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Abstract An one-pot process has been developed
for the conversion of lignocellulosic bio-mass and
carbohydrates to 5-hydroxymethylfurfural (5-HMF),
following a highly specific approach. First time, raw
sugarcane bagasse and corn-cob biomasses were
mechanically grinded to fine powder and further
applied as feedstock for 5-HMF and furfural produc-
tion in one-pot and scalable synthesis. A synergistic
role of mixed organic and inorganic acids such as
oxalic acid, AICIl; and HCI, charcoal, and solvent
system was critically investigated on cellulose with
their proportion, which is responsible for the fruitful
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conversion to 5-HMF. Crucial role of charcoal was
investigated under this study and noticeable improve-
ment of yield ~ 16% was observed. The optimized
process further tested up to 0.5 kg scale biomass
conversion to 5-HMF production successfully. The
scope of the process further extended for conversion of
waste raw potato, corn powder, starch, glucose and
fructose to 5S-HMF production with high specificity
and conversion. After solvent extraction, avoiding
tedious column chromatography, the UPLC purity of
5-HMF was measured to 87-95%.
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Introduction

The alarming depletion tendency of fossil fuel
reserves has stimulated the world-research towards
utilization of cellulosic biomass as a feedstock for
production of fine chemicals, industrial polymers and
transportation fuels (Mika et al. 2018). The blind
consumption of such reserves is also enhancing the
environmental concerns very rapidly over the green-
house gas emissions. In this regard, biomass is
considered as the suitable candidate as the global
annual bio-mass production is approximately 170
billion metric tons; majorly generating from crop
straws, sugarcane bagasse, corn stalk etc. (Zhang et al.
2017b). The abundantly available biomass highly
demands for development of environmentally and
economically viable technologies to convert them into
platform intermediates as alternatives of fossil-fuel
resources. In context to this subject, 5-HMF, a six-
carbon furan analogue, recognized as a platform
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chemical and bridge between bio-resources and bio-
chemicals or fuels (Roman-Leshkov et al. 2007; Yi
et al. 2016; Putten et al. 2013).

The structural composition of lignocellulosic
biomass (cellulose, hemicellulose, lignin etc.) and
their mutual arrangements within them make it a very
complex and rigid in nature. In addition, the cellulose
itself is having strong B(1 — 4) glycoside linkages
which are hard to cleave selectively for glucose and
further 5-HMF synthesis. Besides, glucose itself reacts
very slowly and results 5-HMF in lower yield than
fructose. Therefore, the conversion of cellulosic
biomass is not as much as susceptible towards
industrial production of 5-HMF than fructose. More-
over, the valorisation of lignocellulosic biomass needs
acidic/basic pre-treatment process for softening and
then further extraction or separation of cellulose from
lignin and further hydrolysis of cellulose to carbohy-
drate monomers as initial feedstock. Further, in most
of the bio-mass, carbohydrates remain as a polymeric
mixture of different form of glucose/xylose monomer
depending upon the nature of biomass therefore,
development of a process that could be able to convert
mixture of polymeric carbohydrates to 5-HMF in a
specific manner following hydrolysis, isomerization
and dehydration in a single-system is a challenging
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task (Yu and Tsang 2017). Not only 5-HMF produc-
tion, but it’s in situ stabilization to reduce polymer-
ization is also a challenging task and most of the scale-
up process only suffers due to this issue (Yu et al.
2017). The conversion of cellulose to 5-HMF gener-
ally involves the isomerization of glucose to fructose.
This step is considered to be the key for this
transformation as it is an equilibrium limited step
and directly affect the dehydration reaction of fructose
to 5-HMF. Hence, the in situ isomerization of glucose
to fructose needs specific metal salts in combination
with other acidic environment, otherwise which can
enhance the possibility of side reactions. As per
literature, CrCl; and Sn-beta zeolites are the most
effective and well known catalysts for this conversion.
Finally, the separation and purification of 5-HMF from
the reaction media is very tedious, energy-expensive
and time-consuming processes. Although, the lab
scale specificity of 5-HMF is good in various ionic
liquids and inorganic acidic catalysts conditions but
these processes are not possible to apply for scale-up
production (Zhang et al. 2017b).

The production of 5-HMF generally produced
through effective pre-treatment of biomass followed
by hydrolysis to corresponding hexose sugar units.
Further, such sugar units underwent a catalytic
dehydration to corresponding 5-HMF product
(Fig. 1) (Putten et al. 2013; Questell-Santiago et al.
2018; Peterson 2008; Climent et al. 2011; Xu et al.
2020). In the earlier development, Raines et al.
reported N,N-dimethylacetamide and lithium chloride
as a particular solvent system for cellulose conversion
to 5-HMF in 54% yield (Binder and Raines 2009).
Subsequently, the development of an extraordinary
Brgnsted-Lewis surfactant combined heteropolyacid
Cr[(DS)H,PW ,040]5 and very recently cobalt based
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catalyst also procured 5-HMF in 53 and 33% yields
respectively (Zhao et al. 2011; Liu et al. 2020).

In continuation to this development, sugarcane
bagasse bio-mass could be a very good feedstock for
its conversion to furan compounds as it is found to be
rich in cellulose, 34-36% and hemicellulose, 29-43%
composition (Nassar 1998; Garcia-Perez et al. 2002).
Chareonlimkun et al. applied a hot compressed water
approach on sugarcane bagasse to result 5-HMF and
furfural in 6-7 and 15% yields respectively. However,
the method only limited up to 100 mg scale under
harsh reaction conditions of temperature 250 °C and
pressure 25 bar (Chareonlimkun et al. 2010b). Fur-
thermore, the microwave irradiations of particular
power under specific ionic liquid condition, utilized as
noble heating mode for 5-HMF synthesis in laboratory
scale (Dutta et al. 2012). During this development
period, very recently, Catrinck et al. also reported a
process for sugarcane bagasse conversion to furfural
only in 83.1 ¢ Kg™' yield at 150 °C temperature for
24 h (Fig. 2) (Catrinck et al. 2020). In the same
manner, corncob biomass (abundant in cellulose and
hemicellulose) has also been exploited for S-HMF and
furfural synthesis at high reaction temperature. The
process found its limitation in scale-up synthesis as
enhancing corncob loading significantly reduced the
yields of 5-HMF and furfural even in lab scale (Zhang
et al. 2017a).

In addition to lignocellulosic biomass, the raw
potato (abundant in carbohydrate content) could also
be seen as a good and sustainable alternative for
5-HMF production. In India, every year 45.4 million
tons potato was produced and among these, approx-
imate 4.54—6.81 million tons get wasted due to lack of
cold storage, bad quality and over production. Due to
lack of disposal mechanism, the waste-potato creates
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Fig. 1 Chemical valorization of lignocellulosic biomass to furan/aryl based commercially viable platform molecules
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Fig. 2 Strategies for scale-up synthesis of 5-HMF from various feed-stocks (Catrinck et al. 2020)

huge environmental pollution. As we noticed, yet
there is no process claimed for production of 5-HMF
from raw waste potato. Therefore, this sustainable
feedstock could also be exploited for 5-HMF synthe-
sis. Moreover, the aluminum chloride (AICl3) in
combination with other organic or inorganic acids,
under ionic liquid/organic medium also explored as a
reagent system for 5-HMF synthesis, but the process
was only tested for fructose, glucose, and very recently
for corn starch (Liu et al. 2014; Zhou et al. 2017,
Overton et al. 2020). Even, hydrochloric acid has also
been utilized for hydrothermal conversion of cellulose
to 5-HMF in 21% yield at a very high temperature i.e.
300 °C (Yin et al. 2011). Also, in earlier reports,
oxalic acid found to be known for conversion of
fructose, sucrose and inulin dehydration to 5-HMF
synthesis (Rapp 1988; Asghari and Yoshida 2006;
Haworth and Jones 1944) only for laboratory applica-
tion and as per our experience only oxalic acid can’t be
suitable for conversion of cellulose and lignocellulose
to 5-HMF.

@ Springer

Presently, AVA Biochem, Swiss-based company, is
the pioneer in the industrial production of 5-HMF
using a water based hydrothermal processing technol-
ogy only from fructose as initial feedstock (Kldusli
2014). The other prominent players in this area are
Robinson Brothers, Penta manufacturer, NBB Com-
pany and Wutong Aroma Chemicals. Mostly, the
industrial production of 5-HMF includes edible
sources like fructose and glucose as initial feedstock.
However, the use of such edible sources conflicts with
food demand and not meet economical prospective.
The industrial exploration of cellulosic biomass as
initial feed for 5-HMF production is still missing in the
literature. To the best of our knowledge, we have not
found any industry or report, claiming commercial
production of 5-HMF from lignocellulosic biomass
without pre-treatment and following one-pot process.

Last few years, our group has been extensively
using oxalic acid dihydrate for different organic
transformations as a C1 source and we found its
extraordinary applications for different purposes
where the known reagents showed limitations (Ram
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et al. 2020; Shil et al. 2015; Thakur et al. 2018). Under
this study, we have noticed its synergistic role to
enhance reactivity and solve earlier problems associ-
ated with 5-HMF synthesis from lingocellulosic
biomass under scale-up. Further, we have noticed a
significant role of activated charcoal (Das et al. 2018)
to improve 5-HMF yield by ~ 16% through its
addition and solved number of problems noticed in
scale-up synthesis. Therefore, we have majorly pro-
posed conversion of ligocellulosic biomass following
a convenient and scalable one-pot approach in a highly
specific manner with negligible by-product formation.
Furthermore, we have developed a process wherein
the synergistic role of organic and inorganic acids and
more specially activated charcoal, enhances the yield
and specificity of the 5-HMF in biphasic solvent
system at comparative low temperature. The present
approach also applied up to 500-g scale for production
of 5-HMF from  different lignocellulosic
biomass/carbohydrates.

Materials and methods
Chemicals and materials

All chemicals and solvents used in the present process
were of analytical grade and used without any further
purification. The bulk abundance, lack of proper
disposal mechanism, environmental concerns and
potential to replace fossil resources made the cellu-
losic biomasses to be get explored more thoroughly
and comprehensibly. Therefore, in our study, we have
chosen sugarcane bagasse, corncob, raw potato and
corn powder as raw materials for 5-HMF and furfural
synthesis. For this study, sugarcane bagasse was
collected from the local market, after removal of
sugarcane juice. For easy handling of the biomass
under reaction condition, it was dried and grinded
through mechanical/electric grinder to fine powder.
Before utilizing sugarcane bagasse as initial feedstock,
initially it was mechanically grinded to fine powder
and then underwent particular experimental proce-
dures to result 36% cellulose, 26.3% hemicellulose,
16.8% lignin, 5.8% water and 2.2% ash content (refer
to ESI for more information). This fine powder
bagasse then directly utilized as initial feed for
5-HMF and furfural synthesis without any pre-treat-
ment. Similarly, under this study, the corncob was

collected from the local farmer area after harvesting
the crop. Initially, it was mechanically grinded into
fine powder similarly as that for sugarcane bagasse
and then further the contents of cellulose, hemicellu-
lose, lignin, moisture and ash were quantified and
found to be 36.8,22.4,15.2,7.8, and 0.6% respectively
(refer to ESI for more information). The prepared fine
powder without any pre-treatment directly utilized in
the process. In the same manner, raw potato waste was
brought from local vegetable shop, chopped into slices
and dried in an oven in order to make it totally free
from water molecules otherwise would create prob-
lem. Further, to avoid drying of potato, we have also
tested raw potato-paste after squeezing to remove as
much as water is possible and applied for the same
reaction. The moisture and ash content of potato
powder after drying calculated to be 9.2 and 3.8%
respectively. The prepared potato powder then
straightforwardly applied under reaction conditions.
Corn powder was brought from local market and used
before any further treatment. Cellulose, starch, fruc-
tose, aluminium chloride anhydrous (AICl3), 2-bu-
tanol and hydrochloric acid (35-38%) were purchased
from Central Drug Health (P) Ltd. Oxalic acid
dihydrate, activated charcoal, sodium sulphate anhy-
drous, formic acid (85%), dimethylsulphoxide
(DMSO) and methylisobutylketone (MIBK) were
purchased from SD fine-chem. Ltd. 5-Hydrox-
ymethylfurfural, glucose and deuterated chloroform
(CDCl5) were purchased from sigma Aldrich. Furfural
was purchased from across organics. HPLC grade
acetonitrile was purchased from fisher scientific.
Millipore milli-Q water filtered through 0.22 um
PTFE filter was utilized during the analysis.

Experimental methods

Cellulose powder to 5-HMF Synthesis (1-g scale
synthesis)

An oven dried round bottomed flask (50 mL) was
charged with cellulose powder (1 g), oxalic acid
dihydrate (1 g, 1 equiv.), AlCl; (150 mg, 15 wt%),
4 N HCI (387 uL, 15 wt%), activated charcoal
(200 mg, 20 wt%), DMSO (6 mL) and MIBK: 2-bu-
tanol (3:1) = (4.5:1.5) mL as extracting phase solvent
at 130 °C for 6 h under reflux condition. The progress
of the reaction was monitored by thin layer chro-
matography (TLC). After completion of the reaction,
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the crude reaction mixture was filtered through the pad
of celite (Celite 545). The filtrate then diluted by
distilled water and MIBK to a certain volume. Then,
the samples of both aqueous and organic layers were
taken for UPLC quantification. Finally, the compound
5-HMF was extracted from the reaction mixture by
ethyl acetate in repeated iterations, dried over Na,SOy,
and concentrated under reduced pressure system, and
finally complete dried in freeze-drying. The final
product analyzed by UPLC chromatogram based on
UV wavelength and retention time (compared with
standard), and further reconfirmed by NMR and ESI-
MS. 'H NMR (600 MHz, CDCl3) & 9.37 (s, 1H), 7.12
(d,J =3.5 Hz, 1H), 6.39 (d, J = 3.5 Hz, 1H), 4.55 (s,
2H); >C NMR (150 MHz, CDCl5) § 177.65, 161.03,
151.72, 123.49, 109.71, 56.84; m/z MS (ESI)
M+ 11" =127, [M + 1-H,0]* =109, [M + 1-
H,0-CO]" = 81.

Cellulose powder to 5-HMF Synthesis (500-g scale
synthesis)

A Radley’s made reactor (15 Ltr) was charged with
cellulose powder (500 g) and oxalic acid dihydrate
(500 g, 1 equiv.) followed by addition of AICl; (75 g,
15 wt%), activated charcoal (100 g, 20 wt%) and 4 N
HCI (194 mL, 15 wt%). Then, the reaction mixture
solvated by DMSO (2.5 Ltr) and MIBK: 2-butanol
(3:1) = (1.87:0.62) Ltr. Finally, the reaction mixture
allowed to stir at 130 °C for 6 h with the help of Julabo
made temperature controller. The progress of the
reaction monitored on TLC. After completion of the
reaction, the reaction crude was filtered through the
celite pad. The filtrate then diluted by distilled ice
water and then final product was extracted by ethyl
acetate in repeated iterations, dried over Na,SO,4 and
evaporated using 20 L rotary evaporator and complete
dried under freeze-drying. The final product analyzed
as 5-HMF by UPLC chromatogram based on UV
wavelength and retention time (compared with stan-
dard), and further reconfirmed by NMR and ESI-MS.
The amount of 5-HMF was measured to be 164 g. The
spectral data were same as mentioned above in
experimental description; Cellulose powder to
5-HMF Synthesis (1-g scale synthesis).
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Sugarcane bagasse to 5-HMF and furfural synthesis
(500-g scale synthesis)

The mixture of sugarcane bagasse, oxalic acid dihy-
drate, AlCl;, activated charcoal, 4 N HCI along with
solvents DMSO and MIBK:2-butanol was charged in
reactor in the same equivalency as mentioned in
experimental “Cellulose powder to 5S-HMF synthesis
(500-g scale synthesis)” section. After stirring the
reaction for 8 h at 130 °C and passing the reaction
mixture through celite pad, the filtrate then diluted by
distilled ice water and then final two products were
extracted by ethyl acetate in repeated iterations. The
ethyl acetate extract then dried over Na,SO, and
concentrated under reduced pressure system. The two
products then separated through solvent extraction
using hexane. The hexane extract then concentrated
under reduced pressure and complete dried in freeze-
drying. The final product analyzed as furfural by
UPLC chromatogram based on UV wavelength and
retention time, and further reconfirmed by NMR and
ESI-MS. The amount of furfural was measured to be
68.94 g. "H NMR (600 MHz, CDCl3) & 9.65 (s, 1H),
7.69 (m, 1H), 7.25 (d, J = 3.5 Hz, 1H), 6.60-6.61 (m,
1H); '3C NMR (150 MHz, CDCl;) & 177.87, 152.98,
148.08, 121.02, 112.58; m/z MS (ESI) [M + 1]
expected mass = 97.0292; observed mass = 97.0285.
In the same fashion, the other compound remained
after hexane extraction dried in freeze-drying and
finally analyzed as 5-HMF by UPLC chromatogram
based on UV wavelength and retention time, and
further reconfirmed by NMR and ESI-MS. The
amount of 5-HMF was measured to be 54.27 g. The
spectral data were same as explained above for
cellulose conversion.

Analytical methods

The 5-HMF and furfural were analyzed through ESI-
MS, UPLC and NMR spectroscopy. The ESI-MS
spectra were determined by a Waters micro mass
Q-TOF Ultima spectrometer. 'H and '*C NMR spectra
were recorded using a Bruker Advance 600 MHz ('H)
and 150 MHz (13C). All NMR spectra were recorded
at 25 °C in CDClj; [residual CHCl; (8y 7.26 ppm) or
CDCl3 6c 77.00 ppm)]. The UPLC method was
developed for qualitative and quantitative analysis of
5-HMF and furfural on Water made Acquity UPLC®
H Class with PDA detector (refer to SI for more
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details). The standard curves for 5S-HMF and furfural
were obtained with R?=0.9999 and 0.9989
respectively.

Results and discussion

From the introduction section, the identified chal-
lenges were first attempted will be explained stepwise
following the role of acids, charcoal, solvent systems,
and temperature. These parameters investigated very
keenly to solve utmost possible to enhance specificity,
vast application in one-pot system, high conversion,
easy separation, and further to reduce polymerization
to humin formation, and finally applicability in scale-
up synthesis of 5-HMF. To understand the system and
to optimize the conditions in clear manner, we have
selected cellulose as a model substrate in 1-g scale and
further applied for different complex biomass and
scale-up reaction up to 500-g. The scopes for other
carbohydrates were also examined under this study.

Optimization of the reaction conditions

The complex nature of cellulose structure makes it
very difficult to undergo acidic hydrolysis of glyco-
sidic bonds followed by isomerization and dehydra-
tion to yield 5-HMF as final product. Hence, very
critical evaluation of the reaction parameters like
reagents, solvents, temperature, reaction time and
substrate loading were carried out to find out the best
optimized reaction conditions for 5-HMF synthesis.

Synergistic effect of organic, Lewis and mineral acids
for 5-HMF synthesis

Under this study, several acids and their combinations
were tested in order to optimize the reaction conditions
(Table 1). Among these, a combination of mixed acids
such as oxalic acid dihydrate, AICl; and HCl was
found to be highly efficient and responsible for
specific conversion following hydrolysis, isomeriza-
tion and dehydration steps in a single pot manner for
its fruitful conversion of cellulose to 5S-HMF synthesis.
When the reaction of cellulose performed with only
oxalic acid dihydrate under reaction conditions, then
negligible amount of desired product formation was
noticed (Table 1, entry 1). The AlICl; was also checked
and resulted with no conversion of 5-HMF (Table 1,

entry 2). In both of the cases, majorly unreacted
carbohydrate was recovered after reaction that reflect
lower specificity of hydrolysis, which is the first step
of this transformation. Even, the possibility of alu-
minum oxalate was also investigated but did not work
under this condition (Table 1, entry 7). The mineral
acid, HCI resulted with 15% yield of 5-HMF in
existing protocol but still found less reactive (Table 1,
entry 3). Further, in order to provide more clarity, the
combination of oxalic acid dihydrate and AICl; was
checked under established conditions and resulted
with 27% yield of 5-HMF, however, the combination
of oxalic acid dihydrate with hydrochloric acid
reduced its yield by 7% (Table 1, entry 4, 5). In the
same fashion, when the combination of A1Cl; and HC1
was tested, then it offered the same yield as obtained
earlier in case of oxalic acid dihydrate and AlCl;
(Table 1, entry 6). Moreover, under the mixed acid
conditions of oxalic acid dihydrate (1 equiv.), AlCl;
(15 wt%) and HCI (15 wt%), the reaction ended with
32% yield of 5-HMF (Table 1, entry 8). Through this
investigation, we assumed that oxalic acid dihydrate
might be helping in providing the necessary acidic
environment for hydrolysis of cellulose to glucose.
Furthermore, as the Lewis acids are commonly well-
known for glucose isomerization to fructose, thereby
AICl;3 might have been played a key role in this
transformation. Moreover, HCI might be anchoring
the dehydration of fructose to 5-HMF as Bronsted
acids are well recognized for such type of dehydration
reactions. Although, these studies clearly indicated
that individually these acids or their other combina-
tions performed poorly but their right combination
performed a synergistic role for this transformation
with high specificity.

Role of activated charcoal

The role of activated charcoal was first investigated by
our group to enhance the stability of the 5-HMF under
reaction condition and reduce polymerization to
humin formation. Moreover, the addition of charcoal
positively influenced the reaction and resulted 5-HMF
with high yield. The process was patented in 2018
emphasizing the critical role of activated charcoal for
fruitful conversion to 5-HMF (Das et al. 2018). Under
acid optimized conditions, the reaction yet resulted
with only 32% yield of 5-HMF but addition of 20 wt%
of activated charcoal enhanced the yield up to 16%
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Table 1 Screening of different acidic media and activated charcoal for 5-HMF synthesis

o
130°C, 6 hrs 0
Cellulose Powder + Acidic media ———— > \ / OH
5-HMF
Entry Starting material Acidic media 5-HMF yield*

(UPLC, mol%)

1 Cellulose Oxalic acid dihydrate 0
2 Cellulose AICl; 0
3 Cellulose HCI 15
4 Cellulose Oxalic acid dihydrate, AICl; 27
5 Cellulose Oxalic acid dihydrate, HCI 20
6 Cellulose AlCl;, HC1 27
7 Cellulose Aluminum oxalate 0
8 Cellulose Oxalic acid dihydrate, AICl;, HCI 32
9 Cellulose Oxalic acid dihydrate, AICl;, HCI, Activated charcoal 48

Reaction conditions: Cellulose powder (1 g), oxalic acid dihydrate (1 g, 1 equiv.), AICl;3 (150 mg, 15 wt%), 4(N) HCI1 (387 uL,
15 wt%), activated charcoal (200 mg, 20 wt%), aluminum oxalate (1 g, 1 equiv.), DMSO (6 mL), MIBK:2-butanol (3:1) = (4.5:1.5)

mL as extracting phase solvent

“Mole percent yields were calculated with respect to glucose monomer

and resulted with overall 48% yield of 5-HMF
(Table 1, entry 9). The higher specificity of 5-HMF
in the presence of activated charcoal explicitly
suggested the key role of it for this conversion through
restricting the formation of unwanted polymerization
and humin. The activated charcoal might be playing a
significant role to stabilize the 5-HMF through
adsorption/binding force under the reaction condition
and reducing its polymerization tendency to humin
formation. Earlier, the most of the scalable processes
suffer for 5S-HMF separation and poor yield due to un-
wanted polymerization and humin formation. In
addition, the activated charcoal also reduces the light
sensitivity of the reaction system in glass vessel
reactor, which also enhance the stability of light
sensitive 5S-HMF molecules as minor effect.

The role of solvent system for the reaction

The selected acidic systems were only effective under
a particular solvent system. With the slight modifica-
tion of solvent/s, the rate of reaction either changed
assertively or ended with insoluble carbohydrates,
polymerization and mixture of products. Based on the
results, we have tried to tune the solvent system in a
way that can hydrolyzed more rigid B(1 — 4) gly-
coside linkages of cellulose in a highly specific

@ Springer

manner followed by isomerization and dehydration
to achieve highest yield of 5S-HMF. The reaction did
not response for most commonly used reactive phase
solvents like water, THF and water/THF mixture for
5-HMF synthesis from cellulose (Fig. 3). The high
boiling point solvent DMF also checked, but not
procured the desired product (Fig. 3). The effect of
solvent system was found very predominant as the
reaction only performed well in DMSO (6 mL),
MIBK:2-butanol (3:1) = (4.5:1.5) mL biphasic sol-
vent system and best compatible with our optimized
acidic conditions. Even, when the reaction performed
in single-phase solvent system, then the extraction of
desired compound from the reaction media became
very problematic with low specificity of the reaction
(Fig. 3). This may be attributed to the insolubility of
cellulose in the respective solvent systems and further
in situ extraction of it in extracting phase at standard
conditions. The stability of 5-HMF in DMSO may be
the other reason for enhancement of the yield. This
solvent system is so specific that the process does not
require tedious purification to achieve highest yield of
targeted product.
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Fig. 3 Solvent screening for cellulose conversion to 5-HMF
synthesis. Reaction conditions: Cellulose powder (1 g), oxalic
acid dihydrate (1 g, 1 equiv.), AICl; (150 mg, 15 wt%),
activated charcoal (200 mg, 20 wt%), 4 N HCI (387 pL,
15 wt%), reactive phase solvent (6 mL), MIBK:2-butanol

Effect of reaction temperature on 5-HMF synthesis

The effect of the reaction temperature found very
crucial as the reaction did not happen at 70 °C
temperature and even trace of 5-HMF observed on
TLC at 90 °C (Table 2, entry 1, 2). Although, the
reaction started to happen at 110 °C as observed by
TLC and the UPLC yield was 34% as shown in

(3:1) = (4.5:1.5) mL as extracting phase solvent; “mole percent
yields were calculated with respect to glucose monomer;
"THF:Water = (4:2) mL; “extracting phase solvent was not
used

Table 2, entry 3. Hence, the suitable reaction temper-
ature for this transformation concluded at 130 °C to
get the highest yield of the product (Table 2, entry 4).
Reaction temperature higher than standard protocol
(150 °C) led to decrease the yield of the reaction very
significantly and enhanced the formation of humins
and polymerization of 5-HMF, and also mixture of
unidentified by-products (Table 2, entry 5).

Activated Chracoal o
HO© AlCI5, HCI o
Table 2 Temperature optimization for 5S-HMF synthesis Cellulose Powder * OIC-)?HHzO Tomp. 6 brs H»\U/\OH
5-HMF
Entry Substrate Reactive phase solvent Temperature (°C) Time (h) 5-HMF yield*
(UPLC, mol%)

1 Cellulose DMSO 70 6 0

2 Cellulose DMSO 90 6 0

3 Cellulose DMSO 110 6 34

4 Cellulose DMSO 130 6 48

5 Cellulose DMSO 150 6 31

Reaction conditions: Cellulose powder (1 g), oxalic acid dihydrate (1 g, 1 equiv.), AlICl3 (150 mg, 15 wt%), activated charcoal
(200 mg, 20 wt%), 4 N HCI (387 pL, 15 wt%), DMSO (6 mL), MIBK:2-butanol (3:1) = (4.5:1.5) mL as extracting phase solvent

“Mole percent yields were calculated with respect to glucose monomer
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One-gram scale reaction for 5-HMF synthesis
from carbohydrates and biomass

Under the optimized reaction conditions, initially
cellulose powder was treated with the mixture of
oxalic acid dihydrate, AICl;, 4 N HCI and activated
charcoal in DMSO and MIBK:2-butanol biphasic
solvent system. The reaction was performed at opti-
mized temperature and time under reflux condition as
explained in experimental section. After completion of
the reaction, the final product 5-HMF was obtained in
48 mol% and 34 wt% (UPLC) yield (334 mg) (refer
to SI for UPLC experimental conditions) (Table 3,
entry 1). The reaction is so specific that no need of
tedious purification required to achieve the purity up to
95% (UPLC). After the exciting results, we have
decided to apply the same process for sugarcane
bagasse biomass, which showed problem in earlier
reports (Chareonlimkun et al. 2010a; Catrinck et al.
2020). The complex lignin shelter encapsulated
around cellulose and hemicellulose in biomass,

generally demands chemical pre-treatment steps in
order to valorise them. Under this study, our target was
to develop a process that could be useful for chem-
ically unprocessed lignocellulosic biomass direct
conversion to 5-HMF synthesis. Therefore, under this
study, now the critical investigation of reaction
parameters on sugarcane bagasse revealed that lower-
ing or enhancing the acid concentration did not
improve the biomass conversion to 5-HMF and
furfural as observed by TLC. Even, the variation in
reaction temperature, not led to improve the yield of
the reaction. Although, increasing reaction time to 8 h
had positive impact on 5-HMF and furfural yields.
Hence, the standard reaction protocol finalized for
sugarcane bagasse powder was almost same as that for
cellulose except reaction time. Finally, the sugarcane
bagasse powder (1 g) was directly applied under the
optimized reaction conditions and the progress of
reaction was monitored on TLC. After completion of
the reaction, the ethyl acetate extract was evaporated
and dried under freeze-drying showed 55 mol% and

Table 3 One-gram scale synthesis of 5-HMF from carbohydrates and biomass

HO Activated Charcoal

o o o ©
HCl, AlCI o
Initial feedstock + 2H,0 _ s
I W/ on " W/ H

0~ "OH 130°C, 6 hrs
5-HMF Furfural
Entry Initial feed 5-HMF yield* 5-HMF yield 5-HMF yield® Furfural Furfural yield Furfural yield”
(UPLC, mol%) (wWt%) (g/kg) yield® (wt%) (g/kg)
(UPLC,
mol%)
1 Cellulose 48 34 340 - - _
2°¢ Sugarcane bagasse 55 39 140 47 30 80
3ed Washed sugarcane 35 25 90 49 31 80
bagasse
4° Corn cob 40 28 100 78 50 110
5 Raw potato 41 28 280 - - -
6 Raw potato paste 39 27 270 - - -
7 Corn powder 47 33 330 - - -
8 Starch 46 32 320 - - _
9 Glucose 42 29 290 - — _
10 Fructose 72 50 500 - - -

Reaction conditions: Initial feed (1 g), oxalic acid dihydrate (1 g, 1 equiv.), AlCl; (150 mg, 15 wt%), activated charcoal (200 mg,
20 wt%), 4 N HCI (387 pL, 15 wt%), DMSO (6 mL), MIBK:2-butanol (3:1) = (4.5:1.5) mL as extracting phase solvent

“Mole percent yields were calculated with respect to glucose and xylose monomer
Yields were calculated with respect to raw biomass weight
“Yields were calculated with respect to cellulose and hemicellulose content present in biomass; reaction continued for 8 h

9Hot water washed sugarcane bagasse used as initial feed
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39 wt% (UPLC) yield (139.4 mg) of 5-HMF and
47 mol% and 30 wt% (UPLC) yield (79.8 mg) of
furfural with respect to cellulose and hemicellulose
contents respectively (Table 3, entry 2). The furfural
was easily separated by hexane through solvent
extraction from 5-HMF. Similarly, the hot water
washed sugarcane bagasse after grinding into fine
powder was also tested under the standard reaction
conditions. The same process was followed as earlier
for monitoring the progress of the reaction, extraction
and drying of products to result 35 mol% and 25 wt%
(UPLC) yield of 5-HMF and 49 mol% and 31 wt%
(UPLC) yield of furfural as per contents of cellulose
and hemicellulose present in it (Table 3, entry 3). This
variation in respective yields of final products clearly
reflected that the unwashed/raw sugarcane bagasse
might be containing free sugar units which led to
enhance the yield of 5-HMF.

After getting influenced by such results, we further
decided to apply the standard reaction conditions on
corncob biomass. Therefore, under this study, the
corncob powder (1 g) was also treated under the same
optimized condition and after extraction and drying it
was resulted with 40 mol% and 28 wt% (UPLC) yield
of 5-HMF and 78 mol% and 50 wt% (UPLC) yield of
furfural (Table 3, entry 4). The mixture of S-HMF and
furfural was also separated by solvent extraction
process using hexane.

Further, in our curiosity we have decided to use
waste potato biomass for this conversion. Therefore,
under this study first time the oven dried fine powder
of raw potato (1 g) was applied under the optimized
condition and following the same approaches as
described for other biomass. Interestingly, as per our
expectations the applied experimental conditions
procured 5-HMF in good yield as described in Table 3,
entry 5. Further, to avoid drying of potato, the
squeezed paste of potato was also checked under the
developed process. Fortunately, the applied reaction
protocol also provided the similar yield (Table 3, entry
6). These findings explicitly demonstrated that raw
potatoes could be a cost effective alternative for
5-HMF production, economy creation and boosting
the potato cultivation, and enhancing the economy of
farmer. Moreover, to check the vast applicability of
the process, various carbohydrates like corn-powder,
starch, glucose and fructose have also been tested

under our established protocol as summarized in
Table 3. The corn-powder under experimental condi-
tions resulted 5-HMF in 47 mol% and 33 wt% yield
(Table 3, entry 7). The same process also found to be
effective for fructose and yielded with 72 mol% and
50 wt% 5-HMF (Table 3, entry 10). Interestingly, this
could be the first single process applicable for complex
lignocellulosic bio-mass, polymeric carbohydrates
and carbohydrate monomers under similar conditions
with considerably good yields (Table 3, entry 8, 9).
Yet this type of single process, which could be
applicable for vast substrate scopes are rarely reported.

500-g scale reaction for 5S-HMF synthesis
from biomass

The commercial production of 5-HMF from non-
edible lignocellulosic biomass as feedstock is a highly
challenging task to achieve till today. From a long
time, the industrial production of 5-HMF has been
targeted from fructose, an edible source. Hence,
sustainable development of scalable process for con-
version of lignocellulosic biomass, cellulose and
hemi-cellulose mixture to specific 5-HMF and furfural
as by-product is strictly needed.

After fascinated by this background and successful
conversion of different lignocellulosic biomass and
carbohydrates to respective products in one-gram
scale, the optimized methodology was further checked
up to 500-g scale reaction from cellulose as feedstock
for 5-HMF synthesis. Under this investigation, ini-
tially the cellulose powder (500 g) was subjected to
react with oxalic acid dihydrate (500 g), AICI; (75 g)
and 4 N HCI (194 mL), activated charcoal (100 g) in
DMSO and MIBK:2-butanol biphasic solvent system
in the same manner as already described in experi-
mental description; Cellulose powder to 5-HMF
Synthesis (500-gram scale synthesis). Gratifyingly,
the employed reaction conditions procured 5-HMF in
47 mol% and 33 wt% yield (Table 4, entry 1).

In the same manner, once the process found to be
successful for cellulose feedstock then the process
straightforwardly applied on sugarcane-bagasse bio-
mass in 500-g scale under the standard reaction
protocol (Table 4, entry 2). The preparation of
biomaterial and quantification of cellulose and hemi-
cellulose were achieved following the earlier
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Table 4 Synthesis of 5-HMF from carbohydrates and biomass in 500 g scale

Activated Charcoal o] [e]

HO__O
Cl, AICly 0, o}
Initial feedstock + OIOH-ZHZO 13: “Ici‘i h'rs H)X\@/\OH + WH
5-HMF Furfural
Entry Initial feed 5-HMF yield Furfural yield
(UPLC, mol%)* (Wt%) (g/kg)” (UPLC, mol%)® (Wt%) (g/kg)®
1 Cellulose 47 33 330 - - -
2°¢ Sugarcane bagasse 43 30 110 82 52 140
3 Raw potato 40 28 280 - - -

Reaction conditions: Initial feed (500 g), oxalic acid dihydrate (500 g, 1 equiv.), AICl; (75 g, 15 wt%), 4 N HCI1 (194 mL, 15 wt%),
activated charcoal (100 g, 20 wt%), DMSO (2.5 Itr), MIBK:2-butanol (3:1) = (1.87:0.62) ltr as extracting phase solvent at 130 °C for

6h

*Mole percent yields were calculated with respect to glucose and xylose monomer

Yields were calculated with respect to raw biomass weight

“Yields were calculated with respect to cellulose and hemicellulose content present in biomass; reaction continued for 8 h

protocols. In this study, sugarcane bagasse powder
(500-g) was directly utilized as initial feedstock under
optimized reaction conditions in the same manner and
equivalency as explained in experimental “Sugarcane
bagasse to 5-HMF and furfural synthesis (500-gram
scale synthesis)” section. Interestingly, the employed
reaction parameters delivered 5-HMF in 43 mol% and
furfural in 82 mol% with respect to cellulose and
hemicellulose contents respectively (Table 4, entry 2).
The enhanced yield of furfural in the scale-up reaction
may be attributed to the more solvent availability in
comparison to 1-g scale reaction. Both 5-HMF and
furfural were easily separated by solvent extraction
with hexane to achieve high purity of both the
compounds.

Finally, the raw waste potato was also allowed to
undergo standard reaction conditions in 500-g scale.
Before utilizing raw potato as initial feed, it was dried
and grinded into fine powder (following earlier
approach). The same process was utilized for moni-
toring the reaction, extraction and drying of final
product as already explained to result 5-HMF in
141.65 g (40 mol%, 28 wt% UPLC yield) and UPLC
purity about 92% (Table 4, entry 3). These results
clearly indicated that shifting from 1 g to 500-g scale
did not alter the yields of the reaction highly as it
usually happens in existing processes. Hence, this

@ Springer

study explicitly showed the potential of the process for
future commercial production of 5-HMF and furfural.
Further, comparing with the existing reports (Chiappe
et al. 2017; Siankevich et al. 2016), this is the first
scale-up attempt for one-pot conversion of lignocel-
lulosic biomass or carbohydrates to 5S-HMF synthesis.
Surprisingly, in our process, the yields of 5S-HMF and
furfural were found to be comparable and higher in
some cases with the existing literature reports for lab-
scale process (Zhang et al. 2017a; Chareonlimkun
et al. 2010a, b).

Additionally, the industrial production of 5-HMF
and furfural was estimated to be around 111.8 and
142.2 kg/Ton dry weight of sugarcane bagasse respec-
tively, and around 101.6 and 111.8 kg/Ton for corn-
cob biomass.

Further, improvements in the process are still
ongoing in our lab for scale-up production under flow
system and to reduce solvent volume and its recycla-
bility to reduce waste and make the process more
economic. Considering our best execution approach
for scale-up process development, we have proposed a
flow diagram to implement the production of 5-HMF
or furfural, recovery of used solvents and final
utilization of by-product and bio-char has been shown
in Fig. 4. The process described under this study has
been protected by patent application (Das et al. 2018).



Cellulose (2021) 28:3967-3980

3979

BIOMASS

REACTOR
FILTRATION
ﬂ system == " =

CHOPPING AND

GRINDING TO ==

POWDER

E BIOCHAR
TREATMENT UNIT |=>

Fig. 4 Flow diagram for scalable production of 5-HMF

Conclusion

A scalable process has been developed which could be
considered as economical, energy efficient and highly
specific for industrial applications. Further, the devel-
oped process found to be applicable for vast substrate
scopes such as lignocellulose, cellulose, sugarcane
bagasse, corncob, waste potato, corn starch, starch,
glucose and fructose. This is a first compact report that
could be applicable for complex biomass to simplest
carbohydrate in one-pot reaction with high specificity.
The established protocol offered best yields of 5-HMF
and furfural from biomass (mixture of cellulose and
hemicellulose) at applied feed loadings. The syner-
gistic effect of organic, mineral and Lewis acids were
critically investigated and found to be the main cause
of conversion. The explicit study revealed that acti-
vated charcoal enhanced the specificity of the reaction
significantly and also enhanced in situ stability of
5-HMF under reaction condition. Overall, the process
is highly specific and no need of tedious purification
required to achieve high purity of the product. The
solvents could be recyclable after simple processing.
After reaction, the crude solid waste could be useful as
bio-char and may be lignin separation for agriculture,
polymer and other applications. As a whole, the
process found to be compatible for scale-up synthesis
and applicable for wide range of cellulosic biomass for
5-HMF production.
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