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Abstract
Reducing level of fossil fuel reserves and rising concerns regarding global warming unveils that sustainable resources of energy
are required in the coming decades. Renewable liquid fuel is thus of utmost importance in the transportation sector and ethanol
one of its kind currently suffers from various limitations as well as contamination following the absorption of water from the
surrounding atmosphere. Nowadays, Hydroxymethylfurfural (HMF) is one of the most promising alternatives obtained from
biomass due to its convertibility into a large number of chemicals having implications in different industries. It can be successfully
produced from sustainable biomass feedstocks at low costs utilizing environment-friendly approaches. This brief introspection
emphasizes several reaction systems to produce HMF from various substrates and their merits, demerits and requirements for

sound commercialization.
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1. INTRODUCTION

In recent years, the rapidly growing prices of fossil fuels and
concerns about the environmental consequences of greenhouse
gas emissions have rejuvenated the concentration in the
development of alternative energy resources. Biomass driven
biorefineries are now becoming the new approach towards the
replacement of fossil fuels driven present day petroleum
refineries. Precisely saying a biorefinery will employ simple
molecules that can be readily procured from a variety of
feedstock as a start up for the synthesis of biopolymers and
other large molecules [1, 2]. Hydroxymethylfurfural (HMF) is
one of the useful petroleum-derived chemical compound with
immense potentiality that can be readily synthesized from
renewable resources and holds stout position in the production
of biomass-derived intermediates [3]. HMF can potentially be
employed in fuel cells as well as in the treatment of sickle cell
disease [4, 5] and its derivatives are also of utmost importance
(Table 1) [6-11]. However, it plays as a principal platform
chemical which in turn depends on its availability and cost [12-
15]. Researches are in progress to introspect whether HMF
could be produced at reduced price in order to be utilized as a
replacement for certain target compounds [16, 17]. In recent
times, one group stated that HMF manufactured at $1210/ton
would be cost competitive and also share that this price is
attainable for a fructose price of 460 $/ton [18]. Thus, several
approaches have been taken into account to explore the
advantages and disadvantages of the diverse schemes involved,
particularly with respect to the feedstocks employed, the yields
achieved, and the associated environmental impacts.

This review, therefore, draws an overall portrait regarding the
production of HMF from an array of carbohydrates and
lignocellulosic biomass utilizing a variety of solvent and
catalyst systems, and helps this building block to accomplish
the desired level of commercialization.

2. BACKGROUND OF HMF SYNTHESIS

Hydroxymethylfurfural (HMF) is a yellow low-melting solid
and having solubility in a range of solvents, viz., water,
methanol,  ethanol,  benzene, acetone, chloroform,
formaldehyde and ethyl acetate [19]. It consists of a furan ring,
containing both aldehyde and alcohol functional groups. The
HMF molecule with an odor of chamomile flowers possesses a
boiling point between 114 and 116 °C and a density of 1.2062
g/cc at 25 °C [12, 13, 19, 21]. It is generally produced by the
acid catalysis of a hexose material resulting in loss of three
molecules of water [35] and in this process several side
reactions including the re-hydration of the
hydroxymethylfurfural to levulinic acid and formic acid, and
cross-polymerization to soluble polymers and insoluble humins
also is of utmost importance [20, 22]. Several mechanisms are
involved in the formation of HMF from fructose by acyclic
(Fig. 1) and cyclic pathway (Fig. 2). Some groups followed the
cyclic route concerning a fructofuranosyl cationic intermediate
and others nodded towards the acyclic route involving an
enediol intermediate [22-26]. Researchers have also pointed
out that HMF synthesis is relatively more efficient and
selective from fructose than from glucose [20, 27, 28]. In case
of sucrose as starting material the acid-catalysed hydrolysis
produces the fructofuranosyl ion and glucose, where the
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previous one acting as the principal intermediate for the
formation of HMF [26]. The reversible Lobryede Bruynevan
Ekenstein transformation thus serves as an important hub for
the interconversion of glucose and fructose in the synthesis of
HMF [28].

FRI;;()SE\V | l

1L.2-ENEDIOL, =p> " |

N

Fig. 1: Acyclic route for HMF synthesis
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Fig. 2: Cyclic route for HMF synthesis

3. FEEDSTOCK

Researchers mainly concentrate on the hexose sugars fructose
and glucose as the starting point for HMF synthesis. Amongst
them, fructose is comparatively easier to convert into HMF
than glucose, but the latter has been regarded as better one for
its sound availability [29]. However, glucose can be isomerized
into fructose following the use of some catalysts (e.g. TiO,and
ZrO,) [30]. Alternatively, incorporation of an immobilized
glucose isomerase enzyme alleviates the conversion of glucose
to fructose and subsequent conversion to HMF in presence of
an acid catalyst [31]. Recent findings have unveiled a number
of polysaccharides as potential feedstock, viz., starch [32],
cellulose [33], chitin [34] and inulin [35]. The only major step
that has to be taken before their potential implication is to
depolymerise them through hydrolysis before the dehydration
of the monomers into HMF [36]. On the other hand,
lignocellulosic biomass is also of utmost importance regarding
HMF production [37]. It comprises of cellulose (38-50%),
hemicellulose (23-32%) and lignin (15-25%), along with some
amount of organic substances and inorganic ashes, but the
exact composition varies depending on the source [38, 39].

Precisely saying, the cellulose and hemicellulosic contents in
lignocellulose are composed of hexoses that in turn produce
HMF by dehydration process [36]. Some researchers have
preferred to separate these two components before processing
and others nodded towards integrated conversion processes
[37, 40]. Above all, polysaccharides and raw biomass are the
feedstock that is commercially preferred over monosaccharides
following their economic aspects.

4. REACTION SYSTEMS

Several approaches have been introspected for the sound
synthesis of HMF from an array of different feedstocks. There
are certain features that one has to concentrate for suitable
yield. Mainly, they are based either on the catalyst employed or
on the solvent nature (e.g. protic and aprotic). Current
researchers have also emphasized on the microwave heating
systems for suitable outcome.

4.1 CATALYSTS EMPLOYED

Even if catalytic production of HMF are popular over
noncatalytic production, but the latter can be achieved through
the implication of high temperature, pressure and prolonged
reaction times [41, 42].

A range of inorganic and organic acidic compounds are
available that can potentially catalyze HMF synthesis whereas
mineral acids (e.g. H,SO,, H3PO,4, HCI) are extensively used
following their low cost, high yield and easy availability [62].
However, a combination of weak acid and weak base as
catalysts works better than acid catalysts alone. An
investigation revealed that hydrothermal conversion of
cellulose to HMF resulted in highest yield in acidic and lowest
in alkaline conditions, whereas in case of purity concern, the
order was neutral, acidic and alkaline conditions [43]. Earlier
concept had supported that merely strong Brensted acids like
H,SO, can catalyze the reaction [26], but recent approach
unveiled that levulinic acid (LA) and formic acid cannot auto-
catalyze the production of HMF, LA or formic acid from
glucose [44]. It is well versed that HMF is an intermediary in
the formation of LA from biomass, and following this reason
liquid acid catalysts have also been utilized to manufacture LA.
In this context, HCI is the foremost one for converting various
carbohydrate-containing materials like wood tailings to LA by
vacuum distillation as it can be recovered and recycled without
difficulty [45].

Additionally, solid catalysts have gained attention for HMF
manufacture by the use of aluminium sulphate and aluminium
chloride as catalysts in 1969 [46]. They are industrially
preferable over liquid ones due to the reasons as follows: (i)
easily separable and recyclable, (ii) sustainable at higher
temperatures, (iii) short reaction time and overall their (iv)
adjustable surface acidity resulting in enhanced selectivity [47,
48]. Some of the reported ones are SOf‘/ZrOz-AIzOg,
zirconium phosphate, ion-exchange resins, zirconia/titania,
stannous/stannic chloride, AICI5.6H,0, Sn-Mont [32, 48, 49,
50, 51, 52]. However, a few reaction byproducts such as coke
and humin may reduce their catalytic efficiency, but calcining
them at high temperatures (400-500 °C) for prolonged period
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rejuvenates catalytic action [53-56]. On the other hand,
temperature sensitive solid catalysts can be recovered by using
washing reagents like NaOH [48], H,O, [54, 57], HCI [58, 59],
C,HsOH [59], CH;OH [60], (CH3),CO [61], etc. Some solid
catalysts like lanthanide, zirconium, titanium, niobium,
organic-inorganic ~ nanocomposite  (polyvinylpyrrolidone
intercalated into the pores of silica) based catalysts, etc. have
shown higher selectivity in HMF production [62-66]. The
toxicity and cost aspect is also of utmost importance [67-71].

4.2 SOLVENTS EMPLOYED

Various solvents have been used for the synthesis of HMF and
their suitability varies in terms of substrate conversion, product
selectivity as well as yields, and above all the environmental
impact of these solvents [72]. Following this, water is the
prime choice to be used as protic solvents, due to its ubiquity,
physical and chemical characteristics, and eco-friendly nature.
Butanol is extremely effective as an organic co-solvent in
biphasic mixtures and can be utilized as sole solvent or in
conjunction with water (e.g. 1-butanol, 2-butanol and iso-
butanol) [73-75]. Several other polar aprotic solvents are
commonly used for HMF as well as LA synthesis, such as
DMSO, dimethylformamide (DMF), dimethylacetamide
(DMA), tetrahydrofuran (THF) and ethyl acetate. Here, DMSO
is the foremost one regarding HMF synthesis as it suppresses
the hydrolysis of HMF to LA and formic acid except the large
energy requirement for its separation from the final product as
well as the trend of toxic sulphur-containing by-products build
up during the process [76-79]. On the other hand, THF, is less
favoured due to its high cost and adverse environmental effects
[80]. In this context, the use of novel environment-friendly
aprotic solvents has drawn immense attention. (e.0.
N-methylpyrrolidone) [81].

A bi-phasic mixture is often popular for the instant removal of
HMF from the reaction mixture during its formation. An
immiscible organic phase with a higher partition coefficient for
HMF is thus useful for its sound recovery from the organic
phase [81]. One can employ methyl isobutyl ketone,
dichloromethane and 2-butanol as such extracting solvents.

Further, ionic liquids are also employed in HMF synthesis and
are well-appreciated due to its stability, low vapour pressure,
recyclability, as well as their readily moderable physical and
chemical properties by varying the ions [47, 82]. Besides this,
they can be chosen over conventional solvents following their
ability to convert raw biomass directly into the final products
[83-85]. Moreover, they have the ability to act as catalysts
along with their solvation capability [86-88]. The most
significant ones are 1-butyl-3-methylimidazolium ([BMIM]®),
1-ethyl-3-methylimidazolium ([EMIM]), 1-octyl-3-
methylimidazolium ([OMIM]"), 1-hexyl-3-methylimidazolium
[HMIM] etc. [82, 89]. Though they are popular as solvents,
but the production methodology of the ionic liquid and its toxic
properties are still under query regarding environmental
aspects [90]. Additionally, they have some negative
characteristics like High cost, poor transport properties,
extreme corrosivity in the presence of water, and low vapour
pressure preventing recovery of used ones via distillation [91-
95]. Thus, solvent extraction method or adsorption through

zeolite column can be explored for better recovery of the ionic
liquid [18, 87, 96-99]. On the other hand, vacuum reactive
distillation is usefull for efficient separation of HMF from the
ionic liquid [100].

4.3 ADDITIVES EMPLOYED

Several additives such as NaCl enhance the partitioning
coefficient between tetrahydrofuran (THF) and water and avert
HMF from getting dehydrated to LA [52]. Sometimes, it may
also be useful when microwave irradiation is utilized for
heating, especially if water acted as the solvent [101].

5. LABORATORY, PILOT AND COMMERCIAL-
SCALE PRODUCTION OF HMF

Several studies have unveiled different reaction conditions for
the laboratory-scale production of HMF from a range of
feedstocks. The following significant facts are summarized
regarding the above:

e Their activity in carbohydrate dehydration in ionic liquids
as the dissociation constants of them in ionic liquids is
generally unidentified [111].

e Some researchers have also discovered In case of liquid
catalysts, low pH values alleviate the conversion of fructose
to HMF with higher yields. Additionally, different acids
provide different outcome for the same pH value and the
success rate is as follows: HCI> H,SO,> H3;PO,4. Organic
acids perform in an inferior manner even at high
concentrations.

e The implication of a co-solvent system like methyl isobutyl
ketone with water augments HMF vyield (~50%). This
corroborates the concept depicted in earlier section about
extracting solvents raising HMF yields by lowering its
rehydration.

e Laboratory-scale outcomes exposed that ion exchange
resins as solid catalysts facilitate the reaction at relatively
low temperatures with high HMF yields (~50%).

e Once niobium phosphate has been employed as solid acid
catalysts, its deactivation occur at a very fast rate following
the deposition of insoluble humins or coke onto it that in
turn enhance HMF selectivity with increased fructose
conversion [102].

e One can achieve the maximum wt (%) vyield (~70%) by

using some solvent-catalyst systems like
DMSQO:Borontrifluoride-etherate, =~ THF-DMSO:glucose-
TsOH, DMSO:H;PW1,049 and sec-
bUtanOI:[MlMPS]:;PleOm.

e The most convincing systems at high fructose

concentrations with significant HMF yields are water-
MIBK:B(OH)s;-MgCl,, and water-DMSO-MIBK-
butanol:HCI.

o Interestingly, HMF yields from monosaccharides other than
fructose are significantly lower than those achieved from
fructose. This emphasizes the use of a catalytic system that
eases the isomerization of monosaccharides, mostly
glucose, into fructose (e.g. CrBr; and LiBr as catalysts in
DMA solvent) [103]. Whereas, Psicose has a high furanose
propensity like fructose, and thus can readily be converted
to HMF [104]. If one employs sorbose as a substrate the
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triethylene glycol-water: HCI system provides remarkable
yield upto 47%.

e On the other hand, HMF vyields attained from
polysaccharides are considerably poorer than those
procured from monosaccharides, especially fructose. Here,
inulin serves for the highest yield [63, 81, 105] and starch
as well as cellulose provides the same in case of biphasic
solvent systems with solid catalysts [80, 106].

e High HMF yields are achieved from most feedstock at
comparatively low temperatures and short reaction times by
the implication of ionic liquids. One of the revolutionary
works in this regard employed CrCl, as catalyst in
[EMIMI]CI to obtain high yields (~70%) from glucose
[107]. They are also efficient in converting polysaccharides
to HMF. For example, an [EMIM]CI-based system can
reach nearly 70% HMF vyield from cellulose [108]. It is
noteworthy that [BMIM]CI and [EMIM]CI provide higher
HMF output when chromium-based catalysts are utilized
than ionic liquids containing more bulky cations like
[BEMIMI]CI, [HEMIM]CI and [OMIM]CI [109, 110]. On
the other hand, while liquid acids are employed as catalysts,
it is hard to forecast that pre-treated raw biomass like
jerusalem artichoke and chicory roots, which are rich in
inulin, can directly be converted to HMF. Additionally, the
use of the ionic liquid [OMIMI]CI and CrF; catalyst offers
astonishingly high HMF yields from the starch rich tapioca
roots [112].

In an assorted manner, one can summarize that fructose is the
most convenient and popular feedstock regarding high yields
and is therefore the foremost choice for researchers
introspecting novel reaction systems. In case of
polysaccharides, inulin, is fairly promising with high yields,
while sound yields can be procured from other polysaccharides
utilizing biphasic solvent systems and/or particular solid
catalysts. Others like raw biomass, ionic liquids give much
higher vyields, especially in conjugation with catalysts like
CrC|3.

In spite of the vast importance of HMF and the number of
reaction schemes developed, still we don’t have any fully
phased commercial units for HMF production in mass scale
and only a small number of pilot processes have been reported.
The earliest report in this regard has shown a distilled HMF
yield of up to 63% from a sucrose solution (50 wt%) which
requires a time period of more than 9 h [113]. Next, Stidzucker
AG devised a scheme for the production of HMF from fructose
and inulin with oxalic acid as catalyst followed by the
purification through column chromatography [114]. Another
group used cationic resins in a water-methyl isobutyl ketone
(MIBK) system with 38% HMF vyield by fructose dehydration
[114, 115]. Additionally, a non-catalytic process employing
DMSO as solvent, has shown 85% HMF vyield after being
extracted in a counter-current column using dichloromethane
(DCM) [12, 116]. Above all, mammoth techno-economical
improvements have to be made for commercial scale
manufacturing of HMF with sufficient purity which in turn
demands the entire separation and appropriate removal of the
by-products.

6. MICROWAVE HEATING SYSTEMS FOR HMF
SYNTHESIS: A BRIEF UNDERSTANDING

Microwave heating has drawn extreme importance as a heating
method for synthetic transformations due to its sound role in
remarkable enhancement in reaction rates and yields [41, 117,
118]. Some of the advantageous characteristics of this system
include:

e It provides more homogeneous heat distribution and less
side-wall effects than conventional heating [28].

e One can potentially control reaction parameters and decide
which reaction solvent is to be employed [119].

e Additionally, its selective approach helps polar substances
to be heated rapidly, while non-polar substances are not
heated that in turn amend the selectivity of a reaction or
keep away from decomposition of thermally unstable
species [120].

e Conversely, non-polar solvents can still be used if a small
amount of inert polar solvent is added [121].

e Above all, it may also be more energy efficient than
conventional methods of heating [122, 123].

All of the above mentioned advantages of microwave heating
have made us curious to introspect the possibility of using this
system for producing HMF and other chemicals from cellulose
and lignocellulosic biomass. Some of the remarkable works on
HMF synthesis using microwave irradiation in recent years are
as follows:

e Minimum by-product formation can be achieved for HMF
production in aqueous media by enhancement of initial
fructose concentration as well as reduction in HCI catalyst
level [41].

e The hydrothermal conversion of glucose and fructose under
microwave irradiation revealed that the decomposition of
glucose requires higher temperatures than fructose. The
maximum HMF vyield from fructose and glucose were 47%
and 29.5% respectively [28].

e When cellulose and glucose were employed to produce
HMF in the ionic liquid [BMIM]CI using CrCl; catalyst,
the yields were around 60% and 90% respectively [124].
The same system achieved a HMF vyield of up to 52% by
using lignocellulosic biomass like corn stalk, rice straw and
pine wood [125]. Interestingly, ZrCl, was the most
effective catalyst regarding HMF vyield [126]. In addition,
one research outcome supported that cellulose can directly
be converted to HMF via reusable ZnCl;-[BMIM]CI system
with a maximum yield of around 50%. Whereas, HMF
from cellulose and wheat straw can also be obtained by
using microwave irradiation and [BMIM]CI along with
CrCl3/LiCI [83].

e Another work revealed when fructose, glucose, sucrose,
starch and inulin were used as the substrates along with
water, water/MIBK or DMSO as the solvent, the HMF
yields obtained by microwave heating was as high as 71%
[127].

e Direct conversion of a number of weeds to HMF using
microwave heating has also been tried successfully with
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Brensted acidic ionic liquid and silica supported
immobilized heteropolyacid (HPA) catalysts [128].

e Researchers have also noted that microwave irradiation can
successfully convert fructose to HMF by using an acidic
cation exchange resin (Dowex 50wx8-100) in a mixed
organic-aqueous system [129].

The examples presented above clearly demonstrates the utility
of microwave heating for synthesizing HMF with high yields
from a variety of feedstock and thus emphasizes the future
need towards developing pilot scale reactors utilizing it.

6. CONCLUSIONS

The prospect of potential research activity in the chemistry of
5-hydroxymethylfurfural (HMF) prompted the vision of this
brief review. HMF itself is an attractive raw material following
its high reactivity and above all the multi-functionality as it is
simultaneously a primary aromatic alcohol, an aromatic
aldehyde and a furan ring system. Till date, derivatives of
HMF have already been employed in agrochemistry as
fungicides, in galvanochemistry as corrosion inhibitors, in
cosmetic industry as flavour agents and as an excellent prime
candidate for the synthesis of precursors of different
pharmaceuticals, thermo-resistant polymers and complex
macrocycles. The successful commercialization of HMF needs
its cost-effective synthesis approach with high yield from a
variety of biomass feedstocks having nominal environmental
effect. Furthermore, researches on modified isolation
techniques are also necessary to obtain highly pure products.
Thus, studies on HMF and its derivatives will be continued
with utmost interest.
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