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Levulinic Acid- and Furan-Based
Multifunctional Materials: Opportunities
and Challenges

Sreedhar Gundekari, Rajathsing Kalusulingam, Bhavesh Dakhara,
Mariappan Mani, Joyee Mitra, and Kannan Srinivasan

Abstract Currently, the world’s requirement for energy and chemicals is satisfied
by tapping petroleum, coal, and natural gas resources. The continuously escalating
energy demands for the betterment of life necessitate the search for alternate sources
of energy. Sustainability, probably the “word of this century,” will be a prime force
in stimulating scientists and technologists to look for alternate options in making
fuels, chemicals and polymers that are irreplaceable in our lives. Renewable bio-
mass, having useful carbon atoms, could be explored with significant potential to
produce chemicals and materials that include polymers. The approach also has an
intrinsic advantage of balancing CO, emission, thereby aiding our environment.
Researchers worldwide have made considerable advancements on biomass value
addition for producing fuels, chemicals and materials. Broadly, biomass are catego-
rized as lignocellulose and lipid-based wherein the former offers humungous scope
of reaction chemistries that are deployable in a biorefinery akin to petro-refinery.
Among them, levulinic acid (LA), S5-hydroxymethylfurfural (HMF) and
2,5-furandicarboxylic acid (FDCA) and their related products render multifunc-
tional properties with diverse opportunities for applications. In the last decade,
intense research has been carried out on these molecules. In this chapter, we shall
discuss the background of these platform chemicals, multifarious catalytic
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approaches made and process tools deployed, in particular for y-valerolactone,
LA-based plasticizers, HMF and FDCA. Challenges on these approaches and pos-
sible strategies to overcome them will also be discussed.

Keywords Biomass valorization - Levulinic acid derivatives - y-Valerolactone -
Furan compounds - 5-Hydroxymethylfurfural - 2,5-Furandicarboxylic acid

1 Introduction

At present, the world’s energy and chemical requirements are largely met through
fossilized sources like petroleum, coal and natural gas. The improvement in the
quality of life and, consequently, the increasing demand for energy necessitate the
search for alternate and sustainable solutions to energy crisis. Sustainability, argu-
ably the “word of this century,” has been instrumental in stimulating scientists and
technologists to explore alternative options in making fuels, chemicals and poly-
mers that facilitate our daily lives. Carbon-rich biomass is the only renewable source
that could be explored with significant potential for producing chemicals including
polymers. This is de facto an attractive option considering the balance between the
availability and consumption patterns. The approach also has an intrinsic advantage
of reducing indispensability on fossil fuels to an extent besides reducing CO, emis-
sion, thereby benefitting our environment. Researchers all over the world have
enthusiastically contributed to the value addition of biomass for producing chemi-
cals. Many countries with strong roots in agriculture, availability of extensive for-
est/agro-resources and vast coastline for marine macro—/micro-algae are likely to
generate non-edible/waste biomass which can potentially be harnessed to produce
chemicals sustainably in the years to come.

Generally, lignocellulosic biomass consists of 38—-50% cellulose, 23—-32% hemi-
cellulose and 15-25% lignin, which constitute about 80-90% of the total biomass.
Cellulose is a non-branched water-insoluble polysaccharide consisting of several
hundreds to tens of thousands of glucose units linked through 1,4-p-glycosidic ether
bonds. Cellulose is the most abundant biopolymer synthesized by nature; its amount
is estimated at approximately 2 x 10° tons/year [1]. Hemicellulose is a polymeric
network connecting lignin and cellulose. Although lower in molecular weight than
cellulose, hemicellulose consists of C6 sugars (glucose, mannose and galactose)
and C5 sugars (arabinose, xylose and so on). Lignin is a complex three-dimensional
cross-linked amorphous polymer consisting of three major methoxylated phenyl-
propanoid units (coumaryl alcohol, coniferyl alcohol and sinapyl alcohol) con-
nected by strong C-O (~60-70%) and C-C (~25-35%) linkages [2, 3]. Thus, the
primary components have great potential for the production of diverse chemicals [4].

The Department of Energy (USA) with NREL (National Renewable Energy
Laboratory) and PNNL (Pacific Northwest National Laboratory) have conducted an
extensive study to identify valuable sugar-based building blocks [5]. Of the 300
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initially selected candidates, a list of 30 interesting chemicals was obtained through
an iterative process. The list was further reduced to 12 building blocks considering
potential markets, complexity of synthetic pathway, functionality of molecule and
abundance. Of these 12 platform molecules, some are obtained through biochemical
methods and some others via thermochemical pathway. 1,4-Diacids (succinic,
fumaric and malic), 3-hydroxypropionic acid, aspartic acid, glutamic acid and ita-
conic acid were obtained from biochemical pathway. Xylitol, 2,5-furandicarboxylic
acid, levulinic acid, glucaric acid, sorbitol and 3-hydroxybutyrolactone were
reported through thermochemical pathway.

From the last decade, our research group is associated with biomass conversion,
working on heterogeneous catalytic approaches for the conversion and value addi-
tion of the above-mentioned platform molecules including the preparation of xyli-
tol, sorbitol, succinic acid, 5-hydroxymethylfurfural ~(HMF) and
2,5-furandicarboxylic acid (FDCA). We have also focused on the valorization of
levulinic acid into various value-added products by finding efficient catalysts and
synthetic protocols. In this chapter, we have covered a brief outline of levulinic acid
synthesis, state of the art on catalytic interventions for preparation of levulinic acid-
based products such as y-valerolactone, arylated-y-lactones and 4,4-diaryl-substi-
tuted pentanoic acid/esters. A summarized report on HMF preparation and its
selective conversion into FDCA using ruthenium-based catalysts has also been dis-
cussed here. The end of the chapter discusses the challenges of the mentioned
conversions.

2 Levulinic Acid

Levulinic acid (LA), a keto carboxylic acid from biomass, is an important building
block for fuels and chemicals harnessed by catalytic transformations. LA (CsHgO3)
is a white crystalline solid (<30 °C), soluble in aqueous and in common organic
solvents including polar solvents. LA is a potential intermediate for making alkyl/
aryl-substituted cyclic lactones, aliphatic alcohols including diols, cyclic/acyclic
amides, ketals, esters, acid halides, diketones, amino/halo-substituted keto carbox-
ylic acids, alkane/alkenes, valeric acid/esters, cyclic ethers, etc.

2.1 Preparation of Levulinic Acid

LA is mainly prepared from cellulose-derived glucose by involving two steps. In the
first step of the reaction, glucose isomerizes to fructose and is subsequently dehy-
drated to HMF. In the second step, HMF under hydrolysis in aqueous medium forms
LA along with formic acid as a by-product (Scheme 1) [6]. The conversion in the
presence of alcoholic medium forms alkyl levulinates and alkyl formates [7]. Many
reports reveal the direct conversion of lignocellulose biomass (wheat straw, pulp
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Scheme 1 Simplified reaction mechanism for the production of LA via HMF path

slurry, sorghum grain, corn starch, water hyacinth, bagasse and rice husk) to LA
using homogeneous acid catalysts [6, 8—13]. Reports of LA preparation are also
available from cellulose, glucose and HMF individually, and these conversions
mainly used homogeneous catalysts including mineral acids, super acids, metal
halides and acidic ionic liquids. In the course of the past few years, researchers have
also developed many solid acid catalysts [14-25].

The hemicellulose-based xylose is also a precursor for the preparation of LA and
its esters through furfural and furfuryl alcohol as intermediates (Scheme 2). Furfural
undergoes selective hydrogenation using metal-supported catalysts with furfuryl
alcohol as the product. Furfuryl alcohol in the presence of water results in LA and
LA esters (alkyl levulinates) in alcoholic medium. Furfuryl alcohol conversion to
LA involves acid catalysts including homogeneous acid catalysts (mineral acids),
acidic ionic liquids and solid acid catalysts [26—30].

2.2 Applications of Levulinic Acid

Multiple functionalities of LA including carboxyl, carbonyl and so on facilitate its
participation in various organic transformations including oxidation, hydrogena-
tion, hydrocyclization, reductive amination, condensation, etc. (Scheme 3) [31]. We
are extensively working on the preparation of y-valerolactone, arylated-y-lactones
and 4.,4-disubstituted pentanoic acid/esters. A detailed discussion pertaining to
these chemical transformations has been covered in the following sections.

2.2.1 Hydrocyclization of Levulinic Acid to y-Valerolactone

LA under H, environment primarily results in useful products such as y-valerolactone
(Gvl), 1,4-pentanediol (1,4-PDO), 2-methyltetrahydrofuran (2-MTHF) and penta-
noic acid, depending on the catalytic system and reaction parameters [32-35]. All
these LA derivatives are industrially relevant; for example, Gvl is an attractive plat-
form chemical and has various applications in the production of biofuels, i.e. valeric
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Scheme 3 Catalytic organic transformation of LA to industrially valuable products

esters [36], aromatic hydrocarbons [37], liquid alkanes [38, 39], polymer intermedi-
ates, i.e. a-methylene-y-valerolactone, 1,4-pentanediol and adipic acid [40—42]. In
addition, Gvl itself is a green solvent for organic transformations including the con-
version of lignocellulose components (Fig. 1) [43-50].

Generally, the mechanistic pathway for the conversion of LA to Gvl involves two
routes [51]. Path-a culminates in the hydrogenation of LA to y-hydroxypentanoic
acid prior to an intramolecular esterification to obtain Gvl, and path-b follows the
esterification of the enol form of LA to a-angelica lactone (a-AL) and its
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Scheme 4 Reaction mechanism for hydrocyclization of LA to Gvl

subsequent hydrogenation to Gvl (Scheme 4). Over-hydrogenation results in the
ring opening of Gvl forming 1,4-pentanediol as its product, under acidic conditions.
At higher temperatures, diol undergoes cyclization to 2-methyltetrahydrofuran
(2-MTHEF).

Various research groups explored the catalytic hydrocyclization of LA and levu-
linates to Gvl using heterogeneous and homogeneous catalytic routes under batch
and continuous flow conditions with molecular hydrogen, alcohols and formic acid
as hydrogen sources [35, 52-57]. The homogeneous catalysts such as complexes of
Ru/Ir/Pd, etc. were found to be quite active for this conversion. However, inherent
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problem of separation and catalyst disposal are bottlenecks in homogeneous cata-
lytic systems. Often expensive chemicals and multistep reaction protocols are
required for catalyst preparation, thus limiting their applicability in large scales.

Non-noble metal-supported heterogeneous catalysts including Fe, Ni, Cu, Cr, Co
and Mo were reported towards this hydrocyclization. Raney Ni® and Cu-/Ni- metal
supported and combination of these two are exclusively reported using three hydro-
gen sources (H, gas, isopropanol and formic acid) in either static or continuous
vapour phase. The Zr-based catalysts were mainly reported for Meerwein-Ponndorf-
Verley (MPV) of levulinic acid followed by cyclization to Gvl using alcohol as
hydrogen source. Heterogeneous catalytic systems based on supported noble metals
such as Ru, Pd, Pt and Au are active towards LA to Gvl conversion. Among these,
Ru catalysts are most active under comparatively milder reaction conditions.

Layered double hydroxide (LDH) materials were found to be attractive in many
catalytic applications because of its multifunctionality and tunable nature.
Pristine LDH, calcined LDH (CLDH), LDH-derived ex sifu and in situ catalysts and
metal supported on LDH materials were extensively reported for levulinic acid con-
version to Gvl. The following section reviewed the prior art of this conversion using
LDH materials including the contribution from our group.

Hydrocyclization of LA to Gvl Using Layered Double Hydroxide-Based Materials
LDH-Derived Catalysts for Hydrocyclization of LA to Gvl

The LDH-derived catalysts for LA to Gvl conversion, were first reported by Yan
et al. who introduced Cu-Cr, Cu-Al and Cu-Fe CLDH catalyst precursors (derived
from LDH by calcination). All the mentioned CLDH catalyst precursors showed
good catalytic activity for Gvl (yield 90.7% for Cu-Cr, 87.3% for Cu-Al and 87.3%
for Cu-Fe) (Table 1, entries 1-4). The Cu** oxide of CLDH generates Cu(0) under
reaction conditions (200 °C, 70 bar H, for 10 h in water) confirmed by PXRD,
which is the active catalyst for hydrogenation. The authors observed a decrease in
the catalytic activity (in the case of Cu-Cr) upon reuse because of carbon deposits
on the surface of the catalyst during the reaction. To avoid this problem, they reac-
tivated the catalyst by calcination (550 °C for 3 h) and was rewarded with similar
catalytic activity up to monitored three reaction cycles [58—60].

Li research group demonstrated a series of Al-LDH-based catalyst precursors
using different metals such as Fe, Cu, Ni and Co. From these M-Al LDH (M = metal)
precursors, the active catalyst species was prepared by reduction under H, (50 mL/
min) at 700 °C for 2.5 h, and obtained catalysts are denoted as M(0)/Al,O0;. Among
the catalysts screened by the Li group, Co/Al,O; (derived from Co-Al LDH) showed
excellent activity towards LA to Gvl conversion with 100% conversion and >99%
selectivity at 180 °C, 50 bar H, for 3 h in 1,4-dioxane medium (Table 1, entries 5-9).
The LDH precursor-derived Co/Al,O; is more active than Co/y-ALO; (prepared by
Co impregnation on y-AlL,O; followed by reduction) and Co/Al,O;-CR (derived
from Co-Al LDH through calcination followed by pre-reduction), suggesting that
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the synthesis protocol of Co/AL,O; (derived from Co-Al LDH) greatly affected the
catalytic performance. The used Co/Al,O; catalyst was recovered from the reaction
mixture by magnetic separation. The authors observed that, after reaction, the Co
nanoparticle surface underwent oxidation to cobalt oxide in air during catalyst sepa-
ration. Thus, prior to each run (while reusability), the used catalyst was washed with
water and re-reduced under H, flow (50 mL/min) at 700 °C for 1 h. The activity of
the Co/Al,O; was maintained up to four reaction cycles following this pretreatment
procedure [61].

Magnetic catalyst (Ni(0)-Cu(0)/MgAlFe LDH) was reported by Chen research
group for Gvl synthesis in methanol medium with 98.1% yield and full conversion
of LA (Table 1, entries 10 and 11). The magnetically active catalyst (Ni(0) and
Cu(0)) is prepared from LDH precursor by prior or external reduction in H, atmo-
sphere at 500 °C for 3 h. The prior reduction temperature of LDH affected the cata-
lytic activity; increased yield of Gvl was observed by increasing the reduction
temperature from 350 to 500 °C, and further increment (>500 °C) resulted in a
decrease in the selectivity of Gvl because of particle sintering at high temperature.
Decrease in catalytic activity of the material (Ni(0)-Cu(0)/MgAlFe LDH) was
observed in the reusability studies with increase in the number of cycles. Thus, to
maintain the catalyst activity, the used catalyst was reactivated by prior reduction
(500 °C for 3 h) for each cycle, and the methodology showed good reusability [62].

Kantam research group reported LDH-derived active catalyst Cu(0)-Ni(0)/MgAl
LDH for this conversion with 100% yield of Gvl at relatively mild reaction condi-
tions (140 °C, 30 bar H, pressure for 3 h) in 1,4-dioxane solvent (Table 1, entry 12).
Calcination (600 °C for 6 h) followed by prior reduction (140 °C, 30 bar H, for 2 h)
procedure was used to generate the active catalyst (Ni(0) and Cu(0)) from its LDH
precursor via intermediate metal oxides (CLDH). In this case also, gradual decrease
in catalytic activity of LDH-derived material was observed upon reuse (66% yield
at fourth cycle). Hence, to improve reusability, the catalyst was reactivated at
140 °C, 30 bar H, for 2 h, and it showed better catalytic activity (fourth cycle 92%)
as compared with un-reactivated catalyst [63].

Li and co-researchers disclosed Zr containing Ni catalyst such as Ni(0)/Zr-Al
CLDH for vapor-phase continuous production of Gvl from neat LA at 250 °C and
ambient H, pressure (Table 1, entries 13 and 14). The active catalyst is prepared
from Ni-Zr-Al LDH catalyst precursor by calcination (500 °C for 4 h in static air)
followed by reduction (600 °C for 2 h in H,/Ar atmosphere). The active LDH-
derived catalyst (Ni(0)/Zr-Al LDH) exhibited the highest selectivity of Gvl (97.7%)
as compared to Zr-free catalyst such as Ni/Al,O; (85.3%), and the acidity of Zr
enhanced the cyclization of reaction intermediate (y-hydroxy pentanoic acid) to Gvl
via path-a mechanism (Scheme 4) [64].

Chary et al. reported in situ hydrogen transfer (from formic acid) for Gvl prepa-
ration from LA in continuous mode. In this methodology, it was observed that Mg-
Al CLDH (derived from Mg-Al LDH calcination at 500 °C for 6 h) was an efficient
catalytic material by considering stability and activity as compared with physical
mixture of MgO-Al,O; and as-synthesized Mg-Al LDH (without calcination).
Under the reaction conditions (270 °C and N, flow), Mg-Al CLDH showed
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complete LA conversion with 98% Gvl selectivity (Table 1, entries 15-17).
Reactivated (calcination at 450 °C for 1 h) MgO-Al,O; CLDH showed good results
during reusability studies as compared to the spent catalyst [65].

Fu and co-authors studied several Ni-supported catalysts for this conversion by
varying the supports such as MgO, Al,O; and Mg-Al CLDH. Among these sup-
ports, Ni(0) on Mg-Al CLDH (derived from Ni-Mg-Al LDH through calcination
followed by reduction) showed the highest yield (99.7%) of Gvl in 1,4-dioxane
medium at 160 °C, 30 bar H, for 1 h. High surface area and uniform dispersion of
Ni on Mg-Al CLDH was the reason for better catalytic activity as compared to other
examined catalysts (Table 1, entries 18-20). They also conducted reusability of
CLDH-derived active catalyst (Ni/Mg-Al CLDH) and showed good recyclability
even in the absence of reactivation [66].

The above-mentioned synthetic protocol for the generation of active catalyst
from LDH precursor consumes a significant amount of energy. To avoid these draw-
backs, we recently reported Ni-Al LDH catalyst precursor (without calcination or
pre-reduction) for this conversion in water. Interestingly, Ni(0)/boehmite (Ni-Al
LDH-derived) was obtained during the reaction and confirmed by PXRD and
TEM. The PXRD of NiAl-LDH showed the presence of (003), (006), (012), (015),
(018), (110) and (113) planes that are characteristic of hydrotalcite (Fig. 2), which
completely converted to (020), (120), (140) and (051) planes of boehmite (JCPDS
Card No. 01-074-290), and (111) with (200) for Ni (0) (JCPDS Card No.:
00-004-0850). Platelet-like morphology of NiAl-LDH underwent a change to hex-
agonal rods of boehmite with embedded spherical Ni(0) particles having <20 nm
size as shown in Fig. 3. The generated active catalyst (Ni(0)/boehmite) showed
superior catalytic activity towards the reaction with 100% yield of Gvl (Table 1,
entry 21). The active catalyst was recyclable up to four cycles without any activation
and only a minor decrease in LA conversion in each cycle, maintaining the Gvl
selectivity [67].

Ma et al. disclosed in situ-reduced nano-Cu/AlOOH catalyst for alkyl levulinates
to Gvl using Cu,(OH),CO,/AIOOH-LDH precursor using 2-propanol as hydrogen
source [68]. Under optimized condition (180 °C for 5 h), the in situ-reduced catalyst
showed 90.5% yield of Gvl (96% conversion of methyl levulinate) with Cu/Al
molar ratio 3/1 (Table 1, entry 22). The pre-reduced catalyst Cu/Al,O; has lower
activity towards the reaction and resulted in 78% yield of Gvl because of the agglu-
tination of active catalytic Cu(0) metal particles on Al,Os (Table 1, entry 23). The in
situ Cu/AIOOH catalyst has strong acidic sites (obtained from TPD analysis) and
could reasonably enhance the reaction. Various alcohols as hydrogen sources includ-
ing primary (methanol, ethanol, 1-propanol and 1-butanol), secondary (2-propanol
and 2-butanol) and tertiary (z-butanol) alcohols were studied for the reaction using
Cu,(OH),CO,/AIOOH-LDH precursor. It was observed that primary and tertiary
alcohols are inefficient for hydrogen generation and cannot participate in the reac-
tion, wherein secondary alcohols such as 2-propanol and 2-butanol showed remark-
able activity to obtain Gvl. Using the in situ catalyst, authors identified significant
loss in Gvl yield while increasing the number of catalytic cycles, and they
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Fig. 2 Powder XRD pattern for NiAl-LDH (catalyst precursor) and Ni(0)@boehmite (catalyst
obtained after the reaction). The XRD pattern for Ni(0)@boehmite matched well with nickel
(JCPDS Card No: 004-0850; stick pattern included) and boehmite (JCPDS Card No: 01-074-290)
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Fig. 3 TEM images showing the morphology and crystallinity of NiAlI-LDH catalyst precursor
and Ni(0) @boehmite catalyst at different magnifications (catalyst obtained after the reaction)

rationalized this from the increase (50 nm from 35 nm) in Cu(0) metal particles size
by the TEM analysis of the spent catalyst.

Aytam research group reported ex situ-reduced Ni(0)/Al,0;-TiO, catalyst,
derived from Ni-Al-Ti LDH precursor [69]. The mixed metal catalyst has high cata-
Iytic activity for vapor-phase hydrocyclization of LA to Gvl as compared with
Ni(0)/TiO, and Ni(0)/Al,O; (Table 1, entries 24-26). The high concentration of
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Lewis acidic sites (confirmed by DRIFT) along with metallic Ni active sites on the
surface (confirmed by CO pulse chemisorption) in Ni(0)/Al,05-TiO, supports the
higher activity of the material. The Lewis acidity of support (Al,0;-Ti0O,), i.e. peaks
at 1630-1600/cm and 1450/cm, influences the dehydration of LA for the formation
of angelica lactone (path-b mechanism in Scheme 4) which underwent subsequent
hydrogenation to Gvl using active metallic Ni(0). The catalyst was also tested for
transfer hydrocyclization of LA with formic acid as hydrogen donor, resulting in
higher angelica lactone yield compared to desired Gvl which may be due to insuf-
ficient hydrogen (obtained from decomposition formic acid) or deactivation/leach-
ing of active Ni metal under such acidic conditions. The catalyst is active up to 17 h
time-on-stream using molecular hydrogen, and a further increase in time and/or
increase in reaction cycles, a decrease in the conversion of LA is observed due to
carbon (coke formation) deposition on the catalyst.

Transfer hydrocyclization of ethyl levulinate to Gvl using hierarchical multilevel-
supported bimetallic catalyst (derived from Al,O;@NiCuAl-LDH precursor) was
reported [70]. The bimetallic NiCu catalyst with 0.5 Cu/Ni molar ratio resulted in
high activity (89% yield of Gvl) in the presence of isopropanol as hydrogen source
(Table 1, entry 27). Alumina-supported bimetallic catalyst (NiCu) has highest den-
sity of acidic and basic sites. Lewis acidic sites of catalytic material can interact
with carbonyl group of ethyl levulinate through the electron pair on the oxygen
atom and are active for C=0 hydrogenation. The basic sites of the catalyst are also
responsible for MPV reduction and facilitate ethyl levulinate activation.
As-fabricated bimetallic NiCu catalyst has good stability and activity for recycling
studies. The bimetallic catalyst shows no metal leaching and no particle agglomera-
tion during the reaction.

LDH-Supported Metal Catalysts for Hydrocyclization of LA to Gvl

LDH materials as catalytic support were also reported for hydrocyclization of
LA. Venugopal group reported Ru(0)/Mg-La CLDH prepared by impregnation pro-
cedure using RuCl; with Mg-La CLDH in aqueous medium. The Ru(0)-supported
CLDH catalyst was the first basic supported catalyst for this reaction which showed
good catalytic activity (92% LA conversion with >99% Gvl selectivity) in toluene
medium at 80 °C, 5 bar H, for 4 h (Table 1, entry 28) [71]. Furthermore, Rajaram
group also reported Pt-supported Mg-Al CLDH for LA to Gvl conversion in aque-
ous medium at room temperature, 30 bar H, for 24 h with >99% yield of Gvl
(Table 1, entry 29) [72].

Our group reported in situ-generated Ru(0)/MgAI-LDH catalyst from Ru(O/
OH)/LDH and hydrous ruthenium oxide (HRO)/MgAl LDH during the reaction.
The in situ-regenerated catalysts showed remarkable catalytic activity with >99%
yield of Gvl under mild reaction conditions (80 °C, 10 bar H, for 30 min) in water
(Table 1, entries 30 and 31). The Ru(0)/Mg-Al LDH material is prepared by wet
impregnation (Mg-Al LDH with RuCl; solution) followed by in situ reduction dur-
ing the reaction [73]. The main advantage of this invention is to avoid prior
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reduction for preparation of Ru(0) from ruthenium precursor. Prior reduction of
catalysts mostly consumes more energy and sometimes may even be higher than the
input energy used for the reaction.

Cu-supported MgAIl-LDH catalyst (prepared from colloidal deposition method)
was reported by Asiri research group for hydrocyclization of LA to Gvl under
vapour phase using fixed-bed reactor [74]. At optimized conditions, i.e. 260 °C,
10 bar H,, and 30 mL/min H, flow rate, the 3% Cu/MgAIl-LDH catalyst (0.5 g)
showed 87.5% conversion of LA (WHSV = 0.456/h) with 95% selectivity of Gvl
(Table 1, entry 32). Three per cent Cu loading enhances the overall acidity of the
material which initiates the intramolecular esterification of y-hydroxy pentanoic
acid to obtain Gvl. Increasing the temperature to >260 °C decreased the selectivity
of Gvl because of the onset of competing reactions such as the dehydration of LA
to angelica lactone and ring opening of obtained Gvl into valeric acid. The spent
Cu/MgAI-LDH catalyst shows decrease in activity towards the reaction and is asso-
ciated with Cu particle size increment (5.3 nm from 2 nm) due to agglomeration as
well as decrease in the surface area and acidity.

2.2.2 Arylated-y-Lactones from Levulinic Acid and Aromatics

Preparation of arylated-y-lactones (Agvls) was demonstrated by Yonezawa research
group using homogeneous catalysts such as methanesulfonic acid (MsOH), triflic
acid (TfOH) and polyphosphoric acid (PPA) [75]. Among these, triflic acid catalyst
showed the highest yield of corresponding lactones. m-Br anisole, o-Br anisole and
unsubstituted anisole ended with 84, 46, and 81% yields of desired Agvls at room
temperature for 8 h (Scheme 5). However, homogeneous catalysts used are difficult
to remove from the product mixture and pollute the environment while disposing.
Homogeneous acid catalyst needs to be neutralized after reaction with large amount
of bases which demands additional energy and chemical input and increases the
overall process cost.

A patent by Hattori ef al., in JP 2011201847-A, disclosed the preparation of
Agvls from levulinic acid with aromatics using various solid acid catalysts [76]. The
reactions were performed under microwave irradiation in the presence of solvents.
The drawback of this invention is the formation of multiple products under micro-
wave irradiation, rendering poor selectivity for the desired product. Another draw-
back of this invention is the use of microwave irradiation that poses difficulty and
challenges for scale-up operations as these are to be prepared in bulk scale (in ton-
nage) where conventional heating in batch or continuous reactors would be more

O 0

Triflic acid; RT; 8 h O
)J\/\H/OH + Ar-H > U
-H,0 Ar

Arylated-y-valerolactones

(0]
Levulinic acid Aromatics

Scheme 5 Preparation of Agvls from levulinic acid with aromatics using triflic acid
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feasible technologically. Also, various chlorinated high boiling solvents such as
1,2-dichlorobenzene were used that are not environmentally friendly and have recy-
clability issues.

We reported this transformation under solvent-free conditions using conven-
tional heating. Various zeolites were identified for preliminary screening owing to
their properties, i.e. high crystallinity, thermal stability, tunable acidity, reusability
and shape selectivity, which find use in industrially relevant transformations espe-
cially in petrochemicals. Among zeolites screened, Na/H-f, Na-Y, and Na-ZSM-5,
Na-f and H-p were found active for the mentioned conversion. The high activity of
B-zeolite is attributed to its unique pore topology and the presence of local structural
defects through octahedral extra-framework aluminium (AlQg) that render Lewis
acidic properties in the material, resulting in the observed conversion and product
selectivity. H-P zeolite fared better compared to Na-p. Under optimized condition,
the highest yield of y-lactone was obtained with anisole: LA 4:1 molar ratio in the
absence of solvent at 150 °C using 50 wt% catalyst loading after 12 h (Table 2,
entry 1).

Substrate scope was extended from ethoxy to butoxy benzenes. Increasing the
alkyl chain length had a positive effect on LA conversion with a selectivity for para-
substituted y-lactones (Table 2, entries 2—4). Aromatic hydrocarbon cumene did not
participate in the reaction. Inability of the relatively less electron-rich aromatic ring
in cumene to take part in the nucleophilic attack on the carbonyl carbon of levulinic
acid could be a reason for its inactive nature (Scheme 6). The ring electron density
was increased by the lone pair of electron present on the heteroatom and in the sub-
strates with electron-donating substituents. Thioanisole showed 83% selectivity of
para-isomeric y-lactone (Table 2, entry 5). This synthetic protocol was further
explored with 2-methylthiophene and thiophene, which resulted in the selective for-
mation of y-lactone (90% and 80%) with 93% and 96% LA conversion (Table 2,
entries 6 and 7).

Recyclability of H-P catalyst was also studied. Organic carbon that adhered to
the used catalyst (UH-p) surface was removed by calcination in air at 550 °C for 3 h.
The used calcined catalyst (UH-BC) and fresh H-p catalyst showed comparable
yield and selectivity for the synthesis of y-lactone. A scalability study at 10 g of LA
with anisole showed an increase in y-lactone yield with time. After 6, 12, 18 and
24 h, 38, 62, 80 and 90% yield of para-substituted y-lactone was obtained with 95,
94, 92 and 90% selectivity, respectively.

Mechanistic investigation for the formation of Agvls (Scheme 6) suggests that
the lone pairs of the keto carbonyl group of LA interact with Lewis acidic sites of
aluminium in zeolitic framework, present due to local defects [77, 78]. A partial
positive charge generated on the keto carbon is responsible for the nucleophilic
attack resulting in the formation of y-hydroxy pentatonic acid intermediate. This
unstable species underwent intramolecular esterification to y-lactone on removal of
water [79]. The higher activity of H-P zeolite compared to Na-f is possibly due to
the presence of Bronsted acidic protons on H-f zeolite.
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Table 2 Synthesis of Agvls from LA with various aromatics using H- zeolite catalyst*
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and yield.

LA to aromatic molar ratio is 1:4 (LA (4.3 mmol), aromatics (17.2 mmol)), H-p (50 wt%
w.r.t. LA), 150 °C for 12 h

"Conversion of LA

‘Isolated yield of Agvls

4110 °C
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'GC-MS conversion and yield

2.2.3 Synthesis of 4,4-Diryl-Substituted Pentanoic Acid/Esters
from Levulinic Acid and Aromatics

Preparation of Diphenolic Acid

Bisphenol A (BPA), a popular plasticizer prepared from the acid-catalysed conden-
sation of phenol and acetone (2:1 ratio), is a commercial polymer precursor, used
for thermoplastic polymers, polycarbonates and epoxy resins and is also used in the
making of paper currencies by several countries [80, 81]. Diphenolic acid (DPA), a
structural analogue and a potential alternate to BPA, is a lignocellulose-derived
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Scheme 6 Mechanistic pathway for Agvls formation from LA with anisole using B-zeolite

bisphenol having diaromatic-substituted moiety as 4,4-bis(4-hydroxyphenyl)valeric
acid, prepared on condensation of LA with phenol under acid-catalysed reaction
(Scheme 7) [82]. Many catalysts are reported for this conversion. Initially, the reac-
tion was reported with Bronsted mineral acids (H,SO, and HCI) [83]. However,
these are toxic and corrosive, and hence homogeneous mineral acids were replaced
by insoluble heterogeneous catalysts.

The insoluble cesium-substituted Keggin-type heteropolyacid such as
Cs, sHy sPoW 304, showed 70.5% yield of DPA with 88% selectivity of p,p’-DPA
isomer at 150 °C, molar ratio of phenol to LA 4:1 for 10 h [84]. The heteropolyacid
catalyst revealed good reusability for three repetitive runs.

A water-tolerant solid acid catalyst, i.e. mesoporous H;PW,,0,/SBA-15
(obtained from sol-gel co-condensation), has been reported for DPA synthesis [85—
87]. The H;PW,0,0/SBA-15 has high surface area, well-defined pore size and uni-
form distributed catalytic sites. The SBA with 15.7% loading of H;PW,,0,, showed
better activity towards the reaction, 80% conversion of levulinic acid with 2.9:1
ratio of DPA (p,p”) isomer to DPA (o,p”) isomer. The high pore size of catalytic
material facilitates the accessibility of the reactive sites in the framework for the
reactants. The H;PW,0,0/SBA-15 catalyst is regenerated by calcination (420 °C)
and was recycled for five reaction cycles with almost similar catalytic activity.

Sels research group reported a new class of acid catalyst, i.e. sulfonated hyper-
branched poly(arylene oxindoles) (SHPAOs) in combination with thiol co-catalyst.
Using SHPAO catalyst, various thiol compounds, e.g. benzylthiol, ethanethiol,
1-propanethiol, 1-butanethiol, 2-propanethiol and 2-methyl-2-propanethiol, were
explored at 200 °C for 16 h under inert atmosphere and absence of solvent [88, 89].
The less sterically hindered co-catalyst/additive ethanethiol showed high yield of
DPA (52.9%) with high selectivity of p,p” isomer (19.5 ratio of the p,p’-DPA to the
o,p’-DPA isomer). The role of thiol promoter in catalytic mechanism cycle is men-
tioned in Scheme 8.
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High yield of DPA has been reported using Bronsted acidic ionic liquids (BAILs)
as catalyst [90]. The combination of ionic liquid and propanethiol showed 91%
yield of DPA including high selectivity of p,p’-DPA isomer (ratio of p,p’/o,p" is
>100) at 60 °C for 48 h (Scheme 9). The catalytic system is also applied for the
preparation of diphenolic esters by reacting alkyl levulinates with phenol. The alkyl
levulinates, methyl, ethyl and n-butyl, gave 57%, 58% and 75% yield of corre-
sponding diphenolic esters, and diphenolic acid was observed as the side product.
Interestingly, high yield of diphenolic esters was observed using levulinic acid as
the reactant in a suitable alcoholic medium. Methanol, ethanol and n-butanol
resulted in 87%, 83% and 86% yield of the corresponding diphenolic esters, and a
minor yield of diphenolic acid (2-6%) was reported. The catalytic system had good
stability and was recyclable for four reaction cycles, with a minor decrease in the
product yield.

Recently, Shen et al. reported different acid catalysts for this conversion such as
[BSMim]OAc, as [BSMim]CF;SO;, [BSMim]HSO,, [Bpy]HSO,, [AMim]Br,
[BMin]Cl, NH;SO;H, p-TSA and HCI at 60 °C, 24 h, LA to phenol (1:4) ratio,
50 mol% of catalyst and 1 mol% ethanethiol w.r.t LA. Among them, [BSMim]CF;SO;
and [BSMim]HSO, resulted in 100% selectivity for p,p’-DPA with 81 and 75%
conversion of LA. At optimized condition, [BSMim]HSO, showed 93% conversion
with desired p,p’-DPA as the only product [91].

Preparation of 4,4-Bis(5-Methylfuran-2-yl) Pentanoic Acid and Esters

Zhang research group disclosed the acid-catalysed preparation of v,y-di-2-
methylfuran pentanoic acid (4,4-bis(5-methylfuran-2-yl) pentanoic acid) and its
esters from levulinic acid and its derivatives (angelica lactone and ethyl levulinate)
with 2-methylfuran by hydroxyalkylation-alkylation (HAA) (Schemes 10 and 11)
[92, 93]. Nafion-212 resin showed good catalytic activity towards the desired prod-
uct. At reaction conditions (50 °C for 1 h), angelica lactone showed high yield of
HAA product with 81.3%, wherein 12.0% and 4.8% yield of HAA product was
reported from ethyl levulinate and levulinic acid. The reusability of Nafion-212
resin was investigated for six reaction cycles with marginal decrease after the third
run, attributed to handling loss of the catalyst.
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Scheme 10 Hydroxyalkylation-alkylation of ethyl levulinate with 2-methylfuran

The product from HAA reaction, i.e. 4,4-bis(5-methylfuran-2-yl)pentanoic acid,
is converted into 4,4-bis(5-methyl-tetrahydrofuran-2-yl)pentan-1-ol intermediate
by hydrogenation over 5% Pd/C catalyst. The substituted pentanol is converted into
liquid alkanes ((Cy—C;s diesel range alkanes (81-82%), Cs—C; gasoline range
alkenes (10-11%) and C,—C, alkanes (1-2%)) through hydrodeoxygenation using
again 5% Pd/C catalyst under continuous flow (Scheme 12) [92].

Preparation of (4,4-Bis(5-Methylthiophen-2-yl)pentanoic Acid

Our group reported the preparation of (4,4-bis(5-methylthiophen-2-yl)pentanoic
acid denoted as bisthiophenic acid-methyl (BTA-M)) from levulinic acid with
2-methylthiophene for the first time using solid acid catalysts (Scheme 13). Among
the catalysts used such as zeolites, clay and resins, the resin catalysts (Indion-190
and Amberlyst-15) were more active. Indion-190, an inexpensive resin catalyst,
showed 98% selectivity and 99% conversion (based on LA) of BTA-M under opti-
mized solvent-free reaction conditions, i.e. levulinic acid to 2-methylthiophene
molar ratio is 2.5, 30 wt% of Indion-190 catalyst w.r.t LA, 110 °C for 6 h. The
recyclability of Indion-190 for the preparation of BTA-M was demonstrated for
three reaction cycles with a slight decrease in the conversion of reactants.
Preparation of alkyl 4,4-bis(5-methylthiophen-2-yl)pentanoate (bisthiophenic
alkyl esters-methyl (BTAE-M)) from levulinic esters (methyl, ethyl and butyl) with
2-methylthiophene using Indion-190 catalyst was also attempted (Scheme 13). In
the presence of methyl and ethyl levulinates, high conversion (99 and 94%) and
good selectivities of related products methyl 4,4-bis(5-methylthiophen-2-yl)pen-
tanoate (96%) and ethyl 4,4-bis(5-methylthiophen-2-yl)pentanoate (95%) were
observed. Under similar conditions, butyl levulinate showed less conversion (13%)
with poor selectivity of butyl 4,4-bis(5-methylthiophen-2-yl)pentanoate (38%).
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This poor conversion may be due to the bigger size of butyl levulinate, which is
sterically precluded from interacting with the acidic active sites of the catalyst.

The applications of BTA-M and BTAE-M were explored in various domains. We
tested BTA-M compound as lubricant, plasticizer and antioxidant and antibacterial
agent. Surprisingly, the molecule showed good applicability in the field of polymers
as plasticizing agent. Moreover, the compound has good antioxidant property.

3 5-Hydroxymethylfurfural

5-Hydroxymethylfurfural (HMF) is an organic compound which was first identified
in 1875 as an intermediate product during the synthesis of LA from sugar under
sulphuric acid treatment. Mainly, HMF is considered as a platform chemical for the
synthesis of bio-based fuel additives and polyester building blocks.

3.1 Preparation of 5-Hydroxymethylfurfural

In principle, HMF preparation Fructose dehydration to HMF conversion mecha-
nism is simple, i.e. removal of three water molecules from hexose using an acid
catalyst. However, practically synthesizing HMF is quite complicated because of
the side reactions under acidic medium, i.e. hydration of HMF to LA with formic
acid as a byproduct and homo-polymerization of HMF into poly-furanics which
result in poor yield of HMF. According to the literature, cellulose or starch can be
converted to HMF in three steps as follows:

1. Acid-catalysed hydrolysis of cellulose or starch into glucose monomeric units.
2. Acid-catalysed isomerization of glucose to fructose.
3. Acid-catalysed dehydration of fructose to HMF.

The key to achieve good yields of HMF is to choose the best catalyst, and the
reaction condition simultaneously should suppress the formation of byproducts.
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3.1.1 Catalytic systems reported for Fructose Dehydration to HMF

According to the literature, there are two dehydration mechanistic pathways, result-
ing in cyclic and acyclic intermediates [94]. However, cyclic pathway is well
accepted around the scientific community (Scheme 14). Many catalysts were
reported for this conversion including mineral/organic acids, metal salts/oxides, het-
eropolyacids, functionalized carbon materials, ion-exchange resins, clay and zeo-
lites. The summarized reports of each type of catalytic materials are discussed in the
following sections.

Mineral and Organic Acids

Mineral acid (HCI, H;PO,, H,SO,)-catalysed homogenepus catalytic reactions are
reported in batch and continuous flow conditions (Table 3, entries 1-5) [95-100].
High HMF conversion rate was observed regardless of the nature of the acid, and it
is well known that H* ions are responsible for the dehydration reaction. Using min-
eral acid catalysts, the difference in the selectivity of HMF is observed by varying
medium and anions associated with the acids [95].

In continuous micro-reactor system using HCI catalyst, 96% conversion of fruc-
tose with 85% selectivity of HMF in mixed solvents (MIBK/2-butanol +
H,O + DMSO) was reported (Table 3, entry 1). H,SO, and HCI showed excellent
yield of HMF, i.e. 95 and 97% in the presence of ionic liquid (Table 3, entries 2 and
3). 67% yield of HMF was observed with H;PO, as catalyst in [BMIM]CI ionic
liquid (Table 3, entry 4). Fructose in DMSO medium using formic acid catalyst
afforded maximum yield of HMF (99%) (Table 3, entry 5). Practical problems
observed in making HMF using mineral acids as catalyst are corrosion of reactor
vessel and product separation.

Metal Salts

Lewis acidic metal chlorides were found to be excellent materials for acid-catalysed
dehydration of fructose for HMF production. AICl;, catalysts from lanthanide
group, chromium chloride, zinc chloride, lithium chloride, niobium chloride, indium
chloride and cupric chloride were also employed as catalysts in DMSO, water, sul-
folane and ionic liquids like [BMIM]CI and [EMIM]CI solvents (Table 4, entries
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Scheme 14 Proposed mechanism for the dehydration of fructose to HMF using acid catalyst

1-9) [101-109]. The highest yield of HMF was observed with LaCl; and CrCl;
(92.6 and 96%). Other metal salts afforded good to moderate yield of HMF and
some of them were recyclable, e.g. AICl; and InCls.

In a noticeable study, our group reported that the synergism among alumina,
metal salt and solvent played an important role in the direct conversion of glucose
to HMF. Alumina helped in the isomerization of glucose to fructose, while copper
chloride and solvent promoted fructose dehydration to HMF (Scheme 15). Using
this catalytic system, several carbohydrates were chosen for the preparation of HMF
such as glucose, fructose, galactose, cellobiose, sucrose and starch (Table 4, entries
10 and 11) [110]. Reaction at higher glucose concentration (50 wt% w.r.t to DMSO)
was carried out at 140 °C. The HMF yield was 52% with the retention of efficiency
even at high substrate concentration.
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Table 3 Fructose dehydration to HMF using homogeneous mineral and organic acid catalysts

Wt. of Temp Conv. | Sel. | Yield

Entry | fructose | Catalyst Solvent (°C) | Time | (%) |(%) | (%) |References

1 30 wt% | HCl MIBK/2- 185 |1 min |96 85 |82 [96]
(0.1 M) butanol +

H,O + DMSO

2 lg H,SO, [BMIM]CI 120 |30 min | 100 |95 |95 [97]
(40uL, 0.75 | (20 g)
mmol)

3 04¢ HCl [BMIM]CI 80 8 min | — - 97 [98]
(0.2 mmol) | (4.0g)

4 180 mg | H;PO, [BMIM]CI 80 1h - - 67.2 | [99]
(1 mmol) (10 mmol)

5 36¢g 10 mol% DMSO (8ml) |[150 |8h - - 99 [100]
HCOOH

Metal Oxides

Inexpensive metal oxides were extensively studied for fructose dehydration in dif-
ferent solvent systems (Table 5). Armaroli et al. reported niobium phosphate as het-
erogeneous catalyst for this dehydration reaction in water as solvent medium.
Although the conversion level is low, selectivity (100%) towards HMF was excel-
lent, and the catalyst was reusable for four cycles (Table 5, entry 1) [111]. Carniti
group demonstrated fructose to HMF dehydration reaction in a continuous flow
reactor system using silica-niobia mixed metal oxide catalyst (Table 5, entry 2) [112,
113]. The mentioned fixed-bed reactor system was operational up to several hundred
hours, but the selectivity and yields were very low. At high temperature (175 °C),
silicoaluminophosphate catalyst yielded 80% HMF at 1 h and was reusable up to
five cycles (Table 5, entry 3) [114]. Binary mixtures of solvents (water +2-butanol)
was reported using tantalum hydroxide (treated with 1 M phosphoric acid) as a cata-
lyst at 160 °C and afforded 90% yield of HMF (Table 5, entry 4). Catalyst recy-
clability experiments were done by washing the used catalyst several times with
water followed by oven drying overnight and used for further reaction cycles [115].
Saha research group discussed self-assembled mesoporous titania microspheres for
this dehydration reaction in binary solvent system, i.e. dimethylacetamide and 10%
lithium chloride with 74.2% yield of HMF (Table 5, entry 5). Lewis acidic TiO, is
responsible for the glucose to fructose conversion, and lithium chloride was respon-
sible for fructose dehydration [116]. Sulphated zirconia (prepared by impregnation
with H,SO,) reported moderate HMF yield (72.8%) from fructose in acetone-DMSO
medium under microwave irradiation (Table 5, entry 6) [117].
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Scheme 15 Conversion of glucose to HMF using combination of ALO; and CuCl, in
DMSO medium

Heteropolyacid (HPA)-Based Catalysts

Heteropolyacids are a class of strong acids having certain metal or non-metal-based
oxo-anionic clusters in the system. Due to their excellent physicochemical proper-
ties, Keggin structure, thermal stability and high acidity, they have been extensively
reported as catalysts for acid-catalysed organic transformations including dehydra-
tion reactions [118-120]. Xiao et al. demonstrated that H;PW,0,, and H,SiW ,0,,
are highly efficient catalysts for this dehydration reaction using 1-butyl-3-
methylimidazolium chloride [BMIM]CI as a solvent. HMF was obtained with 99%
yield in only 5 min at 80 °C under microwave irradiation condition (Table 6, entry
1) [121].

Jiang group reported a novel water-tolerant C,sH;PW,,CrO;, catalyst, prepared
from cetyltrimethyl ammonium salt of transition metal (Cr")-substituted polyoxo-
metalate (C16-cetyltrimethyl ammonium). The novel catalyst showed moderate
performance even at high concentration of fructose (30 wt%) (Table 6, entry 2)
[122]. The high catalytic activity at concentrated fructose solution is due to the
coexistence of Lewis and Bronsted acidic sites and also the hydrophobic groups
present in the catalyst.

Wang research group found an economic and environmental friendly method for
obtaining HMF from fructose using Cs, sH,sPW,0,, catalyst in a biphasic system
(water + MIBK). Seventy-four per cent yield of HMF with 94.75% conversion of
fructose at 115 °C for 1 h was reported, and the catalyst was reported to be effective
up to high concentrations of fructose (50 wt%) as well (Table 6, entry 3) [123].
Silver ion exchanged phosphotungstic acid (Ag;PW,0,0) also proved to be an
excellent catalytic system for fructose dehydration to HMF (Table 6, entry 4) [124].
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To overcome the difficulty in separation and large usage of ionic liquids (ILs), HPA-
ILs composites were developed for this acid-catalysed dehydration reaction. Such a
system was reusable at least five times (Table 6, entry 5) [125]. Ganji recently
reported tin-loaded silicotungstic acid (Sn-STA-2) by hydrothermal microwave
treatment which showed good conversion and yield of HMF in DMSO medium. The
surface acidity of the catalyst (Sn-STA-2) plays a crucial role for optimum catalytic
activity (Table 6, entry 6) [126].

Ton-Exchange Resins

Ion-exchange resins are insoluble solid matrix/support normally in the form of
0.5-1 nm size beads or balls. The appearance varies from yellow, brown and faded
black colour, made from organic polymeric substrate. Predominantly, two main
classes of ion-exchange resins are available, styrene-based sulfonic acid resins and
Dow-type resins [127, 128]. The resin catalysts show high catalytic activity towards
many acid-catalysed reactions. Hence, the researchers explored them for the dehy-
dration of fructose to HMF. A comparative study was done by Nijhuis group with
acidic heterogeneous catalysts like alumina, aluminosilicate, zirconium phosphate,
niobic acid, ion-exchange resin, Amberlyst-15 and mordenite (MOR)-zeolite for
fructose dehydration to 5-hydroxymethylfurfural (HMF) in aqueous medium. It was
reported that the order of Bronsted acidity contributing to the dehydration reaction
is Amberlyst-15 > MOR>ZrPO, > SiO,-AL,O; > Nb,Os > Al,O;. The authors con-
cluded that HMF selectivity correlates with the presence of Bronsted acidity in
Amberlyst-15 and zeolite-MOR catalysts, whereas Lewis acidity is responsible for
the decreased HMF selectivity due to the initial condensation of fructose to humins
over Lewis acidity (Table 7, entry 1) [129].

Mu group extensively studied fructose dehydration in low boiling solvents using
Amberlyst-15 acidic resin catalyst and yielded approximately 50% HMF (Table 7,
entry 2) in THF medium and in binary mixture of solvents (THF and methanol).

Table 7 Fructose dehydration to HMF using resin catalysts

Wt. of Tem. Conv. |Sel. | Yield

Entry | fructose | Catalyst Solvent (°C) | Time | (%) (%) | (%) Reuse | References

1 20g Amberlyst-15 H,O 135 400 m | ~31 ~54 | ~17 |- [129]
42 (300 mL)

2 025¢ Amberlyst-15 | THF 120 |20m |98 49 48 11 [130]
(0.29 ) (10 mL)

3 9¢g Amberlyst-15 | Dioxane |100 |3h 98 82 80 5 [131]
(10 g) (100 mL)

4 0.38¢g Amberlyst-70 | DMSO 140 | 1h 100 93 93 3 [132]
(0.20 mmol H*) | (5.0 g)

5 04¢g Amberlyst-15 | DMSO 120 | 1h 100 82 82 7 [133]
0.1 g) (3 mL)
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HMEF along with 5-methoxymethylfurfural (MMF) were obtained with an increase
in the total yield to 65%. Using methanol as solvent, etherification was initiated as
HMEF was converted into MMF with 37% yield (Table 7, entry 2) [130]. Commercially
attractive process for the production of HMF from high fructose corn syrup was
developed by Jeong et al. They found 1,4-dioxane to be a promising solvent media
after screening various solvents using Amberlyst-15 a solid acid catalyst. HMF
yield was 80% with the reusability of the catalyst up to five times and solvent recy-
cled after simple distillation (Table 7, entry 3) [131]. Morales group reported high
sulfonic acid-loaded acidic resin as a heterogeneous catalyst for the dehydration of
fructose to HMF in DMSO, yielding 93% of HMF in 1 h (Table 7, entry 4). The
authors also studied this reaction with glucose as a starting material, which yielded
33% HMEF in 24 h. In this case, DMSO as a solvent played an important role in
dehydrating glucose to anhydroglucose which facilitated the production of HMF by
reducing side reaction [132].

A study done by our group showed the influence of DMSO and dimethylfor-
mamide (DMF) on the recyclability of Amberlyst-15 catalyst for the dehydration of
fructose to HMF. In case of DMSO as a solvent, stable activity of the catalyst is
noted, whereas in DMF, significant loss of activity is observed up on recycling. The
loss of activity in DMF is due to the neutralization of acidic sites by the formation
of ammonium ions which was inferred from FT-IR and CHNS studies. To regener-
ate the catalytic activity, dilute acid treatment was required (Table 7, entry 5) [133].

Functionalized Carbon Materials

High stability of carbon materials and complementary properties on hydrophobicity
have resulted in the use of mainly sulfonated carbonaceous materials as solid cata-
lysts for fructose dehydration to HMF. Wang group reported a carbon-based solid
acid, prepared from glucose and p-toluenesulfonic acid (TsOH), and used for cata-
lytic dehydration of fructose into HMF (91.2% yield). The catalyst was active in
DMSO at 130 °C for 1.5 h (Table 8, entry 1). Moreover, this catalyst showed a good
reusability for five reaction cycles [134]. Huang et al. reported cellulose-sulphuric
acid as catalyst, prepared from cellulose treated with chlorosulfonic acid. The recy-
clable solid acid catalyst revealed high yield (93.6%) of HMF in DMSO for 45 min
(Table 8, entry 2) [135].

A series of sulfonic acid-functionalized carbon materials (C-SO;H), including
poly(p-styrenesulfonic  acid)-grafted carbon nanotubes (CNT-PSSA), poly(p-
styrenesulfonic acid)-grafted carbon nanofibers (CNF-PSSA), benzenesulfonic acid-
grafted CMK-5 (CMK-5-BSA) and benzenesulfonic acid-grafted carbon nanotubes
(CNT-BSA), was studied for this conversion. Among these functionalized carbons,
CNT-PSSA showed exceptional catalytic activity and afforded 89% HMF yield (Table 8,
entry 3). This excellent catalytic activity is due to the high Bronsted acid strength which
is confirmed by potentiometric acid-base titration and ion chromatography [136].

Russo et al. adopted a simple synthetic procedure for the preparation of carbon-
silica composite activated with SO;H groups by acid treatment with different acid
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concentration. The reaction carried out in the binary solvent mixture (ethanol-water)
at 170 °C for 1 h resulted in fructose conversion up to 78% with 43% yield of HMF
(Table 8, entry 4) [137]. The authors claimed that increase in the ratio of surface
activating agent and mass of carbon precursor eventually increases the acid strength
of the catalyst, and this is also accompanied by the creation of mesoporosity which
increases the accessibility of the reactants towards the active sites. Zhu research
group reported graphene oxide as a catalyst for this conversion. In this work, a
series of co-solvents were employed with DMSO. 20 vol% 2-proponal (with DMSO
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80 vol%) binary solvent system yielded 90% HMF (Table 8, entry 5). The authors
revealed that a small number of sulfonic groups and abundance of oxygen-containing
groups (alcohols, epoxides, carboxylates) play a synergic role in maintaining the
high performance of graphene oxide [138].

Clay and Zeolitic Materials

Zeolites are microporous aluminosilicates widely used as commercial adsorbents,
more particularly in gas adsorption and bearing worldwide application as industrial
catalysts. Zeolites have large open cage-like structure that form channels, having
large pore size and high surface area which greatly allow the reactants into the zeo-
lite framework and result in good catalytic activity. This property of zeolites culmi-
nated in their classification under the materials known as “molecular sieves”.
Zeolites are more advantageous over other solid acid catalysts, having advantages
like easy separation compared to homogenous catalysts, catalyst regeneration upon
high temperature treatment and stable at high temperature in aqueous condition
compared to ion-exchange resin catalysts. Some highlighted results of fructose
dehydration investigated using zeolite catalysts and listed in Table 9.

Moreau et al. performed dehydration of fructose into 5-hydroxymethylfurfural
in a batch mode in the presence of H-form of zeolites as catalysts at 165 °C and in
a binary solvent mixture consisting of water and methylisobutylketone (1:5 by vol-
ume). The catalytic activity observed depended on both the acidic sites and struc-
tural properties of the catalyst used. Good selectivity towards HMF was achieved
using mordenite-zeolite catalyst with the Si/Al ratio—11 (Table 9, entries 1 and 2).
The high selectivity obtained was correlated by shape-selective properties of cata-
lyst which can be reused for several runs after thermal treatment without consider-
able loss in activity [139, 140].

Zhang group discussed the preparation of novel zeolite microspheres for the
dehydration of fructose to HMF. They adopted a simple synthetic procedure named
polymerization-induced colloid aggregation (im-PICA) for the preparation of zeo-
lite microspheres (ZMSs) with a hierarchical porous structure and uniform particle
size. As expected, these zeolite microspheres afforded good yield of HMF (77%)

0 0 0 0]
0 HNO, 0 CH,OH 0 _ HCHO; HCI o _
H—> OH— > 0 > ©
\ \ /) \ /) ZnCl, \ /

Scheme 18 Preparation of FDCA from furfural
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(Table 9, entry 3) [141]. The catalytic activity of Sn-montmorillonite (mont) was
explored towards this conversion in DMSO-THF binary mixture of solvents, and the
HMF yield was 78% in 1 h at 160 °C from fructose (Table 9, entry 4) [142]. The
aluminium-exchanged montmorillonite-K-10 clay was found to be an efficient cata-
lyst for the dehydration of fructose to HMF in DMSO solvent with 93.2% yield at
120 °C in 3 h (Table 9, entry 5) [143]. Yang et al. provided a green and economic
pathway for the conversion of fructose to HMF using natural clay attapulgite (ATP)
in a 2-butanol-water system. The highest activity was observed with phosphoric
acid-treated attapulgite (ATP-P) catalyst. This excellent activity was attributed to
the appropriate amount of Bronsted acidic sites which brought the HMF yield of
96.3% (Table 9, entry 6) [144].

3.2 Applications of 5-Hydroxymethylfurfural

HMF is a multifunctional molecule which can undergo many organic transforma-
tions, for example, oxidation, hydrogenation, etherification, hydrodeoxygenation,
hydration, decarboxylation, hydrogenation-hydrogenolysis and esterification, with
several high value-added products as mentioned in Scheme 16. Thus, HMF is known
as the “sleeping giant” in the field of biomass and is a common building platform
reported in the survey by DOE and EU.

Among the applications FDCA conversion of HMF, the selective oxidation prod-
uct FDCA is attractive in the present scenario as it is a precursor for polyethylene
furanoate (PEF), a suitable alternative for the replacement of fossil-based tere-
phthalic acid (TPA)-derived polyethylene terephthalate (PET) for making plastics
(Scheme 17) [145]. Unfortunately, HMF is not stable for long periods under ambient
conditions, though pure HMF remains stable up to 8 months under freezing condi-
tions. Presence of small impurity promotes the formation of dimer and oligomers.
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Table 10 Oxidation of HMF using non-Ru-supported catalysts

S. Gundekari et al.

HMF DFF
T (°C)/t | con. FDCA yield
Entry | Catalyst Solvent | Base (h) (%) yield (%) | (%) References
Non-noble catalysts
1 Cu-MnO, MeOH |- 140/5 75 - 51 [146]
2 2-C;N;-TiO, | ACN - RT/4 52 - 42'S [147]
3 MnO, H,O NaHCO; | 100/24 |99 91 - [148]
4 MnO,-CeO, | H,O KHCO; | 100721 |98 91 - [149]
5 Mny5Coy 50 EtOH |Na,CO; | 140/2 42 - 98 S [150]
6 V,0,/CP DMSO |- 140/5 100 - 80 [151]
7 Co/Mn/Br H,0/ - 160/0.5 |99 83 - [152]
OAc
8 Fe;0,@C@Pt  H,O Na,CO; | 90/10 100 100 - [153]
9 CuOCeO, H,O - 110/3 99 - 99 [154]
FFCA
10 NNC-900 H,O K,CO;, 80/48 100 80 - [155]
11 Mng;s/Fegos | H,O NaOH 90/24 99 21 79 [156]
FFCA
12 Fe;0,-CoO, | DMSO |- 80/12 97 68 - [157]
13 Fe-POP-1 H,0 - 100/10 | 100 79 [158]
14 1 wt% DMSO |- 125/3 84 - 82 [159]
V,0s/H-beta
15 Holey 2D H,O NaHCO; | 100724 | 100 99 - [160]
Mn,O;
Noble metals
16 Pt-Bi/C H,O 2 equiv. | 100/6 100 99 - [161]
Na,CO;
17 Pd/PVP H,O 1.25 90/6 99 90 - [162]
equiv.
NaOH
18 Au/HY H,0 5 equiv. | 60/6 99 99 - [163]
NaOH
19 S wt% H,0 NaHCO; | 100/3 98 98 - [161]
Bi-Pt/C

3.2.1 History of FDCA Synthesis

FDCA was first produced from the dehydration of mucic acid in the presence of
strong acid (48% HBr) by Fitting ez al. This conversion is industrially un-attractive
due to high cost of starting material, long reaction time and relatively high reaction
temperature. Further, a process was developed from xylose-derived furfural.
Unfortunately, this pathway was also aborted due to the multistep synthesis includ-
ing a number of intermediates (Scheme 18). Thus, the researchers strived to look for
the alternative, efficient and economical pathway for the production of FDCA [145].
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Table 11 Selective oxidation of HMF to FDCA using Ru-supported catalysts
HMEF conv. FDCA yield
Entry | Catalyst Solvent T(C)/t(h) | (%) (%) References
1 Ru(OH)x/CeO, |H,O 140/20/18 | - 60 [164]
2 Ru/C H,O 140/1 99.9 23.7 [165]
3 Ru/y-Al, 04 H,O 140/1 324 0
4 Pd/C H,O 140/1 35.1 0
5 Pt/C H,O 140/1 100 56.3
6 Ru/CTF H,O 140/1 100 41.4
7 Ru/CTF H,O 140/3 100 77
8 Ru/C + NaOH | H,O 120/5 100 69 [166]
9 Ru/C + K,CO; | H,O 120/5 100 80
10 Ru/C + Na,CO; | H,0 120/5 100 93
11 Ru/C + HT H,O 120/5 100 90
12 Ru/C + CaCO; | H,O 120/5 100 95
13 Ru/C H,O 120/10 100 88
14 Ru/MnCo,0, H,O 120/10 100 99.1 [167]
15 Ru/CoMn,0, H,O 120/10 100 82.2
16 Ru/MnCo,CO; | H,0 120/10 99.9 69.9
17 Ru/MnO, H,O 120/10 98.8 31.1
18 Ru/CoO H,O 120/10 91.1 17.8
19 ZrP-Ru H,O 110/12 14 11 [168]
20 ZrP-Ru MeCN 110/12 19 20
21 ZrP-Ru Ethanol 110/12 20 48
22 ZrP-Ru DMSO 110/12 39 27¢
23 ZrP-Ru MIBK 110/12 55 19°
24 ZrP-Ru Toluene 110/12 91 264
25 ZrP-Ru p-Cl 110/12 95 28
toluene
26 ZrP-Ru + K,CO; | p-Cl 150/6 100 348
toluene
27 Ru/ZrO,y-SBA | H,O 120/16 97 87 [169]
28 Ru/ZrO, y-aero | H,O 120/16 100 97:
29 Ru/MgAIO H,O 140/4 100 99 [170]
30 Ru/MgO H,O 140/4 80 58
31 Ru/La,0; H,O 140/4 4.6 0.8
32 Ru/CeO, H,O 140/4 89 7.0
33 Ru/ZrO, H,O 140/4 100 0
34 Ru/HAP H,O 120/1 100 >99 [171]
35 Pt/CNT H,O 100/12 100 98 [172]
36 Pd/CNT H,O 100/12 100 96
37 Ru/CNT H,O 100/12 100 93
38 Co/CNT H,O 100/12 97 96"
39 Ni/CNT H,O 100/12 97 920

(continued)
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Table 11 (continued)

HMEF conv. FDCA yield
Entry | Catalyst Solvent TCC)/t(h) | (%) (%) References
40 CNT H,0 100/12 86 86°
Selectivity of FDCA
"DFF
‘FFCA

3.2.2 Selective Oxidation of 5-Hydroxymethylfurfural
to 2,5-Furandicarboxylic Acid

Several furanic derivatives can be obtained via catalytic oxidation of HMF, includ-
ing 2,5-diformylfuran (DFF), 5-formyl-2-furancarboxylic acid (FFCA), 5-hydroxy
methyl-2-furancarboxylic acid (HFCA) and 2,5-furandicarboxylic acid (FDCA).
Among these multiple oxidation products, an efficient and selective preparation of
FDCA is a challenging task. The reaction scheme of HMF to FDCA is mentioned in
Scheme 19.

Selective oxidation of HMF to FDCA is advantageous because it is a one-pot
synthesis. Conversion of HMF to FDCA was demonstrated using several homo-
geneous catalysts such as KMnO,4, HNO;, Co(OAc),, Mn(OAc),, Zn(OAc),,
CuCl,, etc. [145]. Working with homogeneous catalyst has some drawbacks
like reduced FDCA yield, side products, cumbersome separation and purifica-
tion of product from reaction mixture, use of additives and reusability of the
catalyst.

Oxidation of HMF to FDCA was demonstrated extensively using various het-
erogeneous catalysts with molecular oxygen (O,), air, H,O, #-BuOOH and
KMnO, as oxidants, but researchers mostly prefer molecular oxygen due to its
high oxidation potential, low cost and environmentally benign nature. Non-noble
mono-metal or its mixed metal oxide heterogeneous catalysts from Mn, Co, Fe,
Ce, Cu and Li are reported for this oxidation reaction with base or under base-
free conditions (Table 10, entry 1-15). Among the non-noble metal-containing
catalysts, Fe, Mn and Ce metal oxides were exclusively reported for this conver-
sion in organic, aqueous and ionic liquid medium with moderate to good yields
of FDCA. For further improvement in FDCA selectivity, researchers developed
many noble metal (Au, Rh, Pt, Pd and Ru) catalytic systems under base or base-
free aqueous medium using O,/air oxidant (Table 10, entry 16-19 and Table 11).
Even though good yields were achieved using Rh and Pt, these expensive materi-
als increased the cost of the end product. Au, Pd and a combination of these met-
als as catalysts showed high activity using base additive at mild reaction
conditions and short time as compared with base-free reaction set-ups. Moreover,
according to the recent analysis, the Pd metal price raised by 400%, and this pre-
cious metal is now $1351.40 for 25 g, and hence more expensive than platinum
($792.30).

Recently, Ru-based catalysts are becoming attractive towards this oxidation, as
there are several advantages behind it: stability in aqueous medium, high selectivity
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of FDCA at relatively milder reaction conditions (preferably low O,/air pressure),
base-free and availability of multiple Ru species such as Ru(0), oxide and hydrox-
ide. Moreover, the price of Ru is comparatively less than other noble metals.
Important findings for the HMF oxidation to FDCA using Ru metal-supported cata-
lysts preferably under aqueous base-free medium are covered in the following
section.

3.2.2.1 Preparation of FDCA from Selective Oxidation of HMF over
Supported Ru Catalysts and its activity comparison with other metal
catalysts

Gorbanev et al. studied Ru(OH), catalyst on different oxide supports such as TiO,,
AlLO;, Fe;0, ZrO,, CeO, MgO, La,0O;, hydrotalcite, hydroxyapatite and
MgO. La,0; for conversion of HMF into FDCA in aqueous medium, under base-
free condition with low to moderate oxygen pressure [164]. ZrO,- and Al,Os-
supported catalysts induced the formation of formic acid as side product. Fe;0, and
hydroxyapatite supports showed good selectivity of the desired product; however, in
both cases, the observed mass balance of the reaction was low, due to the formation
of solid humins in the course of the reaction. Even though good selectivity of FDCA
was achieved using basic Mg oxide supports such as MgO, Mg0O.La,0; and hydro-
talcite, the authors found leaching of Mg in the reaction medium. Compared with
TiO,, CeO, support showed high conversion and selectivity; at 140 °C, 2.5 bar O,
for 18 h,Ru(OH),/CeO, afforded 60% yield of FDCA and 10% of 5-hydroxymethyl-2-
furan-carboxylic acid (Table 11, entry 1), and no other side products (levulinic acid
and formic acid) were detected using CeO, support. Recyclability of Ru(OH),/CeO,
system was also demonstrated for three cycles by the authors.

Palkovits research group introduced Ru supported on covalent triazine frame-
work (CTF) catalysts for this oxidation. The catalytic activity of Ru/CTF was com-
pared with conventional catalysts such as Ru/C, Pt/C, Ru/y-Al,O; and Pd/C under
base-free aqueous medium using synthetic air as the oxidant (20 bar) (Table 11,
entries 2—6) [165]. Ru/y-Al,O; and Pd/C exhibited low conversion of HMF and no
discernable yield of FDCA. Pt/C catalyst was very active for FDCA formation
(56%) but less mass balance was reported for the reaction; formation of polymeric/
oligomeric products of FDCA could be the reason behind. In the case of Ru-based
catalysts, mass balance is generally good, and side products DFF and FFCA are
formed in addition to FDCA. Ru/CTF showed 41.4% yield of FDCA which is
higher than Ru/C (23.7%) catalyst under similar reaction conditions. High surface
area (2071 m%g) and high polarity related to hydrophilicity seem to have positive
effects in this conversion. Interestingly, the authors observed high yield of FDCA
(77%) by treating Ru/CTF catalyst with DMSO before reaction with a reaction time
of 3 h (Table 11, entry 7). Ru/CTF has good reusability and was found to be stable
compared to conventional Ru/C.

Yi et al. investigated HMF to FDCA over commercially available Ru/C catalyst
[166]. Initially, the reaction was conducted with strong and weak base additives, and
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the authors observed that weak base such as CaCO; is attractive and showed high
yield (95%) of FDCA under O, pressure (2 bar) (Table 11, entries 8—12). Moreover,
a clear solution was obtained in the presence of weak bases, while a brownish
coloured solution was obtained for strong bases (NaOH or KOH) owing to the deg-
radation of HMF and promotion of side reactions. Ru/C catalyst was applied in the
absence of base as well. At optimized reaction condition (120 °C, 5 bar O, for 10 h),
the catalyst afforded 88% yield of FDCA with complete conversion of HMF
(Table 11, entry 13). Recyclability for Ru/C was also examined, and after each reac-
tion, the catalyst was washed with methanol before being used, that showed good
activity and stability for three reaction cycles. From the control experiments, the
authors proposed the reaction path, following the Route-A mechanism (Scheme 16)
via intermediate DFF and FFCA.

Mishra et al. discussed supported Ru catalysts for air oxidation of HMF to FDCA
in aqueous medium and absence of base. In this work, supports were chosen from
various Mg- and Co-based oxides such as MnCo,0,, CoMn,0,, MnCo,CO;, MnO,
and CoO [167]. Among them, Ru/MnCo,0, exhibited the highest selectivity for
FDCA (99.1% yield) at relatively milder reaction conditions (120 °C, 24 bar air for
10 h) (Table 11, entries 14—18). The appropriate acidic sites in Ru/MnCo,0, cata-
lyst was confirmed by NH;-TPD, Bronsted acid sites (10.7 mmol/g) and Lewis acid-
coordinated NH; (7.3 mmol/g), i.e. a total of 18 mmol/g aided in the selective
formation of FDCA. Moreover, MnCo,0, support is a crystalline cubic system,
whereas others have distorted spinel structures (e.g. CoMn,O, is body-centred
tetragonal phase). Generally, the spinel system has more adsorption affinity of oxy-
gen. Additionally, using MnCo,0, support had high surface area (151.1 m?/g) and
high Ru dispersion % (39.2) which were beneficial for its higher activity. Ru/
MnCo,0, was reused for five cycles with similar conversion and selectivity. ICP
analysis precluded even traces of leached Ru metal in the solution.

Yang et al. investigated the effect of reaction parameters and solvents towards
HMF oxidation using Ru™-incorporated zirconium phosphate (ZrP-Ru) catalyst
[168]. Various solvents were used for this study including H,O, MeCN, ethanol,
methanol, DMSO, MIBK, toluene and p-chlorotoluene. Among these, DMSO, tolu-
ene and p-chlorotoluene resulted in high selectivity of FDCA (Table 11, entries
19-25). In the case of alcohol solvents, etherified product was predominant which
could be attributed to the Lewis acidity of Zr. Addition of base and increasing the
temperature of the reaction improved the selectivity of FDCA (Table 11, entry 26).
The decrease in selectivity of FDCA may be associated with the feed pattern of O,
pressure, as the authors flushed the reaction set-up with oxygen under atmospheric
pressure at a flow rate of 20 mL/min.

Pichler et al. demonstrated different ZrO,-supported ruthenium catalysts for this
conversion in aqueous basic medium using O, gas as the oxidant (10 bar) [169]. The
high surface area-containing catalysts such as Ru/ZrO, ysg4 and Ru/ZrO, j.aero
showed high catalytic activity and 97% and 100% conversion of HMF with 87%
and 97% selectivity of FDCA (Table 11, entries 27 and 28). The high activity of
these supports is associated with high surface area; for Ru/ZrO, . sp5 the surface
area is 256 m?/g and 239 m*g for Ru/ZrO, y aero. The experiments show that the
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size of the ruthenium particles is crucial for the catalytic performance; larger sur-
face area leads to the formation of small Ru particles (0.8 nm for Ru/ZrO, y.aero,
1.0 nm for Ru/ZrO, y;.s54) Which were found to be more active than bigger Ru par-
ticles observed in other synthesized and commercial (monoclinic and tertragonal)
ZrO, supports. Ru/ZrO, yaero catalyst was tested for reusability studies, and a
decrease in activity was observed with increasing reaction cycles, but no loss in the
carbon balance and no leaching of Ru metal was observed.

Antonyraj et al. studied different oxide supports such as MgO, MgAIO, La,0;,
CeO, and ZrO, [170]. Among these supports, MgAlO (prepared by co-precipitation
under low supersaturation followed by calcination)-supported Ru catalyst showed
better activity and afforded 99% yield of FDCA which is higher as compared with
other supported Ru catalysts (Table 11, entries 29-33). Because of the high surface
area (200 m?/g) and appropriate basic property (6.09 mmol/g) of MgAIO, it was
found to be highly active. In the case of other supports including MgO, their
observed surface area was less than 100 m*/g. Even though La,O; support has strong
basic sites, the catalyst showed poor conversion due to the less surface area (13 m%/g)
and surface acidity. In the case of CeO, and ZrO,, less surface area and no basic
property resulted in poor selectivity towards FDCA. The authors also studied the
reusability of both catalysts, i.e. Ru/MgO and Ru/MgAIO supports were found to be
dissolved during the reaction, but Ru/MgO showed good catalytic activity/stability
for five reaction cycles.

Gao et al. studied highly dispersed ruthenium nanoparticles on hydroxyapatite
(HAP) solid support for the aerobic oxidation of HMF to FDCA in aqueous medium
under base-free condition [171]. A systematic study done by the authors includes
the effect of HMF/Ru molar ratio, oxygen pressure, reaction temperature, kinetic
study, catalyst stability upon reuse, surface acidity and basicity, morphology and
dispersion and valence state of surface Ru. At optimized condition (HMF/Ru molar
ratio: 25, 120 °C, 10 bar O, for 1 h), Ru/HAP showed >99% yield of FDCA
(Table 11, entry 34). The temperature was varied from 60 to 120 °C. At 60 °C, only
FFCA intermediate was observed, which clearly showed that Ru/HAP catalyst is
capable of converting other oxidized intermediates such as DFF and HMFCA to
FFCA at this temperature. Upon increasing the temperature to 120 °C, >99 yield of
FDCA from FFCA intermediate was reported. The authors disclosed that well-
dispersed Ru’ and acidic-basic sites located in the HAP support were essential to
drive this base-free oxidation process. The catalyst was reusable up to five cycles,
and after five cycles, slight deactivation was observed which can be reversed by
reducing the catalyst under H, at 350 °C.

Sharma et al. demonstrated metal (Pt/Pd/Ru/Co/Ni)-functionalized carbon nano-
tubes (CNT) for base-free aerobic oxidation of HMF to FDCA in aqueous medium
[172]. The noble metal-based catalysts such as Pt/CNT, Pd/CNT and Ru/CNT
showed high yield, i.e. 98, 96 and 95%, respectively, of FDCA under relatively mild
reaction condition, i.e. 100 °C, 30 bar O, for 12 h (Table 11, entries 35-37). The
screened non-noble metals such as Ni and Co-loaded CNT were selective towards
DFF (Table 11, entries 38 and 39). In the absence of metal, simple-functionalized
CNT material gave 86% yield of FFCA (Table 11, entry 40). In this article, the
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authors clearly explained the mechanism of HMF to FDCA using metal-supported
functionalized CNT (M/CNT) catalyst. Initially, the hydroxyl group of HMF is
adsorbed on the surface of M/CNT catalyst, followed by C-H activation. Two
hydrogen atoms (H of CH, and OH) were abstracted by the support and removed by
oxygen molecule favouring the formation of DFF. The functional groups on the
CNT interacted with the aldehyde group (of DFF) which undergo hydrolysis and
form FFCA intermediate. Finally, FFCA easily converts into FDCA with similar
hydrolysis mechanism as mentioned above. This work also successfully investi-
gated the adsorption behaviour of substrate and product on CNT surface. Among
these catalysts, noble metals have more selectivity and activity towards FDCA for-
mation because of their excellent ability to attract the f-H atom from the methyl side
chain of HMF. The catalyst ability for the attraction of B-H group is in the order
Pt > Pd > Ru on CNT; accordingly, FDCA product selectivity also varied.

4 Conclusion and Challenges

4.1 Conclusions

The importance of biomass conversion and primary building blocks of carbohy-
drates is discussed at the beginning of this chapter. The application and importance
of levulinic and furan-based molecules were explained with pertinent examples. A
brief outline of levulinic acid synthesis and its catalytic conversion to various valu-
able products such as y-valerolactone, arylated-y-lactones and 4,4-disubstituted
pentanoic acid/esters was covered. Prior art on hydrocyclization of levulinic acid to
y-valerolactone in the presence of different hydrogen sources using layered double
hydroxide-based catalysts is discussed along with their catalytic performances.
Preparation of arylated-y-lactones (levulinic acid and aromatics) was introduced in
this chapter using various homogeneous and heterogeneous (zeolite) catalysts. The
acid-catalysed conversion of levulinic acid with aromatics into 4,4-disubstituted
pentanoic acid/esters is disclosed such as diphenolic acid, 7y,y-di-2-methylfuran
pentanoic acid (4,4-bis(5-methylfuran-2-yl)pentanoic acid) and (4,4-bis(5-
methylthiophen-2-yl)pentanoic acid. The possible applications of 4,4-disubstituted
pentanoic acid/esters were also mentioned.

A brief discussion on 5-hydroxymethylfurfural (HMF) synthesis preferably from
fructose dehydration has been covered using various acid catalysts including min-
eral/organic acids, metal salts, metal oxides, heteropolyacids, ion-exchange resins,
functionalized carbon materials, clay and zeolitic materials. We focused on the per-
formance of mentioned catalysts by considering conversion of fructose, yield of
HMEF, stability, reusability, etc.. Finally, brief outline of the results of selective oxi-
dation of 5-hydroxymethylfurfural into 2,5-furandicarboxylic acid is discussed with
emphasis on Ru-based catalyst for this conversion under base-free aqueous medium
using O,/air as the oxidant.
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4.2 Challenging Tasks

e Several processes have been demonstrated for the synthesis of y-valerolactone.
However, the problem lies with its applicability. It is studied as fuel blender and
precursor for polymers. But the high cost of Gvl starting material such as levu-
linic acid (2-3$/kg) is the bottleneck for its use in the abovementioned fields. So,
finding the application of Gvl, as a solvent in agrochemical formulations, as an
electrolyte in electrochemical cells and as alternative high boiling liquids, may
be economically viable and might result in impactful research.

 Findingthe suitable application for novel arylated-y-lactones and 4,4-disubstituted
pentanoic acid/esters, which are emerging areas in biorefinery, is also relevant
but challenging.

e Even though maximum possible selectivity of HMF has been achieved from
fructose, HMF separation from the reaction medium and obtaining the desired
purity are still challenging tasks for researchers. Also, the relatively higher cost
for fructose compared to other sugar starting materials creates a problem in its
exploration for bulk scale synthesis of HMF. HMF production directly from cel-
lulose is highly desirable and has been presently reported in moderate yields. Its
implementation requires a cost-competitive process. While using cellulose as a
starting material for HMF synthesis, the side reactions, i.e. the formation of levu-
linic acid and poly-furanics (humins), has to be suppressed at optimal condition
and catalyst. Thus, there is a scope for development in this area.

e Selective oxidation of HMF to FDCA was reported at a maximum concentration
of 3—5 wt% in aqueous medium which is not viable at the industrial scale. Thus,
for this conversion, high concentration of HMF has to be studied with high selec-
tivity of FDCA by implementing technical/reaction tools.
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