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Furfuryl alcohol (FUOH, C4H30CH20H, 2-furylmethanol, 2-furancarbinol) has applications in the fabrication of
foundry resins, the ingredient production of P-series fuels, in liquid alkanes and in food production. It is also a very
important intermediate in fine chemical synthesis and the polymer industry, and it is used as a chemical
intermediate for the synthesis of lysine, vitamin C and levulinic acid and employed as a lubricant and as a
dispersing agent.

xylose furfural catalysis

| 1. Introduction

Owing to the continuous global demand and concerns related to chemicals, fuels and materials produced from the
oil industry (i.e., coal, natural gas and gasoline), which currently supplies most of these substances consumed on
the planet, and the dependency of the global economy on them, alternative renewable resources have gained
momentum in industry and academia. In this sense, lignocellulosic biomass is becoming an attractive alternative to
substitute fossil derivatives in the production of fuels and chemicals in liquid, solid and gas form . Furthermore,
this type of biomass is the most abundant (after atmospheric CO,), non-contaminant, inexpensive renewable
carbon source. Valorization of by-products from the pulp and paper industry emerges as a notably promising
feedstock, considering that it does not compete with food consumption. Moreover, pulp and paper mills in the
Nordics are struggling to keep profiting as a consequence of the digitalization of literature, the climate crisis and
especially the competitive growing market in equatorial and sub-equatorial regions with larger tree-growing rates
and low-cost labor [&. This current tendency can bring new markets to current forest firms to further expand their
product portfolios with biobased chemicals and biofuels, as an extension to their cellulose-based products, such as
paper and packaging materials. This situation forces the shift of their bulk production of paper-grade pulp on the
way to other products with lower production volumes but higher profit, such as bio-oil from lignin &, and value-
added chemicals like xylitol [, furfural (FUR), 5-hydroxymethylfurfural (HMF) and acetic acid from hydrolysate

liquor from the dissolving pulp production =],

The peculiar layout of biomass (highly oxygenated compounds) causes its conversion into chemicals and fuels to
be energy-intensive and comprises profound chemical transformations . One option to handle the complex matrix
of biomass feedstock considers its conversion into simpler fractions, which could be further transformed
downstream. Promising biomass-derived molecules have recently been highlighted, the so-called building blocks or
platform molecules [ which consist of numerous functionalities in their structures, and therefore can be further

converted to a broad spectrum of useful chemical compounds. Among the various appealing biobased platform
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molecules, furanic compounds like FUR, HMF, furan-2,5-dicarboxylic acid, ethanol, glycerol, isoprene, sorbitol,
xylitol, lactic acid, succinic acid and levulinic acid can be produced from Cgs and Cg sugars, which are incorporated
in the hemicellulose fraction of the lignocellulosic biomass @ In the case of FUR, more than 70% of its market is
devoted to the synthesis of furfuryl alcohol (FUOH), whose market is growing continuously 19, Other important and
widely utilized FUR derivatives in the chemical industry are tetrahydrofurfuryl alcohol (THFA) and 2-methylfuran
(MF).

Furfuryl alcohol (FuOH, C4H3;0CH,OH, 2-furylmethanol, 2-furancarbinol) has applications in the fabrication of
foundry resins, the ingredient production of P-series fuels, in liquid alkanes and in food production LI2I13] |t js
also a very important intermediate in fine chemical synthesis and the polymer industry, and it is used as a chemical
intermediate for the synthesis of lysine, vitamin C and levulinic acid and employed as a lubricant and as a

dispersing agent 141,

In order to synthesize FUOH from FUR, FUR typically is reduced at 120 °C under atmospheric pressure 12,
Currently, industrial production of derivates from FUR has been achieved on the Cu-Cr catalyst [28! which involves
various drawbacks, such as harsh conditions regarding the high H, pressure (3 MPa), high reaction temperature
(403-473 K) and high toxicity of chromium compounds 2718 and Cu-chromite goes through rapid deactivation
associated with coke formation or via a change in the Cu oxidation state during reaction 2212021 The first reported
laboratory synthesis of FUOH was in 1864 using amalgam to reduce FUR 22 Further studies were performed due
to its presence in coffee beans 23 Its commercial feasibility was investigated in 1934 by the Quaker Oats
Company in the United States, which achieved a 99% conversion of FUR to FUOH [241. Wojcik (23 reported in 1948
that the copper-chromium oxide catalyst yields around 96—99% FuOH in theory at 175 °C and the catalyst has little

or no effect on the furan ring at 175 °C.

In addition, under liquid-phase and gas-phase systems, the chromium-based catalyst suffers from deactivation.
Hence, various types of chromium-free catalysts, including noble metals (Pt, Pd, Ru, Rh and Ir) [261271[28][29](30]
non-noble metals (Fe, Co, Ni and Cu) [2132]83]34] and alloyed bimetallic metals (Pt-, Ni-, Fe- and Cu-M) [B32I361[37]
(38 have been developed to study the hydrogenation of FUR in liquid phase B2, Moreover, liquid-phase systems
are preferred, since the hydrogenation of FUR in gas phase typically results in a higher amount of by-products and
higher energy requirements, due to the vaporization of FUR. Besides, it is desirable to produce FUOH in aqueous
solution at mild conditions and utilize less toxic components. Hydrogenation is the most fundamental reaction in
reductive conversions. The products of the hydrogenation of FUR are FuOH, MF, tetrahydrofurfural and
tetrahydrofurfuryl alcohol 29 (Figure 1). Moreover, xylose and its isomerization product, xylulose, can be directly
hydrogenated to xylitol on metal sites, or converted into glyceraldehyde via tetro-aldol condensation, and ultimately
reduced to glycerol and ethylene glycol (41, Additionally, xylose can be converted to xylonic acid with in situ
cofactor regeneration catalyzed by co-immobilized xylose dehydrogenase and alcohol dehydrogenase 42; it can
also be converted to levulinic acid employing HY zeolite 3] FUR, an intermediate product, can be converted into
some useful chemicals through selective hydrogenation that starts by the reduction reaction of the carbonyl group
and/or the furan ring, including FuOH, tetrahydrofuran (THF), tetrahydrofurfural, THFA and furan. Meanwhile,

FuOH, may also continue to undergo side reactions, yielding levulinic acid and hydrogenolysis of the C-O bond
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(hydrodeoxygenation) forming MF notably at temperatures above 200 °C 4], Additionally, many other compounds
derived from secondary reactions like hydrogenolysis of the C-O bond, decarbonylation, hydrogenation and furan
ring opening can occur, such as 2-methyltetrahydrofuran (MTHF), 2-pentanone (PN) and 2-pentanol (POL).
Furthermore, when alcohols are present (methanol, ethanol, isopropanol), etherification and acetalization products
may be formed such as 2-furaldehyde dimethyl acetal 49, difurfuryl ether (43! and 2-furaldehyde diethyl acetal 48
[471[48](49] - Along these lines, in order to produce FUOH efficiently and selectively, it is decisive to avert over-
hydrogenation by selectively hydrogenating the C=0 bonds rather than the C=C bonds, and unselectively cracking
the C-C bonds. The coking process via the condensation of xylose and/or FUR derivatives also reduces the carbon
efficiency 24, The selective hydrogenation of FUR towards FUOH depends on various elements governing the
intramolecular selectivity of the hydrogenation of a,B-unsaturated aldehydes 2%, such as metal-support interaction,
electronic and steric influence of the support, morphology of the metal particles, selective poisoning, influence and

nature of the second metal, pressure and the steric effects of substituents at the conjugated double bond.
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Figure 1. Possible reaction routes of the one-pot transformation of xylose to furfuryl alcohol. Adapted from BZ5L52]
153,

| 2. Patents on Furfuryl Alcohol Formation

The top five assignees registering patents on FUOH have been Quaker Oats Company (Chicago, IL, USA), Texaco
Inc. (San Ramon, CA, USA), Halliburton Energy Services, Inc. (Houston, TX, USA), Jinan Shengquan Group Co.
Ltd. (Shandong, Jinan, China) and Kao Corporation (Chuo City, Tokyo, Japan). Additionally, other companies in the
USA and China have registered patents in FUOH. Most of the patents related to FUOH are associated with the

manufacture of resins, binders, molds, foams, coatings, polymers and waxes [B4I55I56157](58][59](60]

Quaker Oats Co. began patenting their knowledge on FUOH by a continuous process to produce FUOH from FUR
in the vapor phase employing CuO and Na,O-SiO,, yielding around 99% FuOH 162 Fyrthermore, a patent
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submitted by Lillwitz in 1978 (63! describes the production of FUOH using HMF as the feedstock in liquid phase with
Pd and Rh at 2135 °C. FuOH is continuously extracted and the pH value is in the range of 6.5 to 9.0. The highest
yield obtained was 79% with an HMF conversion of 87% in a continuous flow without the presence of solvents at
200 °C and 0.02 MPa. A method for the catalytic conversion of FUR to FUOH involving a Ru-supported and N-
doped graphene material has been recently patented 64!, Furthermore, a patent reports the formation of FUOH
from FUR in liquid phase employing a copper-aluminium alloy and 5.5% of Ni-Fe at 130-140 °C with a H, pressure
of 3 MPa, that results in a FUR conversion of 99.5% and a selectivity to FUOH of 97.6% 63 |n contrast, 2-
zirconium hydroxyphosphinyl acetate has been employed to convert FUR (98.1%) to FUOH (96.5% yield) at 150 °C
in 1.5 h B8 |n this application, the inventors used isopropanol as a hydrogen source and as a solvent.
Furthermore, the catalyst was reused three times, leading to a reduction in the catalytic activity to 92.5% FuOH
yield. In a similar invention, ZrO,@SBA-15 was used as a catalyst to form FuOH from FUR by transfer

hydrogenation in a reaction temperature range of 130—160 °C and a hydrogenation reaction time of 1-4 h &1,

Additionally, a process of especial interest to obtain FUOH through multifunctional catalysts from carbohydrates
(xylose) derived from lingocellulosic material was developed by Fraga and Perez in 2013 88, Even though various
catalysts were reported, such as Pt/SiO,-SO3H, Pt/Zr0,-SO," and Pt/ZrO,, the patent claims that the highest
selectivity to FUOH of 93% with a conversion of 19% is reached using a Pt/SBA-15-SO3zH catalyst at 130 °C, 3
MPa and a reaction time of 90 min.

3. Formation of Furfuryl Alcohol from Xylose in One-Pot
Reactions

Recent advances in one-pot cascade conversion of xylose to FUOH over solid acid catalysts have attracted much
attention from the industry and academia. The synthesis of FUOH from xylose employing bifunctional catalysts that
incorporates acid and metal sites in one reactor brings challenges in avoiding side reactions to optimize the yield of
FuOH. Furthermore, most of the studies of one-pot conversion of xylose to FUOH over bifunctional catalysts
involve precious metals like Pt and Pd, and metal oxides and mesoporous silica with acid sites, such as sulphate or
sulfonic groups. Nevertheless, the adequate conversion of xylose to FUOH adopting a one-step process is very

attractive as it is more cost-effective and the energy-intensive separation of FUR might be avoided.

In one of the pioneering works of the one-step production of FUOH from xylose, Perez and Fraga 2 investigated a
dual catalyst system consisting of Pt/SiO, and sulfated ZrO, as metal and acid catalysts, respectively. The highest
selectivity to FUOH (51%) is achieved at 130 °C in 6 h employing a 1:3 aqueous to 2-propanol phase ratio at a
xylose conversion of 65% (Table 2). Under these experimental conditions, reusability tests were performed.
However, after the first reusability cycle, the selectivity to FUOH declined progressively after each run, reaching
29% in the third cycle. The authors suggested that the solid acid catalyst underwent deactivation, due to the
unaffected formation of other products, which are dependent on metal sites (either SiO, or Pt). Additionally, a
multifunctional catalyst based on sulphated zirconia was investigated in the one-pot formation of FUOH from xylose
79 The highest selectivity to FUOH (27%) was obtained at a xylose conversion of 32% with an acid/metal ratio of

142 at 130 °C and 3 MPa. An interesting effect that was studied in the article shows the role of isolated metal
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centers, which afford the production of xylitol, whereas the presence of sole acid sites leads to the formation of
FUR. A following paper from the same research group reported a high selectivity to FUOH (75%) over a metal-free
catalyst (zeolite beta) via MPV . This high selectivity to FUOH was linked to the configuration of tetrahedral-
framework Al centers tailored by the AI-O-Si bond distance and the characteristic typology of the catalyst. In
another contribution from Fraga’s group, multiwalled carbon nanotubes-supported noble metal catalysts (Ru, Pt,
Au, Pd and Rh) were assessed for the one-pot conversion of xylose in aqueous phase 2. Under the experimental
conditions (6 h at 130 °C, 3 MPa H,, using water/2-propanol (1:1)), Ru displayed the highest catalytic activity to
hydrogenate xylose to xylitol and FUOH, providing 84% and 9% yield, respectively, at 100% xylose conversion. The
highest FUOH vyield was obtained with the Pd-functionalized catalyst (12%) at a 66% xylose conversion. The
authors also studied SBA-15 catalysts incorporating Al as a heteroatom at different Si/Al ratios ([Al]l-SBA-15) in the
formation of FUOH from xylose 3. The alterations to the surface of [Al-SBA-15 guided the product distribution,
FuOH being the main product and only FUR in a minor quantity despite the Si/Al ratio. All the modified mesoporous
catalysts reached selectivities to FUOH of around 90%. Reusability tests were completed at 130 °C in 4 h using a
water/2-propanol medium (1:1), where it can be seen that after three reusability cycles, the catalytic activity loss is
insignificant (pentose conversion remains around 15%). However, the selectivity to FUOH decreased from 90 to
80%, and the selectivity to FUR increased from 10 to 20%. This effect might be a result of the Lewis acid sites
losing activity after each run that results in lower conversions of the adsorbed FUR intermediate favoring the
aldehyde to desorb. This developed system was designed because it requires neither molecular hydrogen nor
noble metal sites for xylose conversion to FUOH, which raises costs. Brgnsted acid sites come across to be active
for the pentose dehydration reaction, whereas Lewis acid sites promote the transfer hydrogenation of the adsorbed
FUR intermediate to FUOH [Z8],

Deng et al. Bl synthesized and employed a bifunctional Cu/SBA-15-SO3H catalyst to form FUOH from xylose in a
one-pot catalytic system. The highest FUOH yield (63%) was obtained at 4 MPa, 140 °C and 6 h in a biphasic
water/n-butanol solvent mixture at a total xylose conversion. Under these experimental conditions, the authors also
identified three main side-products, xylitol, FUR and xylulose. They observed that the relative high hydrogen
pressure led to the side hydrogenation reaction of xylose to xylitol and the relative high reaction temperature led to
the further hydrogenation to MF. Nevertheless, a study on the hydrothermal stability of the catalyst is missing and it
would be of great concern to observe the catalytic activity of the functionalized Cu/SBA-15 through several

reusability cycles under the same experimental conditions.

Canhaci et al. 4 converted xylose to FUOH on a single organic—inorganic hybrid mesoporous silica-supported
catalyst. They employed Pt/SBA-15-SOzH bearing different acid/metal site ratios and found negligible sole sugar
dehydration to FUR and a striking production of FUOH. When they tested the catalyst reusability, the catalytic
activity decreased and the product distribution changed after each reaction cycle. Nevertheless, their work
demonstrated that sulfonated ordered mesoporous silica-supported catalysts deliver active and highly selective

systems for the generation of FUOH from xylose. High selectivities were accomplished (83—-87%) in this system.

Cui et al. [/3 converted xylose to FUOH and MF. Firstly, they dehydrated xylose to FUR using a Hp zeolite catalyst

in a fixed-bed reactor with a high xylose conversion (>99%) and FUR yield (87.6%) when using y-butyrolactone
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(GBL) and water. Secondly, they added the ternary Cu/ZnO/Al,O5 catalyst, which they reported in previous work to
form MF from FUR 877 to hydrogenate FUR. A high yield of FUOH (87.2%) and MF were obtained at 150 °C and
190 °C, respectively. After a time-on-stream of 162 h in the reactor, a decline in the yield of FUOH was observed,

due to the deactivation of the H zeolite catalyst, but after reactivation, the catalytic activity could be recovered.

Furthermore, Xu et al. 8 used formic acid as both an acid catalyst and as a hydrogen donor together with a
mesoporous N-doped carbon-confined Co catalyst (Co-N-C) to convert xylose to FUOH. They reported a 69.5%
FuOH vyield at 160 °C in 3 h from xylose, and after five reusability cycles, it was observed that the Co-N-C catalyst
possesses high stability for the xylose conversion. Moreover, Ordomsky et al. X2 developed a biphasic system to
dehydrate xylose and hydrogenate FUR employing Amberlyst-15 and a hydrophobic Ru/C catalyst, which is
located in the organic phase. However, due to the experimental conditions, the main products of xylose
dehydration with hydrogenation of FUR are THFA, y-valerolactone, levulinic acid and pentanediols. The low
amount of FUOH formed under these conditions could be the result of the high pressure (4 MPa) and high
temperature (165 °C), which could have hydrogenated FUOH further to THFA.
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