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Hydroxymethylfurfural (HMF) is viewed as a potential platform material to make a variety of chemicals and products
out of renewable resources. In this work, a complete ionic liquid reaction and separation process is presented for nearly
stoichiometric conversion of fructose into HMF. The silicalite adsorbent material is demonstrated for separation of 99%
pure HMF out of ionic liquid reaction mixtures through a packed column and for recovery of the unconverted sugars
and reaction intermediates along with the ionic liquid. Membrane-coated silicalite particles are prepared and studied
for a practical adsorption process with separation performances comparable to or better than the powder material. It is
discovered that nearly all the fresh fructose feed could be converted into HMF with the recycled ionic liquid under suit-
able reaction conditions. These research results lead to a new HMF production process much simpler than the current
paraxylene manufacturing process from petroleum oil. VC 2013 American Institute of Chemical Engineers AIChE J, 60:

300–314, 2014
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Introduction

Manufacturing of polymeric products out of renewable
biomass feedstock instead of petroleum oil has received a
great interest for recent years.1–4 Hydroxymethylfurfural
(HMF) has been viewed as a potential platform material to
make a variety of chemicals and products.5,6 For example,
HMF can be converted into 2,5-furan dicarboxylic acid via
selective oxidation as an alternative to petroleum-derived
paraxylene (PX)-terephthalic acid product chain7 for polyes-
ter production. Information in various aspects of HMF from
conversion chemistry, process development, to applications
can be found in recent reviews.8,9 In addition to chemical
values, diesel-range biofuels may be produced from HMF or
furfural through esterification and condensation reactions.10

Production of HMF at a cost competitive with existing
products is the key to realizing all the exciting application
opportunities. Stoichiometrically, HMF is a sugar molecule
minus three water molecules. Sugars can be produced in
large quantities by agriculture or prepared from degradation
and decomposition of nonfood grade biomass raw materials.
Dehydration of sugars into HMF is attractive from points of
view of both carbon number efficiency and sustainability. A
great amount of studies have been published around catalytic

conversion of sugars into HMF. A snapshot of various cata-
lytic approaches can be found in the reviews.8,9,11 Aqueous-
organic biphasic reaction systems were studied for simulta-
neous extraction of HMF product during catalytic dehydra-
tion of fructose.12–14 The reaction is conducted at about
180�C in presence of a HCl catalyst, requiring high-pressure,
corrosion-resistant reactors. Besides, there is significant for-
mation of byproducts. As a result, high production cost was
projected relative to current PX product.13,14

The ionic liquid (IL) as a solvent medium can be used at
elevated temperatures (100–200�C) under atmospheric pres-
sures, because of its nonvolatility. Thus, it has received sub-
stantial interest for development of new separation and
reaction processes for recent years. It was discovered that
conversion of sugars (fructose and glucose) into HMF can be
conducted in the IL under moderate conditions with both
high activity and selectivity.15 Furthermore, HMF and deriv-
atives can be produced via selective breakdown of cellulose
and lignocelluloses in an IL catalyst system.16,17 Broad
applications of the IL to biomass pretreatment and conver-
sion were reviewed in recent publications.18,19 However, a
complete process loop related to IL catalytic reaction and
separation has not been closed yet. Compared to extensive
catalysis chemistry studies, original research reports on sepa-
ration of reaction mixtures and delineation of reaction
byproducts have been scarce.

In this work, we try to tackle some fundamental problems
for development of an economic HMF production process
from sugars, such as separation of pure HMF from reaction
mixtures, demonstration of reusability of the IL, and identifi-
cation and disposal of reaction byproducts. The IL used in
this work was discovered from our previous catalysis
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research studies,20 which is relatively inexpensive and can
be available in large quantities. Different from previous sol-
vent extraction and polymeric resin adsorbents,21 a zeolite
adsorption process is chosen based on an earlier invention
made by this research group.22 Out of a variety of adsorbent
materials screened, silicalite was identified as the most effec-
tive for selective adsorption of HMF from various IL and/or
water mixtures. Its molecular specificity is attributed to the
size exclusion function of this type of zeolite lattice frame-
work and unique surface chemistry. Silicalite-type materials
also have excellent thermal and chemical stability so that the
adsorbent can be used over a wide range of adsorption and
desorption conditions. The other consideration is that there
are several successful examples for zeolite adsorption separa-
tion in current refining and petrochemical separation proc-
esses, such as separation of PX from C8 aromatics. Fructose
is used as the feedstock for the present process research
activities.

Experimental Section

Materials

Triisobutylmethylphosphonium tosylate (Cyphos 106, 99%
purity, Cytec) was used in most experiments in this work,
whereas 1-ethyl-3-methyl imidazolium chloride 2[EMIM]Cl
(94% purity, BASF) was tested for cellulose reactions. Both
ILs were used as received. Unless specifically noted, the IL
used in the experiments refers to Cyphos 106. Fructose
(99.5%, Sigma-Aldrich), deionized water, and methanol
(99.5%, Sigma-Aldrich) were used as the sugar feed, dilution
fluid, and flushing solvent for HMF desorption, respectively.
5-Hydroxymethylfurfural (98.5%, Sigma-Aldrich) was used
as a reference.

Table 1 lists the adsorbent powder and particle materials
studied in this work. Organophilic zeolite (OPZ) powder was
acquired from Aldrich. Silicalite powder was prepared in-
house with the detailed preparation procedure reported in our
earlier publication.23 Engineered adsorbent particles were
prepared by deposition of a silicalite membrane on the exte-
rior surface of the powder material that was pelletized,
crushed, and sieved into 40–140 mesh. The membrane depo-
sition is similar to the secondary growth method used for
preparation of a flat sheet zeolite membrane.24 All the
adsorbent materials were calcined at 550�C for 5 h with the
ramping rate of 1�C/min prior to adsorption tests.

Characterization of adsorbents, IL, and HMF product

Surface area, porosity, and pore-size measurements of the
adsorbent material were conducted by nitrogen adsorption/
desorption on a Quantachrome Autosorb 6-B gas sorption
system. All the samples were degassed at 300�C prior to the
measurement. The surface area was determined using Bruna-

uer–Emmett–Teller (BET) method. Barrett–Joyner–Halenda
method was used for analysis of the porosity and pore size,
whereas T method was used for micropore analysis. Scan-
ning Electron Microscopy (SEM) analysis was performed on
JEOL JSM-5900, and the cross-section of the adsorbent par-
ticle was prepared using a procedure as described for the
zeolite/metal sheet membrane samples previously.24 The
X-ray diffraction (XRD) of adsorbent materials was meas-
ured at a scan rate of 0.04�/min using a Bruker D8 Advance
diffractometer with 0.154098 nm Cu Ka radiation and a
graphite monochromator. The viscosity of ILs was measured
using an Anton Paar Stabinger Viscometer (SVM3000).

HMF product isolated in this work was characterized by
Thermogravimetric Analyzer (TGA) integrated with differen-
tial scanning calorimetry (DSC) measurements. The mea-
surement was conducted on QMS 403 C Aeolos-Quadrupole
Mass Spectrometer from Netzsch. Argon gas was used as a
carrier and purge gas. About 10 mg of HMF placed in the
sample pan was heated in a dry inert gas stream (Ar) from
room temperature to 200�C at 2�C/min.

Batch reactor tests

The reaction test was conducted in a batch glass reactor
under continuous stirring. The free space of the reactor was
purged by a continuous N2 gas flow under atmospheric pres-
sure. The detailed procedure and results for reaction of sugar
in various ILs were described in the previous publication by
this research team.20 For assessment of reactivity of the
recycled IL, the IL was placed into the reactor, gradually
heated up, and sampled at different temperatures for analy-
sis. For reaction kinetics measurements of fresh fructose in
the recycled IL, the IL was sampled for analysis when the
reactor temperature was stabilized at a target level; fructose
feed was added into the IL; the reacting mixture was
sampled for analysis at different times at a constant
temperature.

Adsorption column tests

Packing of the adsorption bed with powder materials was
conducted by pumping powder/methanol slurry into a stand-
ard chromatograph column under a constant pressure. The
pump was stopped when the pressure started rising rapidly.
Methanol was dried prior to use. Packing of engineered par-
ticles was conducted by simply pouring dry particles into a
metal tube with a nickel metal foam disk plugged at the bot-
tom while the tube wall was slightly tapped. The void space
in the column was determined based on the methanol uptake
measured from the weight difference of the column between
the wet and dried state. The wet state represents the adsorb-
ent bed fully soaked with methanol liquid at room

Table 1. Surface Areas and Pore Volumes of Adsorbent Materials

Sample Name
Multipoint BET

Surface Area (m2/g)
t-Method Micropore
Surface Area (m2/g)

t-Method Micropore
Volume (cm3/g)

BJH Method Mesopore
Volume (cm3/g)

Organic-philic zeolite
(OPZ) powder

337 89.7 0.04 0.18

Silicalite-coated OPZ
particle

406 128 0.05 0.18

Nano-silicalite powder 416 255 0.10 0.13
Silicalite-coated silicalite

particle
398 295 0.11 0.09
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temperature, whereas the bed is regarded in the dried state
after the wet bed was dried at 70�C overnight.

The packed column was tested for adsorption under a con-
sistent temperature (typically 50�C) and feed flow rate. The
feed mixture was prepared by quenching the fructose IL
reaction mixture with deionized water at about 1:1 weight
ratio. The raffinate existing from the column was periodi-
cally collected and analyzed to obtain the adsorption break-
through curve. Unless specifically noted, a standard
procedure used for regeneration of the saturated column con-
sisted of (1) purging the column and line by nitrogen gas for
removal of the bulk feed solution retained in the system, (2)
washing the column by deionized water for removal of resid-
ual IL, and (3) washing the column by methanol for desorp-
tion of adsorbed HMF. During regeneration, the column
effluent was periodically collected and analyzed to obtain
regeneration profiles.

The effluent collected during the methanol flushing, which
was substantially free of IL, was used for isolation of pure
HMF product. The raffinate and water-flushing effluents
were collected and combined for recovery of ILs. Methanol
and water were removed from the collected liquid sample by
using Rototary Evaporation under 10 torr and High Vacuum
Schlenk Line under 83 mtorr. The glass flask used for evapo-
ration was wrapped with Al foil to block light irradiation.
All the evaporative drying processes were conducted at room
temperature to minimize side reactions.

Compositional analysis of liquid samples

Liquid-phase samples were obtained from the reaction and
adsorption tests. The as-produced sample was diluted with
an appropriate amount of deionized water to a level within
the linear response range of high-performance liquid chroma-
tography (HPLC) analysis. Agilent 1100 series HPLC
equipped with Agilent G1362A refractive index Detector
was used. The analytical column used was BioRad Aminex
HPX-87H (300 3 7.8 mm2). The column temperature was
maintained at 60�C and a 0.005 M H2SO4 solution was used
as the mobile phase at a flow rate of 0.9 cm3/min. In the
HPLC analysis, individual compounds are distinguished
based on their retention times by comparing to the calibra-
tion standards. Table 2 lists the retention times of peaks
detected in typical HPLC analyses of reacted IL mixtures. It
is noted that several peaks with retention times between the
IL and glucose were clearly detected by HPLC but could not
be identified with known compounds presently. The reaction
products with retention times between the fructose and for-

mic acid were insignificant in terms of peak area relative to
HMF. In this work, the peaks of all those unknown products
are lumped together and denoted as “Unk.” Its content is
estimated by assuming a response factor same as fructose.

Unless specifically noted, all the percentage (%) reported
in this article is weight based

Results and Discussions

Viscosity of IL

High viscosity and slow mass transport were considered
the main problems for IL separation processes. In Figure 1a,
viscosity of the IL used in this work is compared with water
and light mineral oil at various temperatures. At a low tem-
perature (40�C), viscosity of the pure IL25 is about 1 and 2
orders of magnitude higher than the respective water26 and
mineral oil. However, the IL viscosity decreases exponen-
tially with increasing temperature. At 110�C, the viscosity
becomes close to that of the mineral oil at 40�C. As the IL
is stable and not volatile up to 200�C, the viscosity issue can
be mitigated by conducting the catalytic or separation proc-
esses at elevated temperatures. Another way to reduce the
viscosity is to mix the IL with water. Figure 1b shows that

Table 2. HPLC Elution Times of Individual Components in

an Ionic Reaction Mixture

Peak Name

Retention
Time
(min)

Response
Factor
Area/% Symbol Constituent

Ionic liquid 6.9 278,714 IL Major
Unknown 7.7 NA Unk Some
Unknown 8.4 NA
Unknown 8.8 NA
Glucose 9.4 497,929 Glu Minor
Fructose 10.4 490,993 Fru Some
Unknown 10.9 NA Unk Insignificant
Unknown 12.1 NA
Formic acid 15.2 149,787 FA Trace
Levulinic acid 18.2 361,915 LA None
Hydroxymethylfurfural 38.4 587,977 HMF Significant

Figure 1. Viscosity of triisobutylmethylphosphonium
tosylate IL used in this work

(a) Variation of viscosity with temperature and (b) var-

iation of viscosity with IL content in water IL mixture

(T 5 20�C). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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the viscosity of the IL/water mixture exponentially decreases
with increasing water loading in the mixture. The viscosity
values measured in this work are in line with the literature
data.25,27 The viscosity of a 50% IL in water mixture at
20�C is even lower than the mineral oil at 40�C. Thus, con-
cerns about high viscosity of the IL for practical processes
can be addressed by increasing the process temperature and/
or adding water.

Characterization results of adsorbent materials

The surface areas and pore volumes of adsorbent mate-
rials evaluated in this work are summarized in Table 1.
The BET surface area is contributed by both micro and
mesopores. The former is considered as well-defined
channels in the zeolite framework, whereas the latter can
be attributed to exterior surfaces and defects of zeolite
crystals. The OPZ powder has a small micropore volume
and a small fraction of micropore surface area, compared
to the nano-silicalite materials prepared in this work. It is
worth noting that the original zeolite micropores were not

plugged by the zeolite membrane coating. Instead, the
micropore surface area was increased from 89.7 for the
original powder to128 m2/g for the OPZ particle. A sig-
nificant increase in the micropore surface area was also
observed with the nano-silicalite particle. The increase
can be explained by conversion of some amorphous mate-
rial in the original powder into zeolite crystals during the
membrane growth.

The microstructures of the engineered particle before and
after membrane coating were analyzed by SEM. The micro-
structural characteristic is compared in Figures 2 and 3 for
the OPZ and nano-silicalite particle, respectively. The as-
pelletized OPZ particle has a rough surface texture com-
prised of large and irregular agglomerates (of crystals) and
voids (Figure 2a). The particle surface became dense and
uniform after the membrane coating (Figure 2b). The coating
layer comprises intergrown zeolite crystals. The cross-
sectional analysis (Figure 2c) reveals the membrane thick-
ness on this particle is about 1.1 mm. Figure 2d shows identi-
cal XRD patterns for the OPZ adsorbent before and after

Figure 2. Structures of OPZ particles before and after silicalite membrane coating.

(a) Surface of OPZ particle before coating, (b) surface texture after membrane coating, (c) cross-section of membrane-coated parti-

cle, and (d) XRD patterns. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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membrane coating, which confirm the same MFI-type zeolite
crystal phase. The peak intensity after membrane growth
appears higher than the parent particle, indicating enhanced
zeolite crystal growth during membrane preparation. The
XRD observation is consistent with the increased micropore
surface area.

Figure 3a shows that the nano-silicalite powder comprises

uniform, individual crystals without intercrystal bonding. In

the experiments, we found that the particle made from pellet-

ization of this powder material was very weak and easily

collapsed into loose powder with slight crushing. After the

membrane growth, the loose crystals were bonded together

through intercrystal growth and the resulting particles were

fairly strong. As shown in Figure 3b, the surface texture of

the membrane-coated particle is indeed much denser than

the pelletized powder. The XRD patterns (Figure 2c) before

and after the membrane coating look same. The much higher

peak intensity of the regrown particle confirms zeolite crystal

growth enhanced under the membrane growth conditions.

The enhanced growth of parent crystals results in an increase

in the micropore surface area (Table 1) and strengthens the

particle.

Separation of reacted mixtures on columns packed with
adsorbent powder

A significant amount of effort was devoted toward opti-
mizing column packing and operation conditions to obtain
99% pure HMF product from IL reaction mixtures.20 The
same OPZ powder was packed into two different sizes of
columns. A uniform feed flow could not be obtained with
the column of 22 mm ID and 70 mm length, because the
adsorption and regeneration profiles were associated with
serious tailing and channeling. The aspect ratio (length/diam-
eter 5 3.2) of that column was determined too small to estab-
lish a plug flow. Thus, all the adsorption separation tests
latter were conducted using 10 mm ID 3 250 mm length
column (aspect ratio 5 25). The adsorbent packing density
and bed void fraction with this size of column is listed in
Table 3.

With the column of a high aspect ratio, both OPZ and
nano-silicalite powder provided excellent performances for
separation of HMF out of reacted IL mixtures. However, the
nano-silicalite powder presented large pressure drops, which
was mostly due to its high packing density and small crystal
size. The large pressure drop limited adsorption/regeneration

Figure 3. Structures of a silicalite particle before and after membrane growth

(a) Surface of a pelletized particle, (b) surface of regrown particle, and (c) XRD patterns. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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tests to a narrow range of flow rates. As a result, the OPZ
powder column was chosen for extensive adsorption and
regeneration process studies. This column allowed tests
being conducted over a range of feed flow rate (0.5–2.5 cm3/
min) and desorption flow rate (0.5–10 cm3/min).

One major challenge to obtaining pure HMF is complete
washing of residual IL out of the adsorbent bed prior to
HMF desorption. Different flow rates and times, and differ-

ent washing fluids were tried to purge the IL out of the col-
umn after the adsorption was done. Finally, an effective
regeneration protocol was identified that enabled isolation of
pure HMF from the desorption effluent. The representative
adsorption breakthrough and desorption profiles are shown in
Figures 4a and b, respectively. The feed used for this adsorp-
tion run was prepared by reacting fructose in the fresh IL at
110�C and consisted of 48.6% IL, 0.45% fructose (Fru),
1.23% unknown (Unk), 2.48% HMF, and balance water. As
glucose, formic acid, and levulinic acid did not exist in the
feed solution, they are not shown in the plots. During
adsorption run (Figure 4a), the IL, fructose (Fru), and
unknown (Unk) came out together as the feed passed
through the column. It took about 90 min for HMF break-
through to occur. During regeneration (Figure 4b), the IL
and fructose (Fru) retained among interparticle voids were
rapidly washed out by water, whereas the adsorbed HMF
inside the zeolite pore was intact. Upon switching to metha-
nol flushing, HMF came out gradually, reached a peak, and
then, declined to zero. Compared to 2.48% loading in the
adsorption feed, HMF content in the methanol effluent was
as high as 34% at the peak. Dramatic enrichment of HMF
was realized by the present adsorption separation. A majority
of the unknown products (Unk) was washed out of the col-
umn by water, but some unknown species emerged in the
late stage of the methanol flushing in this particular run.

The OPZ powder column was tested with multiple adsorp-
tion/regeneration cycles with various IL reaction mixtures.
The working capacity as determined based on the amount of
HMF collected in desorption effluent was stabilized around
12.0%.

Isolation of pure HMF and recovery of IL from reacted
IL mixture

Based on the regeneration profiles (Figure 4b), the first
two methanol-flushing effluents (peak and next to the peak)
were collected for isolation of pure HMF. Figure 5 shows
appearance of the recovered IL and isolated HMF product
after water and methanol solvents were substantially
removed. The pure IL has a melting point of 42�C. The
recovered IL stayed in liquid phase at room temperature
because small amounts of water remained after the vacuum
drying. Purity of the HMF isolated from four adsorption/
regeneration cycles is listed in Table 4. These runs were per-
formed on different days, and there was slight variation in
the adsorption feed composition. >98% pure HMF was con-
sistently obtained from the methanol effluent at the peak
position. The purity of the HMF concentrated from another
methanol effluent varied due to presence of residual IL and
some unknown species.

For the adsorption cycle #5 in Table 4, 98.1% of the IL
fed through the column was recovered from the raffinate and

Table 3. Adsorption Bed Loading (Column size: 10 mm ID 3 250 mm length for powder and 7 mm ID 3 250 mm

length for particles)

Column Name Adsorbent Material Loading (g) Packing Density (g/cm3) Void Fraction

OPZ powder As-received OPZ powder 14.6 0.74 0.61
Nano-silicalite powder Nano-silicalite powder

synthesized in-house
19.0 0.97 0.51

Silicalite/OPZ particle 45–140 mesh of silicalite-coated
OPZ particles

11.5 9.5 0.49

Silicalite/silicalite particle 45–140 mesh of silicalite-coated
silicalite particles

10.6 6.9 0.35

Figure 4. Adsorption and regeneration profiles of OPZ
powder-packed column (adsorption feed
composition: 48.6% IL, 2.48% HMF, 0.45%
Fru, 1.23% Unk, and balance water)

(a) Adsorption breakthrough profiles (50�C, feed rate of

0.945 cm3/min) and (b) regeneration profiles (50�C, feed

rate of 2.06 cm3/min). [Color figure can be viewed in the

online issue, which is available at

wileyonlinelibrary.com.]
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water-flushing effluent. For HMF, the mass balance (out/in)
was only 94.2%. The IL recovery and HMF mass balance
did not change much in the other adsorption cycles. Stability
of HMF during the experimental process was concerned ini-
tially. To check stability of HMF under the adsorption and
desorption conditions, we ran a complete adsorption/regener-
ation cycle with a model feed containing 2% HMF in water.
No new peaks were found in the HPLC analyses of column
effluents, which confirmed that HMF was stable under the
present adsorption/regeneration conditions. To check the sta-
bility of HMF during the product concentration process, we
dissolved 2% HMF in methanol and ran it through the Roto-
vap and Schlenk line vacuum drying process. The resulting
HMF had the same composition as its starting material, and
no other new species were detected by the HPLC analysis.
Stability of HMF under storage was examined through com-
parative experiments. The results indicate that HMF could
be very reactive in ambient air conditions and under light
irradiation, which is likely due to air oxidation and polymer-
ization reactions. Thus, less than 100% recovery of the IL
was mostly due to incidental loss during the experiment,
whereas low HMF recovery was attributed to both the inci-
dental loss and degradation of HMF samples during storage
under ambient conditions.

The HMF product isolated above was characterized on
TGA/DSC. A HMF sample purchased from Aldrich was
tested under the same conditions for comparison. A large
thermal flux peak was observed at 35�C for both samples,
which indicates the same phase change point of HMF from
crystalline into liquid. The gradual weight loss started around
100�C for the two samples. The weight loss rate accelerated
with increasing temperature. The heat of HMF vaporization

was calculated from the Arrhenius plots of evaporation rate
versus T over a temperature range of 100 and 180�C. The
resulting heat of vaporization values are 68.5 and 69.0 kJ/
mol for the reference and recovered HMF, respectively,
which are very close.

Membrane-coated adsorbent particles for a practical
adsorption process

The feasibility to isolate pure HMF product with the
adsorbent powder material was successfully shown above.
However, the pressure drop of powder-packed columns is
too large to be practical. The difficulty to obtain complete
purge of the residual IL out of the powder-packed column
by water is another concern. Thus, preparation of engineered
particles was studied. One problem to make engineered par-
ticles out of the silicalite powder is lack of bonding between
pure silicalite crystals. Using binders such as colloidal alu-
mina and silica solutions can alter the adsorbent properties.
It is known that Al atoms can incorporate into silicalite
framework to form ZSM-5 during the hydrothermal prepara-
tion. ZSM-5 is more hydrophilic than pure silicalite. Hydro-
phobicity of the silicalite material is preferred for the present
adsorption process, which allows exclusion of water from
the zeolite pores and ready uptake of organic solvent into
the pore for HMF desorption. The silica binders are typically
hydrophilic as well. Another main problem is retention of
the IL inside pores of an engineered particle. The conven-
tional adsorbent particle often contains irregular macropores.
The IL trapped in those pores during adsorption can become
very difficult to be purged out due to its low diffusivity.

To address these problems, we engineered the adsorbent
particle in a different way from conventional approaches. As
illustrated in Figure 6, a particle comprised of zeolite crys-
tals is encapsulated with a thin (<10 mm) silicalite mem-
brane layer. In this way, penetration of ILs into the interior
of the particle is blocked by the membrane, whereas the
micropores of the silicalite membrane allow for HMF and
solvent molecules to transport between the interior of the
particle and bulk fluid. The silicalite membrane layer is so
thin relative to the particle size that it does not impose sig-
nificant mass-transfer resistance.

Table 3 lists the two columns packed with the silicalite/
OPZ and silicalite/silicalite particles, respectively. The
adsorption breakthrough profiles for the silicalite/OPZ parti-
cle (Figure 7a) show simultaneous elution of fructose and
unknown (Unk) with the IL upon introduction of the feed
and nearly constant pressure drop of 0.96 bars across the

Figure 5. Appearance of recovered IL and HMF from adsorption separation process (OPZ column)

(a) 95.0% IL from raffinate and (b) 98.5% HMF from methanol extract. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Working principle of membrane-coated
adsorbent particle.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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column in the adsorption process. HMF breakthrough
occurred about 40 min later than the IL and the selective
HMF adsorption is clearly shown. However, the HMF break-
through curve does not appear to be a steep S curve. We
believe that a sharp adsorption front can be obtained by opti-
mizing the flow conditions such as liquid flow velocity and
bed design parameters such as aspect ratio. The desorption

profiles in Figure 7b show that the residual IL and feed mix-
ture was quickly washed out of the column by water, and
their content in the effluent declined to zero in 20 min. The
presence of small amounts of HMF in the water-flushing
effluent was likely due to desorption of weakly bonded
HMF. Upon switching to methanol flushing, the adsorbed
HMF was rapidly desorbed. HMF content in the effluent
reached a peak and then declined to zero. HMF content at
the peak is 9.2%. Compared to 2.5% in the original feed
solution, 3.7-fold enrichment of HMF is obtained.

By comparing Figure 8 to 7, we can see that the silicalite/
silicalite particle provides better separation of HMF from the
reaction mixture during adsorption and more efficient regen-
eration than the silicalite/OPZ particle. HMF adsorption
breakthrough started at 92 min for the silicalite/silicalite par-
ticle (Figure 8a) and at 46 min for the silicalite/OPZ column
(Figure 7a) at the same feed flow rate. After adsorption, the
residual IL was more rapidly washed out of the column by
water for the silicalite/silicalite (Figure 8b) than for the sili-
calite/OPZ adsorbent (Figure 7b). Only HMF was eluted
from the silicalite/silicalite column during the subsequent
methanol flushing, which enables recovery of 99% pure
HMF. By contrast, there was still some IL coming out of the
silicalite/OPZ column in the late state of the methanol flush-
ing. HMF content in the first effluent sample during the
methanol flushing of the silicalite/silicalite column was as
high as 9.57%, whereas the adsorption feed contained only
1.46% HMF. 6.5-fold enrichment of HMF is shown. The
adsorption/regeneration profiles illustrate excellent separation
performances of the pure silicalite/silicalite adsorbent
particle.

The results from three adsorption/regeneration cycles are
summarized in Table 5 for the two particle-packed columns.
These tests were conducted with the reacted IL mixtures
under similar conditions. Low pressure drops were obtained
with the particle bed as expected. The pressure drops for the
IL solution to flow through the column during the adsorption
were in the range of 0.6–1.4 bars. Typically, 1.0 cm3/min of
the adsorption feed flow rate was used. The variations in the
pressure drop were mainly due to deposition of the IL and
residual particulate on the flow distributor of the column
rather than due to the adsorbent bed itself. The porous metal
foam discs were placed on the top and bottom of the adsorb-
ent column as a flow distributor. The pressure drop for the
particle bed is reasonable for practical adsorption processes.
The larger pressure drops observed with the silicalite/OPZ
particle during first two cycles of water flushing were due to
partial plugging of the distributor. The water-flushing rate
was maintained constant around 1.0 cm3/min for these
cycles. 0.80 cm3/min of the methanol-flushing rate was used
for the HMF recovery. The pressure drops were very small
for all the runs with methanol flushing, which were in the
range from zero (could not be measured) to 0.27 bars. The
variation was again due to the distributor. Methanol is an

Table 4. Purity of HMF Produced by Adsorption Separation (OPZ Powder Column)

Cycle #

Water-Quenched Reaction Mixture Used for Adsorption (wt %)
Purity of HMF from Methanol Desorption

Effluent (wt %)

IL Unk Glu Fru HMF H2O #1-Peak Position #2-Next to the Peak

5 57.79 2.13 0.11 0.45 2.98 36.53 100.2 97.9
6 56.34 2.16 0.00 0.44 2.91 38.15 98.5 98.7
7 58.79 1.53 0.11 0.45 2.95 36.16 98.2 92.1
8 62.59 1.71 0.09 0.69 3.18 31.74 99.9 92.9

Figure 7. Adsorption and desorption profiles of the col-
umn packed with silicalite/OPZ particles (tem-
perature: 50�C; adsorption feed: 47.2% IL,
0.0% glucose, 0.206% fructose, 0.055% formic
acid, 2.50% HMF, and 0.218% unknown)

(a) Adsorption breakthrough profile (flow rate 5 1.41

cm3/min) and (b) regeneration profile (water

flushing 5 0.94 cm3//min, methanol flushing 5 0.80 cm3/

min). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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effective cleaning solvent for removal of the deposit on the
distributor. For large-scale adsorbent beds, a flow distributor
different from the metal foam used in the current laboratory
tests will be needed.

The HMF desorption capacities listed in Table 5 were cal-
culated based on the amount of HMF collected in the efflu-
ent during the water and methanol flushing, respectively.
The HMF eluted with the water flushing is attributed to the
residual feed solution and weakly adsorbed HMF on the
exterior surface of a zeolite crystal, whereas the HMF
released during the methanol flushing is considered due to
desorption of HMF adsorbed inside the zeolite pore. First
adsorption/regeneration cycle often did not reflect the work-
ing state of the adsorbent and column. The column typically
reached a stable working state in the subsequent adsorption/
regeneration cycles. For the silicalite/OPZ particle, HMF

desorption capacities reached about 4% for the water flush-
ing and 9% for the methanol flushing in the third adsorption/
regeneration cycle. By contrast, HMF desorption capacities
for the silicalite/silicalite column were about 2.5% for the
water flushing and 12% for the methanol flushing. In other
words, the silicalite/silicalite particle provided lower water
desorption capacity but higher methanol desorption capacity
than the silicalite/OPZ particle. This kind of performance is
highly desirable for a practical adsorption process. The per-
formance difference between these two adsorbents is
explained by higher crystal purity and denser packing of the
silicalite/silicalite particle as revealed by SEM analyses (Fig-
ures 2 and 3).

The material balances for Cycle #3 (Table 5) of the silica-
lite/silicalite particle bed showed 99% of the IL recovery
and 96% recovery of HMF. Less than 100% recovery is
attributed incidental loss during experiments.

Membrane-coated particle for separation of cellulose-
derived IL reaction mixtures

Broad application of the present adsorbent to HMF separa-
tion from various reaction mixtures is illustrated by adsorp-
tion/regeneration tests with a feed solution different from
those used above. The new feed solution was derived from
water extraction of cellulose reaction in an [EMIM]Cl IL
with addition of CrCl2 and CuCl2 catalysts.16 The reacting
mixture was quenched with deionized water and the resulting
solution was filtered prior to adsorption tests. The IL and
HMF content in the new feed mixture are 35.0 and 0.65%,
respectively. The adsorption tests were performed on the col-
umn loaded with the silicalite/OPZ particle, and representa-
tive adsorption and regeneration profiles are plotted in
Figure 9. The adsorbent fully captured the HMF in the feed,
though HMF content was substantially less in this adsorption
feed than in the previous runs. Due to the small HMF con-
tent in the feed, it took about 3 h for the HMF breakthrough
to occur. Figure 9b shows that the residual IL solution after
adsorption was washed out of the bed completely by the
water. The adsorbed HMF was rapidly released upon intro-
duction of methanol flushing. The HMF level in the initial
methanol-flushing effluent was 6.32–5.35%, which is about
10-fold enrichment from the feed. The adsorption capacities
with this feed solution are listed in Table 6. The HMF
adsorption capacities from the methanol flushing were 7.11
and 7.67% for the two consecutive adsorption/regeneration
runs. These capacity values are slightly lower than those
obtained on the same column but with the previous IL reac-
tion mixture (Table 5). This can be explained by the differ-
ence in HMF content between the two adsorption feeds used.
The variation in the HMF capacity obtained from the water
flushing was mostly caused by the state of the adsorbent bed
at termination of individual adsorption runs. In the first run,
the adsorption was stopped after complete HMF break-
through, whereas the adsorption was stopped at the begin-
ning of HMF breakthrough in the other run.

The testing results with the [EMIM]Cl IL mixture con-
firms that the present adsorbent can be used to separate
HMF from other IL or solution mixtures due to its molecular
specificity.

Conversion of unknown species in recovered IL

After HMF product is separated out of a reaction mixture,
reuse of the recovered IL and conversion (or disposal) of the

Figure 8. Adsorption and desorption profiles of the col-
umn packed with silicalite/silicalite particles
(temperature: 50�C; feed mixture: 48.0% IL,
0.0% glucose, 0.205% fructose, 0.036% for-
mic acid, 1.46% HMF, and 0.206% unknown)

(a) Adsorption breakthrough profile (flow rate 5 1.02

cm3/min) and (b) regeneration profile (water

flushing 5 1.0 cm3/min, methanol flushing 5 0.85 cm3/

min). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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remaining constituents in it (including the unknown and
unconverted sugars) are critical issues for development of an
economic HMF production process. It happens that the
unconverted sugars and unknown species (Unk) elute
together with the IL from the present adsorption column. As
a result, these two issues can be addressed together.

The recovered IL was heated in the glass batch reactor at
different temperatures without any addition of fresh fructose
to assess reactivity of those remaining compounds. The
recovered IL contained 1.97% unknown (Unk), 0.143% glu-
cose, 0.45% fructose, and 0.88% HMF. The 0.45% fructose
was from unconverted feed. The unknown and glucose were
produced from original fructose reactions in the fresh IL. The
presence of a significant amount of HMF was due to recy-
cling of HMF-containing raffinate and water-flushing efflu-
ents. Figure 10 shows variations of the IL composition and
temperature with time. As the temperature was increased
from 26 to 80�C in 80 min, a slight increase in all the three
species (unknown, HMF, and fructose) was observed. This is
explained by slight concentration of the IL due to vaporiza-
tion of residual water. As the temperature was further raised
from 80 to 110�C in 23 min, the unknown species (Unk)
decreased concomitantly with increase of the fructose and
HMF. Such changes suggest disproportionation reaction of
the unknown into HMF and fructose. With further increase of
the temperature to 116�C in 80 min, the unknown (Unk) con-
tinued declining and HMF continued increasing, while fruc-
tose decreased. The decrease of fructose was attributed to
conversion of fructose into HMF and unknown (Unk). It is
interesting to note that glucose slightly decreased during 80
min heating from 110 to 116�C. Compared to its initial com-
position, heating the recovered IL can reduce the unknown
(Unk) and glucose content while increasing HMF content.
This important finding suggests that the unknown and glucose
would not accumulate in recycled uses of the IL. Thus, it
may not be necessary to separate the unknown out of the
reaction mixture. The test below further validates this point.

Conversion of fresh fructose in recovered IL

The recycled IL was used for conversion of fresh fructose
under a constant temperature. Figures 11a and b show varia-
tions of major compounds in the reaction mixture with time
at reaction temperatures of 110 and 130�C, respectively. The
IL used in the 110�C-run contained 1.21% unknown, 0.106%
glucose, 0.66% fructose, and 1.35% HMF. To this IL, 9.8%
of fresh fructose was added. At 110�C, the fructose content
monotonically decreased while HMF content increased with
time (Figure 11a). The unknown (Unk) increased with time
initially, reached a peak and then decreased with time. This

kind of production characteristic reflects two opposite reac-
tions going on: formation of the unknown from fresh fruc-
tose, conversion of the unknown into HMF. The glucose
content stayed at a low level.

Fructose conversion (XF), HMF selectivity (SHMF), and
unknown selectivity (SUnk) are calculated from the batch
reactor testing results with the following equations

XF512
WB � xF

W0;IL � x0;F1W0;F
(1)

SHMF5
nB;HMF2n0;HMF

n0;F2nB;F
(2)

SUnk5
nB;Unk2n0;Unk

n0;F2nB;F
(3)

In the above calculation, the presence of fructose, HMF,
and unknown species in the original recycled IL is taken
into account. The selectivity is calculated based on carbon
numbers. In the calculation, we assumed the unknown spe-
cies be the sugar molecule minus one H2O molecule
(MW 5 162) and used fructose’s HPLC response factor to
determine the unknown content from HPLC peak areas. The
conversion and selectivity values at different reaction times
are tabulated in Table 7. Initially, the selectivity toward
HMF was less than 1.0 because a fraction of fructose was
converted into the unknown. At deep fructose conversion
(95–98%), the HMF selectivity was more than 1.0 with little
or no selectivity toward the unknown. The greater than 1.0
selectivity toward HMF was caused by conversion of the
original unknown into HMF and/or inaccuracy in quantifica-
tion of the unknown. In fact, the unknown are composed of
several compounds and their molecular identities are
unknown currently. Recognizing the uncertainty in the
unknown quantification, we think it is reasonable to conclude
that fresh fructose feed can be converted into HMF almost
stochiometrically without any increase of the unknown and
glucose in the IL from their starting level.

The IL solution used for the test at 130�C was recovered
from a different adsorption separation run. It contained
higher unknown (Unk), higher HMF, and lower fructose.
9.1% of fresh fructose was charged into this IL. By compar-
ing Figure 11b to 11a, we can see that fructose in the IL
was extremely reactive at 130�C and nearly complete con-
version occurred within 10 min. Production of the unknown
showed a peak initially and declined later, which is similar
to the reaction at 110�C. However, HMF production reached
a peak and then started gradual declining, as compared to a
plateau reached at 110�C. The reaction selectivity at this
temperature is compared to that at 110�C in Table 7. The
HMF selectivity at 130�C is consistently less than 1.0. One

Table 5. Testing Results of Engineered Particle-Packed Columns with Reaction Mixtures of Fructose 1 Fresh Ionic Liquid

(Adsorption Feed Rate: 1.0 cm
3
/min; Water-Flushing Rate: 1.0 cm

3
/min; Methanol-Flushing Rate: 0.8 cm

3
/min)

Cycle #

Adsorption Desorption DP (bar) HMF Desorption Capacity

HMF in Feed (%) DP (bar) Water Flushing Methanol Flushing Water (%) Methanol (%)

Silicalite/OPZ particle
1 2.45 0.75 16.2 0.07 2.43 5.59
2 2.49 1.16 17.1–34.2 0.07 4.68 8.63
3 2.50 0.96 0.55 0.00 3.98 9.00
Silicalite/silicalite particle
1 2.52 0.89 0.68 0.00 7.07 20.9
2 1.44 0.96 0.48 0.00 2.93 11.8
3 1.46 0.96 0 0.00 2.45 11.9
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probable cause for the lower HMF selectivity is side reac-
tions and loss of HMF during reaction. HMF vaporization
rate increases exponentially with temperature. HMF loss due
to vaporization could become significant at 130�C.

Reaction equations

Based on our previous kinetics studies with fresh ILs20

and present testing results with recovered ILs, we propose
the following reaction equations involved in the conversion
of fructose into HMF

Fructose ! Intermediates Unkð Þ1 H 2O fastð Þ (4)

Intermediates Unkð Þ ! HMF 12H 2O slowð Þ (5)

Fructose ! HMF 13H 2O moderateð Þ (6)

Fructose 1HMF $ Intermediate Unkð Þ fastð Þ (7)

Fructose $ Glucose minorð Þ (8)

HMF ! Condensation or polymeric products

negligibleð Þ (9)

Formation of levulinic and formic acid was not detected
in the present tosylate IL reaction system. The unknown spe-
cies are likely reaction intermediates. They are stable under
the present adsorption separation conditions (50�C in water
and methanol). They are formed concomitantly with HMF
when fructose feed is added into a fresh IL. Fortunately,
these reaction intermediates in the same IL can be converted
back into HMF and fructose by heating, after fraction of pro-
duced HMF is separated out. Thus, stoichiometric conversion
of fresh fructose feed into HMF is possible by utilizing the
recycled IL and conducting reaction under suitable condi-
tions without increasing content of the unknown and sugars
from its starting level in the recycled IL.

Process flow diagram for a practical HMF production
process

A complete production process of HMF from fructose is
conceived based on the research results obtained in this work.
Figure 12 shows a simplified process flow diagram with major
equipment, inputs and outputs identified. Ancillary equipment,
such as heat exchangers, condensers, heaters, and pumps, is
not included. The process flow is briefly described as follows.
Fresh sugar feed is mixed with the recycled IL through an on-
line mixer (M-1) such as a twin screw extruder, and the mix-
ture is fed into the reactor (R-1). The reactor may be stirred
mechanically and/or lifted using a purge gas stream. For exam-
ple, a countercurrent flow reactor can be used. The reactor is
preferably operated at temperatures above 100�C and nearly
atmospheric pressure to avoid condensation of liquid water
inside the reactor. The water vapor produced by the dehydra-
tion reaction is continuously stripped out of the reactor by the
purge gas. The purge gas stream exited from the reactor is
cooled down so that the entrained water vapor is condensed
into liquid water. The condensed water is stored in a container
(C-1), whereas the purge gas is recycled to the reactor. A frac-
tion of the produced water can be used to flush the saturated
adsorbent bed (A-2), whereas the rest is discharged as a waste
water stream. The reacted IL mixture is discharged at the bot-
tom of the reactor. Upon existing from the reactor, the reacted
IL stream is mixed with a cold water stream. An online static
mixer (M-2) may be used. Addition of the cold water is to
quench the reaction and adjust the viscosity and temperature of
the fluid for the adsorption process. The potential solid particu-
late matter in the mixed stream is removed through a filter (F-
1). The filtered stream is fed into the adsorption column (A-1).
A simple two-bed adsorption system is proposed in this pro-
cess so that adsorption and regeneration can be alternated
between the two beds. HMF in the reaction mixture is captured
on the adsorbent bed. The raffinate stream, which consists of
unconverted sugars, unknown intermediates, IL, and water, is
sent to a dewatering unit (D-1). The removed water is reused
to quench the reactor effluent, whereas the IL substantially free
of water is recycled for the catalytic reaction.

The saturated adsorbent bed (A-2) is first purged with an
inert gas stream to remove the free volume of the fluid left

Figure 9. Adsorption and desorption profiles of the col-
umn packed with silicalite/OPZ particles
(temperature: 50oC; water extract of cellulose
1[EMIM]Cl reaction mixture: 30.9% IL,
0.095% glucose, 0.037% fructose, 0.064% for-
mic acid, 0.678% HMF, and 0.0% unknown)

(a) Adsorption breakthrough profile (flow rate 5 1.0

cm3/min) and (b). regeneration profile (water

flushing 5 0.96 cm3/min, methanol flushing 5 0.78 cm3/

min). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

310 DOI 10.1002/aic Published on behalf of the AIChE January 2014 Vol. 60, No. 1 AIChE Journal

http:wileyonlinelibrary.com


from the adsorption process. Then, the saturated bed is
washed with water. The liquid effluent during the gas purge
and water flushing is saved and stored in a container (C-2),
which can be sent back to the adsorption bed because its
composition would be similar to the original adsorption feed.
After all the residual IL and adsorption feed are washed out
of the bed, the washing fluid is switched from water to meth-
anol. The HMF adsorbed on the zeolite crystal is desorbed
by methanol. Majority of the column effluent during the
methanol flushing is stored in a container (C-3), whereas the
tail portion of the methanol flushing is stored in the con-
tainer C-4 in case there might be some byproducts other
than HMF retained in the adsorbent. The methanol effluent
stored in C-3 contains only HMF and is sent to a demethanol
unit (D-2) to produce a pure HMF product. The effluent
stored in C-4 is sent to a demethanol unit (D-3) to produce a
possible byproduct if there is any.

In the process flow diagram of Figure 12, fructose is the
main feed stream, HMF is the main product stream, and
waste water is the main possible waste stream. Other feed
streams (IL, water, methanol, and purge gas) are mainly
used for start-up and become supplementary in normal plant
operation. The IL and methanol will be fully recycled. The
supplementary inputs are only to compensate the incidental
process loss. Conversion of each sugar molecule into HMF
produces three molecules of water. Thus, no fresh water is
needed in normal operation. Discharge of some waste water
may be necessary to avoid water accumulation in the recycle

loop. It is noted that methanol used in this work is one
example of solvent for HMF desorption, and other solvents
may work as well as methanol.

The reactor and adsorbent beds are the critical, new equip-
ment for the proposed process. Operation conditions and
sizes of these two units at fructose processing capacity of
200,000 ton/year are estimated based on the experimental

Table 6. Testing Results of Silicalite/OPZ Particle-Packed Column with Water Extract of Cellulose1[EMIM]Cl Ionic Liquid

Mixture

Cycle #

Adsorption Desorption DP (bar) HMF Desorption Capacity

HMF in Feed (%) DP (bar) Water Flushing Methanol Flushing Water (%) Methanol (%)

1 0.678 0.21–1.1 1.03 0 2.89 7.11
2a 0.650 0.21–1.1 1.03 0 0.06 7.67

aHMF breakthrough did not occur during adsorption

Figure 10. Impact of heating on conversion of reaction
intermediates (Unk) in a recovered IL with-
out addition of any new fructose feed (IL
composition: 1.97% Unk, 0.143% glucose,
0.45% fructose, and 0.883% HMF).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. Conversion of fresh fructose in the recov-
ered IL

(a) 110�C (recovered IL composition: 1.21% Unk,

0.106% glucose, 0.661% fructose, and 1.35% HMF)

and (b) reaction temperature of 130�C (recovered IL

composition: 1.84% Unk, 0.145% glucose, 0.102%

fructose, and 2.11% HMF). [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Table 7. Conversion of Fresh Fructose with Recovered Ionic Liquid in a Batch Reactor

Reaction Run at 110�Ca Reaction Run at 130�Cb

Time (min) Fructose Conversion

Selectivity (mol/mol)

Time (min) Fructose Conversion

Selectivity (mol/mol)

To HMF To Unk To HMF To Unk

2 0.214 1.023 20.132 2 0.950 0.648 0.360
5.3 0.496 0.823 0.344 5.3 0.972 0.772 0.248
10 0.717 0.871 0.250 10 0.985 0.864 0.119
20 0.872 0.985 0.136 20 0.992 0.916 0.031
40 0.964 1.077 0.036 40 0.992 0.892 20.019
60 0.982 1.093 20.010 61 0.989 0.750 20.040

a39.35 g of the recycled ionic liquid used: 1.13% unknown, 0.117% glucose, 1.15% fructose, and 1.494% HMF. 3.91 g of fresh fructose was added when the
ionic liquid was stabilized at 110�C.
b14.63 g of the recycled ionic liquid used: 1.84% unknown, 0.145% glucose, 0.102% fructose, and 2.11% HMF. 1.461 g of fresh fructose was added when the
ionic liquid was stabilized at 130�C.

Figure 12. A complete IL process for conversion of fructose into HMF.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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results achieved in this work. Important process conditions
and unit design parameters are summarized in Table 8. Stoi-
chiometric conversion of fructose into HMF is assumed. A
recycled IL stream of similar compositions to what was
tested in the batch reactor run shown in Figure 11a is used
to establish steady-state process flow streams. The reactor is
fed with fructose/IL ratio of 1/9 by weight and assumed
operating at one-pass fructose conversion of 94.4%, which
corresponds to complete conversion of fresh feed. The esti-
mated reactor volume is about 264 m3 at a liquid residence
time of 40 min and the IL inventory is about 232 ton. The
individual adsorbent bed volume is estimated to be about
180 m3 at 40-min adsorption/regeneration cycle time with an
adsorbent of 12% HMF adsorption working capacity and
0.54 kg/L packing density. The total adsorbent weight for
the two beds is about 194 ton. These numbers are in line
with typical petrochemical processes.

It is noted that the operation conditions listed in the Table
8 are only as an example and do not represent the optimum
yet. The reactor and adsorbent bed sizes can be reduced with
further process development and optimization. For example,
the reactor size and IL inventory will be decreased if the
higher fructose loading (20%) in the IL and/or short residence
time (10–20min) are used. The adsorbent bed size and adsorb-
ent inventory can be reduced if the adsorption packing density
is increased and/or the regeneration cycle time is shortened.

The proposed HMF production process from fructose is
much simpler than the PX manufacturing process from petro-
leum oil.7 The proposed reactor and adsorbent bed are all
operated under very moderate conditions (<150�C, atmos-
pheric or low pressures <10 bar), as compared to the cata-
lytic reactors (>300�C, >20 bar, large volume of H2) often
used in current aromatics conversion processes. Isolation of
pure HMF product from the reaction mixture with the
adsorption technology shown in this work is also simpler
than separation processes (crystallization or simulated mov-
ing bed) used to obtain pure PX from C8 aromatics. Thus,
the proposed HMF production process has large potential to
obtain significant energy savings and capital cost reduction,
compared to petroleum-derived chemical feedstock.

If HMF product value is assumed to be the same as current
PX product on the basis of equivalent mole of aromatic ring,
the HMF product value would be $1.21/kg at PX market price
of $1.44/kg. At assumption of fructose cost of $0.46/kg, there
can be significant gross margin for HMF production.

Remaining issues and future work

Presence of a significant amount of reaction intermediates
is reported first time by this work. For production of com-
modity chemicals, the product selectivity or carbon atomic

efficiency is very important. Although the present work sug-
gests that the accumulation of these unknown intermediates
in the recycled IL might be avoided by making complete
conversion of fresh fructose feed into HMF under suitable
reaction conditions, the future work is recommended to
determine molecular structures of these unknown species for
the purposes of both fundamental chemistry understandings
and practical process development.

As the reaction mixture and adsorption feed volumes
involved in the present studies were in tens of grams and
still small, mass balances could be drastically affected by
those uncontrollable variations, such as uncertainty of the
state of the column and incidental loss during sample han-
dling. The long-term stability of the IL is not known yet.
Thus, a pilot plant needs to be built and run in long-time
continuous operation for the purposes of (1) producing a sig-
nificant amount of HMF for product development, (2) con-
ducting accurate material balances, (3) demonstrating long-
term stability of the IL, and (4) determining the IL loss rate.
Detailed process simulation should be performed for process
economics analysis.

Summary

Two critical technology problems for development of a
practical HMF production process from sugars are addressed
by this work. The first problem is about separation of pure
HMF product from reaction mixtures in an economic and
energy-efficient way. The silicalite-based adsorbent materials
provide high-HMF adsorption capacity (12%) and selective
HMF adsorption over other molecules. Isolation of 99% pure
HMF from actual IL reaction mixtures and recovery of the
IL, unconverted sugar, and reaction intermediate are shown
with an adsorbent column operated at 50�C. Scale-up possi-
bility of the adsorption process is shown by preparing novel
membrane-coated adsorbent particles that allow the adsorp-
tion process to be conducted at moderate pressure drops and
provide better separation performances than the powder
material. The second problem is about recycling and reuse
of the IL. The reaction tests confirmed that the recycled IL
is active and selective for conversion of fresh fructose feed
into HMF. Accumulation of unconverted sugars and reaction
intermediates in the recycled IL can be avoided by conduct-
ing the reaction under suitable conditions (temperature,
time). As a result, stoichiometric conversion of fructose into
HMF is possible. This unique catalytic attribute of the IL
enables efficient utilization of fructose, which is very impor-
tant for a practical process.

A simplified process flow diagram for industrial produc-
tion is proposed based on the present innovations for further
development, pilot plant demonstration, and process

Table 8. Projected Sizes of Reactor and Adsorbent Beds for an Industrial Process (Fructose Processing Capacity: 200,000 T/

year; HMF Output: 140,000 T/year)

Reactor Adsorbent Bed Recycled Ionic Liquid

Temperature (�C) 110 Temperature (�C) 50 Composition %
Pressure (bar) 1.20 Pressure drop (bar) 2 Intermediates (Unk) 1.21
Residence time (min) 40 Adsorption time (min) 40 Glucose 0.11
Fructose feed/IL (w/w) 1:9 HMF recovery (%) 85.2 Fructose 0.66
One-pass fructose conversion (%) 94.4 Packing density (kg/L) 0.54 FA 0.00
HMF selectivity (mol %) 100 HMF capacity (%) 12.0 LA 0.00
Void fraction 0.40 Void fraction 0.35 HMF 1.35
Reactor volume (m3) 264 Volume of each bed (m3) 180 IL 96.68
Ionic liquid charge (ton) 232 Total adsorbent (ton) 194 Total 100
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engineering and economics analysis. The HMF production
process form sugars can be much simpler than the current
PX manufacturing process from petroleum oil. At equivalent
value to PX on molar basis, there could be a large gross
margin to manufacture HMF from fructose or sugars.

The adsorbent and adsorption technologies presented in
this work can be used for separation of HMF or linear
hydrocarbon-type products from other reaction mixtures
made of different ILs and/or water solutions.
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Notation

n0,F = moles of total fructose present in the reactor at the beginning
of reaction

nB,F = moles of fructose present in the reacting batch
nB,HMF = moles of HMF present in the reacting batch
n0,HMF = moles of HMF present in the recycled IL prior to reaction
nB,Unk = moles of unknown species present in the reacting batch
SHMF = HMF selectivity
SUnk = unknown selectivity
WB = total weight of reacting batch

W0,IL = initial weight of recycled IL
W0,F = weight of fresh fructose added into reactor at the beginning of

reaction
XF = fructose conversion
xF = weight fraction of fructose in the reacting batch

x0,F = weight fraction of fructose in the recycled IL
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