increased Brgnsted acidity*®. The FA yield showed a steady decline until pH =
1.5 and then increased again upon a further reduction of the pH (Fig. 4.8 c). At pH > 1.5, the
FA formation was mainly from sugar or HMF degradation catalyzed by Al species and
suppressed with the pH decrease due to less catalytic Al species available. At pH < 1.5, HCI-
catalyzed FA formation, from either the rehydration of HMF or the degradation of sugars or
HMF, became more prevalent with a further pH decrease. In the 1 < pH < 2 regime, the LA
yield increased gradually with decreasing pH value (Fig. 4.8 d). The conversion of HMF to LA is
highly sensitive to the pH of the solution with increasing Brgnsted acidity leading to higher
rates, as kinetic studies have indicated a reaction order close to unity (with respect to H*) for
the HMF rehydration under acidic conditions®48°557,

The HMF yield trend was exactly opposite to that of FA (Fig. 4.8 e). A maximum HMF yield
was found at about pH = 1.5. At pH > 1.5, the fructose dehydration to HMF was improved with
decreasing pH, supported by the suppression of the reactions of fructose to byproducts
(among others FA and the unidentified humins, cf. Figs. 4.8 ¢ and f). At pH < 1.5, the HMF
rehydration to LA and degradation to byproducts were more significant with increasing pH
8,48,55-57 (cf. Figs. 4.8 d and f).

In the range of 1 < pH < 4 (i.e., regimes 1 and 2), a higher AICl3 concentration generally led
to higher glucose conversion and yields of fructose, FA and HMF (Figs. 4.8 a-c and e). This
result is further supported by additional glucose conversion experiments conducted in a
biphasic system in the microreactor at 160 °C with AIClz concentrations up to 80 mM in the
presence of HCl to maintain a constant pH (cf. Fig. S4.4 in the Supplementary material), except

the additional observation that the HMF yield at a residence time of 16 min declined from its
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maxima (at ca. 40 mM AICI3) upon further increasing the AICl3 concentration. Such yield
decline may be due to the more significant side reactions catalyzed by AICls such as the HMF

degradation to FA and polymerization to humins?* (Figs. 4.3 and 4.7).

4.3.3.3. Regime 3 (pH< 1)

In this regime, the glucose conversion increased dramatically when lowering the pH (Fig. 4.8
a). However, the yield of fructose showed a clear reduction and nearly no fructose was
detected at pH < 0.5 (Fig. 4.8 b). Meanwhile, the yields of FA and LA increased sharply (Figs.
4.8 cand d), and the HMF yield declined (to about 5% at pH = 0; Fig. 4.8 e). These yield trends
with the pH are explained by a major effect of Brgnsted acidity on the rates of the relevant
individual reactions. The increase in the glucose conversion at lower pH values is likely due to
a rapid increase in the HCl-catalyzed conversions of glucose to HMF and byproducts like FA
and humins (Figs. 4.3 and 4.7)'8, with a reduction in the isomerization activity due to the
formation of Al species at lower pH values that are less active isomerization catalysts. To
examine the contribution of the former route, control experiments with glucose as the
substrate and HCl as the catalyst at different pH values (without the addition of AICl3) were
conducted under otherwise the same reaction conditions in the microreactor (see Fig. S4.5 in
the Supplementary material for the results). The glucose conversion was constant at around
9% for pH values between 1.5 and 3.4. However, a gradual increase when lowering the pH
below 1.5 was visible, and 89% conversion was found at pH = 0.3. The HMF yield was 11.4%,
in line with the literature kinetic studies showing that the direct glucose conversion to HMF is
very unselective'®>>°6, Notably, a similar HMF yield was obtained (12.7%) when using a
combination of AICIs (40 mM) and HCl as catalysts at the same pH (Fig. 4.8 ). Moreover, Figs.
4.8 b-e show no distinct differences in the product yields for the three different AICls
concentrations at pH < 1. As such, in this regime, Brgnsted acidity is by far more important
than catalysis by Al species.

In summary, the results show that the highest HMF yield is possible when using a catalyst
mixture consisting of 40 mM AICls and 40 mM HCI (with pH = 1.5 at ca. 20 °C). At these
conditions, a proper balance between Brgnsted acidic HCl and Lewis acidic Al species exists to
enhance the rate of reactions leading to HMF while suppressing the formation of FA, LA and

other byproducts. In the regime of 2 < pH < 4, Al species mainly play the catalytic role, with
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the presence of high glucose isomerization activity and limited fructose dehydration rate. In
the intermediate regime of 1< pH < 2, both Al species and HCI catalyze the reactions, with the
presence of a significant conversion of glucose to HMF via fructose. In the regime of pH < 1,
HCI plays mainly the catalytic role, with low yields of HMF derived mainly from the direct, but

unselective glucose dehydration.

4.3.4. Further Insights into the variation of the catalytically active Al species with Brgnsted

acidity and the pH dependency of the glucose conversion

Fig. 4.9. Schematic representation of Al (lll) cations in water under different Brgnsted acidities.

In order to further elucidate the pH dependency of the glucose conversion and HMF yield, it
is necessary to inversigate the variation of the catalytically active Al species with pH. It is well
established that metal ions play a major role in the conversion of glucose to HMF. For instance,
many metals (such as Cr3*, Zn?*, Sn* and Al**) catalyze the isomerization of glucose to
fructosell1>16:242930  However, it is often difficult, particularly in water, to identify the
catalytically active species. One of the reasons is the presence of a number of metal species
in water, often in equilibrium with each other of which the amount depends on the pH and
temperature. For instance, in water at room temperature, Al** can be present in the form of:
i) hexa-coordinated [Al(H20)6]3* at pH < 3; ii) hexa-coordinated monomers like [Al(OH)2(H20)4]*
and [Al(OH)(H20)s]?*, dimers like [Al2(OH)2(H20)s]**, etc. at pH = 3 - 7; and iii) tetra-coordinated
[AI(OH)4]~ together with some polymers in the basic solution3?°8, as shown in Fig. 4.9.
Choudhary et al.'” found that AI?* and AI(OH)?>* are the dominant species in the AICl;

speciation via a Car-Parrinello molecular dynamics (CPMD) simulation, and Al(OH)** was
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predicted to be the catalytically active species for the glucose isomerization to fructose. Tang
et al.?»>° observed the coordination between the glucose molecule and Al(OH)?* species via
ESI-MS spectra, and postulated that the main catalytically active species for the glucose
isomerization reaction was most possibly Al(OH)%*. However, both cases focused on the
glucose isomerization, without presenting a more detailed study on the pH dependency of the
catalytically active species and the relevant effect on the subsequent fructose dehydration to

HMF as well as other side reactions.

4.3.4.1. ESI-MS/MS characterization of the aqueous glucose solutions with AICl; and HCI

To gain insights into the variation of the active Al species with Brgnsted acidity during the
glucose conversion, the aqueous glucose solutions containing HCI (40 or 640 mM) and/or AICl3
(40 mM) were prepared and characterized by ESI-MS/MS (Fig. 4.10). Peaks of [Al(OH),+(Glc)-
H>01*, [Al(OH)2+(Glc)]* and [AI(OH),+2(Glc)-2H,0]* fragments (at m/z = 223, 241 and 385,
respectively) are present in the ESI-MS spectra of all samples (Figs. 4.10 a-c). MS/MS was
further performed on the selected peak at m/z=385 (Fig. 4.10 d), then more peaks involving
[AI(OH).]* species appeared, such as [Al(OH)2H,0+(Glc)]* and [Al(OH)2(H20)2+(Glc)]* at m/z =
259 and 277, respectively. These results indicate that [Al(OH).]* species are mainly present in
the solution (e.g., at the optimized pH = 1.5) and form coordination complexes with glucose.
Peaks corresponding to [Al+(Glc)n]3*, [AI(OH)+(Glc)s]?* or [AI(OH)s+(Glc)+nH]™ species were
not detected. This suggests that the catalytically active species in the glucose conversion
network is [AI(OH),]* species, which has also been observed in the work of Tang et al.?#>° using
only AICl3 as catalyst and is also in line with our experimental results on the pH dependency
of the glucose conversion in the coexistence of additional HCI (Fig. 4.8). At lower pH values
(e.g., < 3.4), the intensity of the peaks from glucose-coordinated [Al(OH),]* compounds (e.g.
at m/z =223, 241 and 385) was lowered gradually (Figs. 4.10 a-c), indicating that the amounts

are a function of Brgnsted acidity of the solution (see also Fig. 4.9).
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Fig. 4.10. ESI-MS spectra of the fresh aqueous 0.1 M glucose solution containing (a) 40 mM AICl; (pH
=3.38); (b) 40 mM AICl; and 40 mM HCI (pH = 1.5); (c) 40 mM AICl; and 640 mM HCI (pH = 0.34); and
(d) MS/MS spectra of the selected [AI(OH),+2Glc]* species of sample (b) with m/z of 385. Inset in (d)

shows a magnified view of m/z region at 200-250.

4.3.4.2. ESI-MS characterization of the aqueous phase after reaction

The type and relative amounts of aluminum coordination compounds after the reaction were
investigated by analyzing the aqueous product samples collected from a typical microreactor
experiment (0.1 M glucose, 40 mM AICls and 40 mM HCI (pH = 1.5) at 160 °C and 4 min and
16 min residence times) using ESI/MS. The results for an experiment at a residence time of 4
min are shown in Fig. 4.11 a. Distinct peaks are present at m/z= 223, 241 and 385, in line with
the model experiments with the aqueous glucose solutions (vide supra). These peaks are
assigned to, respectively, [Al(OH),+C6sugar-H,0]*, [AI(OH)+Cé6sugar]* and
[AI(OH)2+2C6sugar-2H,0]*, where the sugar is either glucose, mannose or fructose. In addition,
some peaks related to the presence of HMF are present (at m/z=109 and 137). At an extended

residence time (16 min; Fig. 4.11 b), the peak intensities of the C6 sugar and HMF coordinated
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[AI(OH).]* compounds are different from the ones at lower residence times. The former ones
have increased and the latter decreased, in line with a higher glucose conversion at longer
residence times. In addition, additional peaks assigned to [C6sugar+H-2H,0-FA]* at m/z=99
and [AI(OH),+C6sugar-FA]*at m/z=195 were present. This suggests that the FA may be formed
directly from fructose and/or glucose?*. Besides, a peak at m/z = 157 is observed, which may
be from [Al(OH)+HMF-HCHO]*, which is indicate of the HMF reaction under these conditions
to give furfural and formaldehyde?*. The former was indeed also observed in the spectrum (at
m/z=97; Fig. 4.11 b). Formaldehyde may be a precursor to FA by oxidation with air?*. The peak
at m/z=69 corresponds to furan, which may be formed (together with FA) via the hydrolysis of

furfural®®>4. Thus, the ESI-MS data support the reaction network as detailed in Fig. 4.3.

Fig. 4.11. ESI-MS spectra of the aqueous product sample collected after the reaction of 0.1 M glucose
solution containing 40 mM AICl; and 40 mM HCI (pH = 1.5 measured at ca. 20 °C) in the microreactor
for a residence time of (a) 4 min and (b) 16 min. Inset in (b) shows a magnified view of m/z region at
80-108. Other reaction conditions: 160 °C, microreactor length of 4.5 m, 4:1 organic to aqueous inlet

flow ratio.

4.3.5. Further screening of the reaction conditions for optimized HMF yield

To further explore the potential of microreactor operation in the HMF synthesis, additional
experiments have been conducted to study the effect of parameters including the reaction
temperature (T), the glucose concentration (Cagcic0), the extraction solvent type, the organic
to aqueous volumetric flow ratio (Qorg/Qaq) and the addition of salt on the reaction
performance in terms of the glucose conversion (Xcic) and the HMF vyield (Yumr). Best HMF

yields under different conditions are briefly summarized in Table 4.1.
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Table 4.1. Influence of the reaction conditions on the glucose conversion and HMF yield.®

Entry T T Cag,6lc,0 Organic  Qorg/Quq Cagnacio® Xalc Yimr
(°C) (min) (M) solvent  (-) (wt%) (mol%) (mol%)
1 150 20 0.1 MIBK 4:1 0 87.7 41.7
2 160 12 0.1 MIBK 4:1 0 88.0 50.9
3 160 16 0.1 MIBK 4:1 0 95.8 53.0
4 170 16 0.1 MIBK 4:1 0 97.4 48.8
5 160 12 0.1 MIBK 2:1 0 96.7 46.5
6 160 8 0.1 MIBK 1:1 0 90.6 40.7
7 160 16 0.3 MIBK 4:1 0 94.2 53.9
8 160 16 0.1 MIBK 4:1 5 89.4 59.8
9 160 16 0.1 MIBK 4:1 10 83.7 60.4
10 160 16 0.1 mTHF 4:1 0 96.4 66.4
11 160 16 1.0 MIBK 4:1 20 83.2 66.2

@ Other reaction conditions: microreactor length of 4.5 m, 40 mM AICl; and 40 mM HCI (pH = 1.5

measured at 20 °C); ® NaCl concentration in the aqueous feed.

Temperature plays an important role in adjusting the kinetic behavior of the glucose
conversion (Entries 1-4; Table 4.1), that is, the relative rates of the reactions in the glucose
conversion network including HMF synthesis as well as side reactions such as humin formation
and HMF rehydration (cf. Figs. 4.3 and 4.7). A reaction temperature of 160 °C was found
optimal, with a high organic to aqueous volumetric flow ratio (e.g., at 4:1) preferred for
obtaining a high HMF yield (Entries 3, 5 and 6; Table 4.1), as more HMF would be extracted
thus being prevented from its degradation in side reactions in the aqueous phase. The
influence of the glucose concentration on the HMF yield turned out to be limited (Entries 3
and 7 in Table 4.1; cf. Fig. S4.6 in the Supplementary material as well), indicating an overall
first-order reaction with respect to glucose regarding the HMF formation. Besides, the HMF
yield could be further improved by enhancing the partition of HMF into organic phases, via
salting out effect by adding NaCl into the aqueous phase?>, or using a more capable (albeit
expensive or toxic) organic solvent such as methyltetrahydrofuran (mTHF) and 2-sec-butyl
phenol?. For instance, Table 4.1 shows that the HMF yield was promoted from 53% to 60.4%
if 10 wt% NaCl was added in the water/MIBK biphasic system (Entries 3 and 9), and to 66.4%
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with mTHF as the extraction solvent (Entry 10). Under the investigated conditions, a further
optimized HMF vyield of 66.2% was achieved in the water/MIBK biphasic system using a
concentrated 1.0 M glucose feedstock solution with the presence of 20 wt% NaCl, at 160 °C

and Qorg/Qaq of 4:1, and a short residence time of 16 min (Entry 11).

4.3.6. Performance comparison of microreactors with a laboratory batch reactor study and
the literature work
The experimental data for HMF synthesis from glucose in a water-MIBK biphasic system in
the slug flow capillary microreactor were compared with those obtained in a laboratory batch
reactor set-up (see Section S4.7 in the Supplementary information for the batch experiment
details). The reaction rates appeared to be much higher in the microreactor than in batch (Fig.
4.12; 40 mM AICl3 and 40 mM HCI). The HMF yield reached 40.9% (at a glucose conversion of
81%) at 8 min in the microreactor while 16 min were required to reach an HMF yield of 38.0%
(at a glucose conversion of 76%) in the batch reactor. Two factors are possible to explain these
differences, viz. heating effect and mass transfer effect (related to the transfer of HMF from
water to MIBK). Mass transfer limitation was excluded in the batch reactor under the
operating conditions (i.e., at a stirring speed of 500 rpm), since no difference in either the
glucose conversion or HMF yield was observed for a stirring speed above 400 rpm (cf. Fig.
S4.8 in the Supplementary material). To prove whether heating effect played a major role,
the heating profile of the batch reactor was measured (in the presence of an aqueous glucose
solution and MIBK at an organic to aqueous volume ratio of 4:1) and that of the microreactor
was estimated (for a simplified case of laminar flow of water or MIBK therein), as shown in
Fig. S4.9 in the Supplementary material. In the microreactor, the feed could be heated to the
target temperature of 160 °C within 20 s due to an excellent thermal management (e.g., by a
very large specific surface area for heat transfer). However, it took over 5 minutes to reach
this target temperature in the batch reactor, primarily due to its smaller surface to volume
ratio compared with the microreactor leading to a lower heat transfer efficiency.
Consequently, it is likely that the reaction rate in the batch reactor was slowed down due to
an on average lower temperature in the reactor by a relatively slow heating profile.

A faster reaction rate in the microreactor also translates into an improved space time yield.

Based on the results in Fig. 4.12, space time yields in the microreactor were calculated to be
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from 351 to 1010 mmol HMF - m - min’}, which are on average much higher than those in
the batch reactor of this work ranging from 188 to 438 mmol HMF - m™3 - min! (see Table $4.5
and the detailed calculation in Section S4.9 in the Supplementary material). The performance
of the current microreactor system was also compared with some typical literature work that
reported higher HMF yields in either batch reactors or microreactors using homogeneous or
solid acid catalysts 17396062 The current microreactor affords a much higher or at least
comparable space time yield of HMF (cf. Table 4.2). It is noted that the HMF yield was almost
constant with increasing glucose concentration (e.g., from 0.1 to 0.3 M; cf. Table 4.1 and Fig.
S4.6 in the Supplementary information) in the current microreactor due to approximately an
overall first-order reaction with respect to glucose regarding HMF formation, and thus the
space time yields of HMF could be further increased substantially by processing in the current
microreactor using more concentrated feedstock. For example, the optimized HMF space
time yield obtained from 1 M glucose feedstock solution (Table 4.2) turned out to be as high

as 7031.8 mmol - mint - m3.

Fig. 4.12. Glucose conversion and HMF yield as a function of the residence time in the microreactor
and the batch time in the batch reactor in a biphasic system at optimized conditions. Reaction
conditions: 0.1 M glucose, 160 °C, 40 mM AICl; and 40 mM HCI (pH = 1.5 measured at ca. 20 °C),

organic to aqueous inlet flow ratio or initial volume ratio at 4 : 1.
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Table 4.2. Comparison of the HMF space time yield from glucose in a biphasic water-organic solvent

system in the current microreactor with the literature results.

Catalyst Organic  Reactor T Time*  Yuvr Space time yield Work
solvent  type (°C)  (min) (mol%)  (mmol HMF-mintm?3)

Phosphate MIBK Slug flow 180 47 75.7 226 3

buffer saline microreactor

CrCls/HCl THF? Batch reactor 140 180 59 612 E

Phosphated  THF Batch reactor 105 175 83.4 178 60

titania

Nb-Beta MIBK® Batch reactor 180 720 82.1 22.8 o1

zeolite

Seawater THF Batch reactor 200 360 48.6 28.2 62

(30 wt%

NacCl)

AICls/HCI mTHF¢ Slug flow 160 16 66.4 705.3 This
microreactor work

AICl3/HCI MIBK® Slug flow 160 16 53 510.3 This
microreactor work

AlCls/HCI MIBK®Y  Slug flow 160 16 66.2 7031.8 This
microreactor work

@ Reaction time in the batch reactor or residence time in the microreactor; ® With the addition of 20
wt% NaCl in the aqueous phase; ¢With 0.1 M glucose feedstock solution; ¢ With 1 M glucose feedstock

solution.

It is well known that batch reactors for carrying out reactions in biphasic systems usually
suffer from poor flow pattern control and mixing when scaled up, which implicates that for
HMF synthesis the low mass transfer efficiency therein tends to limit the HMF extraction and
leads to low HMF yields. To further determine whether there was a mass transfer limitation
in the microreactor, the glucose conversion experiments were performed in the slug flow
capillary microreactors of different lengths (L¢; being 1.2, 4.5 and 17 m) under the same 8 min
residence time. A higher flow rate (or equivalently, higher droplet/slug velocity) is known to
enhance internal circulation leading to higher mass transfer rates3*3%4l, As such, a

significantly higher HMF yield is expected in a much longer microreactor in the presence of
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mass transfer limitation. However, as shown in Fig. 4.13, product yield differences (including
those of HMF) are only minor among microreactors of different lengths, indicating that mass
transfer resistance was entirely or at least largely eliminated in microreactors and the

reaction was performed (largely) in the kinetic regime.

Fig. 4.13. Glucose conversion and product yields in the slug flow capillary microreactor of different
lengths. Reaction conditions: 0.1 M glucose, 160 °C, 40 mM AICl; and 40 mM HCI (pH = 1.5 measured
at ca. 20 °C), 8 min residence time, 4 : 1 organic to aqueous inlet flow rate ratio. In the legend, Qu, o

represents the total volumetric flow rate of the two-phase mixture at the microreactor inlet.

In summary, the application of slug flow capillary microreactors for HMF synthesis provides
superior heat and mass transfer efficiencies, as compared with the batch reactor (especially
when scaled-up). Thus, microreactor processing largely facilitates the reaction to run in the
kinetic regime under isothermal conditions, and allows to obtain a higher HMF vyield by
enhanced HMF extraction to the organic phase. In addition, the current microreactor system
has advantages such as continuous flow mode, the direct numbering-up approach for a fast
product capacity increase ® and thereby represents a promising reactor type for potential

industrial application.

4.3.7. Recyclability and reusability of the AICI3/HCI catalyst system

Recyclability and reusability of the current homogeneous AICI3/HCl catalyst system are
important from the perspective of industrial application, an aspect that has not been
examined so far. To evaluate this, a number of recycle runs were performed where the
aqueous phase (with the catalyst) after a biphasic reaction in the microreactor (at 16 min

residence time) was collected and reused for the reaction test in a next run (Fig. 4.14). For a
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proper comparison, HMF as well as other byproducts (such as FA and LA) in the aqueous phase
was largely removed via multiple (at least 3) batch extraction with MIBK (using 4:1 organic to
aqueous volume ratio). In addition, a filtration step was followed in order to remove insoluble
humins (actually little solid humin was observed under these conditions). Fig. 4.14 shows that
the catalyst performance for three successive runs in the microreactor at the optimized
reaction conditions using 0.1 M glucose solution as the feedstock. The glucose conversion and
yields of HMF as well as other products were very similar for all runs, indicating a good stability
and recyclability of the AICI3/HCI catalyst system. From the ICP-AES results (not shown for
brevity), no Al species were detected in neither the recycled MIBK phase after the AlICl3/HCI-
catalyzed glucose conversion, nor the fresh MIBK phase after pretreatment by mixing with the
AICl3 solution. Thus, the good catalyst stability is primarily due to no appreciable Al species
loss in terms of either precipitation in the aqueous phase or transferring to the MIBK phase

during the glucose conversion reaction under the investigated conditions.

Fig. 4.14. Evaluation of the reusability of the combined AICl3/HCI catalyst in the glucose conversion in
the slug flow capillary microreactor at the optimized reaction conditions using 0.1 M glucose solution

as the feedstock (as those shown in Fig. 4.2).

4.4. Conclusion

An experimental study on HMF synthesis from glucose in a biphasic system was performed in
a capillary microreactor operated under slug flow, using the homogeneous AICI3/HCI catalyst
in the aqueous phase and MIBK as the organic phase for in-situ HMF extraction. After

optimization, an HMF vyield of 53% was achieved at 160 °C within a residence time of 16
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minutes in the microreactor in the presence of 40 mM AICl3 and 40 mM HCI (pH = 1.5
measured at 20 °C). The HMF yield could be further increased to over 66% by enhancing the
HMF extraction into the organic phase, i.e., by either adding 20 wt% NaCl in the aqueous
phase or using mTHF as the extraction solvent. Under the above optimized catalyst
combinations, Brgnsted and Lewis acidities of the aqueous reaction medium were regulated
such that the prevalent reaction route was driven towards the reversible glucose
isomerization to fructose (catalyzed by Al species) followed by the fructose dehydration to
HMF (catalyzed by HCI), whereas the side reactions from glucose/fructose/HMF were largely
suppressed (e.g., for the formation of formic acid, levulinic acid and humins; catalyzed by both
Al species and HCI). This is further supported by the ESI-MS/MS characterization results which
revealed [AI(OH),]* as most possibly the active Al species. Thus, by altering the Brgnsted
acidity (i.e., HCl addition), the AICIz hydrolysis equilibrium and [Al(OH)2]* concentration in
water may be tuned to optimize HMF yields from glucose (via fructose). The aqueous catalytic
phase was recycled and reused three times without noticeable performance loss, supported
by no Al species losses via either dissolving into MIBK or precipitation in the aqueous solution.
Compared with a laboratory batch reactor study, the current microreactor allowed a better
temperature regulation (due to its excellent heat transfer efficiency), and therefore a faster
reaction rate and a higher HMF yield. The optimized HMF space time yield in this work (using
1 M glucose solution as the feedstock) is also significantly higher than those in the literature
work. In addition, the reaction in the microreactor has been shown to run (largely) under
kinetic control, given that slug flow operation greatly promoted mixing/reaction in the
aqueous droplet and facilitated HMF extraction to the organic slug for an enhanced HMF yield.
The confinement of reaction in the aqueous droplets prevented humin deposition on the
microreactor wall. Thus, continuous biphasic operation in microreactors, combined with the
recyclable and stable homogenous AICI3/HCl catalyst, holds great promises for a more efficient

and sustainable HMF synthesis from glucose.
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S4.1. Calculation of the residence time and actual phasic flow rate under the reaction
temperature in the microreactor

The residence time in the microreactor (1) was calculated according to the following equations:

roLe (54.1)
UM
U, - Q;,oa,w (54.2)
=D?
22

where Lcis the length of the capillary microreactor (i.e., the section inside the heating oven)

and Uwm the average velocity of the two-phase mixture in the microreactor. 9, , represents

the total volumetric flow rate of the two-phase mixture at the microreactor inlet (i.e., at ca 20
C) and D; the microreactor inner diameter. «,, denotes the ratio of the change in the total
volumetric flow rate of the two-phase mixture after mixing at the reaction temperature.

The flow rates of both the aqueous and organic phases at the microreactor inlet were set
by the HPLC pump unit at ca. 20 C. After the two phases were introduced into the microreactor
to form a slug flow in the oven (Fig. 4.1), the temperature of the mixture was increased from
20 C to typically 160 C, which caused a flow rate change of each phase due to both the
miscibility change of the two phases and the density change at different temperatures. The
actual total flow rate in the microreactor at the reaction temperature was thus corrected by
the total volumetric flow rate change ratio ( «,, ). «, was estimated using Aspen Plus
simulation (version 7.3, Aspen Technology, Inc.) with an NRTL-RK thermodynamic model. The
simulation dealt with a mixing process as shown in Fig. S4.1. Water and MIBK, initially at 20 C,
were introduced into a decanter the temperature of which was kept at 160 °C. After mixing
and separation in the decanter, the two phases flowed out as separate streams at 160 °C. The
whole system pressure was maintained at 10 bar. The results of the volumetric flow rate
change from 20 to 160 °C according to the simulation were summarized in Table S4.1. In the
table, Q represents the volumetric flow rate and a the ratio of the volumetric flow rates
between the decanter outlet (at 160 °C) and inlet (at 20 °C). The subscripts ag, org and M refer
to the aqueous phase, the organic phase and the two-phase mixture, respectively. It is noticed
that at an MIBK to water inlet flow rate ratio of 4:1, the outlet flow rate of MIBK phase
increased significantly due to the density decrease and the dissolving of water into MIBK. As

a consequence, the outlet flow rate of water phase decreased.
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Fig. S4.1. Simulated process flow diagram for the mixing and separation of water and MIBK at 160 °C

and 10 bar using Aspen Plus.

Table S4.1. Volumetric flow rate change from 20 to 160 °C according to the Aspen Plus simulation.

mletflow 0, (ml/min) @, () O, (mmin)  @,() Q, (ml/min) @, ()
rate ratio

(MIBK : Inlet Outlet® Inlet Outlet? Inlet Outlet?

water) (20°C) (160°C) (20°C) (160°C) (20°C)  (160°C)

4:1 400 509.05 1.273 100 89.89 0.899 500 598.94 1.198

2:1 200 253.42 1.267 100 104.76 1.048 300 358.18 1.194

1:1 100 125.61 1.256 100 112.19 1.122 200 237.80 1.189

1:2 100 123.39 1.234 200 231.82 1.159 300 355.21 1.184

1:4 100 118.97 1.190 400 471.07 1.178 500 590.04 1.180

@ after two-phase mixing.

An example of the residence time calculation in the microreactor is provided for a known

reaction condition (QM,U =0.502 mL/min, Dj=1.65 mm, Lc=4.5 m, an organic to aqueous inlet

volumetric flow ratio at 4:1, a feed temperature of 20 °C, a reaction temperature of 160 C) as
follows:
From Table S4.1, it is obtained that for the organic to aqueous inlet flow ratio at 4:1,
a,, =1.198. Then, U,, was calculated according to Eq. S4.2 as
0.502x107° x1.198

U, = =4.7x107 m/s (54.3)
60x%x(1.65>< 107

As a result, T was derived according to Eq. S4.1 as

4.5

T=——"——-=957s =16 min (S4.4)
4.72x10
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An example list of the residence time values in the microreactor as a function of the total inlet

volumetric flow rate is provided in Table S4.2.

Table S4.2. Residence time in the microreactor as a function of the total inlet volumetric flow rate.

v Ovo”

(min)  (mL/min)

2 4.019
4 2.01
6 1.34
8 1.005
12 0.67
16 0.502
20 0.402

“at 160 °C, based on the microreactor with a length of 4.5 m and an inner diameter of 1.65 mm. *at

20 °C and an organic (MIBK) to aqueous inlet volumetric flow ratio at 4:1.

$4.2. Calculation of the flow rate change ratio between the microreactor inlet and outlet

Due to the partial miscibility between MIBK and water, the aqueous or organic phase flow rate
at the microreactor outlet differed from that at the inlet, although temperatures at both
locations were around the same (ca. 20 °C). This flow rate change ratio was calculated using
Aspen Plus in a similar way to that described in Section S1 above. A simulated mixing process

was established as shown in Fig. $4.2.

Fig. S4.2. Simulated process flow diagram for the mixing and separation of water and MIBK at 20 °C

and 1 bar using Aspen Plus.
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Under the conditions that the aqueous phase and MIBK phase were mixed and then
separated at 20 T, the simulation results of the flow rate changes were summarized in Table
S4.3. In the table, a represents the ratio of the volumetric flow rates between the decanter

outlet and inlet (both at ca. 20 °C).

Table S4.3. Volumetric flow rate change at 20 °C after mixing according to the Aspen Plus simulation.

Inlet flow rate ratio ng (mL/min) a,, (-) Qaq (mL/min) a,, (-)
(MIBK : water) Inlet Outlet® Inlet Outlet®

(20°C) (20°C) (20°C) (20°C)
4:1 400 400.78 1.002 100 96.46 0.965
2:1 200 199.13 0996 100 99.48 0.995
1:1 100 98.30 0.983 100 100.99 1.010
1:2 100 95.77 0.958 200 203.49 1.018
1:4 100 90.70 0.907 400 408.48  1.021

@ after two-phase mixing and separation.

S4.3. Levulinic acid conversion experiments in the microreactor

Fig. S4.3. Levulinic acid conversion in the slug flow capillary microreactor. Reaction conditions: 0.1 M
LA, microreactor length of 4.5 m, 160 °C, 40 mM AICl; and 40 mM HCI (pH = 1.5 measured at 20 C), 4:1
organic to aqueous volumetric flow ratio at the microreactor inlet (the organic phase refers to MIBK

unless otherwise specified).
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S4.4. Additional experiments on the glucose conversion to HMF with different AICIs

concentrations in the microreactor

Fig. S4.4. Additional experimental results on (a) the glucose conversion, (b) the fructose yield and (c)
the HMF yield using a combination of AICl; and HCI as catalyst in the slug flow capillary microreactor.
Reaction conditions: 0.1 M glucose, 160 °C, microreactor length of 4.5 m, residence time at 16 min, pH

was adjusted by the addition of HCl and measured at ca. 20 °C, 4:1 organic to aqueous inlet flow ratio.

S4.5. Effect of Brgnsted acidity on the glucose conversion using HCl as catalyst in the

microreactor
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Fig. S4.5. Effect of Brgnsted acidity on the glucose conversion reaction performance using HCl as
catalyst in the slug flow capillary microreactor. Reaction conditions: 0.1 M glucose, 160 °C,
microreactor length of 4.5 m, residence time at 16 min, pH was adjusted by the addition of HCl and

measured at ca. 20 °C, 4:1 organic to aqueous inlet flow ratio.

$4.6. Glucose conversion with different glucose concentrations and catalyst loadings

Fig. S4.6. HMF yield in the reaction starting with different concentrations of glucose and AICl; catalyst
in the slug flow capillary microreactor. Other reaction conditions: 160 °C, microreactor length of 4.5 m,
residence time at ca. 16 min, 4:1 MIBK to aqueous inlet flow ratio, pH values were adjusted by the

addition of HCl in the aqueous phase and reported according to measurement at ca. 20 °C.

S4.7. Experiments in a laboratory batch reactor
Experiments on the glucose conversion to HMF over the combined AICI3/HCI catalyst were
performed in a laboratory batch reactor in a water-MIBK biphasic system. Ace pressure tubes

(height of 10.2 cm; outer diameter of 19 mm) were used as the batch reactor and were
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supplied by Sigma-Aldrich Co., Ltd. In a typical run, 1 mL of the aqueous reactant solution and
4 mL of MIBK were added into the pressure tubes, followed by being sealed and heated at 160
°C for a certain duration under magnetic stirring at 500 rpm in an oil bath. At the end of the
reaction, the tubes were quenched in cooled water (at ca. 20 °C), and then the aqueous phase
and the organic phase were filtered before their analysis by HPLC and GC, respectively.

The conversion of substrate i (Xi) and yield of product j ()) in the batch reactor are defined

by Egs. S4.5 and S4.6.

v C .-V C .
Xl. _ aq,0~"aq,i,0 aq,1 ™~ aq.i.l XlOO% (545)
Vaq.OCaq,i,O
VoeiCoe i1 ¥V iCo s
Y. _ org,1 " org,j.1 aq,l ~aq,j,1 XlOO% (546)
J
Vaq,OC{/q,[,O

In the above equations, 7, , and V, ., designate the volumes of the aqueous and organic

rg,0
phases at the start of the reaction (i.e., at ca 20 °C), respectively. V,,, and V,,,, are the volume

of the aqueous and organic phases at the end of the reaction (i.e., after being cooled to ca. 20

°C), respectively. C,,, and C,,,, refer to the concentrations of substrate i in the aqueous
solutions at the start and end of the reaction, respectively. C, ,, andC,, ,, represent the

concentrations of product j in the aqueous and organic phases at the end of the reaction,

differ from V

aq,0

respectively. Due to the partial miscibility of MIBK and water, ¥, and V,

rg,l

and V and were corrected as

org,0 7
Vg =Vag 0@ (54.7)
Vet =Vorg0org (54.8)

where «,, or &, is the correction factor which represents the ratio of the volume at the end
and start of the reaction for either the aqueous or organic phase. The values of ¢, and ¢,

are found in Table S4.3 for a given initial MIBK to water volume ratio (equal to the inlet MIBK
to water flow rate ratio shown in the table).

Fig. S4.7 shows the optimized results of HMF synthesis from glucose in a biphasic system
in the batch reactor. The reaction rates (in terms of the glucose conversion and HMF yield)
appeared to be much higher in the slug flow capillary microreactor than in batch (via a

comparison between Figs. 2 and S7). Yields of other byproducts (such as FA and LA) are also
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higher in the microreactor at the same reaction time, and intermediates (such as fructose and

mannose) were formed and consumed earlier in the microreactor as well.

Fig. S4.7. Optimized results of HMF synthesis from glucose in a biphasic system in the batch reactor.
Reaction conditions: 0.1 M glucose, 160 °C, 500 rpm, 40 mM AICl; and 40 mM HCI (pH = 1.5 measured

at ca. 20 °C), 4:1 organic to aqueous initial volume ratio.

To check whether there was a mass transfer limitation in the batch reactor, the effect of

stirring speed on the glucose conversion reaction was studied. As shown in Fig. S4.8, the
glucose conversion and HMF yield were almost unchanged at a stirring speed of 400 rpm or
above. Thus, the current batch results (at 500 rpm) were obtained without the presence of a

mass transfer limitation.

Fig. S4.8. Glucose conversion and HMF yield in the batch reactor at different stirring speeds. Reaction
conditions: 0.1 M glucose, 160 °C, 40 mM AICl; and 40 mM HCI (pH = 1.5 measured at ca. 20 °C), 4:1

organic to aqueous volume ratio.
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S4.8. Measurement and calculation of the heating profile of different liquids in the batch
reactor and microreactor

Fig. S4.9 presents the temperature measured in the batch reactor (in the presence of an
aqueous glucose solution and MIBK at an organic to aqueous volume ratio of 4:1) and that
estimated in the microreactor (with a laminar flow of water or MIBK) at different reaction time

values, both reactors being heated to a target reaction temperature of 160 °C.

Fig. S4.9. Heating profile of different liquids in the batch reactor and microreactor with the set
temperature at 160 °C. The batch reactor data were obtained using the same pressure tubes (cf.
Section S7) at 500 rpm with a thermocouple inserted to measure the temperature of the mixture
containing 0.1 M glucose solution (with 40 mM AICls and 40 mM HCI) and MIBK. The microreactor data
were calculated according to the simplified case of water or MIBK laminar flow therein. A constant

temperature line at 160 °C is shown for visual guidance.

The method for calculating the temperature of MIBK or water flowing in the capillary
microreactor at different residence times is shown hereafter. According to the heat transfer
process as schematically shown in Fig. S4.10, it is easy to obtain that over a differential length
(dL) of the microreactor, there is

2722 (T — T,

D,
In| ==
[DAJ

Here ¢, represents the heat transfer rate between air in the oven and the feed in the

dL
d¢, =hzD,(T, car)

air

T, )dL =

=maD, Ty — s )AL (54.9)

microreactor. Toir, Tair,w, Treedw and Treeq denote the air temperature values inside the oven and
on the microreactor outer wall, the feed temperature on the microreactor inner wall and the

average temperature of the feed inside the microreactor, respectively. h1 and h; are the heat
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transfer coefficients from air in the oven to the microreactor outer wall, and from the
microreactor inner wall to the feed, respectively. Ac is the thermal conductivity of the

microreactor. De and D; are the outer and inner diameters of the microreactor, respectively.

Fig. S4.10. Scheme of heating transfer process under single-phase laminar flow in the capillary

microreactor.

Eqg. S4.9 can be rearranged as

dg, =U(T,, ~ T, )7D,dL (54.10)

where U represents the total heat transfer coefficient defined as

U= ! (54.11)

D, In D,
1 D, D,
B

+
h, 24, h,D,

A heat balance analysis of the feed over a differential volume of the microreactor (cf. Fig.
$4.10) leads to
OpCpdT,,, =U(T,

= T )D,dL (54.12)
where Q, p and Cp represent the volumetric flow rate, density and specific heat of the feed,
respectively.

A rearrangement and integration of Eq. S4.12 over a certain microreactor length from the

inlet yields

e 1 C 2
[ L22% ar, , ~['urp.d (54.13)

T —
wio Ty =T

where the subscripts 0 and 1 represent the microreactor inlet and a downstream position at
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a length of L, respectively. Thus, it is finally obtained that

I opC, ln[zjzir ~Teao (54.14)
U”De 7;” - T/eedJ

In the above equation, a constant total heat transfer coefficient throughout the system and a
constant fluid property (e.g., p and Cp; which can be taken as the value at the average
temperature of the feed between the microreactor inlet and a certain downstream position)
were assumed. For the microreactor section in which the fluid was heated from 20 C to 160
C, the average temperature of the feed (Tfeed, m) is:

_ Tieao * Theas _ 20+160

T feed ,m 5

=90 °C (54.15)

At this temperature, the physiochemical properties of water and MIBK are shown in Table S4.4.

Table S4.4. Properties of water and MIBK at 90 °C.

Feed C, p AP ub
(/(gK)) (g/mL) (W/(m-K))  (mPa-s)

Water 4.195 0.969 0.672 0.335

MIBK 2.281 0.740 0.127 0.293

? Thermal conductivity of the feed;  Viscosity of the feed.

The temperature inside the oven was measured at different positions (including that on
the microreactor outside wall), and it turned out that the temperature was quite uniform.
Thus, the external heat transfer resistance from the oven to the microreactor outer wall was
neglected to simplify the heat transfer process, namely,

1

—~0 $4.16
h (54.16)

The fluid flow pattern inside the microreactor was determined by Reynolds number (Re):

Re = 2P (54.17)
U
where u is the average velocity of the feed in the microreactor and calculated as
u= ”Q (54.18)
fD‘Z
4

For laminar flow conditions prevalent in the microreactor (Re < 2200), the heat transfer
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process inside the microreactor can be approximately described by
Nu =h2—?=3.66 (S4.19)
Here Nu is the Nusselt number. Strictly speaking, the above correlation is valid with constant
wall temperature condition under a thermally fully developed laminar flow?. In the current
case, only the microreactor outer wall temperature was constant (i.e., Tairw = Tair = 160 °C) and
the inner wall temperature might change depending on the heat transfer rate difference along
the microreactor. However, for a first approximation the actual value of Nu is expected to be
on a similar level, which is sufficient for a qualitative analysis here.
Based on the above analysis, U can be approximated as

U= ! (54.20)

D, ln[ "j
D, D.
+—:

22, 3.662,

By combining Egs. S4.14 and S4.20, we can estimate the residence time needed to reach a
certain temperature level or the target reaction temperature (i.e., at 160 °C in this case) as

L pCpDi2 T, - Tfm/,o
r=—= In
u 4UD T. -T

e air feed |

(S4.21)

An example is given below for the estimation of the heating profile in the microreactor.

The temperature of air in the oven (Tair) is 160 °C, the initial temperature of feed (Tfeedq,0) is
20 °C, the inner diameter of microreactor (D) is 1.65 mm and the external diameter (D) 3.18
mm, the thermal conductivity of PFA microreactor material (A¢) is 0.209 W/(m-K). Then, the
total heat transfer coefficient in the case of laminar flow of water is estimated according to
Eq. S4.20 as

U= 3118 =159.11 W/(m*K) (54.22)
3.18x107 xIn| === I
1.65) 3.18x10~

2x0.209 3.66x0.672

The residence time needed to heat water in the microreactor to a certain temperature (Tfeed,1)

is further estimated according to Eq. 54.21 as

= S (S4.23)
4x159.11x3.18x10 160-T

feed |1

3 3 342 _
_ 0.96910"x4.195x10" x(1.65x107) ln[ 16020 ]:5‘4681{ 140 J

- T/éed,l




308 | chapter 4

Then, the heating profile of the feed (i.e., water temperature as a function of the residence

time) is obtained as

T

T =160 —140¢ 548 (54.24)

The heating profile in the case of a laminar flow of MIBK can be estimated similarly as

T

Ty =160—140e #2 (54.25)

It has to be noted that the above calculations in the microreactor are based on the
simplified single-phase laminar flow (of water or MIBK). In the case of a water-MIBK biphasic
system in the microreactor, the two-phase heat transfer is further enhanced due to the
internal circulation present in both droplets and slugs®. Therefore, the heating time could be
further shortened compared with the single-phase flow case (e.g., smaller than 20 s with

reference to Fig. S4.9).

$4.9. Definition and calculation of the space time yield in the batch reactor and microreactor
The space time yields of HMF in the batch and microreactor are defined in Egs. S4.26 and

S4.27, respectively.

V..C +V,. .C
Space time yield in batch = 21—« 1 ore.l —org, VT (54.26)
(Vg Vo)
C + C
Space time yield in microreactor = Qorgs Corg s * Logs Can.aurs (S4.27)

1 2
—nD"L
l i C

where t is the batch time. Examples for calculating the space time yield are shown below.

In the batch reactor tested in this work, the initial volumes of the organic phase and
aqueous phase were 4 mL and 1 mL, respectively. At a batch time of 16 min, HMF
concentrations in the organic phase and aqueous phase are 0.0066 and 0.006 mol/L,

respectively, according to the HPLC/GC analysis. The values of volume correction factors (a,,

and &,,, ) are found from Table S4.3 as 0.965 and 1.002 at 4:1 MIBK-water flow/volume ratio,

respectively. Then, according to Eq. S4.26 there is



chapter 4 | 309

V,.C +7,..C

A ag, HMF, 1 org.1~org, HMF |1

t(V + Vnrg,l)

aq,l
— Vaq,Oaanaq,HMF, 1 + Vorg,OaargCnrg, HMF 1
t(Vaq,Oaaq + Vm’g,oaorg) (5428)
_ 1x0.965x0.006 + 4 x1.002 x 0.0066

16x(1x0.965 +4x1.002)x10™
=405.22 mmol HMF -min™"-m™

Space time yield in batch =

In the microreactor, the inner diameter (Dj) is 1.65 mm and the length (Lc) 4.5 m. At a

residence time of 16 min, the original organic flow rate (0, ,) is 0.402 mL/min and the
aqueous flow rate (0,,,) 0.1 mL/min. The corresponding HMF concentration is 0.0101 mol/L

in the organic phase and 0.0087 mol/L in the aqueous phase. Then, according to Eq. $4.27

there is

Qurg,lcurg,HMF,l + Qaq,lcaq,HMF,l

L zD’ L,
4

Space time yield in microreactor =

_ Q{)rgvoaw‘g Corg,HMF,l + Qaq,Oauz] Caq,HMF,]

L zD’L,
4

(S4.29)

~0.402x1.002x0.0101+0.1x0.965x0.0087
0.25x%3.14%0.00165% x 4.5
=510.32 mmol HMF -min " m™

Space time yields of HMF in the batch reactor and microreactor of this work at different
batch or residence times are summarized in Table S4.5. The corresponding values from some
other researches were also calculated similarly, and are summarized in Table 4.2 for

comparison.
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Table S4.5. Space time yields of HMF in the batch reactor and microreactor of this work.?

Batch time or Space time yield
residence time (mmol HMF - mint- m3)
(min) Batch reactor Microreactor
2 188.33 351.35

4 194.16 955.14

6 313.21 1009.63

8 317.83 893.14

12 380.78 726.70

16 405.22 510.32

20 437.78 443.84

90.1 M glucose, 160 °C, 40 mM AICls and 40 mM HCI (pH = 1.5 measured at ca. 20 °C), organic to

aqueous inlet flow ratio or initial volume ratio at 4 : 1.
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