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Hydroxymethylfurfural (HMF) is a high-value platform chemical
derived from renewable resources. In recent years, considera-
ble efforts have been made to produce HMF also at industrial
scale, which still faces some challenges regarding yield as well
as sustainable and economic process designs. This critical
Review evaluates the industrial process development of sus-
tainable biomass conversion to HMF. Qualitative and quantita-

1. Introduction

The limited amount of fossil resources and rising environmen-
tal concerns related to CO, emissions have drawn public and
scientific attention to more sustainable ways of chemical pro-
duction. For a sustainable development, the use of hazardous
materials and fossil resources should be minimized or avoided,
whereas the use of renewable resources should be enhanced."
Hydroxymethylfurfural (HMF) is a promising molecule derived
from renewable resources. It is a key intermediate between
biomass and biochemicals and has the potential to replace a
range of conventionally produced building blocks. It has been
referred to as “sleeping giant”® due to the anticipated enor-
mous market potential of HMF and its derivatives. The US De-
partment of Energy listed 2,5-furandicarboxylic acid (FDCA), a
HMF derivative, as one of twelve top value-added chemicals in
2004. It is a promising starting block for polyethylene 2,5-fur-
andicarboxylate (PEF) synthesis, which is a bio-derived alterna-
tive to polyethylene terephthalate (PET).”) The production of
bioplastics from bio-based chemicals has come into the focus
of several industries. PEF is a promising bioplastic with excel-
lent gas-barrier performance, recyclability, and extended me-
chanical properties.”

A short overview of chemical compounds derived from HMF
and their potential application fields is given in Figure 1.
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tive guidelines are defined for the technological assessment of
the processes described in patent literature. The formation of
side products, difficulties in the separation and purification of
HMF as well as catalyst regeneration were identified as major
challenges in the HMF production. A first small-scale, commer-
cial HMF production plant with a capacity of 300 ty: per year
has been operating in Switzerland since 2014.

HMF is a key intermediate for valuable chemicals out of C¢-
carbohydrate (hexose) building blocks, for example, levulinic
acid, 1,6-hexanediol, or adipic acid. Its derivatives, for example,
2,5-bis(hydroxymethyl)furan® or 2,5-diformylfuran,” are prom-
ising cross-linkers in the resin production. These biobased
resins are capable replacements of currently used, fossil-based
adhesives in various industries, such as foundry or wood indus-
tries. In addition, the potential of HMF derivatives as solvents”
and fuels® has been reported. 2,5-Dimethylfuran is an alterna-
tive biofuel, with a volumetric energy density comparable to
gasoline. It is insoluble in water, stable in storage as it will not
be contaminated through water absorption from atmosphere,
and has a high research octane number.”

The commercial production of chemicals concerns econom-
ic, environmental, and industrial aspects. For a sustainable de-
velopment the chemical product should be derived from bio-
based chemicals such as HMF; in addition, the negative envi-
ronmental impact of the processing and manufacture must be
minimized. A sustainable chemical product must satisfy both
sides, the producer and the consumer. It has to be a commer-
cial success for the producer and still be affordable for the
end-user."”

Various reviews were published on the laboratory-scale syn-
thesis of HMF. The reviews mainly focused on solvents™' and
catalytic systems."? Reviews on the used feedstocks," biologi-
cal properties, and its synthesis and applications™ can be
found in the literature as well. A review on the chemistry of
HMF, process technologies, and its application as platform
chemical was published by van Putten et al™ in 2013. Since
then, the implementation of industrial-scale HMF production
processes has gained much more attention, and an increasing
number of HMF production methods have been patented in
the last couple of years. A review with a more holistic point of
view, which connects the work from academia and industry, is
still needed.®

The aim of this Review is to bridge this gap and identify the
biggest challenges researchers face in the development of
HMF production methods and to critically assess the devel-
oped process technologies and the applicability for industrial
systems. It also provides an overview of the main improve-
ments in process development, especially with regard to green
processing.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Value-added biobased chemicals derived from HMF.
1.1. Principles of monosaccharide dehydration to HMF

HMF combines the functionalities of furfural and furfuryl alco-
hol. Characteristics of HMF are its hydroxyl and aldehyde
group as well as the furan ring, as can be seen in Figure 2.

The thermal, acid-catalyzed dehydration of hexoses, for ex-
ample, glucose or fructose, results in the formation of HMF.
Several kinetic studies on the HMF formation from various bio-
mass feedstock were summarized by van Putten et al." Kinetic
studies""” can not only be used to get insight into the mecha-
nisms of the HMF formation on molecular level but serve also
as input for the development of optimum reactor configura-
tions and process conditions.
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Several mechanisms have been proposed for the formation
of HMF from hexoses."® The direct formation of HMF by acid-
catalyzed dehydration is generally described as the removal of
three water molecules from the sugar molecule. Depending on
the structure of the formed intermediates, the proposed mech-
anisms can be divided into cyclic and acyclic routes." There
have also been "C isotopic labelling studies for fructose dehy-
dration,™™ but no definite proof for either of the mechanistic
routes has yet been published for the HMF case. However, for
the structurally closely related system of hexeneuronic acid (4-
deoxy-p-L-threo-hex-4-enopyranosiduronic acid), leading to 5-
formyl-2-furoic acid by triple dehydration, the occurrence of
both acyclic and cyclic intermediates has been demonstrated
by a combination of ">C isotopic labelling and NMR spectrosco-
py.”” In addition, solvent effects make the comparison of ki-
netic parameters for dehydration reactions in biphasic water-
organic solvent mixtures and monophasic systems difficult."’?

1.2. Challenges of HMF synthesis: Side reactions and
isolation

HMF can be derived from hexoses, preferably from hexoketose
p-fructose. The formation of HMF from fructose often entails
some side reactions, such as isomerization, fragmentation, and
condensate formation.'® The HMF yield obtained from p-fruc-
tose is higher than from bp-glucose under the same reaction
conditions. Since p-glucose is cheaper, several studies also fo-
cused on the HMF synthesis from glucose. Isomerization of

3546  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Proposed mechanisms of HMF formation from hexoses.!'®

glucose to fructose seems to be a required step in the synthe-
sis of HMF from glucose, making an efficient isomerization cat-
alyst necessary. Since the glucose-fructose isomerization is
best base-catalyzed and the following dehydration of fructose
is acid-catalyzed, this has spurred some research on the cata-
lytic systems, especially on bifunctional catalysts."*”

HMF reacts in aqueous mixtures with two water molecules
in a rehydration reaction, forming levulinic acid and formic
acid (Figure 2), sometimes referred to an Achmatowicz-type
process.”” This degradation decreases the overall HMF yield
and makes expensive purification processes necessary. The re-
hydration of HMF is suppressed in non-aqueous systems. The
dehydration reaction is accompanied by condensation reac-
tions, which form a black tarry by-product consisting of com-
plex furanic oligomers called humins.”? They have recently
been shown to consist of quinoid-furanoid ladder-type oligo-
mers rather than of linear polymers as previously assumed.”
Their extremely high extinction coefficients account for their
black appearance. From an economical and technological per-
spective, the formation of humins is highly undesired. In gen-
eral, it lowers the efficiency of the dehydration process, ren-
ders purification and decoloration difficult, and decreases cata-
lyst efficiency. Recent publications focused on finding new

ChemSusChem 2020, 13, 3544 - 3564 www.chemsuschem.org
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ways for humins valorization to turn those drawbacks into an
advantage.””

The presence of condensation products causes major prob-
lems, especially for HMF separation and purification. The recov-
ery of HMF is associated with difficulties due to its thermal la-
bility under long-term heating in both alkaline and acidic con-
ditions. Thus, separation of HMF from the reaction mixture, for
example, by distillation, is challenging. In a recent publication,
Gomes et al.” described the enhanced thermal stability of
HMF during synthesis in biphasic systems and distillation in
the presence of sodium dithionite. Without the addition of
sodium dithionite, the formation of degradation products,
mainly tarry carbonaceous material was formed. Furthermore,
HMF is difficult to store due to its relative instability and sensi-
tivity towards acids, alkali, and oxygen even under mild condi-
tions.” Galkin et al.””’ showed that during two weeks of stor-
age of a HMF oil with 97-99% purity decomposition took
place, leading to the formation of dimers and larger oligomers.

The separation and purification of HMF is one of the most
important challenges in the scale-up of HMF production.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. Process Assessment Criteria

Based on the number of patent applications related to HMF
production there has been a continuous growth of interest in
this topic as can be seen in Figure 3. Several adjustments to
existing HMF production methods have been made to improve
the chemical and economic efficiency of potential HMF pro-
duction processes. The related research can roughly be divided
into the main fields given in Table 1.

Methods have been developed and adjusted starting from
basic operational variations, for example, different operation
modes and reactor designs for a better control of temperature
and reaction time, to the testing of single-phase and biphasic
reaction mixtures and different catalytic systems to reduce the
side reactions. In terms of feedstock selection, the use of iso-
merization enzymes has been proposed to increase the HMF
yield from saccharides. Several production methods are based
on setting a partial conversion endpoint to limit the formation
of follow-up products and increase the efficiency of HMF pro-
duction. The production of HMF from agricultural side prod-
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ucts was developed to make the process more economic. The
production methods described in patent literature each have
its benefits and drawbacks, the most critical factor being the
HMF yield.

The process assessment of the upscaled HMF production
methods is limited due to the lack of data provided in the pat-
ents. The product yield and the reaction mass efficiency (RME)
are the parameters that describe the efficiency of a process
and are thus needed for a quantitative process assessment. Yet
neither product yield nor RME consider byproducts, wastes,
solvents, catalysts, or energy issues. A qualitative analysis of
the used catalyst, solvent systems, and feedstock is, however,
still possible and can point out options and directions for
future process developments.

One strategy for the development of greener processes is
the appropriate selection of the solvent."® With regard to the
“greenness” of a process, solvents are usually an environmental
concern due to the typically large quantities used. The Innova-
tive Medicines Initiative (IMI)-Chem21®® published a compara-
tive survey of different solvents resulting in selection guides.
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Figure 3. Number of patents in HMF technology of top assignees (top), timeline of patent assignments in HVIF technology from 2006 to present (bottom).
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Table 1. Research topics and defined process assessment criteria.

Process assessment criteria Research topics

operational aspects operating mode

reactor design

single-phase systems
biphasic systems

catalytic system salts

acid cation exchange resin
metal halides

mineral acids

isomerase enzymes

partial conversion endpoint
production of HMF from by-products

solvent system

feedstock selection + conversion

The Chem21 classification of the solvents used in the de-
scribed processes is included in Table 2. As can be seen, the
most sustainable solvents for HMF production are alcohols,
water, and methyl isobutyl ketone (MIBK).

Several reviews!''®'214151 \ere published on the catalytic
systems used in HMF synthesis. For a sustainable process, high
selectivity of the catalyst towards HMF generation is preferred.
Up to 93% HMF yields were obtained using ionic liquids (ILs)
and acidic ion-exchange resins.

Menegazzo et al."™® recently summarized the publications on
the direct synthesis of HMF from raw biomass, including edible
biomass, non-edible lignocellulosic biomass, and food wastes.
Hexoses, for example, fructose or glucose, have been used
preferably as feedstock for HMF synthesis. The HMF yield is
higher when fructose is used as feedstock, but in general glu-
cose is more easily available and cheaper. In general, lignocel-
lulosic biomass consisting of cellulose, hemicellulose, and
lignin are a promising feedstock for the conversion to HMF
since cellulose and hemicellulose can be degraded into hexo-
ses and pentoses. Even though monosaccharides are the easi-
est starting materials to be converted into HMF, the additional
step of obtaining monosaccharides out of polysaccharides is a
drawback. Still, lignocellulosic biomass as HMF feedstock is fa-
vored from an economic and sustainable point of view."™'

3. Early Work on HMF Production Process
Development (Until 2006)

In 1895, Diill and Lintner® were the first to synthesize HMF
from inulin using 0.5% oxalic acid as a catalyst. In the same
year, Kiermayer® dehydrated fructose under pressure using
0.3% oxalic acid solution. Given the analytical methods of that
time, it is admirable that Kiermayer identified the structure of
HMF almost correctly. Haworth and Wiggins®" modified Kier-
mayers process and found that an enhanced HMF yield was
obtained when saccharose is dehydrated at higher tempera-
tures of 162-167 °C without the use of an additional catalyst.
The acidic substances formed in the conversion of saccharose
were found to sufficiently catalyze HMF formation.

The Food Chemical and Research Laboratories Inc.?? report-
ed the formation of HMF in a patent in 1956. The reactions
were performed under pressure in the presence of an acidic

32]
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catalyst, for example, HCI, HBr, H;PO,, H,SO,, ZnCl,, or AlCl;. An
aliphatic mono-ol, for example, butanol, was used as the reac-
tion medium, along with saccharose and fructose as the feed-
stocks. The overall yield was rather moderate. At 150°C, the
conversion of saccharose gave the highest yield of 68.6% in a
butanol/water mixture after 20 min. The reaction was per-
formed in an autoclave. In additional experiments in glass
tubes, the conversion of fructose was 68.0% at 170°C after
8 min. Based on the experimental data, a pseudo-first order re-
action kinetics for the HMF formation was proposed in the
case of low sugar concentrations.

Dentrol Inc.?¥ filed a patent in 1958 on a process for HMF
production from cellulosic raw material, such as small pieces of
hardwood, for example, oak wood chips. This feedstock was
dispersed in 0.6% H,SO, and then charged in a reaction vessel
at high temperature (285.6°C) and pressure (6.9 MPa). The de-
hydration reaction is performed using high-pressure steam.
The liquid condensation product contains about 8% HMF,
which is about 20% of the theoretic yield based on the cellu-
lose charge (based on 40% cellulose in wood). However, the
low HMF vyield appeared unattractive when comparing the re-
sults to those of other studies at that time.

In 1960 Merck Co. Inc.?* patented a continuous process for
carbohydrate conversion to HMF in aqueous solution at tem-
peratures between 250-380°C. A HMF yield of 37% was ob-
tained from the conversion of saccharose at 270°C and a reac-
tion time of 45 s. The formation of a black, soluble tar was also
reported. In 1969, an improved method was patented,® in
which aluminum salts were used as the catalysts. The highest
obtained yield was 58% HMF from the conversion of fructose.
In  this experiment, ammonium aluminum  sulfate
(NH,AI(SO4),-12H,0), was used as catalyst with a reaction time
of 9 min at 270°C. The efficiency of the catalyst for the conver-
sion of sorbose and galactose was significantly lower (27.4-
37.7% HMF). It is interesting to see that many of the early con-
tributions to HMF process developments also tested different
feedstocks, for example, wood and lignocellulosics, saccharose,
galactose or sorbose, whereas later work often focused on the
conversion of fructose and glucose.

Atlas Chemical Industries®® filed a patent on the acid-cata-
lyzed dehydration of hexoses to HMF in 1963, such as sorbose
or glucose, or hexose disaccharides, such as saccharose. The re-
action medium consisted of water and an organic solvent, for
example, MIBK or dioxane. Mineral acids, such as HCl or H,SO,,
were used as catalysts together with salts, for example, AICI; or
CrCl,. The separation and recovery of HMF from the reaction
mixture was not covered in the patent. The reactions were per-
formed at 150, 180, and 210°C. The HMF yield was related to
the hexose charged and hexose consumed in the process.
Overall, the obtained yields were rather moderate (40-67 %).
The highest HMF yield was 66.9% (hexose charged) and 80.0%
(hexose consumed). In this example, sorbose was reacted in tri-
ethylene glycol using 0.13% HCI as the catalyst for 3 min at
180°C.

A patent of Roquette Freres® disclosed a process for the
decomposition of hexoses in a biphasic reaction mixture at
temperatures between 85-90°C. An ion-exchange resin with a

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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= > 3 . o
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% =12 a N = 000000020 = K 2]
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= 2155 o .
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HaC. CHs ethyl-3-methylimidazolim methylsulfate ((EMIm][MeSO,]) as the
& _ O,S\O,H . solvent. No additional catalyst was used for the conversion of
8. T HOMN 0 e 4 fructose; acidic conditions are obtained automatically through
g CH3," WQ\OH e autoprotolysis. Then the reaction solution is evaporated and
HO'  “OH ¥ separated from the solvent in a second reactor at elevated
OH 0 temperatures (200 °C). In one example, the obtained HMF yield
HO e o was 79% after the first reactor and 88% after the second. The
— WO 4 same experiment was performed with 70 wt% glucose solution
e OH in [EMIm][MeSO,] and CrCl; as the catalyst. An HMF yield of
H + HsC,_ CHs 63% was obtained after the second reactor. The use of metal
(:) 5 X chlorides as effective Lewis-acid catalysts for the synthesis of
H3C’S‘CH3 HO o/ H HMF from fructose or glucose has already been described in
‘\(—Z\\OH 2H,0 literature.® In a recent publication, Zhou etal"”® found in
HO o' OH laboratory experiments that the catalytic ability varies with the

Figure 4. Postulated dehydration of fructose in the presence (lower path-
way) and absence (upper pathway) of Brgnsted acid catalyst in DMSO.

In 1988, Siidzucker AG™ patented a batch process for pro-
ducing HMF in aqueous media. Oxalic acid was used as cata-
lyst. Fructose or inulin from chicory roots were used as feed-
stock, the obtained product solution was purified by column
chromatography. An HMF yield of 33% could be reached from
the dehydration of fructose after 130 min at 135-142°C. When
using inulin and H,SO,, an HMF yield of 13% and 30% fructose
was obtained at 140°C after 120 min. Humins were formed as
side product and filtered off before the purification process.
HMF (99% purity) was obtained after crystallization. The yield
is significantly lower than those of processes in previously de-
scribed literature. The formation of humins was reported.””

4. More Recent Process Development for HMF
Production (2006 to Present)

Since 2006, the number of publications and patents on HMF
production methods has increased steadily. Several companies
developed processes for carbohydrate conversion to HMF, and
many of them patented multiple process methods and also im-
proved their process concepts. Details on operational aspects,
solvent selection, catalytic systems, and feedstock selection are
discussed in this section as far as available in literature and
separately for each process. For a better comparison of the
specific details on the conversion to HMF, the information is
summarized in Table 3. The table is structured in accordance
with the text based on the company that filed a patent for the
respective process concept.

4.1. BASF SE

BASF SE (Ludwigshafen am Rhein, Germany) worked on the
fundamental understanding of the influence of the operating
mode on the HMF yield by comparing reactor systems with
different operation modes (semi-batch, continuously stirred
tank reactor, and pipe reactor). In 2013 and 2014, BASF SE pa-
tented™’ a two-step HMF production method in a continuous-
ly stirred tank reactor. First, dehydration of fructose occurs at
comparatively low temperatures (100-160°C) using the IL 1-
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type of cation (FeCl;:6H,0, CrCl;-6H,0, AICl;) since the acidity
and the coordination ability with ligands are critical. Using
metal chloride catalysts, the HMF yield decreased in the order
H,O < 1-butyl-3-methyl imidazolium chloride ([BMIm]CI) <
DMSO. The utilization of ILs stabilized HMF in the reaction so-
lution, which was evidenced by the mechanistic study of Zhou
et al.."”¥ They found that the sugar-metal coordination is re-
sponsible for the catalysis of [BMIm]Cl and metal halides. The
separation of HMF from ILs is usually quite difficult and affords
large volumes of solvents for extraction. With this in mind, the
question arises if the BASF process can be optimized beyond
the obtained yield by varying the solvent and metal chloride
catalyst. Unfortunately, no additional information was given in
the BASF patent on this aspect. More recently, BASF SE“® also
compared the utilization of operation modes (semi-batch, con-
tinuously stirred tank reactor, pipe reactor) for the dehydration
of fructose in the IL 1-ethyl-3-methylimidazolium methylsulfo-
nate ([EMIm][OMs]) using methanesulfonic acid as the catalyst.
The influence of the solvent on the HMF yield was as
follows: [EMIm][OMs] > 1-ethyl-3-methylimidazolium chloride
([EMIm]CI) > 1-butyl-3-methylimidazolium  mesylat  ([BMIm]
[OMs]) > 1-ethyl-3-methylimidazolium tosylate ([EMIm][OTs]) >
1-ethyl-3-methylimidazolium hydrogen sulfate ([EMIm][HSO,]).
For these studies, a Bronsted acid with an anion corresponding
to the anion of the IL was used as the catalyst. BASF SE report-
ed the highest HMF yield of 86.5% at 97.6% conversion for
the reaction in a semi-batch process. Using a continuously
stirred tank reactor, the HMF yield was reduced to 75.8% at
93% conversion. The yield of this experiment lies in the range
of previously patented dehydrations in batch reactors by BASF
SE. In the pipe reactor, an overall yield of 71.4% HMF at 97 %
conversion was achieved. Interestingly, the HMF yield in the
continuous process was significantly lower than in the semi-
batch processes. The separation of HMF from the product solu-
tion is done by short-path evaporation. However, a closer look
to the used fructose concentration points out some problems
regarding the efficiency of the reaction. Even though a high
HMF yield (86.5%) was obtained in the semi-batch process,
only a 20 wt% fructose solution was used as the feedstock.
When using a more highly concentrated fructose solution of
65%, the HMF yield dropped to only 50.9%. A higher concen-
tration of the feedstock would increase the efficiency and sus-
tainability of the process since less solvent and less energy are
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needed for the separation of product from solvent.
% g g TIITISSSEEE55838 © Even though the comparison of different operation
= T TEEmEEEsses s s e e e = modes shed some light on the fructose conversion to
w —a~nv® 8 28¢ o HMF, there are many other parameters that might
g8 RIHSTH & 85 3A38S have an influence on the result, ranging from better
o mixing and improved heat and mass transfer to lower
o° O . . .
g3 § % @gmsaenge E RS RI residence times, lower concentrations, and smaller
concentration gradients. Many of these questions
S remain unanswered.
c —|w© < o)
g&lga & & 2 Besides varying the operating mode, the utilization
Clo o oo0oo of different reactor designs was reported. A reactor
~El2 2 JJ33X8« design that has gained some attention is the continu-
o 8g8888°¢2 3 ous extraction of water from the reaction medium in a
= |g 8 8888R8Bgsggssse s wiper-blade evaporator. In 2012, BASF SE*” reported a
continuous method to dehydrate a carbohydrate-con-
taining feedstock in the presence of an IL and an or-
ganic co-solvent. The reaction solution was then
evaporated and the HMPF-containing, gaseous dis-
< £ charge of 421.1gh™' was condensed and separated
% T S=3 > 5 from th ic solvent. In the given example
% — . rom the organic solvent. In the given examples, a
- PRS- continuous feed of [BMImICI (300 gh™") and a mixture
S _ RS of fructose/methanol/water (1:1:1) at 223 gh™' are
- — v .
Q —~ S c2 merged and evaporated at 200°C to give an HMF
o — oz o=—-%< - . . _ . .
% D] Ti5=%% S8 yield of 8%. Using 200 gh™" 1-hexyl-3-methylimidazoli-
= % % g3 5 2 ggocscoccsd gL £ um chloride ([HMIm]Cl) feed and 44 gh™' fructose/
o c = 9 Y — . .
2 s = &5s85g23 a% goegpgesee 2 methanol/water at 170°C, the yield increased to
S |8 8 8828523222225 6% =2 " L
= = = e == = 10.1%. A critical open question is what factor exactly
o - influences the increase in yield, whether it is the
<o
o o :. 9 change of the IL or the lower temperature and shorter
< < -5 2 . . . . .
T reaction time in the evaporator, or a combination of
© . . .
oo ot L 22 those. The short reaction time in the evaporator, the
S S < O o v ©
cRp  EHR2R 52 implementation as continuous method and the abun-
L2 S(J + WG D E
= g 2 (= A:g i g 85 dance of a catalyst are stated as advantages of the
[} - N PE S
% TFFglz Sz o g% method. However, these advantages cannot compen-
= I = i
el O coooo SIIAh NS TR LT NG sate the low yield of HMF, which makes optimization
3 S IEIZEIEHEEFRL2ERERLZ
@ of the process necessary. In general, the large amounts
N of organic solvent mixed with ILs pose disposal prob-
3 8 lems that call for elaborated recycling of the reaction
= g 2 3 ycling
v — . . .
g § Y g g g g g g £ g § g z‘g g v § T media, which in turn leads to more complex processes
g 9 88eLLgLgsceLeegecsesg . .
3 S Ti §95%5% _i 8§5%5¢% E €3 % é‘g §, and higher production costs.
w Y- N= N Y= Y S L L = N =
v I
[ . = {=
o %) w %) =
2 3 3 3 3 4.2. Archer Daniels Midland Company
g S T Eﬁﬁﬁﬁéﬁﬁﬁﬁﬁﬁﬁéﬁé S g ; ; ;
g E F EEEEECEEEZEEEGSES Z|z In a patent assigned to Archer Daniels Midland Com-
=| pany (ADM) (Chicago, USA)“¥ several examples (see
. 5| ¢ Table 3) are listed to illustrate the effect of tempera-
[e] =
g g 5 § % ture, solvent, and distillation on the HMF yield. The
> U X ¥ ¥ ¥ ¥ x x ie] = N . . .
= T © gl I R R R B s |8 highest yield of 80.6% at a conversion of 94.1% was
o > > Cresrs e & & & v 5|2 ) ) } e
I a 2 Evas99aa < 8 £ obtained in a batch reactor using N-methylpyrrolidi-
] i T8 08000 © a2 = .
= S RECEC RS ECRC) Fooolg none (NMP) as the solvent and the commercial ion-ex-
_ T B E change resin Amberlyst 35 WET as the catalyst at
S 5 £ = g | 2| 115°C for 300 min. A temperature reduction of 10°C
5 5 = D i 2|5 L .
2 % E E rrsramxg s B|E led to a reduction in HMF yield to 71.6%. When
S < T g s2CCCL2CgeT 2| changing the solvent to N,N-dimethylacetamide
= > = = S cccccceccgyg = | € . s
m 5. |l v cxcoecxecvY 22222822558 Z|E (DMACc) at 105°C under the same reaction conditions
D 85|2 2 SEESETOEEEEEEERTY SI|E
9 1l e [7] FHRRFRRFRF OO OO0 0 x N - .
5 EE|lEgELOLLOLLOLEZZZ2222233,0 <|Y as above, the HMF yield dropped to only 62.1%. When
© o g T 5 ®m 5% % x x x, § Q000000 0UV:5 S | = . . .
g ovfesesfxxxxxn=z=s===22=>0 = |2 performing an in situ distillation at 105°C for 120 min
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using NMP and Amberlyst 35, the HMF yield was 75.7 %. Purifi-
cation processes for each example are given in the patent as
well. Although there are many studies using ion-exchange
resins for the dehydration to HMF, there is a limitation to the
applicable reaction temperature. Typically, temperatures below
150°C are tolerable for these catalysts. The review of Qiao
et al."® showed that high HMF yields could be obtained with
ion-exchange resins and biphasic systems, organic solvents,
and ILs. Another apparent drawback of this method is the use
of hazardous solvents, such as DMAc and NMP.

ADM™ also developed a HMF production method employ-
ing microwave irradiation as heating source. The highest HMF
yield was 77.7% at a fructose conversion of 80.1%. Further,
12.4% of side-products were formed. The synthesis was per-
formed in NMP with 1.8% H,SO, at 160 °C for 20 min.

In another ADMP? process, the fructose-containing feed-
stock, water, a homogeneous acid catalyst, and a solvent are
added in a reactor and converted to a defined partial conver-
sion endpoint that did not exceed 80 mol% of theoretical HMF
yield. The reaction mixture is then quenched and neutralized.
Separation and purification of HMF is done by liquid-liquid ex-
traction, phase separation, and filtration of humins. The large
amounts of organic solvents typically needed in liquid-liquid
extraction processes makes them less sustainable. The maxi-
mum HMF yield reached in this process was 49%, using HCI
and 2-butanol as the catalyst/solvent couple. The reaction was
performed at 120°C for 30 min. NaCl was also added to in-
crease the partition coefficient of HMF in the biphasic water/
organic solvent system. The salting-out effect, induced by
NaCl, resulted in an increased immiscibility of the aqueous and
organic phase, which improved the extraction of HMF from
the aqueous phase and consequently reduced unwanted side
reactions in water. In the patent, ethyleneglycoldimethylether
(glyme), 1,4-dioxan, bis(2-methoxyethyl)ether, and THF were
also tested as solvents, but the HMF yield was even lower. This
is in accordance with previous work by Roman-Leshkov and
Dumesic,®" who extensively studied the impact of different
salts on the HMF yield as well as the impact of the solvent in
biphasic systems saturated with NaCl in laboratory experi-
ments. They concluded that within the studied solvent classes
(primary and secondary alcohols, ketones, and cyclic ethers in
the C;-C4 range), C, solvents gave the highest HMF yield. In

lf Dessicant 4—\

Gasin —>

addition, NaCl and KC| lead to the highest extraction power
and HMF selectivity.

In a recent publication,®” it has been shown that hexafluor-
oisopropanol, a low-boiling extraction solvent, has a partition
coefficient superior to solvents such as MIBK or n-butanol. The
easy isolation of HMF, the good selectivity, and easy recyclabili-
ty are clear advantages of this solvent. This highlights again
the importance of proper solvent and catalyst selection.

ADMP? designed a process for HMF production, in which
unreacted sugars are directly fermented to ethanol. High fruc-
tose corn syrup with 42% fructose content (HFCS-42), was
used in the acid-catalyzed dehydration. The HMF yield was set
to about 20%, which is too low to be of interest for an eco-
nomic process.

4.3. Mikromidas Inc.

A remarkable process technology with regard to the reactor
type was disclosed by Micromidas Inc. (West Sacramento,
USA).5¥ They described a process utilizing a multiphase reac-
tor, for example, a fluidized bed reactor, for the conversion of
cellulosic feedstock to chloromethylfurfural (CMF). The produc-
tion of HMF was also mentioned. Biomass and dried gaseous
acid, for example, HCl gas, is continuously fed into a multi-
phase reactor. The reaction is performed at temperatures be-
tween 200°C and 250°C. As can be seen in Figure 5, the sepa-
ration of the gaseous acid and the reaction mixture is done by
using a solid-gas separator, for example, a cyclone, a filter or a
gravimetric system. Suitable solvents for the purification are,
among others, dichloromethane or hexane. With regard to sus-
tainability and commercial-scale application, the use of a cellu-
losic feedstock is preferable. The advantages of performing the
reaction in a fluidized bed reactor are the rapid mixing of the
suspended solid around the bed, the uniform heat transfer
and the elimination of hot spots within the reaction mixture.
The mixing also reduces the need for pretreatment of the bio-
mass. CMF and furfural are reported as main products. For the
production of CMF, a total yield of 35% was given. Unfortu-
nately, no HMF yield was disclosed in the patent. The uniform
mixing and temperature gradient are clear advantages of fluid-
ized bed reactors. Kinetic studies’>? indicate that the reaction
time and temperature are critical parameters for the dehydra-

Solid/gas

separation

Reactor

! Solid/liquid
separation

Figure 5. Multiphase reaction process for HMF production by Micromidas.*”
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tion to HMF. The corrosiveness of HCI (g) is a serious problem
of this system.

4.4. Wisconsin Alumni Research Foundation

Wisconsin Alumni Research Foundation (WARF) (Madison,
USA)** studied the production of HMF with and without cata-
lysts from various carbohydrate feedstocks in DMAC/LICl in
2009. The conversion of fructose without additional catalyst
gave moderate yields of 55-65 % at temperatures of 80-140°C.
The yield was significantly improved by the use of Brgnsted
acids, for example, H,SO,, and Lewis acids, for example, CuCl,.
The addition of ILs was also beneficial. The highest HMF yield
(94%) starting from fructose was obtained in a system using
H,SO, as catalyst and DMAC/LICI as the solvent at 120°C and
12 min reaction time. A problem that has been overlooked is
the limited stability of DMAc at elevated temperatures, espe-
cially in the presence of acidic catalysts, which causes hydroly-
sis and formation of dehydracetic acid-type condensation
products.”®

In addition, DMAc is classified as “hazardous” according to
the Chem21 Initiative.”

In general, the proposed cyclic pathway of HMF formation
involves the formation of a fructofuranosyl oxocarbenium ion,
which is then deprotonated at C1 to form an enol and subse-
quently an aldehyde (see Figures 2 and 6). Based on their ex-
perimental data, WARF proposed two variations of the fructose
conversion mechanism, taking the effect of metal halides into
account (see Figure 6).

In the base pathway, the halide ion (X7) deprotonates the
C1 and forms the enol. This pathway must be considered
highly unlikely due to the low basicity of chloride. In the nucle-
ophilic pathway, the halide ion forms a 2-deoxy-2-halo inter-

Fructose conversion to HMF:

H+
¢ ® OH
Ho«LOZ')gH -H0 Ho/\Lo?__/
HO™
HO" Y, OH OH

Fructose (N;

HO

HO

Glucose conversion to HMF:

OH X
X:(‘lr
HO NOLH —— ‘
OH HO X
HE OH OH OH
Glucose

mediate that was proposed to be more stable and less prone
to side reactions. Upon HX elimination, the enol is formed. By
adding ILs, for example, [EMIm]Br, a higher HMF yield of 94 %
was achieved (see Table 3). The conversion of glucose to HMF
was studied as well. The highest yield of 81% was obtained
using CrCl, and NaBr as the catalyst and DMAc as the solvent
at 100 °C for 300 min. The results of the experiments indicated
that bromide was the most effective halide ligand for the con-
version of glucose. It was also stated that halides served as li-
gands for the chromium atom and influenced the selectivity of
the reaction.

The HMF yields from the conversion of cellulose (54%) and
mannose (69%) were comparably lower. Moreover, although
the described experiments have provided mechanistic insights
into carbohydrate conversion in DMAc, the approach has
weaknesses also with regard to the low amounts of reaction
solution used in addition to the above-mentioned instability of
DMACc under the applied conditions. The experiments have re-
portedly been done in small glass vials, leaving much doubt
whether a successful scale-up could be possible.

In 2016, WARF®” patented a process for HMF generation
from cellulose in polar aprotic solvents, for example, THF, in
the absence of water. Cellulose is first degraded to levogluco-
san and then dehydrated to HMF. The highest HMF yield was
44%. A comparison of the described processes is given in
Table 3. The utilization of a low-boiling-point aprotic polar sol-
vent facilitates the separation of HMF. Compared to the previ-
ously described cellulose conversion, the HMF yield is rather
low. This might be attributable to the fact that levoglucosan
formation from cellulose generally needs higher temperatures
of about 180°C. In these experiments, 60 mL reaction solution
was used for the conversion in a batch reactor.

T
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X 0
Z \OH
OH O\ X| HO/\LQH —> Ho \O Q
6 | T T YA
HO OHOH
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Figure 6. Influence of metal halides on mechanism of HMF formation from fructose, (1) base pathway and (2) nucleophilic pathway (top), and influence of

metal halides on glucose conversion (bottom) as proposed by WARF®*,
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Besides monophasic systems, biphasic water-solvent sys-
tems were studied. Monophasic systems have a major draw-
back regarding the separation of the catalyst from the solvent.
This can be overcome by biphasic systems, in which the cata-
lyst remains in the water or IL phase and HMF is transferred
into the organic solvent. This also reduces the risk of rehydra-
tion of HMF to levulinic acid and formic acid. There have been
numerous studies on biphasic systems described in literature
for lab-scale synthesis of HMF."'?

Besides the previously described process by ADM,” some
major contributions regarding biphasic systems for the devel-
opment of industrial scale processes came from WARF® Bi-
phasic reaction systems in the presence of an acid catalyst and
a chemical modifier were studied, the latter comprising an in-
organic salt, for example, metal halides, and a dipolar aprotic
additive. Kazi et al.*¥ published a techno-economic analysis of
the process. In this theoretical analysis fructose was used as
feedstock and water and butanol as solvents in the biphasic
reactor. HCl and NaCl are used as the catalysts. The annual ca-
pacity of the hypothetic HMF production was set to 61000
metric tons, operating with 300 metric tons of fructose per
day. Kazi etal”” calculated the investment costs for a plant
with a HMF production yield of 61 kt per year and a lifetime of
20 years at approximately 110873000 €* (*at a currency rate
of 0.7 €/$ [10.11.2010]). This value is based on HMF production
investment of 1302000 €*, HMF separation of ~24759000 €*,
and fructose and levulinic acid recovery of 45598000 €* as
equipment costs and ~39214000 €* for additional costs (e.g.,
engineering, legal expenses, etc.). Operational costs were cal-
culated with ~45668000 €* per year including 22064000 €*
per year for feedstock. The minimum selling price of HMF was
approximately 0.9 €*L™". They concluded that a better per-
formance of the process, for example, by increasing the yield,
is necessary to overcome economic uncertainties.

In 2014, WARF®” developed a similar method for glucose
conversion to HMF in a biphasic reactor. The dehydration of
glucose was performed using a homogeneous Brgnsted acid,
such as mineral acids, and Lewis-acidic metal halides, such as
AICl;, SnCl,, VCl;, InCl;, GaCl,, LaCl;, DyCls, or YbCl,. The yield of
HMF was 62 % using AlCl; and HCl as the catalysts and sec-bu-
tylphenol (SBP) as the organic extraction solvent. The utiliza-
tion of expensive solvents such as DMAc is avoided. In addi-
tion, the separation and purification of previous processes was
cost and time consuming. The low yield compared to previous
processes from WARF was a significant drawback for industrial-
scale application. In a similar method,® various lactones,
furans, and pyrans were used as organic extraction solvents for
the conversion to HMF. Systems using vy-valerolactone (GVL), 5-
butyloxolan-2-one (GOL), 5-propyloxolan-2-one (GHL), and 5-
heptyloxolan-2-one (GUL) were given in the examples. React-
ing fructose to HMF in a biphasic system with GVL gave a con-
version of 94% and a selectivity of 84 %. The existing process
technologies with biphasic systems still face some challenges
regarding low HMF yield that need to be overcome for an eco-
nomic large-scale production. As can be seen in Figure 1, GVL
can be derived from HMF or more precisely from levulinic acid.

]
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GVL is classified as “problematic” according to the Chem21 Ini-
tiative.*?

4.5. Battelle Memorial Institute

Not only WARF®® demonstrated that the addition of ILs to the
reaction medium increased the HMF yield. Other patents by
Battelle Memorial Institute (Columbus, USA)® also indicated
such improvement. They described a method for the conver-
sion of fructose to HMF using ILs and metal halide catalysts,
such as CrCl,. The formation of side products, such as levulinic
acid, formic acid, or humins, were major drawbacks when per-
forming the HMF synthesis in aqueous solutions. This problem
was overcome by using ILs, leading to higher conversion rates
and HMF yields. Experiments were performed with fructose
and glucose at 80°C. An HMF yield of 63-83% was obtained
from the conversion of fructose and 68-70% when glucose
was used as the feedstock. Previous studies by WARF® dem-
onstrated that a significantly higher HMF yield for fructose
(81-94%) and glucose conversion (78-81%) is possible when
using DMAc and metal halides. The influence of metal halides
as catalyst on the glucose conversion is schematically given in
Figure 6 (bottom). A major drawback of the utilization of ILs is
typically the costly recycling of the solvent. Battelle Memorial
Institute®® also developed an adsorption separation process
for ILs, describing a method and an apparatus for the separa-
tion of reaction products, such as HMF, from ILs, thus providing
a way to reuse the costly IL medium.

4.6. Agency for Science, Technology, and Research

HMF yields comparable to the ones from Battelle Memorial In-
stitute were obtained by the Agency for Science, Technology,
and Research (A*STAR, Singapore), which developed® a pro-
cess for the dehydration of carbohydrates to HMF in alcoholic
solvents. The highest HMF yield of 83 % obtained using isopro-
panol and HCl as catalyst at a temperature of 100°C and a re-
action time of 4 h. Ethanol, 1-propanol, and 1-butanol were
tested as solvents as well, but the HMF yield was reduced due
to ether formation (see Table 3). In the work up procedure,
NaOH was added for neutralization and the solvent was re-
moved by vacuum distillation. Then, the product was dissolved
in water and extracted with ethyl acetate, which in turn was
removed by distillation to give the crude product. Isopropanol
is a very good solvent regarding sustainable processing, it is
classified as “recommended” according to the CHEM21 sol-
vent-selection guidelines. Lai and Zhang, the inventors of the
patent, also discussed their finding of the fructose conversion
in isopropanol in a publication.™ The main by-product in the
conversion of fructose in isopropanol was high-boiling humins,
which were removed by filtration. In addition to the formation
of the target product A, the formation of by-products B-D (see
Figure 7) was reported for methanol as the solvent. In ethanol,
the main products formed were A (HMF) and by-product B,
and in isopropanol and tert-butanol mainly HMF was formed.
In this publication, also the influence of different Brgnsted
acids was addressed; the highest yield was reported for HCI,
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Figure 7. Conversion of fructose to HMF (product A) and its derivatives (products B-D) in alcoholic solvents (R =methyl, ethyl).©"!

followed by H,SO,. HNO,;, H;PO4, HCOOH, CH,COOH, and
B(OH); were also tested but gave only traces of HMF or no
HMF at all in isopropanol. Amberlyst 15 was tested as a solid-
acid catalyst in different alcohols and caused increased etherifi-
cation and acetalization.

The conversion of carbohydrates to HMF in alcoholic sol-
vents should certainly be further developed. In addition, the
suppression of humin formation must be a central topic to be
explored in future research.

4.7. Sartec Corporation

Another HMF-generation approach using alcohols as solvents
was developed by Sartec Corp. (Anoka, USA)®® In this process,
a saccharide solution is in contact with a metal oxide catalyst
(TiO,) at temperatures between 180-200 °C. The single-step re-
action is continuously performed in a column reactor packed
with TiO, particles. Monophasic solvent systems (isopropanol,
ethanol, methanol) were tested in the conversion of saccha-
rose using ZrO, or TiO, and gave rather low HMF yields of 10-
14 %. Biphasic solvent systems (butanol/water or MIBK/water)
were also used for the conversion of glucose, fructose, and
saccharose. The highest HMF yield was 46 % for the conversion
of glucose in MIBK/water (10:1) at 180°C for 2 min in a TiO,-
packed column. HCl was used as a co-catalyst. No further
work-up procedure was given in the patent; the yields were
analyzed by HPLC from the organic and aqueous phase. Inter-
estingly, the overall HMF yield was rather low in butanol/water
systems (< 20%). Previous studies by Roman-Leshkov and Du-
mesic®" revealed that the HMF selectivity of 1-butanol systems
is rather low, especially compared to 2-butanol. In the Sartec
Corp. process, HMF was detected in both the organic and the
aqueous phase in considerable amounts. This shows that the
described method has some apparent problems with the ex-
traction efficiency of the organic phase. It has been shown in
previous studies®®*" that the extraction sufficiency can be im-
proved by the addition of inorganic salts (see above). In the
process by Sartec Corp., this was not considered. Another ap-
parent limitation is the lack of information on possible work-
up procedures. Even though the continuous production in a
packed column reactor is an interesting approach, evidently
further developments and improvements of the method are
needed.
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4.8. Novamont S.P.A.

Besides the solvent system, also the used catalyst obviously
impacts the HMF yield. Patents assigned to Novamont S.PA.
(Novara, Italy)®” disclose a dehydration process of saccharides
to HMF using various catalytic systems. The flowchart of the
process is given in Figure 8. The reaction mixture consists of a
catalyst (either TiO, supported on immobilized SiO,, phospho-
tungstic acid supported on SiO, (HPWO/Si500), a-Zr(HPO,), or
Ti(HPO,),, a quaternary ammonium salt, water, and a saccha-
ride as feedstock. The quaternary ammonium salt can be tetra-
methylammonium chloride (TMAC), tetraethylammonium chlo-
ride (TEAC), tetraethylammonium bromide (TEAB), or tetrabuty-
lammonium bromide (TBAB). An organic solvent is used for
the extraction of HMF from the aqueous reaction mixture. In
the given examples, saccharose was dehydrated at 80°C for
15 min and then the temperature was increased to 100°C.
TEAB and HPWO/Si500 as catalyst and 2-butanone as extrac-
tion solvent were used. HPWO/ Si500 was synthesized from

A) R3R’N+X-Salt —> Step A
B) Catalyst —> (HMF formation)

C) Water —> | Heating 60-120°C
D) Saccharide e 10'-12h

l

Step B
(salt precipitation) <—
15°C -Ty, solv.

R3R’N+X-Salt v
Catalyst Step C
(separation)

Organic solvent

A 4
Step D
(distillation)

l

HMF

Figure 8. HMF process proposed by Novamont S.P.A €7
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H;PW,,04, and commercial SiO,. The HMF yield was 67% and
the purity 94.1%. When this reaction was performed with fruc-
tose, the yield was 80% at 99.6% purity. In another example,
fructose was dehydrated in the presence of TiSi500 as catalyst
and TEAC as salt. The synthesis of the TiSi500 catalyst from di-
oxane, SiO, and titanium isopropoxid [Ti(iPrO),] was also de-
scribed in the patent. Ethanol, chloroform, and THF were used
for the separation and purification of HMF. The yield was 93 %
and the purity of HMF was 97.6%. The solid catalysts were re-
cycled afterwards. After the third cycle, the HMF yield dropped
to 82%. When using a-Zr(HPO,), and TEAB as catalyst, 87.6%
HMF yield with 99% purity was obtained. The good HMF
yields as well as the relatively low reaction temperatures are
advantages of the method. The applicability of these results to
large quantities is certainly an interesting topic for future re-
search. However, the use of toxic and water-contaminating
quaternary ammonium salts should be avoided.

4.9. Novozymes A/S

Several patents assigned to Novozymes A/S (Bagsveerd, Den-
mark)® disclosed a continuous method for the salt-catalyzed
dehydration of fructose to HMF. The reaction medium consists
of an organic phase and an aqueous phase containing the salt.
Besides fructose conversion, also the utilization of mannose or
glucose is stated in the patents. The enzyme glucose isomer-
ase converts glucose to fructose, and correspondingly man-
nose isomerase converts mannose to fructose. The highest
HMF yield obtained was 70% at a fructose conversion of 98%
and a selectivity of 729%. KCl was used as a salt catalyst in this
experiment. These findings clearly indicate that the selection
of a proper catalyst is essential. The glucose isomerase enzyme
showed good stability in the presence of NaCl, KCl, and
Na,SO,. A number of interesting research questions, for exam-
ple, the effect of HMF and salt on the activity of the isomerase
enzyme and the conversion of glucose, fructose, and mixtures
of both in MIBK/water systems were investigated. Unfortunate-
ly, a complete process starting from monosaccharide to HMF
using isomerase enzymes was not included in the patent, leav-
ing the question of the scalability of this system open.

4.10. UC Regents

Previous studies by Novozymes A/S did not discuss the applic-
ability of a complete process using isomerase enzymes. Re-
search by UC Regents (Oakland, USA) investigated this issue
further. A process in which glucose is enzymatically converted
to fructose was assigned to UC Regents® in a patent on the
production of HMF in ILs, for example, EMIm-based ILs. Glu-
cose was used as a starting material and was enzymatically
converted to fructose with glucose isomerase and borate salts.
An acid catalyst, for example, AlCI;, was used for the dehydra-
tion of the fructose to HMF, the highest yield of HMF in these
conversion examples was in the range of 55-60%, which is
rather low compared to other processes. Another example of
the conversion of cellulose to glucose in [C,;mim]Cl using HCI
at 140°C for 60 min was included. In the given example, glu-
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cose was treated with glucose isomerase and sodium borate
to yield fructose, which was then reacted in [C;mim]Cl for
30 min at 100°C to yield HMF. Data on the isomerization effi-
ciency is missing, it would be interesting to compare the turn-
over frequency and the total turnover number of the described
enzymes to those of industrial isomerization processes.

4.11. Sudzucker AG

The production of HMF in aqueous systems faces major chal-
lenges due to the formation of side-products, especially when
mineral acids are used as catalysts. The main challenge in the
continuous production of HMF in aqueous systems are the
solid side-products.

The setting of a partial conversion endpoint is an interesting
method to increase the HMF yield and to reduce the formation
of side-products. A continuous process that uses this method
was patented by Stidzucker AG (Mannheim, Germany).’” The
Stdzucker process is given in Figure 9. Mineral acids, such as
HCl, H,SO,, or H;PO, (1-2.5 wt%), were used for the dehydra-
tion of fructose to HMF in aqueous media at temperatures in
the range of 80-165°C in a plug flow reactor (PFR). The maxi-
mum conversion of fructose was 40%, HMF was purified by
column chromatography. For a sustainable process, all pro-
duced streams must be valorized and resupplied to the pro-
cess. Due to the low HMF yield, additional process steps, for
example, additional purification steps to isolate the unreacted
carbohydrates, are needed, which also affects the cost and effi-
ciency of the process.

Previous studies also investigated this HMF formation setup
(aqueous system, fructose as feedstock, mineral acids as cata-
lyst) in continuous processes. Many of the described continu-
ous systems applied a microreactor system due to the better
mixing and heat transfer. Tuercke et al.”" used 10% fructose
solution mixed with 0.1 molL™" HCl (1:1) to obtain 54% HMF
yield in a microreactor. Higher fructose concentrations were
only used when organic solvents were added to the system.
60% HMF yield was obtained by Muranaka et al. “? (5 min at
180°C in a microreactor). Very low fructose concentrations of
1 wt% in phosphate-buffered saline were used. The monopha-
sic experiments showed an increase in side-products compared
to biphasic systems.

Consequently, the continuous production in a microreactor
is also limited by the formation of solid side-products. Typically,
the reactions are performed at very low fructose contents to
minimize humins formation and reduce the risk of clogging.

4.12. AVALON Industries AG

The previously described processes focused on the conversion
of mono- or disaccharides to HMF. AVALON Industries AG (Zug,
Switzerland)” developed a process for the conversion of
lignocellulose to HMF. They filed several patents on the hydro-
thermal carbonization (HTC) of lignocellulose to produce HTC
char, which can be used as energy source.” In this process,
lignocellulose is decomposed under high temperature and
pressure to glucose and then fructose, which is dehydrated to
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HMF. Utilization of fructose as feedstock would enhance the
formation of HTC char and reduce the HMF yield. The lignin
from the lignocellulose slows down this formation and ensures
a constant dehydration of fructose to HMF. The utilization of a
lignocellulosic feedstock is a clear advantage of this process.
The HMF-containing process water is then extracted with a sol-
vent, for example, supercritical CO,, in a countercurrent mix-
settler column process. The HMF-enriched solvent is then sub-
jected to another separation step. In case of supercritical CO,,
a dedusting technology is used for the separation of HMF and
the supercritical CO,. The company also issued patents”” on
carbon-linked HMF oligomers that contain at least two HMF
units. The proposed structure is given in Figure 10. The main
advantage of this HTC process is that HMF is produced as a
side-product that is dissolved in the process water. This gener-
ates additional revenues. Unfortunately, no HMF yield is given

to evaluate the efficiency in more detail. In contrast to the pre-
viously described processes, the HTC technology has already
been scaled up to small-scale commercial production of HMF.

An overview of relevant factors of the described processes is
given in Table 3.

The conversion of cheap lignocellulosic materials to HMF is
a highly relevant topic, especially with regard to a production
at larger scale. The industrialization of many of the described
processes is hindered by the formation of hydrochar (humins
that are polymerized in different ways than the humins formed
by the acid-catalyzed process). The structure depends on many
parameters, for example, used feedstock and synthesis param-
eters. Many models have been proposed for the hydrochar for-
mation from hydrothermal carbonization of carbohydrates.
Patil and Lund”® suggested that the initial step in the hydro-
char formation is the hydrolytic ring opening of HMF and the
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Figure 10. Hydrothermal process by AVA Biochem (left)”® and proposed HMF oligomer formation (right).
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formation of aldol condensation products, such as 2,5-dioxo-6-
hydroxy-hexanal (DHH). Shi et al.”” proposed that a-carbonyl
aldehydes, such as DHH, pyruvaldehyde, and 3-deoxygluco-
sone are key primary precursors for the formation of hydro-
chars.

5. Commercial HMF Production

Since 2014, AVA Biochem produces HMF at a commercial small
scale. AVA Biochem is a subsidiary of AVALON Industries AG,
which announced that they will focus on the global implemen-
tation of the HTC technology for industrial-scale HMF produc-
tion.”® Even though the AVA Biochem plant claims to have
reached technology readiness level (TRL) 9, corresponding to
full commercial application with the developed system proven
in operational environment,” it is still not operating a large-
scale, industrial production—the operating capacity of the
plant in Muttenz, Switzerland, being 300t per year. In 2019,
AVA Biochem announced that it is currently planning the next
scale up to 5000-10000 t per year.®™ In October 2018, an on-
farm biorefinery technology center opened at Stuttgart-Hohen-
heim in Germany, the core of the small-scale plant being an
HMF module. In the EU project “Grace” (2017-2022), Miscan-
thus biomass is used as starting material.®"

Up to present, no commercial, large-scale HMF plants are
running, which is reflected in the still rather high price of HMF
(Sigma-Aldrich, 3500 €kg™).

6. Analysis of Issues of Scaled Production

Several processes for the production of HMF have been devel-
oped and patented by companies.

AVA Biochem already set the first steps toward industrial
production with a small-scale operating plant. Many compa-
nies contributed to the development in patenting various pro-
cess technologies, but there are still many problems that have
to be dealt with. The main challenges in the upscaled HMF
production are the formation of side-products, especially of
solid humins, the separation of HMF from the reaction media,
and its subsequent purification. In general, by-product forma-
tion depends on the reaction parameters and affects the purifi-
cation and ultimately also the economic efficiency of the HMF
production.

Many of the described processes are still at a very early
stage of development, in which media and parameter optimi-
zation is the main focus.

6.1. Formation of side-products

The increase of efficiency and reduction of side reactions is es-
sential for an economic and sustainable process. In general, it
is better to prevent the formation of side-products from the
beginning unless they can be valorized. Formation of levulinic
acid and formic acid does reduce the HMF yield, but this pres-
ents only a minor challenge because of their usability.

The formation of condensation products—humins—is much
more problematic. Recently, the valorization of humins has
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come into focus as they are considered a key factor for an eco-

nomically feasible process. This valorization of humins also

presents several challenges, as their chemical structure and
yield is process dependent and their separation rather de-
manding.

Many publications focused on the analysis of HTC humins,
which are also referred to as hydrochar. Unlike the acid-cata-
lyzed dehydration of carbohydrates, the HTC process does not
involved acids. Consequently, the resulting structure of the
HTC humins is different from the humins produced according
to acid-catalyzed dehydration.

The molecular structure of hydrochar as well as its formation
kinetics are still under debate. Shi et al.”” summarized a forma-
tion route for hydrochar as follows:

1. Biomass (cellulose and hemicellulose) are hydrolyzed to
monosaccharides.

2. Monosaccharides are dehydrated to furanoic compounds,
for example, HMF.

3. The formed compounds undergo a series of polymerization—
polycondensation reactions leading to the formation of poly-
furanic compounds.

4. These polymers further undergo aromatization to form a
polyaromatic hydrochar structure.

Humins are still mainly used for energy or heat generation,
even though higher value-added applications are desired.
Hoang et al.®? analyzed the application of humins in gasifica-
tion or steam-reforming processes for hydrogen production.
The pyrolysis of humins for the production of liquid fuels and
biochar is described in the literature as well.®® The pyrolysis of
humins led to a wide range of compounds, the primary volatile
compounds being furans and phenols. An increased pyrolysis
temperature caused aromatization of the products. Further re-
search is still required to understand mechanism and kinetics
of humin pyrolysis.

The potential of humins in higher-value applications, such as
thermoset materials, was investigated by Mija et al.** as well
as Sangregorio et al.** Tosi et al.®¥ reported the production of
macroporous foams from humins. Its application as feedstock
for the production of activated carbons and the utilization as
potential electrode materials for supercapacitor applications
was also studied.®”

The valorization of side products—humins in our specific
case—is one approach to make a process more efficient. Nev-
ertheless, humins formation might reduce the HMF yield drasti-
cally.

6.2. Separation and purification of HMF

Many earlier publications dealt with the prevention of conden-
sation reactions since they cause major problems in HMF sepa-
ration and purification. An increasing number of publications
focus on the kinetics of the dehydration to HMF. Dashtban
et al.” reviewed the kinetic analysis of HMF for aqueous, bi-
phasic and IL systems.

There have been numerous studies on the fructose conver-
sion to HMF in polar aprotic co-solvents, such as DMSO. Typi-
cally, high HMF yields and fewer by-products are formed in sys-
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tems using DMSO as solvent. This has been also shown in the
process developed by Roquette Freres.®® Some aspects of the
role of DMSO in the conversion to HMF are still debated, for
example, the ability to increase the reaction rate in the ab-
sence of an acid catalyst. Recently, Whitaker et al.*® showed
that the fructose conversion in DMSO is mainly promoted by
solvation effects and does not originate from H,SO, catalysis.
This is in line with general knowledge from synthetic carbohy-
drate chemistry that often uses DMSO as advantageous solvent
for water elimination reactions from furanoid and pyranoid sys-
tems. So far the following roles of DMSO in the fructose con-
version have been proposed:F94"+

1. DMSO alters the isomer distribution of fructose.

2. DMSO promotes conversion through solvation effects.

3. DMSO reduces HMF susceptibility to nucleophilic attack.

4. DMSO stabilizes HMF in solution.

Even though the formation of side-products is significantly
reduced in DMSO and other solvents with high boiling points
(Ty), the recovery of HMF from these solvents is a major issue
in large-scale production. Typically, the purification processes
involve distillation or extraction, for example, with ethyl ace-
tate. Depending on the boiling point of the solvent and its af-
finity to HMF, these separation and purification processes can
be very cost intensive and might require large amounts of or-
ganic solvents.

The same holds true for biphasic systems containing organic
solvents and water. It needs to be critically mentioned that lit-
erature accounts often do not describe purification or separa-
tion processes. In many cases the HMF yield is determined by
HPLC, such as in a process® using MIBK/water as the biphasic
reaction system.

Processes using alcohols as solvents, have been described as
well. The HMF yield in alcoholic solvents is reduced due to
side reactions, such as ether formation and acetalization. In
general, alcohols are favorable solvents since they are environ-
mentally friendly and give good HMF yields. Separation from
alcoholic reaction media can be done by low temperature
vacuum distillation as has been shown by A*STAR. The easy
separation is a clear advantage of alcoholic and low-boiling
point systems.

From an environmental perspective, water would also be a
good solvent, but the pronounced formation of side products
is a major issue here. The continuous production of HMF in
aqueous systems was reported as well but was impeded by
the formation of solid side-products, which remains a general
problem in the continuous production of HMF in aqueous sys-
tems catalyzed by mineral acids.

6.3. Catalyst regeneration

Catalyst separation and recycling are additional aspects to be
considered for a sustainable process. The separation of a solid
catalyst from the reaction media can be done quite easily by
filtration. More challenging is the separation of catalyst from
solid by-products and the risk of catalyst inactivation. Nova-
mont S.PA®” described the production, separation, and recy-
cling of various catalysts as well as their performance after
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reuse. They reported a drop in HMF yield after several cycles,
although they were still rather high (82 %).

6.4. Economic considerations

Most of the described processes are still in a very early devel-
opment stage, in which media and parameter optimization are
in focus. The influence of solvent, catalyst, and feedstock on
HMF yield and selectivity were investigated.

Many publications focus on the use of monosaccharides, es-
pecially fructose, as the starting materials for the conversion
reaction (see Table 3). From an economic point of view, ligno-
cellulosic biomass is much cheaper than neat fructose. The
HMF production process developed by AVA Biochem is
based on hydrothermal carbonization of lignocellulosic feed-
stocks. As it is one of the few implemented small-scale pro-
cesses, it can be assumed that the HMF yield is sufficient for
an economic process. Although for the utilization of HMF as
building block in the chemical industry, a significant lower
price must be targeted.%82-]

Evaluation of economic feasibility and the likelihood of the
implementation of a process design at larger scale are impor-
tant future research topics. Only a few techno-economic analy-
ses of HMF production processes have been published so far.
A techno-economic analysis of a process developed by
WARF® gave a rather high selling price of HMF. It was con-
cluded that a better performance of the process, that is, a
higher HMF yield, is needed to bring about guaranteed eco-
nomic feasibility. For an economic feasibility, sufficient material
must be available for an acceptable price. As a reference, the
production of particle boards alone requires some 5-7 million
tons of low priced standard adhesive each year®® Further
techno-economic analysis on HMF production processes are
necessary for a better comparison of the economic feasibility
of different technological options. In a recent publication, Mo-
tagamwala et al®” reported a process for the production of
HMF from fructose using acetone/water as solvent and HCl as
catalyst. They obtained 89% HMF yield with an HMF selectivity
of 95%, after evaporation of the solvent under reduced pres-
sure HMF was recovered with 99% purity. They also developed
a process model and performed a techno-economic analysis of
the process. They obtained a minimum selling price of HMF of
1567.2 €* (*at a currency rate of 0.9 €/$ [12.04.2020]), assum-
ing a fructose cost of 745.7 €.

7. Summary and Outlook

There has been a continuous growth of interest in large-scale
HMF production. Several processes were described in litera-
ture, but they still face several challenges that need to be over-
come beforehand. Several aspects ranging from the choice of
starting material to the recycling of solvent and catalyst to the
formation of side-products need to be considered for a com-
prehensive process assessment. Many processes just target a
specific problem instead of focusing on all challenges. HMF
yield and reaction mass efficiency (RME) are good indicators of
the efficiency of a process.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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A method that addresses these challenges was obtained by
Novamont S.PA®” using TiO, supported on SiO, and a quater-
nary ammonium chloride salt (TEAC). This process has the
highest HMF yield of 93%. The reaction was performed in
water. This highlights the importance of catalytic systems. As is
the case in many of the described processes only very small re-
action volumes were analyzed, leaving the open question of
applicability of the process for larger-scale production. The
RME of this process was only 65.1%. BASF SE“? described a
semi-batch system using ionic liquids (ILs) and obtained
86.5%, which is the third largest HMF yield of the described
processes (see Table 3). The RME of this reaction was 60.7 %.
The high conversion rate of 97.6% of this process indicates
that the formation of follow-up products was problematic as
well but was significantly reduced by the choice of solvent
system. No catalyst was used in this process. The positive
effect of ILs on the HMF yield are in line with previous findings.
The utilization of ILs is rather expensive, especially for large-
scale production, making solvent recycling essential. In addi-
tion, the isolation of HMF from ILs is rather challenging. A limi-
tation of the BASF SE process is that only low fructose concen-
trations (20 wt%) were used and that the HMF yield dropped
to 50.9% with 65 wt% fructose solutions. This lowers the effi-
ciency of the process dramatically.

Many of the described processes were performed in small
glass vials. As solvent and catalyst recycling are important for
the efficiency of a process, conversions in larger volumes are
urgently needed and should be considered in future research.

Biphasic systems of organic solvent/water have a potential
for scale-up, but a high extraction efficiency and high solvent
recycling rate are absolutely necessary for an economic pro-
duction. The lack of data available for calculating green metrics
that take the amount of waste into account is an aspect that
should be considered in future research.

As can be seen in Table 3, most of the examples given in the
patent literature were done with fructose as feedstock. When
comparing the results obtained with fructose to those of other
feedstocks, it must be pointed out that the HMF yield drops
significantly when other carbohydrates such as glucose are
used. The process developed by AVA Biochem uses lignocellu-
losic materials as feedstock.

8. Conclusions

Hydroxymethylfurfural (HMF) is a promising platform chemical
for value-added chemicals. It has a wide range of potential ap-
plications. Its relative instability, the degradation at higher tem-
peratures and the formation of hard-to-separate side-products
are main challenges that need to be overcome for an efficient
industrial HMF production process.

Taking the expected rising demand of HMF in the future
into account, further improvements must be made to achieve
a large-scale operation.
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