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Abstract: Polyols such as 1,5-pentadiol, 1,6-hexanediol, and 1,2,6-hexanetriol are crucial chemicals,
traditionally derived from non-renewable fossil sources. In the pursuit of sustainable development,
exploring renewable and environmentally benign routes for their production becomes imperative.
Furfural and 5-hydroxymethylfurfural are C5 and C6 biomass-derived platform molecules, which have
potential in the synthesis of various polyols through hydrogenation and hydrogenolysis reactions.
Currently, there is an extensive body of literature exploring the transformation of biomass-derived
furan compounds. However, a comprehensive review of the transformation of furan compounds to
polyols is lacking. We summarized the literature from recent years about the ring-opening reaction
involved in converting furan compounds to polyols. This article reviews the research progress on
the transformation of furfural, furfuryl alcohol, and 2-methylfuran to 1,2-pentadiol, 1,4-pentadiol,
1,5-pentadiol, and 1,2,5-pentanetriol, as well as the transformation of 5-hydroxymethylfurfural to
1,2-hexanediol, 1,6-hexanediol, and 1,2,6-hexanetriol. The effects of the supported Pd, Pt, Ru, Ni, Cu,
Co, and bimetallic catalysts are discussed through examining the synergistic effects of the catalysts
and the effects of metal sites, acidic/basic sites, hydrogen spillover, etc. Reaction parameters like
temperature, hydrogen pressure, and solvent are considered. The ring opening catalytic reaction of
furan rings is summarized, and the catalytic mechanisms of single-metal and bimetallic catalysts and
their catalytic processes and reaction conditions are discussed and summarized. It is believed that this
review will act as a key reference and inspiration for researchers in this field.

Keywords: furfural; furfuryl alcohol; 5-hydroxymethylfurfural; pentadiol; hexanediol; 1,2,6-hexanetriol;
catalysis; hydrogenolysis

1. Introduction

Escalating environmental pollution and the energy crisis have made the upgrading and
substituting of non-renewable fossil fuels imperative. The urgent development of green and
sustainable energy sources is crucial. Lignocellulosic biomass, a renewable organic carbon
resource, has gained much attention due to its unique properties, such as its low cost and
sustainable supply. Lignocellulose, composed of cellulose (40–60%), hemicellulose (25–35%),
and lignin (15–20%) [1], is a highly abundant biomass resource, which has broad application
prospects. However, its intricate and recalcitrant structure poses significant challenges to
direct utilization. Through acid or enzymatic catalysis, cellulose and hemicellulose can
be transformed into pivotal platform compounds such as 5-hydroxymethylfurfural (HMF)
and furfural (FA) [2], serving as vital bridges between biomass resources and the chemicals
industry. They are characterized by extremely high intrinsic reactivity based on their high
density of organic functional groups, combining the functional groups of ether, cyclodienol,
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aromatic, aldehyde, and phenyl alcohol in one molecule. Under favorable conditions, these
platform molecules offer diverse value-added reaction routes, including hydrogenation [3–5],
oxidation [6–8], etherification [9–11], polymerization [12–14], amination, [15–17] etc., holding
strong industrial application prospects.

The primary value enhancement pathways encompass the following: (1) eliminating
oxygen to produce eco-friendly solvents and biofuels [3,18]; (2) preserving oxygen for the
synthesis of chemical materials [19,20]; and (3) ring rearrangement into cyclic compounds.
Notably, hydrogenation has emerged as an effective strategy, garnering research attention.
The direct conversion of FA and HMF into polyols is highly appealing, prompting
numerous researchers to delve into the ring-opening mechanism, with the goal of meeting
industrial demand [21]. FA and its derivative, furfuryl alcohol (FOL), have the potential
to produce plentiful value-added products, such as 1,2-pentadiol (1,2-PD), 1,5-pentadiol
(1,5-PD), 1,4-pentanediol (1,4-PD), levulinic acid, and levulinates [22]. Similarly, HMF,
a crucial C6 organic biomass resource, enables the production of various downstream
polyols, including 1,2-hexanediol (1,2-HD), 1,6-hexanediol (1,6-HD), and 1,2,6-hexanetriol
(1,2,6-HT). However, the multistep reaction processes involved also facilitate the occurrence
of side reactions (decomposition and polymerization), posing significant challenges in
converting them into valuable chemicals [23]. To obtain a desired yield of target products,
diverse catalytic systems have been devised to ensure high conversion and selectivity.
In homogeneous catalysis, a lot of advancements have been reported. Chung [24] used
[Ru(X(CH2PPh2)3-κ3-P)(NCCH3)3](OTf)2 (X=H3C-C,N) to form 1,4-PD from FA acetate.
Schlaf [25] used trans-[(2,9-dipyridyl-1,10-phenanthroline) (CH3CN)2Ru](OTf)2 to transform
FA into 1,4-PD. Despite their advantages in terms of long-term stability, selectivity, and
mass transport limitations [26], the challenges of recycling and reusing the catalysts and
particularly the separation of catalysts from the target products hinder their widespread
industrial application. Therefore, a suitable heterogeneous catalytic system, utilizing
noble metals such as Pd, Pt, and Ru as the active sites, has emerged as a more appealing
alternative due to the exceptional catalytic performance of these elements. However, the
extensive use of noble metals is constrained by their high cost, making the exploration
of non-noble metals crucial. The application of a series of transition metals (Ni, Cu,
Co) has resulted in certain breakthroughs. A single active center hardly caters to the
demands of complex reaction systems. Consequently, various strategies have been studied,
including alloying [27], instituting strong metal-support interactions [28], and utilizing
the synergistic effects between metal sites and acid/basic sites, which can enhance the
selectivity for the target product and increase the reaction rate.

There have been many reviews published on the hydrogenation of FA or HMF.
For example, Nakagawa et al. reported a review on the reduction of furfural or HMF
with H2 over heterogeneous catalysts to convert oxygen-rich compounds, including
hydrogenation of the furan ring, C-O hydrogenolysis, rearrangement, C-C dissociation,
and polymerization [29]. Jiang et al. reported advances made regarding the various
transformations of HMF to furan-based polyester platform 2,5-furandicarboxylic acid
(FDCA), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 2,5-diformylfuran (DFF), and
to fuels and fuel additives, including the gasoline blendstock 2,5-dimethylfuran (DMF),
ethyl levulinate (EL), γ-valerolactone (GVL), methylfuran (MF), and so on [30]. However,
there is currently no specialized review on the ring-opening reaction that transforms
furan compounds to polyols. In this review, we summarize the past works involving
ring-opening hydrogenolysis of biomass-derived furan compounds to polyols. For C5
furan compounds, studies involving the transformation of FA, FOL, and 2-methylfuran
to 1,2-PD, 1,4-PD, 1,5-PD, and 1,2,5-pentanetriol over supported Pd, Pt, Ru, Ni, Cu, Co,
and bimetallic catalysts are considered. For C6 furan compounds, research examining the
transformation of HMF and its derivatives to 1,2-HD, 1,6-HD, and 1,2,6-HT is reviewed.
The synergistic effects of catalysts, the effects of metal sites and acidic/basic sites, and the
effects of reaction conditions, including temperature, solvent, and hydrogen pressure, are
also reviewed comprehensively.
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2. The Ring Opening of Furfural and Its Furan Derivatives

Furfural (FA), a biomass-derived C5 source, can be transformed into pentadiols,
which are the most meaningful target products. In the industry, 1,2-PD is utilized as
an antibacterial agent in cosmetics and as an important intermediate for the synthesis of
propiconazole [31], which is derived from n-pentene [32]. 1,4-PD, an important monomer
for the synthesis of polyester and plaster, which can be synthesized via the condensation
of hydroquinone and acetic anhydride with catalysts of NaOH or H2SO4 [33]. 1,5-PD
has also been used in the synthesis of polyester, polyurethane, and pharmaceuticals from
glutaraldehyde [34] or dimethyl glutarate [35]. However, conventional methods often
involve the use of excess acids, bases, salts, toxic organic reagents, and expensive feed, all
of which deviate from the path of sustainable development. The hydrogenolysis of FA or
its derivatives provides a greener and more sustainable route to pentadiols (Scheme 1).
The ring-opening process is crucial in converting FA to pentadiols. Also, several reaction
routes have been proposed and are summarized in Scheme 1. We will provide a detailed
description of the results obtained for the synthesis of different target polyols using FA or
FOL as raw materials on supported metal catalysts.
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2.1. The Production of 1,2-PD

Two main reaction routes have been proposed for the conversion of FA into 1,2-pentanediol
(1,2-PD), an acidic and a basic catalysis process, respectively. On the basic support, firstly,
a carbonyl group is transformed into a hydroxyl group. FOL molecules are adsorbed
on the surface of the basic catalyst in a tilted configuration, forming alcoholate species.
Subsequently, the furan ring is directly broken to produce penta-2,4-diene-1,2-diol [36] or
through the formation of partially hydrogenated species that open the ring to produce
1-hydroxy-2-pentanone [37]. Both intermediates can be transformed into 1,2-PD easily
under H2 atmosphere. On the acidic support, similar routes occur but with H+ providing
the driving force for ring opening instead of alcoholate species [38]. The results of various
studies investigating the conversion of FA and FOL into 1,2-PD are listed in Table 1.

2.1.1. The Noble-Metal Catalyst

Wang’s group synthesized a Pt/CeO2 catalyst with a 59.9% yield of 1,2-PD from FA.
They proposed that the basic sites of CeO2 play an important role in the reaction [39]. One
year later, they explored the impact of different crystal planes of CeO2 on the hydrogenolysis
of FOL to 1,2-PD [40]. Pt0 is beneficial for ring opening, but it is hard to reduce Pt on
nanorod CeO2 due to the strong Pt-O-Ce bond controlled by oxygen vacancy formation
energy. On the octahedron CeO2, the metal-support interaction is too low to suppress the
growth of particles, which decreases the 1,2-PD yield. Over a CeO2-nanocube exposed
with the (100) facet, the highest yield of 1,2-PD was achieved due to the appropriate
metal-support interaction that regulated the electronic state and particle size of Pt. Zhang’s
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group successfully converted FA to 1,2-PD under ambient hydrogen pressure, with Pt-Fe/MT
(magnesium titanate) achieving an 81% yield of 1,2-PD [5]. The addition of Fe made Pt
electron rich, so that ring hydrogenation at Pt sites was suppressed, and the low-valence
Fe2+ sites could selectively adsorb and activate oxygen-containing groups, facilitating C-O
bond breakage. In addition, the reaction produces the desired yield of the ring-opening
product only in water, which may be attributed to the fact that water can greatly accelerate
hydrogen spillover.

Yadav’s group [41] reported a Ru/OMS-2 catalyst that transformed FA to 1,2-PD
with an 87% yield. They proved that the kinetic model is in accordance with a dual-site
Langmuir-Hinshelwood-Hougen-Watson mechanism. Hwang’s group [27] synthesized the
Ru-Sn/ZnO catalyst, which yielded 84% of 1,2-PD from FA. Through a direct reduction
without calcination, a Ru-Sn alloy phase is synthesized, along with a SnOx dispersion on
the boundary of the alloy fringe. On the one hand, the electronic interaction of Sn0 with
Ru metal helps to suppress excessive hydrogenation activity. On the other hand, the SnOx
generates more C-O adsorption sites and may polarize oxygen moieties in FA, creating
a more favorable environment for selective C-O scission on the Lewis acid sites of SnOx
species. From the perspective of hydrogen solubility, 2-propanol is a suitable solvent for
solubilizing hydrogen. DFT calculations show that there is a significantly lower energy
barrier for the C-O bond activation at the C5 position compared to that at the C2 position.
Ru3Sn7 selectively produces 1,2-PDO via both THFA and FOL pathways.

Date and coworkers reported that the Pd/MMT-K10 catalyst could transform FA to
1,2-PD with a 66% yield [38]. By adding HCl and 2,6-lutidine (the quencher of Brønsted sites),
respectively, they found acidic sites, especially Brønsted sites, which have a great influence
on the 1,2-PD yield. The mechanism of H+ from Brønsted sites directly attacked the furan
ring after the form of partially hydrogenated species to produce 1-hydroxy-2-pentanone
(HPO), which is hydrogenated to produce 1,2-PD.

Zhang et al. studied the aqueous-phase hydrogenolysis of FOL over a Ru/MnOx
catalyst with a 42.1% yield to 1,2-PD. This was attributed to the fact that MnOx existed
in the form of Mn(OH)x species. Mn(OH)x not only inhibited the polymerization of FOL
but also promoted the ring-opening reaction by changing the adsorption configuration.
1,2-PD was produced via partially hydrogenated intermediates rather than dihydrofurans
and tetrahydrofurans. The partially hydrogenated intermediates exhibit p-π conjugation
between the p-orbital of the O1 atom and π orbital of the C2=C3 bond, which effectively
weakens the C5-O1 bond, potentially facilitating the hydrogenolysis of the C5-O1 bond.
Consequently, they display more desired reactive activity than tetrahydrofurfuryl alcohol
(THFA) when used as a reactant [37]. Kaneda [42] used a hydrotalcite-supported Pt
nanoparticle catalyst, achieving a 73% yield of 1,2-PD by transforming FA. A similar route
occurs but with the formation of alcoholate species between the substrates and basic sites
of the catalyst surface to further elucidate the adsorption configuration.

He’s group synthesized a series of Pt/Mg(Al)O@Al2O3 (MgAl-LDHs were synthesized
in situ on the surface of γ-Al2O3 [43]) catalysts with an 86% yield of 1,2-PD from FOL [44].
By screening the loading of Pt and utilizing various thermal treatment methods, Pt
particles with different sizes and morphology were produced, named atomic Pt, 2D cluster
(one-atom-thick dispersion), and 3D cluster (multi-atom-thick dispersion), which led to
different selective products (Scheme 2). The atomic Pt catalyst showed more positive states
on the active metal surface, resulting in the best selectivity of 2-MF. The presence of the
positive metal is favorable for adsorbing O-terminal groups, which results in the cracking
of C-O bonds to generate 2-MF. As the Pt loading increases, the percentage of 2D/3D Pt
clusters also rises. The selectivity towards THFA results in the hydrogenation of the C=C
ring increasing with an increasing percentage of Pt 2D clusters. Regarding the 3D cluster,
the large particle size possesses more terrace sites, which facilitate the production of more
THFA [45]. The formation of 1,2-PD requires 3D Pt clusters, especially at corners/edges,
rather than terrace Pt-Pt sites. The C1=C2 bond of FOL can be hydrogenated to form
4,5-dihydrofuran-2-yl)methanol (1,2-DHFA). In 1, 2-DHFA, the C1-O bond is in close
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proximity to the newly formed C1-C2 bond, making it more likely to be adsorbed at 3D
Pt-Pt sites through unsaturated coordination. In addition, the C1-O bond is weakened due
to p-π conjugation of the O-C4=C3 bond, facilitating the cleavage of C1-O and subsequent
ring opening. The species resulting from the cleavage of C1-O is quickly converted into
HPO, and 1,2-PD is produced through the hydrogenation of C=O in HPO.

Chemistry 2024, 6, FOR PEER REVIEW 5 
 

 

the positive metal is favorable for adsorbing O-terminal groups, which results in the crack-
ing of C-O bonds to generate 2-MF. As the Pt loading increases, the percentage of 2D/3D 
Pt clusters also rises. The selectivity towards THFA results in the hydrogenation of the 
C=C ring increasing with an increasing percentage of Pt 2D clusters. Regarding the 3D 
cluster, the large particle size possesses more terrace sites, which facilitate the production 
of more THFA [45]. The formation of 1,2-PD requires 3D Pt clusters, especially at cor-
ners/edges, rather than terrace Pt-Pt sites. The C1=C2 bond of FOL can be hydrogenated to 
form 4,5-dihydrofuran-2-yl)methanol (1,2-DHFA). In 1, 2-DHFA, the C1-O bond is in close 
proximity to the newly formed C1-C2 bond, making it more likely to be adsorbed at 3D Pt-
Pt sites through unsaturated coordination. In addition, the C1-O bond is weakened due to 
p-π conjugation of the O-C4=C3 bond, facilitating the cleavage of C1-O and subsequent ring 
opening. The species resulting from the cleavage of C1-O is quickly converted into HPO, 
and 1,2-PD is produced through the hydrogenation of C=O in HPO. 

 
Scheme 2. Proposed reaction paths for the hydrogenation of furfuryl alcohol over engineered Pt 
sites from Reference [44]. Copyright 2020 American Chemical Society. 

Fan’s group reported a Pt/MgxAlOy catalyst, achieving a 64.9 % yield of 1,2-PD from 
FOL [46]. Tuning the Mg/Al molar ratio can effectively adjust the metal-support interac-
tion and oxygen vacancy. A positive correlation has been observed between FOL conver-
sion and the ratio of Pt0, indicating that Pt0 species serve as active sites in the FOL hydro-
genation reaction, which facilitates the C-O bond cracking. The oxygen vacancy, as the 
absorption sites, interacts with substrates, leading to an angled configuration. Further-
more, this angled configuration distorts, polarizing C4=C5-O groups, resulting in the high 
selectivity of the targeted product, 1,2-PD. 

2.1.2. Non-Noble-Metal Catalyst 
Liang’s group synthesized a Cu-Mg-Al hydrotalcite catalyst for the hydrogenation of 

FA, yielding both 1,2-PD (55.2%) and 1,5-PD (28.5%), along with some byproducts of 2-
MF [47]. The formation of 2-MF is attributed to insufficient hydrogen supply. The ring 
saturation reaction has a faster reaction rate than the acid-catalyzed ring-opening process 
under conditions of excess hydrogen concentration. During the ring-opening process, the 
acidic sites can promote both C5-O and C2-O bond cracking, and the basic sites can effec-
tively suppress the isomerization and polymerization. Moreover, the Cu+ sites are the ma-
jor parts in charge of activating hydrogen. 

Zhang’s group synthesized an Al(OH)3/Cu catalyst by adding Cu-Al alloy powder in 
NaOH solution for the hydrogenation of FA [48]. Al(OH)3 changed the adsorption config-
urations of FA on the catalyst surface. The titled adsorption model favors the production 
of ring-opening products, whereas FA prefers to adsorb Al(OH)3 (111) in a parallel-ring 
model, which exhibits a lower ring-opening barrier compared to a vertical configuration 
on the Cu2O surface. The presence of basic metal oxides and hydroxides on the surface of 

Scheme 2. Proposed reaction paths for the hydrogenation of furfuryl alcohol over engineered Pt sites
from Reference [44]. Copyright 2020 American Chemical Society.

Fan’s group reported a Pt/MgxAlOy catalyst, achieving a 64.9% yield of 1,2-PD from
FOL [46]. Tuning the Mg/Al molar ratio can effectively adjust the metal-support interaction
and oxygen vacancy. A positive correlation has been observed between FOL conversion and
the ratio of Pt0, indicating that Pt0 species serve as active sites in the FOL hydrogenation
reaction, which facilitates the C-O bond cracking. The oxygen vacancy, as the absorption
sites, interacts with substrates, leading to an angled configuration. Furthermore, this angled
configuration distorts, polarizing C4=C5-O groups, resulting in the high selectivity of the
targeted product, 1,2-PD.

2.1.2. Non-Noble-Metal Catalyst

Liang’s group synthesized a Cu-Mg-Al hydrotalcite catalyst for the hydrogenation
of FA, yielding both 1,2-PD (55.2%) and 1,5-PD (28.5%), along with some byproducts of
2-MF [47]. The formation of 2-MF is attributed to insufficient hydrogen supply. The ring
saturation reaction has a faster reaction rate than the acid-catalyzed ring-opening process
under conditions of excess hydrogen concentration. During the ring-opening process,
the acidic sites can promote both C5-O and C2-O bond cracking, and the basic sites can
effectively suppress the isomerization and polymerization. Moreover, the Cu+ sites are the
major parts in charge of activating hydrogen.

Zhang’s group synthesized an Al(OH)3/Cu catalyst by adding Cu-Al alloy powder
in NaOH solution for the hydrogenation of FA [48]. Al(OH)3 changed the adsorption
configurations of FA on the catalyst surface. The titled adsorption model favors the
production of ring-opening products, whereas FA prefers to adsorb Al(OH)3 (111) in
a parallel-ring model, which exhibits a lower ring-opening barrier compared to a vertical
configuration on the Cu2O surface. The presence of basic metal oxides and hydroxides on
the surface of Cu catalysts significantly enhanced the selectivity of 1,2-PD from furfural,
presenting a nearly fourfold increase in the 1,2-PD:2-MF ratio.

Liu and coworkers reported a Cu-LDH (Mg3Al) catalyst with a 51.8% yield of 1,2-PD
from FOL [49]. The strong dispersion of Cu played a critical role in the ring-opening process.
The catalytic activity and Cu particle size exhibited a volcanic variation, indicating that the
FOL hydrogenolysis is a structure-sensitive natural reaction for the Cu-LDH catalyst. A
weak adsorption strength between the substrates and products on the Cu surface, coupled
with large particle sizes, leads to undesired steric hindrance, preventing the C=C bond
of the furan ring from the catalyst surface. In the same year, they designed a series of
Cu/Al2O3 catalysts using the precipitation-gel method for the transformation of FOL [50].
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The number of acidic sites decreased, and the particle size of the Cu also increased with
increasing Cu contents. For the effect of the particle size of Cu/Al2O3, it displayed an
analogous trend to that observed in the Cu-LDH (Mg3Al) catalyst. To clarify the effect
of acidic sites, they introduced the W species to increase the number of acidic sites. The
presence of acidic sites enhanced the overall selectivity of pentadiols but detrimentally
affected the conversion efficiency, leading to the production of increased byproducts.

Zhao’s group prepared a Cu@MgO-La2O3 catalyst to transform FOL to 1,2-PD, with
a 63.7% yield [51]. In comparison to MgO or La2O3 supports, the MgO-La2O3 composite
support exhibited more alkaline sites and suitable particle sizes. FOL adsorbed on the
alkaline sites of the La2O3 support through interactions involving the O atoms of the furan
ring and CH2OH, triggering the ring-opening reaction and facilitating the formation of
enol intermediates, subsequently further hydrogenating to 1,2-PD and 1,5-PD over the Cu0

nanoparticles. The presence of C=C bonds is essential for the ring-opening process. 2-MF
obtains a similar yield of 1-pentanol and 2-pentanol, which can be attributed to the reduced
steric hindrance in its structure. From the point of the reaction kinetics, moderate particle
sizes of the catalyst exhibit the highest TOF. Conversely, small Cu particles possess a strong
adsorption capacity for FOL and PD, leading to a scarcity of available Cu active sites for
the reaction. Meanwhile, the large Cu particles have lower catalyst activity for the steric
hindrance effect between the C=C bond of the furan ring.

Table 1. The results of converting from furfural (FA) and furfuryl alcohol (FOL) into 1,2-pentadiol
(1,2-PD) as the dominant product.

Entry Catalyst Reactant Solvent H2
(MPa)

T
(◦C)

Time
(h)

Conv.
(%)

Sel. to
1,2-PD (%)

Sel. to
1,5-PD (%) Ref.

1 Pt-Fe/MT FA H2O 0.1 140 10 >99 81 15 [5]
2 Pt/CeO2 FA IPA 2 165 2 >99 59.9 3.1 [39]
3 Pt/HT FA IPA 3 150 8 >99 73 8 [42]
4 Pt/Al2O3 FA Water/IPA 2 240 5 >99 17.3 - [52]
5 Ru-Sn/ZnO FA IPA 3.6 140 6 >99 84.5 9.1 [27]
6 Ru/PVP + HDA FA 1-propanol 2 125 48 >99 36 - [53]
7 Rh/OMS-2 FA methanol 3 160 8 >99 87 - [41]
8 Pd/MMT-K10 FA IPA 3.4 220 5 >99 66 - [38]
9 Cu-Mg-Al FA ethanol 6 150 6 84.1 55.2 28.5 [47]
10 Al(OH)3/Cu FA IPA 4.5 170 6 >99 34.1 - [50]
11 Ru/MnOx FOL H2O 1.5 150 4 >99 42.1 - [37]
12 Ru/Al2O3 FOL H2O 10 200 1 >99 32 - [54]
13 Ru-Mn/CNTs FOL H2O 1.5 150 4 81.8 16.5 - [55]
14 Ru/MgO FOL H2O 3 190 1 >99 42 2.9 [56]
15 Pt/CeO2 FOL ethanol 2 165 24 >99 77 7 [40]
16 Pt/Mg(Al)O@Al2O3 FOL ethanol 3 200 - >99 86 5 [44]
17 Pt/Mg7AlO FOL ethanol 2 160 2 >99 64.9 - [46]
18 Pt/MgO FOL H2O 1 160 10 >99 59.4 16.2 [57]
19 Pt/CeO2 FOL H2O 1 170 1.5 >99 65 8 [58]
20 CoWO4 FOL IPA - 160 7 91 67 - [36]
21 Cu-Mg3AlO4.5 FOL ethanol 6 140 24 >99 51.2 28.8 [49]
22 Cu-Al2O3 FOL ethanol 8 140 8 85.8 48.1 22.2 [50]
23 Cu/MgO-La2O3 FOL IPA 6 140 8 94.9 67.1 17.8 [51]

Qurbayni and coworkers [36] synthesized a CoWO4 catalyst to produce 1,2-PD, with
a 67% yield from FOL. Heat treatment under different temperatures resulted in synthesized
CoWO4 with different degrees of crystallinity. The low-crystalline CoWO4 showed remarkable
catalytic activity of 1,2-PD. This high activity can be attributed to the amorphous structure
of the low-crystalline catalyst, which possesses a shorter nearest-neighbor distance between
different Co2+ species. This proximity of active sites facilitates the breaking of the C-O
bond. Furthermore, 1H NMR was used to detect signatures of unsaturated diol, providing
evidence to support the proposed catalytic mechanism of the direct ring-opening process.
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In summary, the conversion of FA or FOL to 1,2-PD is intricately influenced by some
parameters. Notably, noble metal catalysts operate under milder conditions than their
non-noble-metal counterparts, owing to their superior hydrogen activation capability.
Moreover, the particle size of metal sites plays a pivotal role. Larger sizes favor full
saturation products via furan ring adsorption, whereas smaller sizes promote dehydration
reactions due to strong hydroxyl group adsorption. The absorption configuration also
determines the reaction pathways. Establishing this configuration involves catalyst design
featuring acidic and/or base sites, along with exploring the synergistic effects between
metal sites and metal oxides and the role of oxygen vacancies. High hydrogen pressure,
a crucial parameter in reactions, tends to promote the formation of fully saturated compounds
and excessive hydrogenation byproducts. Conversely, a restricted supply of hydrogen
pressure can lead to alternative reactions, such as hydration. Additionally, elevated
temperatures can trigger excessive reactions, including dehydration and even carbonization.

2.2. The Production of 1,4-PD

The production of 1,4-butanediol(1,4-PD) from levulinic acid or γ-valerolactone, despite
their biomass origins, often necessitates harsh reaction conditions. Consequently, there
has been a surge of interest in developing milder pathways for converting FA or FAL into
1,4-PD. Up to now, three distinct routes have been proposed: (1) the hydrogenolysis of FOL to
3-carbon-but-1-ol (3-AP) followed by hydrogenation to 1,4-PD [59]; (2) the etherification of FOL
to 2-ethoxymethylfuran, ring opening to ethyl levulinate, and subsequent hydrogenation to
1,4-PD [60]; (3) the hydrogenolysis of FOL to 2-methylfuran (2-MF) and further hydrogenolysis
to 1,4-PD in the aqueous phase [61]. The results of converting FA, FOL, and 2-MF into 1,4-PD
as the dominant product are listed in Table 2.

Zhang’s group prepared a Ru/CMK-3 catalyst for the hydrogenation of FA [62]. FA
directly cracked the C-O bond in the H2-CO2 atmosphere without going through the LA or
GVL hydrogenation pathway. 1,4-PD with a 90% yield was obtained via 3-AP intermediates.
Acidic sites are usually provided by a support or metallic oxide. In this catalytic system, the
acidic sites mainly come from the electron-deficient Ru species, rather than being contributed
by the support. A low reduction temperature was chosen for keeping a portion of Ru in its
positive valence state, ensuring the presence of enough acidic sites for the reaction. This
showed that THFA tended to form in the absence of an acidic environment. To address this,
the introduction of CO2 was employed, which could form carbonic acid in situ, benefitting
the formation of 1,4-PD. By controlling the reaction parameters, neither LA nor GVL
intermediates were detected, indicating that weak acidic sites could induce the occurrence
of the Piancatelli rearrangement [63]. In a hydrogen atmosphere, the rearrangement process
was effectively suppressed, allowing the pentadienyl cation intermediate to quickly transform
into 3-carbo-but-1-ol and, ultimately, to 1,4-PD. To address the challenges of the aggregation
and deactivation of a Ru/CMK-3 catalyst in water, Zhang et al. used a solid acidic support,
Amberlyst-15, to replace the carbon dioxide (carbonic acid formed in situ), which can
obtain an 86% yield of 1,4-PD from FA [64]. Furthermore, the strategic introduction of
an appropriate amount of FeOx played a dual role, effectively improving the dispersion
of metal and decreasing the surface acidic sites. Too small an amount of FeOx may not
be sufficient to significantly decrease the number of acidic sites on the catalyst surface,
leading to undesired side reaction products such as LA or GVL. However, too high an FeOx
content makes the particle size of Ru larger, which decreases the hydrogen activation ability,
resulting in the formation of a large amount of 3-carbo-but-1-ol. Connecting metallic sites
with acidic sites, excessive metal acidic sites lead to the absence of detectable ring-opening
products. A low ratio indicated that the 3-AP intermediate can be transformed into 1,4-PD
through hydrogenation, indicating that a suitable ratio of metal-acid sites is of paramount
importance for the yield of the target product.

Shimazu’s group synthesized a NiSn alloy catalyst for the selective conversion of C5-furan
compounds (FA, FOL, and 2-MF) to 1,4-PD [65]. The synergistic effects between the Ni-Sn
alloy, H2, and the hydroxylated solvents are pivotal in facilitating catalytic reactions. The
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Ni-Sn alloy catalyst has demonstrated remarkable performance, achieving yields of 1,4-PD
as high as 92% from FA, 71% from FOL, and 48% from 2-MF, all in an ethanol/H2O solvent
system. By using different reactants as substrates, a novel pathway that circumvents the
Piancatelli rearrangement was proposed: FA was hydrogenated to FOL, which subsequently
adsorbed and was protonated on the Sn2+ surface, and then the hydrogenolysis of FOL led
to the formation of 2-MF, serving as a precursor for partially hydrogenated species. Water
preferentially attacked the C2 atom of 2-methyl-4,5-dihydrofuran, resulting in the production
of a hemiketal intermediate. It could be transformed into 3-AP assisted by H+.

Hou’s group developed a Ru/(sulfated)SBA-15 catalyst using FA as a substrate to
obtain 1,4-PD with an 87% yield [66]. The electron exchange between Ru and -SO3H leads
to a more electron-rich Ru species, enabling it to efficiently activate hydrogen and, thus,
promote the hydrogenation reaction. By comparing the catalytic performance of Ru/AC,
it was found that the weak acid site may not contribute significantly to the system, while
the introduced -SO3H group played a crucial role. The influence of varying the amount of
-SO3H at the surface was also investigated. Too many -SO3H groups cause some undesired
performances as follows (1) hydrolysis, polymerization, and many other side reactions
occur; (2) the pore structure of the catalyst collapses or clogs; (3) the strong nucleophilicity
of -SO3H makes the substrate competitive with the solvent for adsorption.

Wang’s group used a Cu/SiO2 catalyst with an 86.2% yield to 1,4-PD from FA [60].
They discovered that the composition of the solvent had a profound impact on the dispersion
of the product. When ethanol was employed as the solvent, ether species was formed,
which protected the hydroxyl group of FA from polymerization, contrary to the widely
held belief that 2-methyltetrahydrofuran (2-MTHF) underwent ring opening to produce
1,4-PD. Moreover, 2-MTHF was derived from the dehydration of 1,4-PD in water-scarce
conditions. Based on catalytic performance evaluations, the mixed solvent of ethanol and
H2O was found to effectively enhance the catalytic activity.

Wu and coworkers developed a PtNi alloy catalyst that was capable of opening
the ring of 2-MF to produce 1,4-PD with a yield of 69% [67]. The electron migration
from Ni to Pt resulted in the formation of oxidized Ni species. The synergistic effect
between Pt and Ni facilitated the hydrogenation of the furan ring. The reaction route
includes the semi-hydrogenation of furan rings, which are initially protonated by acidic
sites. Subsequently, the product was attacked by H2O, leading to the introduction of the
hydroxyl group at the -CH3 position. This is facilitated by the presence of C-C bonds
adjacent to the -CH3 group, which make the site more reactive for hydroxylation. The
resulting hemiketal intermediates are generated through a proton transfer process to
produce 3-AP, following the formation of 1,4-PD via hydrogenation.

In summary, the conversion of FA and furfuryl alcohol FOL to 1,4-PD requires water
(H2O) as a nucleophile to attack the furan ring, as direct ring opening cannot generate the
tertiary hydroxyl groups. Consequently, utilizing water as a solvent or a reactant is a relatively
effective strategy to facilitate this transformation. Beyond direct ring-opening mechanisms,
levulinic acid or levulinate esters present a well-established pathway for producing 1,4-PD.

Table 2. The results of converting from furfural (FA), furfuryl alcohol (FOL) and 2-methylfuran
(2-MF) into 1,4-pentadiol (1,4-PD) as the dominant product.

Entry Catalyst Reactant Solvent H2 (MPa) T (◦C) Time (h) Conv. (%) Sel. to
1,4-PD (%) Ref.

1 Ru/CMK-3 FA H2O 1 80 20 >99 90 [62]

2 Ru-6.3FeOx/AC
+ Amberlyst-15 FA H2O 0.2 80 20 >99 86 [64]

3 Ru/SC-SBA-15 FA H2O 1.5 140 4 >99 87 [66]
4 Cu/SiO2 FA ethanol/H2O 4 180 8 >99 86.2 [60]
5 Ni-Sn FA ethanol/H2O 3 160 12 >99 92 [65]
6 Ni3Sn2 FA ethanol/H2O 3 160 10 >99 87 [68]
7 Ni–Sn(x)/AlOH FA ethanol/H2O 3 160 12 >99 78 [69]
8 Ni-Sn FOL ethanol/H2O 3 180 12 >99 71 [65]
9 Ni-Sn 2-MF ethanol/H2O 3 160 12 >99 48 [65]
10 Pt-Ni 2-MF ethanol/H2O 2 120 3 >99 69 [67]
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2.3. The Production of 1,5-PD

To produce 1,5-pentanediol (1,5-PD) from FA and its furan derivatives, two primary
routes were explored. The first route involves directly breaking the furan ring to produce
penta-1,3-diene-1,5-diol, which is subsequently hydrogenated to form 1,5-PD. Another
route is the full hydrogenation of the furan ring to form the tetrahydrofurfuryl alcohol
(THFA) intermediate. The C2-O bond in THFA is cleaved to produce 1,5-PD. The results of
converting FA and FOL into 1,5-PD as the dominant product are listed in Table 3.

2.3.1. Furan Ring Cracking and Hydrogenation

Xu and coworkers reported the use of a Pt/Co2AlO4 catalyst to achieve a 34.9% yield
of 1,5-PD from FA [70]. In this catalyst system, Pt demonstrated a remarkable ability
to activate hydrogen but showed a relatively low level of adsorption for C=C bonds.
However, the incorporation of CoOx, especially Co3+, effectively enhanced the adsorption
of the C=C bond, making the ring-opening process feasible [71]. Following the C2-O
cracking and hydrogenation process, 1,5-PD was obtained through the hydrogenation of
the penta-1,3-diene-1,5-diol intermediate.

Álvarez et al. found that Co-Al nanoparticles, a non-noble-metal catalyst, could
produce a 30% yield of 1,5-PD from FA [72]. Co0 activated hydrogen, while Co3+ and
Al3+ provided adsorption sites for the furan ring. A higher reduction temperature results
in a stronger surface acidity, which is beneficial for C=C bond adsorption. The reaction
followed Markovnikov’s rule. Based on this rule, a route is proposed. The hydroxyl group
of 2-propanol polarizes the O of the furan ring by activating the C2-O bond. With the
assistance of Lewis acid, the C2-O bond is cleaved to produce a carbocation intermediate,
which is stabilized because of resonance within the furan ring.

Kim’s group studied the transformation of FA to 1,5-PD (47.5% yield) using a Ni-Co-Al
catalyst [73]. The number of ultra-small Ni0 domains exposed on the surface was sufficient
to promote the dissociative adsorption of H2 molecules and suppress a ring-saturated
reaction. Meanwhile, hydrogen spillover occurred from Ni0 to oxygen-vacant CoOx
(Ov-CoOx) sites. The Coδ+ sites near the Ov sites had stronger adsorption strength in
terms of hydroxyl O atoms of FOL, which made the hydrolysis energy barrier of the C2-O
bond lower than other side reactions. It also proved that the directly open process is
more depleted than the partially hydrogenated route. Similarly, Peng [74] and coworkers
synthesized a Ni-Co-Al hydrotalcite-derived catalyst. A low ratio of Ni and Co showed
the highest yield of 1,5-PD (42.5%) from FOL. A low content of Ni decreased the particle
size, which prevented excess hydrogenation. Additionally, due to the presence of hydrogen
transfer, the catalyst was able to provide enough hydrogenation sites with a relatively
low number of Ni sites. Furthermore, the Co2+ inhibited C=C adsorption, changing
the adsorption configuration from a flat to a tilted structure, which is beneficial for
producing 1,5-PD.

Zeng’s group synthesized the ZnCo(LDH) catalyst using Co(NO3)2 to etch the template
of ZIF-8 for the hydrogenation of FA [75]. The introduction of Co2+ species not only induced
a tilted configuration but also increased the amount of Brønsted and Lewis acidic sites,
resulting from the electron transfer from Znδ+ to Coδ+, which are beneficial to ring opening,
with a 46.9% yield of 1,5-PD from FA.

Liu’s group prepared Cu-modified cobalt-based catalysts supported on cerium
dioxide catalysts (Cu-Co/CeO2) [76]. Adding an alkali solution into a metal salt solution
resulted in a higher precipitation rate for Co compared to Cu. This process was beneficial
for the reduction of both cerium oxide and cobalt oxide, significantly promoting the
formation of oxygen vacancies and activated substances to effectively improve the
hydrogenolysis of FA. With the assistance of Lewis acidic sites and oxygen vacancy,
the C-O bond was activated, weakening its strength, which subsequently facilitated its
cleavage during the further hydrogenation of penta-1,3-diene-1,5-diol to 1,5-PeD, with
a 53.4% yield.
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Huang’s group synthesized the Co-Pt-La catalyst for the hydrogenation of FA [77].
The introduction of Co improved the conversion of FOL and changed the major product
from 1,5-PD to 1,2-PD. The presence of the CoOx-PtOx interface, which promotes the
dispersion of Co and Pt particles and strengthens the electronic interactions between
them, could accelerate the rate of hydrogen transfer in the spillover process. This
benefited the overall reaction activity, resulting in a yield of 40.3% for 1,5-PD and 11.1%
for 1,2-PD, respectively.

A kind of Cu/MFI catalyst was synthesized by Liu’s group [78]. They found that the
ratio of Cu0/(Cu0 + Cu+) has a linear correlation with the selectivity towards 1,5-PD (69.2%
yield) and 1,2-PD (16.0% yield) from FOL. Additionally, the Brønsted acidic sites in the
catalyst provide H+, which facilitates the cleavage of the C-O bond in the furan ring. The
incorporation of Cu shifts the p-band of the catalyst away from the Fermi level, resulting
in a decrease in surface energy, thereby favoring the absorption of substrates. There is
an electron transfer from MFI to Cu, resulting in metallic sites being more electron rich,
while oxygen atoms coordinated with metallic sites exhibit increased electron vacancies.
The electron-rich methoxy group of FOL preferentially absorbs at Cu+ sites due to the
low adsorption energy, forming alkoxide species that facilitate the ring-opening process.
One year later, Liu et al. adopted an ammonia evaporation method to synthesize the
Cu/MFI-AEM catalyst, achieving better catalytic activity with a 76.4% yield of 1,5-PDO
from FOL [79]. In precursor solution, NH3 chelates with metal ions, allowing for the
exchange of hydroxyl groups on the support for anchoring the metal ions during the
impregnation process. After a series of heat treatment processes, the anchoring effect
provided uniform distribution of the metal particles and an excellent anti-coking performance,
resulting in high stability and activity.

2.3.2. Hydrogenation and Ring Cracking

Tomishige’s group synthesized a Pd-Ir-ReOx/SiO2 catalyst that achieved a 71.4%
yield of 1,5-PD from FA using a two-step temperature process in a one-pot reaction [80].
In the low-temperature reaction step, the Pd-ReOx species catalyzed the saturated
hydrogenation, transforming FA into THFA. Subsequently, the Ir-ReOx species promoted
the conversion of THFA to 1,5-PD via hydrogenolysis at high temperature [81]. A similar
temperature control method was employed in the Rh-Ir-ReOx/SiO2 catalytic system [82].
In comparison to Ir-ReOx species, the Ir-Rh alloy modified with ReOx enhanced the
hydrogenation rate of FA to THFA during the low-temperature step. The same Ir-Rh
alloy modified by ReOx catalyzed the hydrogenolysis of THFA into 1,5-PD during the
high-temperature step.

Wu’s group designed a Pt@Al2O3 catalyst and used NaBH4 as a hydrogen source to
produce 1,5-PD from FA [83]. The presence of pentacoordinate Al3+ was detected, and
these unsaturated coordinate structures not only strongly anchored and dispersed Pt
NPs but were also the source of Brønsted acidic sites. As we know, Brønsted acid sites
are beneficial for hydrogen spillover on the catalyst surface, which plays an essential
role in the formation of Pt-H active sites in the hydrolysis of NaBH4. H2O may either
directly participate in the reaction or a hydroxyl exchange phenomenon may occur.
The intermediates produced by C2-O or C5-O bond cracking are unstable and can react
rapidly with water for the formation of a more stable structure. Due to the reversibility
of this process, it is influenced slightly and conforms with the isotope labeling results.
When hydrogen is selected as a hydrogen source, 1,2-PD is the dominant product.
However, when only NaBO2 is added, 1,5-PD becomes the major product. It is agreed
that the O from NaBO2 interacts with Pt, which decreases the energy barrier for C2-O
bond cracking.
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Table 3. The results of converting from furfural (FA) and furfuryl alcohol (FOL) into 1,5-pentadiol
(1,5-PD) as the dominant product.

Entry Catalyst Reactant Solvent H2 (MPa) T (◦C) Time
(h)

Conv.
(%)

Sel. to
1,2-PD (%)

Sel. of
1,5-PD (%) Ref.

1 Pt/Co2AlO4 FA ethanol 1.5 140 24 >99 16.2 34.9 [70]
2 Pt@Al2O3 FA H2O NaBH4 45 8 >99 - 75.4 [83]
3 Pd-Ir-ReOx/SiO2 FA H2O 6 40/100 8/72 >99 1.4 71.4 [80]
4 Rh-Ir-ReOx/SiO2 FA H2O 6 40/100 8/32 >99 1.2 78.2 [82]
5 Co-Al FA IPA 3 150 8 >99 - 30 [72]
6 Ni-Co-Al FA H2O 3 160 6 >99 19.2 47.5 [73]
7 ZnCo FA ethanol 4 160 4 >99 8.1 46.9 [75]
8 Cu-Co/CeO2 FA ethanol 3 150 4 >99 12.8 53.4 [76]
9 Ni-Y/HT FA IPA 2 150 72 >99 1.9 46.0 [84]

10 Ni-La/HT FA IPA 2 150 72 >99 2.8 55.8 [84]
11 Pt/Co-La FOL IPA 3 160 10 >99 11.1 40.3 [77]
12 Ni-Co-Al FOL IPA 4 150 4 >99 12.2 42.5 [74]
13 Cu/MFI * FOL ethanol 2.5 160 -- >99 16.0 69.2 [78]
14 Cu/MFI-AEM * FOL - 2.5 180 -- >99 14.3 76.4 [79]
15 Cu-LaCoO3 FOL ethanol 6 140 2 >99 15.2 40.3 [85]
16 Cu-Co-Al FOL ethanol 4 160 2 97.8 18.9 44.7 [86]

* Continuous reaction.

In summary, the direct reaction routes can effectively convert FA or FOL into 1,5-PD,
which has a similar process to 1,2-PD. Therefore, its production alongside 1,2-PD is desirable.
The boiling point of 1,2-PD is 30 ◦C lower than that of 1,5-PD. Separation can be achieved
through distillation and rectification. However, the fundamental difference lies in the
specific bond cleavage required: 1,5-PD necessitates the breaking of a C2-O bond, whereas
1,2-PD involves the cleavage of a C5-O bond. From what we know, Ni based catalysts
should form 1,5-PD, Ru based catalysts could form 1,2-PD, Cu based catalysts can produce
both products. Others, like Pd, Pt, and Rh, can produce 1,2-PD and 1,5-PD by using
different methods to adjust the electronic state and/or spatial structure. Moreover, acidic
and/or basic sites, as well as the synergistic interaction between metal sites and metal
oxides, and the creation of oxygen vacancies, have been devised to achieve excellent
catalytic performance. Notably, Co has been extensively employed as a second component
due to its exceptional properties. Co can contribute Lewis acidic sites, generate oxygen
vacancies, effectively disperse metal components, and promote ring opening within various
catalytic systems.

2.4. The Production of 1,2,5-Pentanetriol

Tong and coworkers [87] adopted different precursors and methods to synthesize
CoP, Co2P, and NiP catalysts with different space groups. The variation in the adsorption
configurations of the feed molecules on the catalyst surface has a profound impact on the
product’s distribution and selectivity. As a result, different products were obtained with
distinct yields: 80.2% for 1,2,5-pentanetriol and 62.8% for cyclopentanol. Interestingly, the
vertical adsorption configuration on the Co2P and NiP catalysts favored the production
of the ring rearrangement products. According to past works, the partially hydrogenated
species typically form with a tilted adsorption configuration, while the ring-opening
product preferentially forms through a flat configuration. Moreover, isotopic labeling
experiments confirmed that the 2o hydroxyl group originated from the H2O solvent. When
methanol was used as a solvent, no ring-opening product was detected, suggesting that
only H2O provided sufficient force to break the furan ring.

3. The Ring Opening of 5-Hydroxymethylfurfural and Its Furanic Derivatives

The routes for the synthesis of polyols from 5-hydroxymethylfurfural (HMF) are
proposed in Scheme 3. To produce 1,2,6-hexanetriol (1,2,6-HT), HMF is initially converted to
2,5-dihydroxymethylfuran (BHMF). Two methods have been reported for the ring opening
of BHMF, one directly breaking the unsaturated furan ring [88] and the other involving full
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hydrogenation to produce 2,5-bishydroxymethyltetrahydrofuran (BHMTHF), followed by
hydrolysis of the C-O to form 1,2,6-HT [89]. Furthermore, BHMF can be transformed into
1,6-hexanediol (1,6-HD) through selective hydration [90]. Alternatively, 1,6-HD can also
be formed directly from BHMF via hydrolysis, involving a hexan-1,3,5-triene-1,6-diol
intermediate [91]. A few reports have indicated that 1,2-hexanediol (1,2-HD) can be
obtained through the hydrolysis of 5-methylfurfuryl alcohol (HMMF) [92]. Additionally,
the fully saturated structure of 5-methyl tetrahydrofurfuryl alcohol (HMMTHF) can be
converted to 1,5-HD [93].
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Zhang’s group devised a strategy to divide active metal sites into two parts (Pd/SiO2
and Ir-ReOx/SiO2) within a fixed-bed reactor with a high 1,6-HD yield from HMF [90].
HMF was first transformed into 2,5-bishydroxymethyltetrahydrofuran (BHMTHF) on the
surface of Pd/SiO2, and then BHMTHF underwent ring opening at the Ir-ReOx/SiO2
catalyst, which facilitated the hydration reaction to produce 1,6-HD. Water and ReOx
can form hydroxyl species that increase the number of acidic sites [94,95]. THF, as
a non-protonic solvent, has been proved to facilitate stronger alcohol adsorption compared
to water in the Ir-ReOx/SiO2 catalytic system [96]. Also, it is important to note that too
many acidic sites and excessively strong absorption abilities can lead to the generation of
undesirable byproducts. A suitable ratio of H2O and THF in the reaction mixture is crucial
to improve the yield of the target product.

Tuteja and coworkers prepared a Pd/ZrP catalyst for the hydrogenation of HMF using
HCOOH as a hydrogen source, with a 43% yield of 1,6-HD [91]. HMF adopts a tilted
configuration due to electrostatic interactions with the metal and acidic ZrP support. The
ZrP support provides acidic sites that facilitate the ring-opening process and the elimination
of the epoxy group while also positioning the furan ring in a favorable orientation for the
formation of hexan-1,3,5-triene-1,6-diol. Meanwhile, the dissociation of HCOOH at Pd sites
generates H+ and H−, which are essential for achieving the hydrogenation reaction.

Yao and coworkers found that the Cu-Co/Al2O3 catalyst displayed the desired
catalytic activity to transform HMF to 1,2,6-HT [97]. A 64.5% yield of the target product
was achieved at 120 ◦C, 4 MPa H2, 12 h. The ring-opening process in this system effectively
breaks the unsaturated bond, as evidenced by the lack of reactivity observed for BHMTHF.
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Kataoka and coworkers synthesized a Pt-Co/CeO2 catalyst for the hydrogenation of
HMF [88]. In their study, they used methanol as a model compound to screen various
supports and found the presence of methoxy species with different coordination modes
according to IR measurements. Conspicuously, only the monodentate mode shows selectivity
to 1,2,6-HT. However, there are some exceptions, such as deriving from a few basic sites,
with the cyclopentanone derivatives (rearrangement) as the major product. Additionally,
the method of synthesis used to form the Pt-Co alloy can also impact the catalytic performance,
with different methods resulting in undesired product dispersion.

Matsagar and coworkers synthesized a Pt@Al2O3 catalyst precursor including a series
of heat treatments for the hydrogenolysis of HMF to 1,2,6-HT with a 63% yield [98].
Compared with Pt/Al2O3 synthesized via impregnation, the Pt-Co/CeO2 catalyst exhibits
a higher proportion of pentacoordinate Al3+ , which can anchor metal sites through
the metal-support interaction. The lower binding energy of O1s orbitals has proved
this hypothesis.

Likozar’s group successfully synthesized a Ni-Ce/Al2O3 catalyst for the hydrogenation
of HMF, achieving a yield of 1,2,6-HT with 64.5% [99]. The introduction of Ce into
the Ni/Al2O3 catalyst leads to a change in the number of both acidic and basic sites.
Additionally, when Ni/Al2O3 and Co/Al2O3 are physically mixed to create a bimetallic
catalyst, the performance is inferior. From the perspective of isoelectric points, Dumesic’s
hypothesis suggests that supports with a high isoelectric point tend to favor the formation
of unsaturated BHMTHF, without the desired ring-opening product [100]. Interestingly,
they found that when metallic oxides were used as additives, the major product obtained
from HMF hydrogenation was 1,2,6-HT. These results suggest that the ring-opening
process does not exclusively occur on metal NP but can also happen primarily at separate
active sites that are not necessarily located near metal NP and/or the support. Additionally,
after the catalytic reaction, the spent catalyst exhibits an increase in the number of basic
sites compared to its pre-reaction state. This is attributed to the migration of O2− from
the bulk phase to the surface, which causes a decrease in the isoelectric point, producing
an abundance of negative charge. This negative charge has a repulsive effect on the
furan ring, resulting in the preferential adsorption of C=O at the surface to produce
the BHMF. Two years later, a similar system was explored in another direction [4].
Researchers discovered, from the reaction kinetics, that adding water as a solvent could
not only suppress dehydration reactions but also have varying, and even opposite, effects
depending on the catalyst used. Specifically, water effectively eliminates unnecessary
dehydration reactions by blocking plenty of acidic and basic sites, especially strong acidic
sites. The incorporation of Ce introduces abundant O vacancies, which significantly
enhances dehydration reactions without the presence of H2O. After adding H2O, it
adsorbed at the O vacancies, particularly at strong acidic sites, effectively suppressing the
dehydration effect.

Hu’s group prepared a Cu-Mg-Al catalyst for the transformation of HMF to 1,2-HD [92].
With the Mg/Cu ratio increased, there was a linear growth in the number of basic sites,
accompanied by a decrease in the particle size of Cu. This suggests that the presence of Mg
contributes to the generation of additional basic sites, which inhibits the agglomeration of
Cu particles. The critical intermediate, HMMF, can be formed via two distinct routes. One
route is the hydrogenation of HMF to yield BHMF and further hydration to produce HMMF.
Another route is the direct hydrogenolysis of HMF to the 5-methylfurfural intermediate and
then further hydrogenation to produce 5-methylfurfuryl alcohol. Finally, 5-methylfurfuryl
alcohol opens its unsaturated furan ring to form the target product, 1,2-HD.

4. The Effect of Reaction Conditions on the Transformation of Furan Compounds
4.1. Solvent

Except for the nature of the reactant and catalyst, some external factors should be
considered. The solvent not only dispersing but even polarizing the reactant is an unavoidable
factor in the catalytic system. Currently, the modes of action include the following:
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(1) Participating in the reaction directly. Gong’s group found that water directly participates
in the ring-opening process of FA [58]. Generally, C2-O cracking leads to the production
of 1,5-PD, while 1,2-PD is produced via C5-O cracking. This means that all the
oxygen atoms in the products originated from FA. Interestingly, a H2

18O isotopic
tracing experiment revealed the presence of 18O at 2◦-OH. Combined with DFT
calculations, they concluded that 1,2-PD was produced by C2-O cracking rather
than C5-O cracking. Because the additional reaction happened between H2

18O and
C2=C3,

18O was detected at 2◦-OH. Additionally, the dehydration reaction occurs at
5◦-OH with hydrogen transfer. Wang et al. found that when ethanol is used as the
solvent, the produced ether species protect the hydroxyl group of FA from undesired
polymerization [60]. Meanwhile, it also facilitates the conversion of the intermediate
from an alcohol to an ester. The solvent can also act as the hydrogen source in
catalytic systems. For instance, in the CoWO4 catalytic system [36], 2-propanol
(IPA) serves as both the solvent and hydrogen source, participating directly in the
transfer of hydrogenation to transform FOL to 1,2-PD. The transfer mechanism was
not elaborated in depth. Compared with ethanol, IPA exhibited a low dissociation
energy barrier by producing the hydrogen route.

(2) Changing the surface states of catalysts. Wang et al. found that alkaline sites of
Mn-OH groups were formed through the rehydration of Mn species in a water
environment, while the high-oxidation-state Mn3O4 species was generated in
a n-propanol environment [55]. Jones’s group found that the addition of H2O led
to a decrease in selectivity towards PDs. They proposed two plausible hypotheses
to explain this phenomenon. One hypothesis is that H2O may act as an oxidant,
causing the oxidation of the active metal site on the catalyst surface. Another
hypothesis is that the presence of H2O may promote the reversion of the catalyst
structure towards layered double hydroxides (LDHs) [86]. The change in catalyst
structure may lead to a reduction in the surface area or the formation of hydroxyl
species [101]. The presence of water and ReOx has been reported to facilitate the
generation of hydroxyl species, which enhances the number of acidic sites on the
catalyst surface [94,95]. In addition, the use of non-protonic solvents, such as THF
in the ReOx/SiO2 catalytic system, has been shown to promote stronger adsorption
of alcohols compared to water [96]. Also, too many acidic sites and too strong an
absorption ability result in the generation of byproducts. A suitable ratio of H2O
and THF improves the yield of the target product dramatically.

(3) Influence of the solubility of hydrogen and the speed of hydrogen spillover. Bretzler’s
group selected THF and IPA as solvents in the Ni-WxC/SiO2 catalytic system,
respectively [102]. The dehydration reaction acts favorably in aprotic solvents such as
THF. The use of IPA as a solvent resulted in a faster reaction rate and the stabilization
of the intermediate to produce 1,2-PD [5].

(4) Inducing substrate polarization and/or stabilizing intermediates. In the Ru/OMS-2
catalytic system, methanol achieved the best yield with the highest dielectric constant [41].

In various catalysis systems, the same solvent may lead to different results. Indeed,
there is no universally optimal solvent, but a suitable solvent may offer excellent solubility
for substrates, stabilize intermediates, and positively influence polarization, thereby
decreasing the energy barriers in target routes. For furan compounds, water and alcohols
exhibit a desirable performance. Water acts as a nucleophile, attacking the furan ring to
lower the energy barrier for ring opening and suppressing the side reaction of dehydration.
However, water also promotes a rearrangement reaction. Conversely, alcohols tend to
suppress the rearrangement reaction but often lead to dehydration.

4.2. Temperature, Hydrogen Pressure and Other Parameters

Temperature and hydrogen pressure are paramount among various reaction parameters,
with the underlying mechanism being relatively well understood. Temperature, commonly
regarded as an energy donor, ensures that the reactants are in the desired active state.
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Similar absorption and reaction processes are confirmed for some ring-opening reactions,
meaning that similar kinetics and thermodynamics should be followed. Thermodynamic
analysis of the ring-opening process has confirmed that high temperature could accelerate
the reaction rate but likely decrease the selectivity of the target product [103]. It means that
it possesses a kinetic advantage, incurring a thermodynamics disadvantage. Thus, a low
temperature is beneficial to chemical equilibrium. Since the hydrogenolysis of the C-OH
bond is enhanced at higher reaction temperatures compared to the hydrogenation of the
double bonds, lower temperature favors the formation of THFA. Although the production
of ring-opening products results in greater heat release than fully saturated products, high
temperatures are vital conditions for the ring-opening process [54]. It means that a complex
system needs to not only consider global Gibbs free energy but also satisfy the necessary
activation energy. Furthermore, kinetic factors are often pivotal in determining product
selectivity in most instances.

Hydrogen pressure for reactants that influence thermodynamics is minimal. In non-
noble-metallic systems, elevating the hydrogen pressure can positively contribute by
furnishing an abundance of hydrogen ions, thereby enhancing the reaction rate. Nevertheless,
this increase in pressure can alter the reducibility structure of the catalyst, leading to
different catalytic performances. A limited supply of hydrogen pressure can result in
hydration, whereas excessively high hydrogen pressure tends to favor the formation of
fully saturated species [38] and excessive hydrogenation products [80]. Additionally,
the transformation of biomass-derived furan compounds at high temperature and H2
pressure can lead to the occurrence of oligomers [41]. Therefore, maintaining an appropriate
temperature and hydrogen supply is crucial for the effectiveness of the reaction.

A few researchers have delved into the effects of furan loading. In different catalysis
systems, distinct phenomena may be observed. Usually, for higher furan loading, the
conversion of furan significantly decreases, and the selectivity of the target product
decreases with other side reactions occurring in a specific loading range [41,57]. In addition,
the catalytic activity increased when increasing the furan loading within a certain range [5].

Different types of reactors may have advantages. The fixed-bed reactor can achieve
a tandem reaction by using two and even more types of catalysts, enabling the production
of a target product [90]. The bath reactor is easy to operate, so it has been widely applied in
the laboratory.

4.3. Catalytic Stability

When examining solely the nature of the metal, noble metals emerge as superior
catalysts for the transformation of furan compounds into polyols, demonstrating enhanced
stability against deactivation mechanisms compared to other metals. As the run time
progresses, deactivation processes inevitably arise due to phenomena, such as leaching,
carbon deposition, reconfiguration, sintering, and catalyst poisoning. These phenomena
are influenced by some parameters, such as the nature of the metal and the reaction
conditions [104]. The leaching process, in particular, is governed by the interplay of the
metal’s properties, the solvent used, the reactant involved, and the reaction conditions.
When examining solely the nature of the metal, noble metals emerge as superior catalysts
for the transformation of furan compounds into polyols, demonstrating enhanced stability
against deactivation mechanisms compared to other metals.

5. Conclusions and Outlook

This review summarizes the transformation of biomass-derived furan compounds
into polyols, which have been widely used in the fields of humectants, drug intermediates,
polymerization feeds, and so on. The most promising routes involve transforming FA
and HMF into target alcohols (1,5-PD and 1,6-HD). It is meaningful to replace toxic,
non-renewable traditional chemical industry processes in the context of sustainable
development. The most critical step is the ring-opening process, where suppressing
the side reactions and achieving C-O cracking selectively determine the yield of the
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target product. Consequently, extensive research has focused on optimizing various
reaction parameters to achieve this goal. Designing an effective catalytic system and
a series of reaction conditions, especially the temperature and solvent, has been considered.
A suitable temperature and H2 pressure provide the right force to facilitate ring opening.
Additionally, solvents play a crucial role by participating in the reaction, polarizing
and/or stabilizing reactants and reconstructing the catalyst. The catalyst is at the core of
catalytic systems. Achieving targeted chemical bond cleavage necessitates highly selective
absorption and polarization capabilities, which can be tailored through catalyst design
and synthesis. A single functional catalyst hardly undergoes both the hydrogenation and
ring-opening process, emphasizing the need for bifunctional and multifunctional catalysts
that show more desired catalytic activity. Also, the relatively expensive feeds, the certain
self-polymerization at high concentrations, and the wastage of catalyst and solvent usage
all contribute to the immaturity of biomass-derived routes. To solve these problems, the
development of more efficient catalytic systems with high conversion and selectivity is
imperative. In the production of 1,2-PD, both Pt-Fe/MT and Rh/OMS-2 catalysts could
achieve relatively high product yields. Pt-Fe/MT stands out for its ability to operate
under ambient pressure and relatively low temperatures, making it a favorable choice.
Regarding the production of 1,4-PD, the Ni-Sn catalyst represents a cost-effective option
due to the low-cost metal composition and high yield of 1,4-PD. Although Ru/CMK-3
also displays a desired yield, its complex synthesis process and the expense associated
with noble metals render it less attractive for commercial applications. For the synthesis of
1,5-PD, Cu/MFI-AEM may be the most desirable catalyst, offering the highest product
yield and acceptable reaction conditions. Furthermore, the adoption of a high-pressure
fixed-bed reactor enhances the feasibility of large-scale application.

From the perspective of catalysis, we provide a comprehensive summary of the
ring-opening process of biomass-derived furan compounds. To gain the desired selectivity
and conversion, a catalyst should be designed to satisfy the right amount of absorption that
could create a suitable surface reaction environment. In general, Ni-based catalysts favor
the formation of 1,5-PD, whereas Ru-based catalysts preferentially yield 1,2-PD. Cu-based
catalysts exhibit versatility, capable of producing both products. Meanwhile, catalysts
including noble metals, such as Pd, Pt, and Rh, can selectively produce 1,2-PD or 1,5-PD
through changes in their geometrical configuration and electronic states. Hydrogenation
and hydrogenolysis, two inescapable steps in the ring-opening process, pose challenges
for single-metal catalysts in achieving high selectivity on a single active site. Addressing
this, the development of bi- or multi-metallic catalysts emerges as an effective solution.
In particular, metals, metal oxides, metal phosphides, and alloys that construct multi-site
synergistic effects significantly enhance selectivity. The prevailing theory postulates that
hydrogen activation occurs at metallic sites, while acidic and/or basic sites facilitate reactant
absorption and polarization, promoting reaction occurrence.

The above processes can be illuminated through various methodologies, including
isotope labeling experiments for tracing atomic migration processes and in situ or operando
characterizations for capturing dynamic processes. The widespread acceptance of self-
consistent mechanisms offers invaluable guidance for future research endeavors. However,
limitations in the current research methodologies obscure details about catalyst dynamic
reconstruction during operando conditions and render certain transition states elusive.
Researchers, thus, rely on indirect approaches, such as intermediate detection and density
functional theory (DFT) simulations, to unravel these processes, resulting in mechanisms
that may appear divergent or even contradictory. This underscores the need for more
innovative design strategies and advanced characterization techniques to overcome these
challenges. Despite there being some challenges in achieving large-scale applications, the
route of converting biomass furan compounds has significance and potential to replace
traditional fossil industries.
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Abbreviations

HMF 5-hydroxymethylfurfural
FA furfural
FOL furfuryl alcohol
1,2-PD 1,2-pentadiol
1,4-PD 1,4-pentadiol
1,5-PD 1,5-pentadiol
1,2-HD 1,2-hexanediol
1,6-HD 1,6-hexanediol
1,2,6-HT 1,2,6-hexanetriol
3--AP 3-carbon-but-1-ol
BHMF 2,5-dihydroxymethylfuran
BHMTHF 2,5-bishydroxymethyltetrahydrofuran
HMMTHF 5-methyl tetrahydrofurfuryl alcohol
HMMF 5-methylfurfuryl alcohol
THFA tetrahydrofurfuryl alcohol
2-MF 2-methylfuran

References
1. Li, X.; Jia, P.; Wang, T. Furfural: A Promising Platform Compound for Sustainable Production of C4 and C5 Chemicals. ACS Catal.

2016, 6, 7621–7640. [CrossRef]
2. Jing, Y.; Guo, Y.; Xia, Q.; Liu, X.; Wang, Y. Catalytic Production of Value-Added Chemicals and Liquid Fuels from Lignocellulosic

Biomass. Chem 2019, 5, 2520–2546. [CrossRef]
3. Peng, L.; Yu, Y.; Gao, S.; Wang, M.; Zhang, J.; Zhang, R.; Jia, W.; Sun, Y.; Liu, H. Coupling Cu+ Species and Zr Single Atoms for

Synergetic Catalytic Transfer Hydrodeoxygenation of 5-Hydroxymethylfurfural. ACS Catal. 2024, 14, 6623–6632. [CrossRef]
4. Pomeroy, B.; Grilc, M.; Gyergyek, S.; Likozar, B. Kinetics and mechanistic insights into the acidic-basic active sites for

water-containing catalytic hydrogenation of hydroxymethylfurfural over ceria-doped Ni/Al2O3. Appl. Catal. B Environ.
2023, 334, 122868. [CrossRef]

5. Cao, C.; Guan, W.; Liu, Q.; Li, L.; Su, Y.; Liu, F.; Wang, A.; Zhang, T. Selective hydrogenolysis of furfural to 1,2-pentanediol over
a Pt–Fe/MT catalyst under mild conditions. Green Chem. 2024, 26, 6511–6519. [CrossRef]

6. Zhang, M.; Liu, Y.; Liu, B.; Chen, Z.; Xu, H.; Yan, K. Trimetallic NiCoFe-Layered Double Hydroxides Nanosheets Efficient for
Oxygen Evolution and Highly Selective Oxidation of Biomass-Derived 5-Hydroxymethylfurfural. ACS Catal. 2020, 10, 5179–5189.
[CrossRef]

7. Hameed, S.; Liu, W.; Yu, Z.; Pang, J.; Luo, W.; Wang, A. Base-free aerobic oxidation of 5-hydroxymethylfurfural to
2,5-furandicarboxylic acid over a Fe single-atom catalyst. Green Chem. 2024, 26, 7806–7817. [CrossRef]

8. Hu, K.; Zhang, M.; Liu, B.; Yang, Z.; Li, R.; Yan, K. Efficient electrochemical oxidation of 5-hydroxymethylfurfural to
2,5-furandicarboxylic acid using the facilely synthesized 3D porous WO3/Ni electrode. Mol. Catal. 2021, 504, 111459. [CrossRef]

9. Shen, X.; Zheng, J.; Hu, L.; Gu, Q.; Li, J.; Chen, K.; Jiang, Y.; Wang, X.; Wu, Z.; Song, J. Highly effective synthesis of biomass-derived
furanic diethers over a sulfonated zirconium–carbon coordination catalyst in alcohol systems. Green Chem. 2023, 25, 4090–4103.
[CrossRef]

10. Sun, Z.; Chen, M.; Wang, K.; Chen, C.; Fei, J.; Guo, W.; Zhu, C.; He, H.; Liu, Y.; Cao, Y. Towards scalable reductive etherification of
5-hydroxymethyl-furfural through iridium-zeolite-based bifunctional catalysis. Green Chem. 2023, 25, 10381–10386. [CrossRef]

11. Díaz-Maizkurrena, P.; Requies, J.M.; Iriondo, A.; Arias, P.L.; Mariscal, R. 5-Methoxymethyl furfural production by acid
heterogeneous catalytic etherification of 5-hydroxymethyl furfural. Catal. Today 2024, 426, 114374. [CrossRef]

12. van Slagmaat, C.A.M.R.; Noordijk, J.; Monsegue, L.G.; Mogensen, S.; Hadavi, D.; Han, P.; Quaedflieg, P.J.L.M.; Verzijl, G.K.M.;
Alsters, P.L.; De Wildeman, S.M.A. Bio-based synthesis of cyclopentane-1,3-diamine and its application in bifunctional monomers
for poly-condensation. Green Chem. 2021, 23, 7100–7114. [CrossRef]

13. Kirchhecker, S.; Dell’Acqua, A.; Angenvoort, A.; Spannenberg, A.; Ito, K.; Tin, S.; Taden, A.; de Vries, J.G. HMF–glycerol acetals as
additives for the debonding of polyurethane adhesives. Green Chem. 2021, 23, 957–965. [CrossRef]

https://doi.org/10.1021/acscatal.6b01838
https://doi.org/10.1016/j.chempr.2019.05.022
https://doi.org/10.1021/acscatal.4c00763
https://doi.org/10.1016/j.apcatb.2023.122868
https://doi.org/10.1039/D4GC00642A
https://doi.org/10.1021/acscatal.0c00007
https://doi.org/10.1039/D4GC01777C
https://doi.org/10.1016/j.mcat.2021.111459
https://doi.org/10.1039/D3GC00479A
https://doi.org/10.1039/D3GC03508E
https://doi.org/10.1016/j.cattod.2023.114374
https://doi.org/10.1039/D1GC02372A
https://doi.org/10.1039/D0GC04093B


Chemistry 2024, 6 958

14. Warlin, N.; Nilsson, E.; Guo, Z.; Mankar, S.V.; Valsange, N.G.; Rehnberg, N.; Lundmark, S.; Jannasch, P.; Zhang, B. Synthesis and
melt-spinning of partly bio-based thermoplastic poly(cycloacetal-urethane)s toward sustainable textiles. Polym. Chem. 2021, 12,
4942–4953. [CrossRef]

15. Wu, Y.; Xu, D.; Xu, Y.; Tian, X.; Ding, M. Ru clusters anchored on N-doped porous carbon-alumina matrix as efficient catalyst
toward primary amines via reductive amination. Appl. Catal. B Environ. 2024, 343, 123462. [CrossRef]

16. Blöndal, K.; Sargsyan, K.; Bross, D.H.; Ruscic, B.; Goldsmith, C.F. Configuration Space Integration for Adsorbate Partition
Functions: The Effect of Anharmonicity on the Thermophysical Properties of CO–Pt(111) and CH3OH–Cu(111). ACS Catal. 2023,
13, 19–32. [CrossRef]

17. Qi, H.; Li, Y.; Zhou, Z.; Cao, Y.; Liu, F.; Guan, W.; Zhang, L.; Liu, X.; Li, L.; Su, Y.; et al. Synthesis of piperidines and pyridine from
furfural over a surface single-atom alloy Ru1CoNP catalyst. Nat. Commun. 2023, 14, 6329. [CrossRef]

18. Wu, D.; Zhang, S.; Hernández, W.Y.; Baaziz, W.; Ersen, O.; Marinova, M.; Khodakov, A.Y.; Ordomsky, V.V. Dual Metal–Acid Pd-Br
Catalyst for Selective Hydrodeoxygenation of 5-Hydroxymethylfurfural (HMF) to 2,5-Dimethylfuran at Ambient Temperature.
ACS Catal. 2020, 11, 19–30. [CrossRef]

19. Ramos, R.; Grigoropoulos, A.; Griffiths, B.L.; Katsoulidis, A.P.; Zanella, M.; Manning, T.D.; Blanc, F.; Claridge, J.B.; Rosseinsky,
M.J. Selective conversion of 5-hydroxymethylfurfural to diketone derivatives over Beta zeolite-supported Pd catalysts in water.
J. Catal. 2019, 375, 224–233. [CrossRef]

20. Zhu, M.-M.; Du, X.-L.; Zhao, Y.; Mei, B.-B.; Zhang, Q.; Sun, F.-F.; Jiang, Z.; Liu, Y.-M.; He, H.-Y.; Cao, Y. Ring-Opening
Transformation of 5-Hydroxymethylfurfural Using a Golden Single-Atomic-Site Palladium Catalyst. ACS Catal. 2019, 9, 6212–6222.
[CrossRef]

21. Zhao, Z.; Yang, C.; Sun, P.; Gao, G.; Liu, Q.; Huang, Z.; Li, F. Synergistic Catalysis for Promoting Ring-Opening Hydrogenation of
Biomass-Derived Cyclic Oxygenates. ACS Catal. 2023, 13, 5170–5193. [CrossRef]

22. Di Bucchianico, D.D.; Wang, Y.J.; Buvat, J.-C.; Pan, Y.; Moreno, V.C.; Leveneur, S. Production of levulinic acid and alkyl levulinates:
A process insight. Green Chem. 2022, 24, 614–646. [CrossRef]

23. Latifi, E.; Marchese, A.D.; Hulls, M.C.W.; Soldatov, D.V.; Schlaf, M. [Ru(triphos)(CH3CN)3](OTf)2 as a homogeneous catalyst for
the hydrogenation of biomass derived 2,5-hexanedione and 2,5-dimethyl-furan in aqueous acidic medium. Green Chem. 2017, 19,
4666–4679. [CrossRef]

24. Chung, E.M.-J.B.; Stones, M.K.; Latifi, E.; Moore, C.; Sutton, A.D.; Umphrey, G.; Soldatov, D.; Schlaf, M. Ruthenium triphos
complexes [Ru(X(CH2PPh2)3-κ3-P)(NCCH3)3](OTf)2; X = H3C-C, N) as catalysts for the conversion of furfuryl acetate to
1,4-pentanediol and cyclopentanol in aqueous medium. Can. J. Chem. 2021, 99, 113–126. [CrossRef]

25. Stones, M.K.; Banz Chung, E.M.J.; da Cunha, I.T.; Sullivan, R.J.; Soltanipanah, P.; Magee, M.; Umphrey, G.J.; Moore, C.M.; Sutton,
A.D.; Schlaf, M. Conversion of Furfural Derivatives to 1,4-Pentanediol and Cyclopentanol in Aqueous Medium Catalyzed by
trans-[(2,9-Dipyridyl-1,10-phenanthroline)(CH3CN)2Ru](OTf)2. ACS Catal. 2020, 10, 2667–2683. [CrossRef]

26. Sullivan, R.J.; Latifi, E.; Chung, B.K.M.; Soldatov, D.V.; Schlaf, M. Hydrodeoxygenation of 2,5-Hexanedione and 2,5-Dimethylfuran
by Water-, Air-, and Acid-Stable Homogeneous Ruthenium and Iridium Catalysts. ACS Catal. 2014, 4, 4116–4128. [CrossRef]

27. Upare, P.P.; Kim, Y.; Oh, K.-R.; Han, S.J.; Kim, S.K.; Hong, D.-Y.; Lee, M.; Manjunathan, P.; Hwang, D.W.; Hwang, Y.K. A Bimetallic
Ru3Sn7 Nanoalloy on ZnO Catalyst for Selective Conversion of Biomass-Derived Furfural into 1,2-Pentanediol. ACS Sustain.
Chem. Eng. 2021, 9, 17242–17253. [CrossRef]

28. Lee, J.; Burt, S.P.; Carrero, C.A.; Alba-Rubio, A.C.; Ro, I.; O’Neill, B.J.; Kim, H.J.; Jackson, D.H.K.; Kuech, T.F.; Hermans, I.; et al.
Stabilizing cobalt catalysts for aqueous-phase reactions by strong metal-support interaction. J. Catal. 2015, 330, 19–27. [CrossRef]

29. Nakagawa, Y.; Tamura, M.; Tomishige, K. Catalytic Reduction of Biomass-Derived Furanic Compounds with Hydrogen. ACS
Catal. 2013, 3, 2655–2668. [CrossRef]

30. Jiang, Z.; Zeng, Y.; Hu, D.; Guo, R.; Yan, K.; Luque, R. Chemical transformations of 5-hydroxymethylfurfural into highly added
value products: Present and future. Green Chem. 2023, 25, 871–892. [CrossRef]

31. Cai, Y.; Wu, B.; Tian, Y.; Sun, B.; Yang, J.; Wu, X. Preparation Method for Propiconazole Serving as Bactericide. CN113444077–A,
28 September 2021.

32. Wu, Y. Method for Producing 1,2-pentanediol from 1-pentene. CN106397112–A, 15 February 2017.
33. Zhu, S.; Lv, Z.; Wang, J.; Jia, X.; Li, X.; Dong, M.; Wang, J.; Fan, W. Catalytic production of 1,4-pentanediol from lignocellulosic

biomass. Green Chem. 2024, 26, 8052–8067. [CrossRef]
34. Ning, C.; Zhang, C.; Zhang, M.; Zhao, X.; Ma, J. Method for Preparing 1,5-pentadiol by Hydrogenation of 1,5-glutaraldehyde.

CN101225022–, 13 February 2008.
35. Lin, P.; Li, M.; Ding, Y. Catalyst and Method for Preparing 1, 5-pentanediol by Hydrogenating Dimethyl 1, 5-glutarate.

CN1565728–A, 18 June 2003.
36. Qurbayni, S.H.; Wijaya, H.W.; Fahruddin Arrozi, U.S.; Permana, Y. Single-Step Hydrogenolysis of Furfuryl Alcohol to

1,2-Pentanediol by CoWO4 Catalyst. Chem. Inorg. Mater. 2024, 2, 100036. [CrossRef]
37. Zhang, B.; Zhu, Y.; Ding, G.; Zheng, H.; Li, Y. Selective conversion of furfuryl alcohol to 1,2-pentanediol over a Ru/MnOx catalyst

in aqueous phase. Green Chem. 2012, 14, 3402. [CrossRef]
38. Date, N.S.; Chikate, R.C.; Roh, H.-S.; Rode, C.V. Bifunctional role of Pd/MMT-K 10 catalyst in direct transformation of furfural to

1,2-pentanediol. Catal. Today 2018, 309, 195–201. [CrossRef]

https://doi.org/10.1039/D1PY00450F
https://doi.org/10.1016/j.apcatb.2023.123462
https://doi.org/10.1021/acscatal.2c04246
https://doi.org/10.1038/s41467-023-42043-6
https://doi.org/10.1021/acscatal.0c03955
https://doi.org/10.1016/j.jcat.2019.04.038
https://doi.org/10.1021/acscatal.9b00489
https://doi.org/10.1021/acscatal.3c00317
https://doi.org/10.1039/D1GC02457D
https://doi.org/10.1039/C7GC01956D
https://doi.org/10.1139/cjc-2019-0374
https://doi.org/10.1021/acscatal.9b05055
https://doi.org/10.1021/cs501202t
https://doi.org/10.1021/acssuschemeng.1c05322
https://doi.org/10.1016/j.jcat.2015.07.003
https://doi.org/10.1021/cs400616p
https://doi.org/10.1039/D2GC03444A
https://doi.org/10.1039/D4GC00180J
https://doi.org/10.1016/j.cinorg.2024.100036
https://doi.org/10.1039/c2gc36270h
https://doi.org/10.1016/j.cattod.2017.08.002


Chemistry 2024, 6 959

39. Tong, T.; Xia, Q.; Liu, X.; Wang, Y. Direct hydrogenolysis of biomass-derived furans over Pt/CeO2 catalyst with high activity and
stability. Catal. Commun. 2017, 101, 129–133. [CrossRef]

40. Tong, T.; Liu, X.; Guo, Y.; Norouzi Banis, M.; Hu, Y.; Wang, Y. The critical role of CeO2 crystal-plane in controlling Pt chemical
states on the hydrogenolysis of furfuryl alcohol to 1,2-pentanediol. J. Catal. 2018, 365, 420–428. [CrossRef]

41. Pisal, D.S.; Yadav, G.D. Single-Step Hydrogenolysis of Furfural to 1,2-Pentanediol Using a Bifunctional Rh/OMS-2 Catalyst. ACS
Omega 2019, 4, 1201–1214. [CrossRef]

42. Mizugaki, T.; Yamakawa, T.; Nagatsu, Y.; Maeno, Z.; Mitsudome, T.; Jitsukawa, K.; Kaneda, K. Direct Transformation of Furfural
to 1,2-Pentanediol Using a Hydrotalcite-Supported Platinum Nanoparticle Catalyst. ACS Sustain. Chem. Eng. 2014, 2, 2243–2247.
[CrossRef]

43. Zhu, Y.; An, Z.; He, J. Single-atom and small-cluster Pt induced by Sn (IV) sites confined in an LDH lattice for catalytic reforming.
J. Catal. 2016, 341, 44–54. [CrossRef]

44. Zhu, Y.; Zhao, W.; Zhang, J.; An, Z.; Ma, X.; Zhang, Z.; Jiang, Y.; Zheng, L.; Shu, X.; Song, H.; et al. Selective Activation of C–OH,
C–O–C, or C=C in Furfuryl Alcohol by Engineered Pt Sites Supported on Layered Double Oxides. ACS Catal. 2020, 10, 8032–8041.
[CrossRef]

45. Meng, X.; Yang, Y.; Chen, L.; Xu, M.; Zhang, X.; Wei, M. A Control over Hydrogenation Selectivity of Furfural via Tuning Exposed
Facet of Ni Catalysts. ACS Catal. 2019, 9, 4226–4235. [CrossRef]

46. Wang, J.; Zhu, S.; He, Y.; Fan, G.; Li, X.; Jia, X.; Dong, M.; Fan, W. Pt/Mg AlO bifunctional catalysts with various Mg/Al ratios for
selective hydrogenation of furfural alcohol to 1,2-pentanediol. Catal. Today 2024, 433, 114647. [CrossRef]

47. Fu, X.; Ren, X.; Shen, J.; Jiang, Y.; Wang, Y.; Orooji, Y.; Xu, W.; Liang, J. Synergistic catalytic hydrogenation of furfural to
1,2-pentanediol and 1,5-pentanediol with LDO derived from CuMgAl hydrotalcite. Mol. Catal. 2021, 499, 111298. [CrossRef]

48. Li, H.; Nie, X.; Du, H.; Zhao, Y.; Mu, J.; Zhang, Z.C. Understanding the Role of Base Species on Reversed Cu Catalyst in Ring
Opening of Furan Compounds to 1, 2-Pentanediol. ChemSusChem 2024, 17, e202300880. [CrossRef] [PubMed]

49. Liu, H.; Huang, Z.; Zhao, F.; Cui, F.; Li, X.; Xia, C.; Chen, J. Efficient hydrogenolysis of biomass-derived furfuryl alcohol to 1,2-
and 1,5-pentanediols over a non-precious Cu–Mg3AlO4.5 bifunctional catalyst. Catal. Sci. Technol. 2016, 6, 668–671. [CrossRef]

50. Liu, H.; Huang, Z.; Kang, H.; Xia, C.; Chen, J. Selective hydrogenolysis of biomass-derived furfuryl alcohol into 1,2- and
1,5-pentanediol over highly dispersed Cu-Al2O3 catalysts. Chin. J. Catal. 2016, 37, 700–710. [CrossRef]

51. Zhu, Y.; Li, B.; Zhao, C. Cu nanoparticles supported on core–shell MgO-La2O3 catalyzed hydrogenolysis of furfuryl alcohol to
pentanediol. J. Catal. 2022, 410, 42–53. [CrossRef]

52. Bhogeswararao, S.; Srinivas, D. Catalytic conversion of furfural to industrial chemicals over supported Pt and Pd catalysts.
J. Catal. 2015, 327, 65–77. [CrossRef]

53. Bruna, L.; Cardona-Farreny, M.; Colliere, V.; Philippot, K.; Axet, M.R. In Situ Ruthenium Catalyst Modification for the Conversion
of Furfural to 1,2-Pentanediol. Nanomaterials 2022, 12, 328. [CrossRef]

54. Götz, D.; Lucas, M.; Claus, P. C–O bond hydrogenolysis vs. C=C group hydrogenation of furfuryl alcohol: Towards sustainable
synthesis of 1,2-pentanediol. React. Chem. Eng. 2016, 1, 161–164. [CrossRef]

55. Wang, X.; Weng, Y.; Zhao, X.; Xue, X.; Meng, S.; Wang, Z.; Zhang, W.; Duan, P.; Sun, Q.; Zhang, Y. Selective Hydrogenolysis
and Hydrogenation of Furfuryl Alcohol in the Aqueous Phase Using Ru–Mn-Based Catalysts. Ind. Eng. Chem. Res. 2020, 59,
17210–17217. [CrossRef]

56. Yamaguchi, A.; Murakami, Y.; Imura, T.; Wakita, K. Hydrogenolysis of Furfuryl Alcohol to 1,2-Pentanediol Over Supported
Ruthenium Catalysts. ChemistryOpen 2021, 10, 731–736. [CrossRef] [PubMed]

57. Yang, Y.; Liu, Q.; Liu, Z. Selective Hydrogenolysis of Furfuryl Alcohol to Pentanediol over Pt Supported on MgO. Catalysts 2024,
14, 223. [CrossRef]

58. Ma, R.; Wu, X.-P.; Tong, T.; Shao, Z.-J.; Wang, Y.; Liu, X.; Xia, Q.; Gong, X.-Q. The Critical Role of Water in the Ring Opening of
Furfural Alcohol to 1,2-Pentanediol. ACS Catal. 2016, 7, 333–337. [CrossRef]

59. Xu, G.; Wang, A.; Pang, J.; Zhao, X.; Xu, J.; Lei, N.; Wang, J.; Zheng, M.; Yin, J.; Zhang, T. Chemocatalytic Conversion of Cellulosic
Biomass to Methyl Glycolate, Ethylene Glycol, and Ethanol. ChemSusChem 2017, 10, 1390–1394. [CrossRef]

60. Zheng, Y.; Zang, J.; Zhang, Q.; Wu, X.; Qiu, S.; Meng, Q.; Wang, T. Ethanol-induced transformation of furfural into 1,4-pentanediol
over a Cu/SiO2 catalyst with enhanced metal–acid sites by copper phyllosilicate. Green Chem. 2023, 25, 1128–1136. [CrossRef]

61. Schniepp, L.E.; Geller, H.H.; Korff, R.W.V. The Preparation of Acetopropyl Alcohol and 1,4-Pentanediol from Methylfuran2. J. Am.
Chem. Soc. 1947, 69, 672–674. [CrossRef]

62. Liu, F.; Liu, Q.; Xu, J.; Li, L.; Cui, Y.-T.; Lang, R.; Li, L.; Su, Y.; Miao, S.; Sun, H.; et al. Catalytic cascade conversion of furfural to
1,4-pentanediol in a single reactor. Green Chem. 2018, 20, 1770–1776. [CrossRef]

63. Piancatelli, G.; Scettri, A.; Barbadoro, S. A useful preparation of 4-substituted 5-hydroxy-3-oxocyclopentene. Tetrahedron Lett.
1976, 17, 3555–3558. [CrossRef]

64. Liu, Q.; Qiao, B.; Liu, F.; Zhang, L.; Su, Y.; Wang, A.; Zhang, T. Catalytic production of 1,4-pentanediol from furfural in a fixed-bed
system under mild conditions. Green Chem. 2020, 22, 3532–3538. [CrossRef]

65. Rodiansono, R.; Dewi Astuti, M.; Hara, T.; Ichikuni, N.; Shimazu, S. One-pot selective conversion of C5-furan into 1,4-pentanediol
over bulk Ni–Sn alloy catalysts in an ethanol/H2O solvent mixture. Green Chem. 2019, 21, 2307–2315. [CrossRef]

https://doi.org/10.1016/j.catcom.2017.08.005
https://doi.org/10.1016/j.jcat.2018.07.023
https://doi.org/10.1021/acsomega.8b01595
https://doi.org/10.1021/sc500325g
https://doi.org/10.1016/j.jcat.2016.06.004
https://doi.org/10.1021/acscatal.0c01276
https://doi.org/10.1021/acscatal.9b00238
https://doi.org/10.1016/j.cattod.2024.114647
https://doi.org/10.1016/j.mcat.2020.111298
https://doi.org/10.1002/cssc.202300880
https://www.ncbi.nlm.nih.gov/pubmed/37697441
https://doi.org/10.1039/C5CY01442E
https://doi.org/10.1016/S1872-2067(15)61080-4
https://doi.org/10.1016/j.jcat.2022.04.018
https://doi.org/10.1016/j.jcat.2015.04.018
https://doi.org/10.3390/nano12030328
https://doi.org/10.1039/C5RE00026B
https://doi.org/10.1021/acs.iecr.0c01023
https://doi.org/10.1002/open.202100058
https://www.ncbi.nlm.nih.gov/pubmed/34109757
https://doi.org/10.3390/catal14040223
https://doi.org/10.1021/acscatal.6b02845
https://doi.org/10.1002/cssc.201601714
https://doi.org/10.1039/D2GC04627J
https://doi.org/10.1021/ja01195a061
https://doi.org/10.1039/C8GC00039E
https://doi.org/10.1016/S0040-4039(00)71357-8
https://doi.org/10.1039/D0GC00233J
https://doi.org/10.1039/C8GC03938K


Chemistry 2024, 6 960

66. Cui, K.; Qian, W.; Shao, Z.; Zhao, X.; Gong, H.; Wei, X.; Wang, J.; Chen, M.; Cao, X.; Hou, Z. Ru Nanoparticles on a Sulfonated
Carbon Layer Coated SBA-15 for Catalytic Hydrogenation of Furfural into 1, 4-pentanediol. Catal. Lett. 2021, 151, 2513–2526.
[CrossRef]

67. Wu, M.; Wang, T.; Li, W.; Zhang, Q.; Zhang, B.; Chen, K.; Peng, S.; Li, G.; Huang, J.; Wang, Q.; et al. Water-favored reaction
mechanism for selective catalytic conversion of 2-methylfuran to 1,4-pentanediol. Chem. Eng. J. 2023, 461, 141944. [CrossRef]

68. Rodiansono; Azzahra, A.S.; Ansyah, P.R.; Husain, S.; Shimazu, S. Rational design for the fabrication of bulk Ni3Sn2 alloy catalysts
for the synthesis of 1,4-pentanediol from biomass-derived furfural without acidic co-catalysts. RSC Adv. 2023, 13, 21171–21181.
[CrossRef] [PubMed]

69. Rodiansono; Astuti, M.D.; Mustikasari, K.; Husain, S.; Ansyah, F.R.; Hara, T.; Shimazu, S. Unravelling the one-pot conversion of
biomass-derived furfural and levulinic acid to 1,4-pentanediol catalysed by supported RANEY® Ni–Sn alloy catalysts. RSC Adv.
2022, 12, 241–250. [CrossRef]

70. Xu, W.; Wang, H.; Liu, X.; Ren, J.; Wang, Y.; Lu, G. Direct catalytic conversion of furfural to 1,5-pentanediol by hydrogenolysis of
the furan ring under mild conditions over Pt/Co2AlO4 catalyst. Chem. Commun. 2011, 47, 3924–3926. [CrossRef]

71. Ma, C.Y.; Mu, Z.; Li, J.J.; Jin, Y.G.; Cheng, J.; Lu, G.Q.; Hao, Z.P.; Qiao, S.Z. Mesoporous Co3O4 and Au/Co3O4 Catalysts for
Low-Temperature Oxidation of Trace Ethylene. J. Am. Chem. Soc. 2010, 132, 2608–2613. [CrossRef]

72. Gavilà, L.; Lähde, A.; Jokiniemi, J.; Constanti, M.; Medina, F.; del Río, E.; Tichit, D.; Álvarez, M.G. Insights on the One-Pot
Formation of 1,5-Pentanediol from Furfural with Co-Al Spinel-based Nanoparticles as an Alternative to Noble Metal Catalysts.
ChemCatChem 2019, 11, 4944–4953. [CrossRef]

73. Kurniawan, R.G.; Karanwal, N.; Park, J.; Verma, D.; Kwak, S.K.; Kim, S.K.; Kim, J. Direct conversion of furfural to 1,5-pentanediol
over a nickel–cobalt oxide–alumina trimetallic catalyst. Appl. Catal. B Environ. 2023, 320, 121971. [CrossRef]

74. Peng, J.; Zhang, D.; Wu, Y.; Wang, H.; Tian, X.; Ding, M. Selectivity control of furfuryl alcohol upgrading to 1,5-pentanediol over
hydrotalcite-derived Ni-Co-Al catalyst. Fuel 2023, 332, 126261. [CrossRef]

75. Tian, Y.; Xie, W.; Yang, Z.; Yu, Z.; Huang, R.; Luo, L.; Zuo, M.; Li, Z.; Lin, L.; Zeng, X. Efficient and selective upgrading of
biomass-derived furfural into 1,5 pentanediol by Co2+ etched ZIF-8 derived ZnCo layered double hydroxides nanoflake. Chem.
Eng. J. 2024, 493, 152669. [CrossRef]

76. Wang, F.; Zhao, K.; Xu, Q.; Yin, D.; Liu, X. Efficient one-pot transformation of furfural to pentanediol over Cu-modified
cobalt-based catalysts. Bioresour. Technol. 2024, 403, 130858. [CrossRef] [PubMed]

77. Liu, D.; Fu, J.; Wang, J.; Zhu, X.; Xu, J.; Zhao, Y.; Huang, J. Interfacial synergy within bimetallic oxide promotes selective
hydrogenolysis of furfuryl alcohol to 1,5-pentanediol. Appl. Surf. Sci. 2024, 642, 158571. [CrossRef]

78. Dai, D.; Feng, C.; Wang, M.; Du, Q.; Liu, D.; Pan, Y.; Liu, Y. Ring-opening of furfuryl alcohol to pentanediol with extremely
high selectivity over Cu/MFI catalysts with balanced Cu0–Cu+ and Brønsted acid sites. Catal. Sci. Technol. 2022, 12, 5879–5890.
[CrossRef]

79. Dai, D.; Shi, Y.; Feng, C.; Liu, D.; Liu, Y. Ring-opening of furfuryl alcohol to pentanediol with hierarchically structured Cu-MFI
catalysts. Micropor. Mesopor. Mater. 2023, 351, 112484. [CrossRef]

80. Liu, S.; Amada, Y.; Tamura, M.; Nakagawa, Y.; Tomishige, K. One-pot selective conversion of furfural into 1,5-pentanediol over
a Pd-added Ir–ReOx/SiO2 bifunctional catalyst. Green Chem. 2014, 16, 617–626. [CrossRef]

81. Chen, K.; Mori, K.; Watanabe, H.; Nakagawa, Y.; Tomishige, K. C–O bond hydrogenolysis of cyclic ethers with OH groups over
rhenium-modified supported iridium catalysts. J. Catal. 2012, 294, 171–183. [CrossRef]

82. Liu, S.; Amada, Y.; Tamura, M.; Nakagawa, Y.; Tomishige, K. Performance and characterization of rhenium-modified Rh–Ir alloy
catalyst for one-pot conversion of furfural into 1,5-pentanediol. Catal. Sci. Technol. 2014, 4, 2535–2549. [CrossRef]

83. Yeh, J.-Y.; Matsagar, B.M.; Chen, S.; Sung, H.-L.; Tsang, D.C.W.; Li, Y.-P.; Wu, K.C.W. Synergistic effects of Pt-embedded,
MIL-53-derived catalysts (Pt@Al2O3) and NaBH4 for water-mediated hydrogenolysis of biomass-derived furfural to
1,5-pentanediol at near-ambient temperature. J. Catal. 2020, 390, 46–56. [CrossRef]

84. Wijaya, H.W.; Sato, T.; Tange, H.; Hara, T.; Ichikuni, N.; Shimazu, S. Hydrogenolysis of Furfural into 1,5-Pentanediol by Employing
Ni-M (M = Y or La) Composite Catalysts. Chem. Lett. 2017, 46, 744–746. [CrossRef]

85. Gao, F.; Liu, H.; Hu, X.; Chen, J.; Huang, Z.; Xia, C. Selective hydrogenolysis of furfuryl alcohol to 1,5- and 1,2-pentanediol over
Cu-LaCoO3 catalysts with balanced Cu0-CoO sites. Chin. J. Catal. 2018, 39, 1711–1723. [CrossRef]

86. Sulmonetti, T.P.; Hu, B.; Lee, S.; Agrawal, P.K.; Jones, C.W. Reduced Cu–Co–Al Mixed Metal Oxides for the Ring-Opening of
Furfuryl Alcohol to Produce Renewable Diols. ACS Sustain. Chem. Eng. 2017, 5, 8959–8969. [CrossRef]

87. Tong, Z.; Li, X.; Dong, J.; Gao, R.; Deng, Q.; Wang, J.; Zeng, Z.; Zou, J.-J.; Deng, S. Adsorption Configuration-Determined Selective
Hydrogenative Ring Opening and Ring Rearrangement of Furfural over Metal Phosphate. ACS Catal. 2021, 11, 6406–6415.
[CrossRef]

88. Kataoka, H.; Kosuge, D.; Ogura, K.; Ohyama, J.; Satsuma, A. Reductive conversion of 5-hydroxymethylfurfural to 1,2,6-hexanetriol
in water solvent using supported Pt catalysts. Catal. Today 2020, 352, 60–65. [CrossRef]

89. He, J.; Burt, S.P.; Ball, M.R.; Hermans, I.; Dumesic, J.A.; Huber, G.W. Catalytic C-O bond hydrogenolysis of tetrahydrofuran-
dimethanol over metal supported WOx/TiO2 catalysts. Appl. Catal. B Environ. 2019, 258, 117945. [CrossRef]

90. Xiao, B.; Zheng, M.; Li, X.; Pang, J.; Sun, R.; Wang, H.; Pang, X.; Wang, A.; Wang, X.; Zhang, T. Synthesis of 1,6-hexanediol
from HMF over double-layered catalysts of Pd/SiO2 + Ir–ReOx/SiO2 in a fixed-bed reactor. Green Chem. 2016, 18, 2175–2184.
[CrossRef]

https://doi.org/10.1007/s10562-020-03520-5
https://doi.org/10.1016/j.cej.2023.141944
https://doi.org/10.1039/D3RA03642A
https://www.ncbi.nlm.nih.gov/pubmed/37456550
https://doi.org/10.1039/D1RA06135F
https://doi.org/10.1039/c0cc05775d
https://doi.org/10.1021/ja906274t
https://doi.org/10.1002/cctc.201901078
https://doi.org/10.1016/j.apcatb.2022.121971
https://doi.org/10.1016/j.fuel.2022.126261
https://doi.org/10.1016/j.cej.2024.152669
https://doi.org/10.1016/j.biortech.2024.130858
https://www.ncbi.nlm.nih.gov/pubmed/38777229
https://doi.org/10.1016/j.apsusc.2023.158571
https://doi.org/10.1039/D2CY01028C
https://doi.org/10.1016/j.micromeso.2023.112484
https://doi.org/10.1039/C3GC41335G
https://doi.org/10.1016/j.jcat.2012.07.015
https://doi.org/10.1039/C4CY00161C
https://doi.org/10.1016/j.jcat.2020.07.014
https://doi.org/10.1246/cl.170129
https://doi.org/10.1016/S1872-2067(18)63110-9
https://doi.org/10.1021/acssuschemeng.7b01769
https://doi.org/10.1021/acscatal.0c05497
https://doi.org/10.1016/j.cattod.2019.12.002
https://doi.org/10.1016/j.apcatb.2019.117945
https://doi.org/10.1039/C5GC02228B


Chemistry 2024, 6 961

91. Tuteja, J.; Choudhary, H.; Nishimura, S.; Ebitani, K. Direct Synthesis of 1,6-Hexanediol from HMF over a Heterogeneous Pd/ZrP
Catalyst using Formic Acid as Hydrogen Source. ChemSusChem 2013, 7, 96–100. [CrossRef] [PubMed]

92. Shao, Y.; Wang, J.; Sun, K.; Gao, G.; Fan, M.; Li, C.; Ming, C.; Zhang, L.; Zhang, S.; Hu, X. Cu-Based Nanoparticles as Catalysts
for Selective Hydrogenation of Biomass-Derived 5-Hydroxymethylfurfural to 1,2-Hexanediol. ACS Appl. Nano Mater. 2022, 5,
5882–5894. [CrossRef]

93. Koso, S.; Nakagawa, Y.; Tomishige, K. Mechanism of the hydrogenolysis of ethers over silica-supported rhodium catalyst modified
with rhenium oxide. J. Catal. 2011, 280, 221–229. [CrossRef]

94. Chia, M.; Pagan-Torres, Y.J.; Hibbitts, D.; Tan, Q.; Pham, H.N.; Datye, A.K.; Neurock, M.; Davis, R.J.; Dumesic, J.A. Selective
hydrogenolysis of polyols and cyclic ethers over bifunctional surface sites on rhodium-rhenium catalysts. J. Am. Chem. Soc. 2011,
133, 12675–12689. [CrossRef]

95. Amada, Y.; Shinmi, Y.; Koso, S.; Kubota, T.; Nakagawa, Y.; Tomishige, K. Reaction mechanism of the glycerol hydrogenolysis to
1,3-propanediol over Ir–ReOx/SiO2 catalyst. Appl. Catal. B Environ. 2011, 105, 117–127. [CrossRef]

96. Nakagawa, Y.; Mori, K.; Chen, K.; Amada, Y.; Tamura, M.; Tomishige, K. Hydrogenolysis of CO bond over Re-modified Ir catalyst
in alkane solvent. Appl. Catal. A Gen. 2013, 468, 418–425. [CrossRef]

97. Yao, S.; Wang, X.; Jiang, Y.; Wu, F.; Chen, X.; Mu, X. One-Step Conversion of Biomass-Derived 5-Hydroxymethylfurfural to
1,2,6-Hexanetriol Over Ni–Co–Al Mixed Oxide Catalysts Under Mild Conditions. ACS Sustain. Chem. Eng. 2013, 2, 173–180.
[CrossRef]

98. Matsagar, B.M.; Sung, H.-L.; Yeh, J.-Y.; Chen, C.-T.; Wu, K.C.W. One--step hydrogenolysis of 5--hydroxymethylfurfural to
1,2,6--hexanetriol using a Pt@MIL-53-derived Pt@Al2O3 catalyst and NaBH4 in aqueous media. Sustain. Energ. Fuels. 2021, 5,
4087–4094. [CrossRef]

99. Pomeroy, B.; Grilc, M.; Likozar, B. Process condition-based tuneable selective catalysis of hydroxymethylfurfural (HMF)
hydrogenation reactions to aromatic, saturated cyclic and linear poly-functional alcohols over Ni–Ce/Al2O3. Green Chem.
2021, 23, 7996–8002. [CrossRef]

100. Alamillo, R.; Tucker, M.; Chia, M.; Pagán-Torres, Y.; Dumesic, J. The selective hydrogenation of biomass-derived
5-hydroxymethylfurfural using heterogeneous catalysts. Green Chem. 2012, 14, 1413. [CrossRef]

101. Cavani, F.; Trifirò, F.; Vaccari, A. Hydrotalcite-type anionic clays: Preparation, properties and applications. Catal. Today 1991, 11,
173–301. [CrossRef]

102. Bretzler, P.; Huber, M.; Nickl, S.; Köhler, K. Hydrogenation of furfural by noble metal-free nickel modified tungsten carbide
catalysts. RSC Adv. 2020, 10, 27323–27330. [CrossRef] [PubMed]

103. Xue, J.; Mao, W.; Zhao, D.; Li, F. Thermodynamic analysis of hydrogenation of furfuryl alcohol to 1,2-pentanediol. Petrochem.
Technol. 2019, 48, 18–22.

104. Martín, A.J.; Mitchell, S.; Mondelli, C.; Jaydev, S.; Pérez-Ramírez, J. Unifying views on catalyst deactivation. Nat. Catal. 2022, 5,
854–866. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/cssc.201300832
https://www.ncbi.nlm.nih.gov/pubmed/24259303
https://doi.org/10.1021/acsanm.2c01077
https://doi.org/10.1016/j.jcat.2011.03.018
https://doi.org/10.1021/ja2038358
https://doi.org/10.1016/j.apcatb.2011.04.001
https://doi.org/10.1016/j.apcata.2013.09.021
https://doi.org/10.1021/sc4003714
https://doi.org/10.1039/D1SE00802A
https://doi.org/10.1039/D1GC02086B
https://doi.org/10.1039/c2gc35039d
https://doi.org/10.1016/0920-5861(91)80068-K
https://doi.org/10.1039/D0RA02003F
https://www.ncbi.nlm.nih.gov/pubmed/35516944
https://doi.org/10.1038/s41929-022-00842-y

	Introduction 
	The Ring Opening of Furfural and Its Furan Derivatives 
	The Production of 1,2-PD 
	The Noble-Metal Catalyst 
	Non-Noble-Metal Catalyst 

	The Production of 1,4-PD 
	The Production of 1,5-PD 
	Furan Ring Cracking and Hydrogenation 
	Hydrogenation and Ring Cracking 

	The Production of 1,2,5-Pentanetriol 

	The Ring Opening of 5-Hydroxymethylfurfural and Its Furanic Derivatives 
	The Effect of Reaction Conditions on the Transformation of Furan Compounds 
	Solvent 
	Temperature, Hydrogen Pressure and Other Parameters 
	Catalytic Stability 

	Conclusions and Outlook 
	References

