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Heterogeneous catalysts are vital to unlock superior efficiency, atom economy, and environmental
friendliness in chemical conversions, with the size and speciation of the contained metals often playing
a decisive role in the activity, selectivity and stability. This tutorial review analyses the impact of these
catalyst parameters on the valorisation of biomass through hydrogenation and hydrodeoxygenation,
oxidation, reforming and acid-catalysed reactions, spanning a broad spectrum of substrates including
sugars and platform compounds obtained from (hemi)cellulose and lignin derivatives. It outlines multiple
examples of classical structure sensitivity on nanoparticle-based materials with significant implications
for the product distribution. It also shows how the recently emphasised application of metals in the form
of ultrasmall nanoparticles (<2 nm), clusters and single atoms, while fulfilling superior metal utilisation
and robustness, opens the door to unprecedented electronic and geometric properties. The latter can
lead to facilitated activation of reactants as well as boosted selectivity control and synergy between
distinct active sites in multifunctional catalysts. Based on the analysis conducted, guidelines for the
selection of metals for diverse applications are put forward in terms of chemical identity and structure,
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and aspects that should be explored in greater depth for further improving the exploitation of metals in

rsc.li/chem-soc-rev this research field and beyond are highlighted.

Key learning points

(1) Size tuning of metallic nanoparticles is effective to alter the product distribution in many hydrogenation, oxidation and reforming reactions due to distinct
structure sensitivity of competitive reactions.

(2) Isolated sites in the lattice of porous materials are the only active speciation for titanium and tin in acid-catalysed reactions.

(3) Moving from conventional nanoparticles to ultrasmall nanoparticles (<2 nm), clusters and single atoms appears beneficial to improve the activity,
selectivity, stability and synergy between catalytic sites in multifunctional systems.

(4) Single-atom catalysts should be more rigorously compared to nanoparticle-based catalysts and the electronic properties and metal-host interactions should
be better assessed to unlock their full potential.

(5) Information about the behaviour of low-nuclearity metal species in biomass conversions should be gained.

Introduction

Metals are central components of heterogeneous catalysts,
which have been widely applied in the form of well-defined
nanoparticles (NPs). Scientist have for a long time realised that
the size of such structures matters. Since terraces, edges and
corners often exhibit distinct intrinsic capabilities in adsorbing
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and transforming reactants, particle size tuning has been
broadly exploited to enhance catalyst activity and selectivity.
Recently, the introduction of single metal atom catalysts has
brought a paradigm shift in heterogeneous catalysis. Similarly
to homogeneous complexes, the metal is atomically dispersed,
all catalytic centres are equivalent and their electronic properties
can be modulated through tailored metal-host interactions,
leading to unprecedented performances. While excellent reviews
have described the effects of NP size and the implications associated
with the transition from NPs to single atoms in traditional catalysis
applications,"” here we discuss these aspects specifically in relation
to the efforts made in the last decade to valorise biobased feedstocks
into a spectrum of chemicals, fuels and fuel additives.

This journal is © The Royal Society of Chemistry 2020


http://orcid.org/0000-0003-3917-6794
http://orcid.org/0000-0002-1877-9206
http://orcid.org/0000-0002-5805-7355
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cs00130a&domain=pdf&date_stamp=2020-05-26
http://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cs00130a
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS049012

Open Access Article. Published on 27 Bealtaine 2020. Downloaded on 22/06/2026 05:54:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

Metals in reduced and oxidised forms have taken centre
stage as active sites in a realm of transformations applied to
upgrade biomass, including hydrogenation and hydrode-
oxygenation (HDO), assisted by molecular hydrogen or by
hydrogen donors, oxidation, reforming and acid-catalysed con-
versions, comprising hydrolysis, dehydration, epi-/isomerisation,
aldol-condensation, the retro-aldol reaction and transfer-
hydrogenation. Initial studies focused on their chemical
identity, with different metals being deposited onto carriers
with loadings typically in the range of 5-10 wt% except for acid-
mediated reactions, where oxidised metals have been used in
the form of bulk or supported metal oxides or isolated centres
in porous materials. Owing to the relatively high metal content,
non-noble metals have been investigated in addition to noble
species.
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The presence of multiple functional groups in bioderived
substrates has posed great challenges to catalyst selectivity and
stability. Indeed, such moieties, as well as the polar solvents
required for their conversion, can act as ligands, causing
blocking and leaching of the metal centres, and may lead to
fouling. These issues have triggered widespread attention
towards catalyst nanoengineering. Early studies placed
emphasis on tuning the electronic and geometric properties
of the metal through the addition of a second metal or via
confinement in carriers with tailored porosity, with the down-
side of generating more complex catalyst architectures and
compositions.® In line with a general trend in catalysis
research, the last few years have witnessed increasing efforts
toward a more effective use of the active metal phase by
precise control of its size.

Gékalp Gézaydin received BSc
and MSc degrees in Chemical
Engineering from Izmir Institute
of Technology in 2014 and 2016,
respectively. He conducted his
Master thesis on the valorisation
of biomass hot
compressed water under the
supervision of Prof. Aslt Yiiksel.
Since 2017, he has been pursuing
his PhD under the supervision of
Prof. Ning Yan at the National
University of Singapore, focusing
on the valorisation of chitin into
N-containing chemicals.

waste in

Javier Pérez-Ramirez holds the
Chair of Catalysis Engineering
at ETH Zurich. His research
pursues the design of hetero-
geneous catalysts and reactor
concepts tackling current and
future energy, resource, and
environmental challenges of
society. His work has been
recognised by several awards,
most recently the Paul H.
Emmett Award in Fundamental
Catalysis of the North American
Catalysis Society. He directs a
National Competence Center of Research in Catalysis in
Switzerland and has a visiting appointment at the National
University of Singapore within the Flagship Green Energy Program.

Javier Pérez-Ramirez

Chem. Soc. Rev., 2020, 49, 3764-3782 | 3765


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cs00130a

Open Access Article. Published on 27 Bealtaine 2020. Downloaded on 22/06/2026 05:54:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

Following the classical concept of structure sensitivity of
reactions, the particle dimensions have been adjusted to enrich
the surface with sites able to boost the yield of desired pro-
ducts. In the majority of cases, the dimensions of the metal
aggregates have been reduced, producing ultrasmall NPs, typi-
cally having a size of <2 nm, small clusters and single atoms.
These smaller entities would improve the metal utilisation,
boosting the activity and reducing the ecologic footprint of
the catalyst, and strengthen the interaction with the carrier,
modulating the electronic properties as well as hindering
sintering phenomena and leaching. Moreover, they could foster
proximity to additional catalytic centres of different nature to
conduct one-pot multi-step transformations, driving emerging
technologies toward environmentally and economically advan-
tageous process intensification.

This tutorial review overviews the effects of the size and
speciation of metals used in the chemocatalytic valorisation
of biomass in four sections, each dedicated to a family of
reactions (Fig. 1). Within each section, relevant substrate classes
are considered, and for each class, heterogeneous catalysts based
on noble and non-noble metals are presented. The discussions
transition from NPs to clusters and/or single atoms, highlighting
general trends and peculiarities in their behaviour and stressing
relevant synthetic strategies and carrier properties applied to
achieve control of the metal nuclearity. A conclusion section
organises the learnings and outlines open challenges in the
exploitation of metals in sustainable applications, especially at
the level of isolated and low-nuclearity species.

Hydrogenation and
hydrodeoxygenation reactions

H,-mediated reactions, hydrogenation and HDO, are momen-
tous strategies for the upgrading of biomass-derived feed-
stocks. A wide array of catalysts containing noble (i.e., Pt, Ru,
Pd, Cu and Au) and non-noble (i.e., Ni and Co) metals carried
on various supports have been proposed for the hydrogenation of
C—C and C—=O0 bonds of the carbohydrate-derived compounds
5-hydroxymethylfurfural (5-HMF), furfural and levulinic acid (LA),

Acids

Lignin | Polyalcohols

Cellulose

Alcohols
Reforming Furans
Formic acid Ketones
Glycerol Sugars
Oxidation

Fig. 1 Reaction classes and substrate types for which the role of the
particle size and speciation of the active metal has been investigated in
biomass valorisation.
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and for the HDO of carboxylic acids (succinic acid) and lignin-
derived compounds (phenol, m-creosol and vanillin). In the
past couple of years, direct correlations between the metal
particle size and catalytic activity and selectivity have been
sought after in the context of establishing an economically
viable biorefinery. To bridge catalysis and sustainable chemistry
technology, the introduction of innovative and facile methodo-
logies for NP synthesis and fine-tuning of isolated metallic sites
has been widely addressed to control the number of adsorption
sites and their intrinsic catalytic properties.

Furans

Among the multifarious platform chemicals derived from bio-
mass components, furans have paramount importance because
of the abundance of carbohydrates in lignocellulosic materials.
In this context, the structure sensitivity of two competing
vapour-phase reactions, i.e., decarbonylation and hydrogena-
tion of the carbonyl group of furfural, over Pt NPs dispersed on
mesoporous silica (Pt/MCF-17) was systematically studied.*
Pt/MCF-17 was synthesised by the immobilisation of polyvinyl-
pyrrolidone (PVP)-capped Pt NPs on the support. Polyhedral
NPs (>3 nm) substantially produced furfuryl alcohol (FOL),
while Pt NPs of less than 2 nm favoured the generation of furan.
Specifically, the selectivity of FOL and the turnover rate (TOR)
were enhanced up to 66% and 70 times, respectively, at 200 °C
and 0.93 bar H, within a Pt NP size range of 1.5-7.1 nm,
corresponding to changes in the activation energy up to 7-fold.
On the contrary, the activation energy of furfural decarbonyla-
tion was insensitive to the Pt NP size. It should be noted that
the shape of the metal NPs was another factor that affected the
product distribution. For Pt NPs of comparable size, an octa-
hedral morphology (6.2 nm) was more favourable to synthesise
FOL, while cube-shaped structures (6.8 nm) almost formed FOL
and furan in comparable amounts. Along this line, the same
group introduced 3-dimensional Pt NP-based catalysts with
various mesoporous oxide supports (TiO,, Nb,Os, Al,O; and
Ta,0s), which were synthesised by a soft-templating method
using induced capillary inclusion.’® Similar prevailing decarbo-
nylation product formation was observed regardless of the
carrier with 1.9 nm Pt NPs. In contrast, acidic oxide supports
(TiO, and Nb,Os) favoured the hydrogenation of the carbonyl
group, yielding more FOL and 2-methylfuran. These findings
highlight that the selectivity can be driven by the nature of the
carrier and of the catalyst surface sites, i.e., corner, terrace and
edge sites, controlled by the particle size and shape.

Cai et al. gathered mechanistic insight via density functional
theory (DFT) calculations and microkinetic modelling to ascer-
tain the underlying structure-dependence of platinum catalysts
in furfural transformation.® Three different surfaces, including
flat Pt(111), stepped Pt(211) and the Ptss5 cluster, were selected
to represent the reactive adsorption sites (corner, terrace and
step) on Pt NPs. It should be stressed that, while suffering from
material and pressure gaps, which are not straightforward to fill,
DFT simulations could provide, here and in the studies outlined
later on, precious information about the adsorption of reactants
and the reaction mechanism, consolidating experimentally-driven

This journal is © The Royal Society of Chemistry 2020
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insights into the catalytic systems investigated. Thermodynami-
cally, the corner sites on the stepped Pt(211) and Pts5 cluster were
more suitable for chemoselective decarbonylation than those on
the flat Pt(111) surface, which were favourable for hydrogenation.
Consequently, larger Pt NPs, with their surface being dominated
by flat and stepped structures, led to the synthesis of FOL,
whereas smaller Pt NPs, containing more corner sites, mainly
promoted the generation of furan via decarbonylation due to the
low activation barrier. Combining results from DFT calculations
and microkinetic modelling, it was concluded that a higher
abundance of corner sites on small Pt NPs (<1.4 nm) was key
to favour furan formation at 200 °C and 0.93 bar.

Very recently, Durndell et al. disclosed the influence of the
size of Ru NPs supported on SiO, and SBA-15 to derive
structure-activity relations for liquid-phase furfural conversion.”
The variation of the Ru NP size also governed the two competing
reactions, .e., hydrogenation and decarbonylation, distinctly from
the aforementioned Pt NPs. Although FOL was selectively pro-
duced over Ru NPs of any size (2-25 nm), there is a clear
dependence of the decarbonylation activity on the particle dimen-
sions. The turnover frequency (TOF) for furan formation was
98 h™" over 2.3 nm Ru NPs, and sharply decreased to 1 h™" over
24 nm Ru NPs at 10 bar H,. In strong contrast, the TOF of
carbonyl hydrogenation only changed from 237 to 307 h™*,
indicating its moderate structure dependency. This opposite
product distribution pattern was due to the distinct fraction of
low-coordinated sites on the differently sized NPs.

Ultrasmall Ru NPs deposited onto TiO, were produced
through a method that exploited the ligand effect of tannic
acid, a bio-derived polyphenol, on Ru** and Ti** cations con-
tained in the metal precursors (Fig. 2a).® Ru NPs with a size of
1.6 nm were obtained after calcination at 500 °C, which
exhibited the best catalytic performance for selective FOL
production (96%). Catalysts treated at higher temperatures
(600-700 °C) possessed a comparatively larger particle size, in
line with the detection of a diffraction line of metallic ruthe-
nium in the X-ray powder diffraction (XRD) pattern, and yielded
ca. 4-5-fold higher amounts of tetrahydrofurfuryl alcohol
(THFA) at 40 °C and 40 bar after 7 h (Fig. 2b).

The influence of the temperature of a sol-immobilisation
route using polyvinyl alcohol (PVA) on tailoring the Pd particle
size was explored.’ It was elucidated that a lower temperature
facilitated the generation of small-sized particles, i.e., 2.5 nm at
1 °C in pure water and 1.4 nm at —30 °C in a 1: 1 ethanol-water
mixture. In furfural hydrogenation, the selectivity to FOL
increased whereas the THFA selectivity dropped with increasing
particle size in pure water, but the opposite trend was observed
in the alcohol-water mixture (Fig. 2c). These opposing results
could be rationalised considering the fraction of available
active corner and edge sites on the surface, which depends
on the size of the NPs as well as on their interaction with PVA.
According to infrared spectroscopy using CO as a probe mole-
cule, carbon monoxide mostly bonded linearly over available
corner and edge sites of the Pd NPs attained in the binary
medium, which promoted the FOL selectivity by binding
furfural in a perpendicular mode (Fig. 2d). On the contrary,

This journal is © The Royal Society of Chemistry 2020
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bridged and 3-fold bonded CO species were most abundant
over the Pd NPs prepared in water, indicating that furfural
binds with either the aldehydic group or the furan ring, accelerating
THFA generation.

Focusing on the alternative use of non-noble metals, Ma
et al. demonstrated the synthesis of a Co-loaded and rare-earth
metal-doped ZrO, catalyst for the selective hydrogenation of
furfural under mild conditions.'® Doping with even a very small
amount of La (Co/ZrLa,,0,) more than doubled the surface
area of the support, leading to the formation of ultrasmall Co
NPs (1.1 nm). The addition of a surfactant in the synthesis
increased the support surface area and decreased the cobalt
average particle size without influencing the crystalline phase
of ZrO,, which remained tetragonal (Fig. 2e). Moreover, it led to
strong metal-support interactions (SMSI). Well-dispersed tiny
cobalt nanoclusters on ZrLa,,O, exhibited superior catalytic
activity than larger Co NPs on the same carrier, yielding 95%
FOL in water at 40 °C and 20 bar H, after 10 h (Fig. 2f).

Similar observations regarding the correlation of SMSI and
the particle size distribution with the catalytic performance were
made by Goyal et al.'' The proposed organic matrix deposition
method induced strong interactions between the metal and a
nitrogen-doped mesoporous carbon material, resulting in higher
nickel dispersion on the support compared with conventional
synthesis methods such as impregnation, sol-gel, adsorption and
co-precipitation. In the catalytic reaction of 5-HMF to DMEF,
superior activity was attained over small-sized Ni NPs (<5 nm)
due to SMSI effects.

Other valuable chemicals, such as 2-methyltetrahydrofuran
(2-MTHF) and tetrahydrofuran (THF), were targeted in the
hydrogenation of furfural via single-step ring hydrogenation
and decarboxylation over Pd/C catalysts. The use of NaBH, as a
reducing agent decreased the average particle size of palladium
owing to the incorporation of boron in the metal lattice. Thus,
the smallest Pd NPs (4.8 nm) were formed by NaBH, reduction,
which selectively produced 2-MTHF (40%) and THF (27%) with
complete hydrogenation of FOL, while larger Pd NPs (22.4 nm)
reduced using formaldehyde and 100% H, (18.0 nm) led to
lower selectivities of 2-MTHF and THF. Additionally, the gene-
ration of FOL was favoured over smaller particles, suggesting
that ring hydrogenation and decarbonylation can be manipu-
lated by the type of reducing agent. Another support featuring
an inherent large pore diameter for the conversion of 5-HMF is
mesoporous silica.'” Highly dispersed and thermally stable Ru
clusters anchored within nanosized mesoporous zirconium
silica (Ru/MSN-Zr-20) displayed higher hydrogenation activity
in aqueous media at room temperature and 5 bar H,. The
average Ru NP size was affected by either the channel length of
mesoporous silica or the presence of Zr, following the trend
Ru/MCM-41 (3.8 nm) > Ru/MSN (1.6 nm) > Ru/MSN-Zr-20
(1.1 nm). Based on X-ray photoelectron spectroscopy (XPS), the
Ru/MSN-Zr catalyst contained Ru’’ species, suggesting the
creation of electron deficiency for tiny Ru NPs. Therefore, both
the small size of the Ru NPs and electron deficiency were proposed
as the origin of the superior hydrogenation ability. The overall TOF
of 5-HMF hydrogenation was clearly size-dependent for sub-2 nm
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Copyright 2018 American Chemical Society. (g) Au single atoms supported on Al,Os are inferior to Au clusters in the hydrogenation of 5-HMF. Reprinted
with permission from ref. 14. Copyright 2013 Royal Society of Chemistry. (h) Promotional effect of FeO, decoration on the formation of smaller Au
clusters showing appreciable hydrogenation activity under milder conditions. Reprinted with permission from ref. 15. Copyright 2016 American Chemical
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particles, whereas it varied only slightly for NPs between 2.0 and
14.4 nm. Moreover, the selectivity shifted from 2,5-dihydroxy-
methylfuran to 2,5-dihydroxymethyl-tetrahydrofuran over smaller
Ru NPs (1.1-1.6 nm).

Small-sized Au NPs were preferred in the hydrogenation of
aldehydes because they are more active compared to large Au
NPs. This could be attributed to fact that the more abundant
under-coordinated sites on smaller Au NPs remarkably pro-
moted the dissociative adsorption of H, and the adsorption of
the C=0 group."® Accordingly, Au-based catalysts comprising
metal NPs of variable size, tuned by altering the calcination
temperature and atmosphere (H, or air), were investigated for
the hydrogenation of 5-HMF to 2,5-bis(hydroxymethyl)-furan
(BHF) (Fig. 2g)."* The catalytic activity was influenced by both
the acid-base properties of the supports, with basic supports
(i.e., y-Al,03, CeO, and La,0;) favouring BHF formation and
acidic supports (i.e., TiO,, ZrO, and Ta,Os) predominantly
leading to ring opening products, and the size of Au NPs.
Activity tests revealed that Au/Al,O; containing a mixture of
Au clusters (0.88 nm) and single atoms was far more efficient in
5-HMF hydrogenation than 0.1 wt%-Au/Al,O; and 0.5 wt%-Au/
Al,O; catalysts, which mostly contained single atoms as well as
larger Au NPs.

Modification with iron oxide (FeO,) was proposed to control
the formation of Au clusters and decrease the frequency of Au
single atoms to promote the hydrogenation activity and, hence,
be able to carry out the reaction under milder conditions (80 °C
and 10 bar H,)."> High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) revealed that
Au supported on Al,O; in the absence of Fe comprises a high
fraction of single atoms, while the 10 wt% Fe loaded Au/Al,O;
catalyst contains ultrasmall Au NPs (0.6-1.2 nm), confirming
that the modification with FeO, favours Au agglomeration.
Thus, the 5-HMF hydrogenation rate was ca. 3.8-fold higher
over the Fe-containing catalysts compared with the Fe-free
material (6.4 vs. 1.7 mmol g, ' h™"), whereby the number of
corner atoms in Au NPs could be regarded as a rate deter-
mining factor for hydrogenation (Fig. 2h). It is worth stressing
that the incorporation of Fe at high loading (20 wt%) led to a
substantially reduced activity (6.0 mmol g... * h™"), due to the
burying of a considerable amount of gold beneath FeO, upon
reduction.

For conversions involving consecutive hydrogenation steps,
the particle size was found to impact the performance to
different extents. For instance, Nakagawa et al. studied the
two-step total hydrogenation of furfural to THFA, comprising
the hydrogenation of the C—O0O bond to yield the FOL inter-
mediate and further hydrogenation of the cyclic C=C bonds."®
In the first step, the TOF value did not show any dependence on
the size of Ni NPs supported on SiO, in the range probed
(2.6-12.8 nm). Yet, the second step proved to be structure-
dependent, ie., smaller Ni NPs with higher metal dispersion
seemed to enhance the hydrogenation of FOL and the selec-
tivity towards THFA. This could be caused by the weaker
adsorption of FOL on the catalyst surface, which is likely
dependent on the size of the Ni NPs.
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Acid-catalysed carbohydrate transformations enable the pro-
duction of organic acids and their esters, serving as platforms
for a large spectrum of value-added chemicals. Among the
latter, y-valerolactone (GVL) has been particularly targeted
owing to its numerous applications. This compound is obtained
from LA and its methyl ester through hydrogenation and ring
closure, typically conducted over Ru supported on an acidic
carrier. In this context, it has been reported that the use of a
Zr-functionalised spherical mesoporous silica support (SMS) not
only fostered the dispersion of ruthenium but also minimised the
agglomeration of the ultrasmall Ru NPs (1.24-1.32 nm)."” The
best catalyst, containing 8.2 wt% Zr in silica and 4.5 wt% Ru
(Ru/Zr5SMS), offered higher activity and selectivity under mild
conditions than Ru/MCM-41 (1.72 nm) with an identical Ru
loading. Moreover, Ru/Zr5SMS and Ru/SMS (1.49 nm) exhibited
enhanced reusability compared to Ru/MCM-41 since the SMS
support hinders ruthenium sintering.

The HDO of an aliphatic carboxylic acid, propanoic acid
(PAc), was studied over Pd/SiO, in the size range of 1.9-
12.4 nm. The catalytic activity was weakly structure-sensitive
since the TOF was similar for NPs between 3.1 and 12.4 nm.
The decarbonylation of PAc to yield ethane dominated in the
low size range and hydrogenation to propionaldehyde became
more pronounced for increasing the Pd particle size.'® Evalua-
tion of the crystal structure through Van Hardeveld and Hartog
statistics hinted that low-coordinated sites (corners and edges)
were catalytically inactive, since a 7-fold decrease in their
fraction did not have any significant effect on the reactions.
In contrast, the variation in catalytic performance correlated
well with the change in the amount of Pd(111) and Pd(100)
facets exposed by the NPs, which increased by 30%.

Very recently, the selective hydrogenolysis of 2-furan car-
boxylic acid (FCA) to a high value aliphatic compound bearing
two terminal oxygen-containing functional groups, 5-hydroxy-
valeric acid (5-HVA), was demonstrated on Pt/SiO, and Pt/Al05."**°
The Pt/SiO, catalyst was able to suppress the cleavage of 3-C-O
bonds and the hydrogenation of the furan ring at low temperature
(40 °C) and 30 bar H, in water."® The TOR of FCA conversion and the
cleavage of o-C-O bonds towards selective 5-HVA synthesis were tuned
by controlling the platinum particle size. Specifically, the TOR of FCA
conversion reduced from 108.0 to 99.6 molpcy MOlprsyrace ~ h
while the 5-HVA selectivity rose from 73.3 to 80% when the particle
size increased from 2.6 to 7.5 nm. The selectivity of the product
containing a saturated furan ring (tetrahydrofuran-2-carboxylic acid,
THFCA) followed a contrary trend. These results suggest that the
higher portion of terrace sites on the larger particles facilitated
5-HVA formation, which was explained through diffuse-reflectance
Fourier transform infrared spectroscopy of adsorbed CO
(CO-DRIFTS) and DFT calculations by a lowering of the activation
barrier and the electron-withdrawing effect of the carboxylic group of
FCA. Pt/Al,O; also selectively transformed FCA into 5-HVA derivatives
at 100 °C and 40 bar H, in methanol.®® 5-HVA derivatives were
associated with a total selectivity of 62%, with methyl 5