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The concomitant hydrolysis and dehydration of biomass-derived cellulose and hemicellulose to furfural (FUR) and 5-
(hydroxymethyl)furfural (HMF) under acid catalysis allows a dramatic reduction in the oxygen content of the parent sugar
molecules with a 100% carbon economy. However, most applications of FUR or HMF necessitate synthetic modifications.
Catalytic hydrogenation and hydrogenolysis have been recognized as efficient strategies for the selective deoxygenation
and energy densification of biomass-derived furfurals generating water as the sole byproduct.
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| 1. Introduction

Adopting biomass-derived fuels and chemicals would help relieve the economic and environmental distresses triggered by
the excessive use of petrofuels and petrochemicals . Furthermore, the suitable integration of renewable, carbon-neutral
biomass in the chemical industry would be an indispensable step toward their long-anticipated sustainability 22!,
However, selecting the biomass feedstock is critical to not compete with the animal and human food supply chain 4. In
this regard, cellulosic biomass has been considered as a suitable feedstock to produce fuels and chemicals &. Only a
fraction of around 180 billion tons of lignocellulosic biomass produced annually in the world is utilized €. The major
challenge in the value addition of biomass is to selectively depolymerize, defunctionalize and deoxygenate the
biopolymers into simple molecules with desired structural features and physicochemical properties [, |n this regard, the
catalytic value addition of biomass is advantageous since the processes are fast, selective, biomass independent and the
chemical industries are well-versed with the catalytic processes @9 The acid-catalyzed hydrolysis of cellulose and
lignocellulose fractions into sugars followed by dehydration of the latter into furanics such as furfural (FUR) and 5-
(hydroxymethyl)furfural (HMF) are well-documented in the literature 11, The sequential elimination of three molecules of
water from a molecule of glucose forms HMF under acid catalysis 12. The elegant process decreases the oxygen content
of glucose by 50 mol% without cleaving C-C bonds or producing toxic byproducts. Similarly, the acid-catalyzed
dehydration of xylose, a major constituent sugar in the pentosans, produces FUR 13l Both FUR and HMF can access
various synthetic value addition pathways with several established and emerging commercial markets for their derivatives
(L. The removal of all the oxygen atoms from a mole of glucose by combining catalytic hydrogenation and hydrogenolysis
reactions requires seven moles of hydrogen and leads to n-hexane ( Scheme 1) 4. The process can be contemplated
as a renewable production of naphtha-range hydrocarbons. On the other hand, the combination of acid-catalyzed
dehydration and catalytic hydrogenation of glucose can lead to more valuable furanic chemicals via the FUR and HMF
intermediates 15116l The value addition of cellulosic biomasses via the furanic platform allows to preserve some of the
crucial functionalities in the sugar moiety and exploit them for synthetic upgrading.

The source of molecular hydrogen for the catalytic reduction of furfurals is of utmost importance. At present, hydrogen is
commercially produced by the steam reforming of natural gas 2. Petroleum and coal are the other two major sources of
hydrogen production 28], In recent years, hydrogen production via the electrolysis of water is gaining more interest and is
expected to increase its market share at an accelerated pace 19,

Hydrogen gas produced by polluting technologies is termed ‘grey hydrogen’ and does not have appreciable environmental
benefits in their applications 29. Hydrogen produced from renewable resources such as the electrolysis of water by
producing electricity from a combination of renewable energy sources (e.g., solar, hydro) is termed ‘green hydrogen’ and
is preferred for its environmental incentives [24. Other color codes of hydrogen gas include ‘yellow hydrogen’ where solar
energy is used alone for electricity generation, and ‘pink hydrogen’ using nuclear energy. There is also ‘blue hydrogen’,
where it is produced by the steam reforming of natural gas, but the CO 2 is captured, stored permanently and not allowed
to release into the environment. Biomass can be converted into hydrogen by using thermal routes, such as gasification
and steam-reforming of biomass feedstock, and enzymatic routes such as fermentative hydrogen production and
biocatalyzed electrolysis 221231241 The chemocatalytic conversion of biomass to hydrogen is an emerging field 23],



Sourcing molecular hydrogen and furfurals for downstream energy densification could prove a self-reliant and sustainable
chemical technology and circular economy. Converting sugars such as glucose into molecular hydrogen by
electrocatalysis has received significant interests in recent years. Biomass-derived hydrogen can be made cleaner than
‘grey hydrogen’ depending on the feedstock chosen, technology adopted and utilization of the byproduct, i.e., CO 2.
Finally, it may be said that until the production of hydrogen by electrolysis of water using renewable energy sources
reaches technical maturity, a combination of the above technologies is the near future to satisfy the increasing demand of
hydrogen.

Catalytic transfer hydrogenation (CTH) is increasingly being used for biomass value addition pathways [28l. The CTH
processes use a liquid hydrogen donor molecule (alone or diluted in an inert solvent) in the presence of a suitable metal-
based catalyst. 2-Propanol, 2-butanol, ethanol and methanol are commonly used alcoholic hydrogen donor molecule that
produces molecular hydrogen in the presence of a metal catalyst (e.g., Pd, Ru) and become oxidized into their
corresponding aldehydes or ketones. Formic acid, formate salts and cyclohexene are frequently used hydrogen donor
molecules. The CTH processes have the advantage of not using overpressure of gaseous hydrogen, thereby working
under milder reaction conditions and simplified reactor design. The process uses renewable ‘green hydrogen’ to work.
However, the aldehydes or ketones produced must be separated from the product and recycled. In addition, the reaction
often requires elevated temperatures for faster dehydrogenation reaction of the hydrogen donor and also basic additives.
Often a combination of a hydrogen donor molecule and H 2 gas is used in combination to avoid forming the oxidized
product of the former. Even though CTH process is relatively new in biomass value addition, it has produced some
remarkable results in producing furanic biofuels (discussed in the later sections). However, the obligation of using a large
excess of the hydrogen donor molecules and their energy-intensive separation from the product must be resolved. Further
studies on developing robust, inexpensive, efficient and recycle catalysts that allow both the dehydrogenation and
hydrogenation reaction to take place on their surface are required.

| 2. Catalytic Reduction of Furfurals to Furanic Compounds

Dong et al. studied the influence of preparatory methods of the Cu/SiO 2 catalyst to convert FUR into 2MeF. The Cu/SiO 2
catalyst synthesized via the ammonia evaporation method afforded 2MeF in a 95% yield, noticeably higher than the
catalyst prepared by the conventional method. The cooperative effect between surface Cu 0, Cu + species and acid sites
helped to improve the selectivity of 2MeF 24, Using the Cu/SiO 2 catalyst prepared by hydrothermal method and
methanol as a hydrogen donor solvent, 2MeF was obtained in a 90% vyield starting from FUR [28], Xylose was converted to
FAL and then to 2MeF in a continuous fixed bed reactor using a combination of HP zeolite and CuO/ZnO/Al 20 3 catalyst.
GBL/water system served as the biphasic solvent system, and the yield of 2MeF increased up to 86.8% due to the
combined effect between HP zeolite and GBL 2. Yang et al. synthesized two mineral-derived Cu/ZnO catalysts
consisting of aurichalcite and zincian malachite for the hydrogenation of FUR to FAL and 2MeF. The catalyst composed of
aurichalcite showed excellent selectivity ( ca. 94.5%) toward 2MeF due to high surface area and high dispersion of Cu
species on the catalyst surface B, Up to 95% selectivity toward 2MeF was obtained using a 5% Ir/C catalyst under
optimized reaction conditions. The catalyst was recovered up to four consecutive cycles without any significant loss of
activity (21, Jaatinen et al. studied the liquid-phase hydrogenation of FUR to 2MeF using monometallic and bimetallic
catalysts consisting of Cu, Fe and Ni. With varying metal loading of the prepared catalysts, 10% Ni/C was found to provide
the maximum yield of 2MeF B2l Spinel ferrite supported Ru catalyst prepared via sol-gel method attained 97% conversion
of FUR under mild reaction conditions. The catalyst was easily recoverable, and the activity remained unaltered even after
five consecutive cycles B3 A series of Cu-based catalysts were synthesized by complexing copper (II) ions with
dodecylamine for the vapor-phase hydrogenation of FUR. Among the synthesized catalysts, 10% Cu catalysts showed
better selectivity toward 2MeF at a hydrogen flow rate of 10 mL/min. The use of mesoporous silica as the support
provided weak acidic sites for the hydrogenolysis of C—O bond in FAL B4, Interestingly, a self-supported nanoporous Cu-
Al-Co ternary alloy catalyst developed by Hutchings et al. exhibited better catalytic activity and stability toward the HDO of
FUR (3, A Cu catalyst supported on activated carbon efficiently converted FUR to 2MeF via the FAL intermediate. The
catalyst calcinated at 400 °C for 2 h afforded a quantitative yield of 2MeF 8. Wang et al. studied the effect of acidity on
the catalytic performance of Ni 2P in liquid-phase HDO of FUR to 2MeF. The synergistic effect between Brgnsted and
Lewis acidic sites present in the catalyst increased the catalytic efficiency resulting in the quantitative conversion of FUR
87, A Cu-Cu 20/N-RGO catalyst, prepared via microwave-assisted reduction and ammonia evaporation, also possessed
high catalytic activity 8. A bifunctional, mesoporous Cu-Al 20 3 catalyst exhibited enhanced reactivity toward HDO of
FUR due to its high dispersion and small particle size. The Lewis acid sites present on the oxide support are highly
electrophilic and interact with the formyl group in FUR B9, In the two catalysts mentioned above, the catalytic activity is
attributed to the synergistic effects of surface Cu 0 and Cu + species in the catalyst. Vapor-phase HDO of FUR using
molybdenum carbide catalyst at low temperature and pressure exhibited selectivity toward 2MeF and furan 2%, The



density functional theory (DFT) calculations, surface science experiments and flow-reactor evaluation revealed that
molybdenum carbide is a promising catalyst for the HDO of FUR 1. Methanol acted as the hydrogen donor for the CTH
of FUR to 2MeF in the presence of a FeVO 4 catalyst. DMF and 2-vinylfuran were identified as the byproducts during the
reaction 42, The Pt and Ru-based noble-metal catalysts afforded quantitative conversion of FUR even at relatively low
metal loading (ca. 3 wt.%). The superior activity of the catalysts was attributed to high metal dispersions on the supporting
material. In comparison, the Ni-based catalysts had lesser activity toward the hydrogenation reaction. The particle size of
Pt was estimated in the range of 5-10 nm, whereas the particle size was below 5 nm in Ru catalysts 43, Dong et al.
studied the effect of catalyst supports (SiO 2, Al 20 3 and ZnO) on the synthesis of 2MeF using chromium-free Cu
catalysts. The Cu/SiO 2 catalyst exhibited the best activity, which accredits to the adsorption and desorption behavior of
the catalyst and the presence of weak acidic sites on its surface. Cu/Al 20 3 and Cu/ZnO catalysts exhibited low
selectivity toward 2MeF but high selectivity for FAL, respectively 44l Dehydration of xylose into FUR was carried out in a
plug-flow reactor under mild reaction conditions in a biphasic solvent system, then hydrogenated to 2MeF using a Cu/Fe
catalyst. A noticeable decrease in catalytic activity was observed after 20 h of reaction time 3. Electrochemical
hydrogenation of FUR to 2MeF resulted in 60% faradaic efficiency using phosphorus-doped carbon-supported single atom
Cu catalyst. The catalyst was synthesized by pyrolyzing chitosan and coordinating it with Cu 2+ ions 48],

Several bimetallic catalysts were used for the hydrogenation of FUR, which furnished 2MeF in good vyields. Different
supporting materials were synthesized for the Cu-Co bimetallic catalysts (e.g., Cu—Co/SiO 2, Cu-Coly-Al 20 3 and Cu-
Co/H-ZSM-5) with varying Cu/Co molar ratios for the liquid-phase hydrogenation of FUR to 2MeF. The catalyst supported
on acidic carriers (H-ZSM-5 and y-Al 20 3) were found to be successful toward the hydrogenation reaction due to the
formation of spinel CuCo 20 4 oxides. Out of the three catalysts, the Cu—Col/y-Al 20 3 (Cu/Co = 1) catalyst exhibited the
best catalytic performance due to the presence of additional Cu-CoO x species 44, Formic acid was used as the
hydrogen donor to synthesize 2MeF in a 92% yield over the 10% Ni-Cu/Al 20 3 catalyst. At high Ni loadings, a gradual
decrease in the acidity of catalyst was observed due to less availability of support surface 8. Dohade et al. reported a
59% yield of 2MeF using a Pt-Co/C catalyst under mild reaction conditions. The catalyst was recycled and reused for four
consecutive cycles without any significant loss of activity 2. A combined yield of 83.9% (2MeF and MTHF) was achieved
using the Cu-Pd/ZrO 2 catalyst 29, Gandarias et al. reported an innovative approach for the production of 2MeF from
corncob, which involved the production of FUR and its selective conversion to 2MeF over the Cu-Coly-Al 20 3 [21],
Carbon-supported Ni-Cu catalyst formed 2MeF in a 91% yield at a reaction temperature of 200 °C. Formic acid as a
hydrogen source increased the conversion of FUR to 2MeF in 2-propanol 22, Similarly, alumina-supported Cu-Ni catalyst
synthesized by coprecipitation method effectively catalyzed the conversion of FUR to 2MeF and MTHF. A combined yield
of 85% for 2MeF and MTHF was obtained under the optimized reaction conditions in the presence of 2-propanol 23, The
Cu-Re/Al 20 3 catalyst attained complete conversion of FUR at 220 °C and 4 h in 2-propanol. The high stability of the
catalyst is attributed to the synergism between the support and metal nanoparticles (NPs). The Cu and Ru species
enhanced the hydrogenation and hydrogenolysis of FUR and FAL, respectively (241,

A major concern about the catalytic hydrogenation processes is the recovery and recyclability of the metal catalyst used.
Very low mol% of active metal should be used, especially for catalysts involving the noble metals. Ideally, the catalyst
should be reusable for multiple cycles without requiring extensive reactivation steps (e.g., calcination). Common
deactivation mechanisms of the catalyst candidates include physical blockage of the active sites by coke formation. In
addition, chemisorption of various side products on the catalyst surface also deactivates the catalyst. The metal NPs often
agglomerate under the reaction conditions forming larger particles with lower surface area available for catalysis. The
metal NPs often leach from the catalytic support and enter into the reaction medium. This process not only leads to
catalytic deactivation but also product contamination. Even though transition metals are preferably for their low cost and
lower environmental footprint, emphasis must be given on the energy requirement of the process since in many cases, the
transition metal-based catalysts require more demanding reaction conditions than the noble metal catalysts.

Even though satisfactory results were obtained in some studies, more study is needed in fine-tuning the features of
catalysts to improve the selectivity toward DMF. Bimetallic catalysts proved to be efficient for the above conversion, but
their stability and recyclability must be considered. The reaction temperature in the range of 180-200 °C and 0.5-3 MPa
H 2 pressure were optimal for the synthesis of DMF. High metal dispersion and moderate acidity are the two crucial
factors determining the conversion of HMF to DMF.

| 3. Effect of Process Parameters on The Selectivity of Furanics

Catalytic hydrogenation of the aldehyde group and the furan ring did not require high reaction temperatures. Therefore,
the catalytic transformation of FUR and HMF to THFAL and BHMF could be achieved at reaction temperatures around
100 °C. On the other hand, hydrogenolysis of the C—O bond is promoted at a higher temperature. The preparation of



2MeF and DMF typically requires a reaction temperature range of 100-200 °C. Synthesis of 2MeF and DMF above 200
°C was also reported in the literature ( Figure 1 A). Both noble and non-noble catalysts were found effective for the
hydrogenation and hydrogenolysis steps. Among the noble metal catalysts, palladium and platinum are the most
commonly used, whereas copper and nickel are the most popular non-noble-metal catalysts for the catalytic
hydrogenation of furanic compounds ( Figure 1 B). The copper-based catalysts were found effective for the hydrogenation
of aldehyde and the hydrogenolysis of C—O bond and used extensively to prepare 2MeF from FUR. Palladium catalysts
were also effective for the hydrogenolysis reaction and used for making DMF from HMF. Palladium and nickel-based
catalysts were effective for the hydrogenation of furan rings and favored the formation of THFAL from FUR. The
ruthenium-based catalysts were also effective for reducing the carbonyl group and used to prepare DMF from HMF. The
solvent used in the hydrogenation reactions greatly influences selectivity toward a specific furanic product. Solvent
influences the hydrogen bonding of substrate and solubility of H 2 gas. Alcohols are routinely used as a green solvent for
catalytic hydrogenation reactions. In some cases, the alcohol solvent also acts as the hydrogen donor. 2-Propanol is the
most frequently employed hydrogen-donor alcohol for CTH due to its bulk availability, inexpensiveness, recyclability and
low toxicity. Water is also a frequently used solvent for catalytic hydrogenation reactions. The insolubility of many
hydrogenated furanic compounds in water allows isolating the products by simple phase separation without employing an
organic extractant. Ethers such as 1,4-dioxane have also found use in the hydrogenation reaction ( Figure 1 C). The H 2
pressure in the range of 1-2 MPa was proved as optimal for the hydrogenation of FUR and HMF ( Figure 1 D). The
requirement of H 2 pressure is very much dependent on the type of metal catalyst employed. Noble-metal catalysts
typically require lesser hydrogen pressure compared to non-noble metal catalysts. In general, the hydrogenation of
aldehyde to a hydroxymethyl can be carried out using 1 MPa or less.
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Figure 1. Graphical plots of the number of journal publications on DMF, 2MeF, THFAL, and DHMF against varied (A)
reaction temperature, (B) type of metal catalyst, (C) solvent, and (D) hydrogen pressure.

However, hydrogenolysis of the hydroxymethyl group to a methyl group or ring-hydrogenation requires higher pressure
(1-2 MPa).

Many of the properties of furanic biofuels closely resemble petrofuels such as gasoline. Table 1 lists the physicochemical
and thermal properties of selected furanic biofuels. Among the four compounds, DMF shows superior properties for fuel
applications. For example, DMF has the highest calorific value and research octane number, whereas it has least
solubility in water.

Table 1. Physicochemical and thermal properties of selected furanic biofuels.

Properties DMF DMTHF 2MeF MTHF
Molecular formula/Molar mass CHg0/96.13 CgH,,0/100.16 CsHg0/82.10 C5H,00/86.13
Density (g/cc) 0.89 0.83 0.91 0.85
Flash point (°C) -1 -26.6 -22 -10
Lower calorific value (LCV) (MJ/kg) 33.8 32.8 31.2 32.8
Research octane number 119 92 103 86
Solubility in water (g/L) 1.47 6.70 3 150

(C + H)/IO (weight ratio) [a] 5.00 5.25 4.12 4.37




[a] Calculated from the molecular formula.

| 4. Future Perspectives

The use of abundant, non-food, inexpensive and preferably waste biomass for the production of FUR and HMF is
preferred from both the economic as well as environmental perspectives. The problems associated with the isolation of
HMF from the reaction media must be sorted out by employing energy-efficient and eco-friendly processes. The
hydrophobic analogs of HMF, such as CMF, have shown promise in this regard. However, detailed research is required for
toxicological study and life cycle analysis of the biomass-derived furanic compounds to better understand the potential
environmental impact in their large-scale use. Newer applications and markets for the furanic compounds must be
explored for the preparation to be economically more advantageous. Even though hydrogen can be produced from
greener routes such as electrolysis of water and from biomass, the processes yet to reach maturity and
commercialization. An inexpensive and sustainable source of hydrogen to synthesize partially-hydrogenated furanic
compounds must be ensured for the processes to be considered truly green. The international and national policies
regarding the use of biofuels and biorenewable chemicals will continue to play pivotal roles in the commercial adoption of
these molecules.
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