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The selective conversion of biomass-derived 5-hydroxymethylfurfural (HMF) to 1,6-hexanediol (1,6-HDO) is
a promising pathway for sustainable production of chemicals from renewable feedstock. Here, we report
the catalytic performance of various supported platinum catalysts, including monometallic Pt nanoparticles
on different supports (CeO,, MgO, hydrotalcite, and hydroxyapatite) and bimetallic (PtPd, PtCo, PtRu, and
PtRe) nanoparticles supported on hydroxyapatite for this reaction under batch reaction conditions. Among
the monometallic catalysts, Pt supported on hydroxyapatite (Pt/HAP) demonstrated the highest selectivity
(30%) for 1,6-HDO at 85% HMF conversion. This superior performance is attributed to the amphoteric
properties of the hydroxyapatite support. Notably, the incorporation of Ru as a second metal in the Pt
nanoparticles significantly improved catalytic efficiency. The bimetallic PtRu/HAP catalyst achieved an
impressive selectivity of 62% for 1,6-HDO at 85% conversion. Characterization by X-ray Photoelectron
Spectroscopy (XPS) and Electron Microscopy revealed that the addition of Ru to Pt nanoparticles resulted
in smaller bimetallic nanoparticle sizes compared to monometallic Pt nanoparticles, contributing to the
enhanced 1,6-HDO selectivity observed for the bimetallic system. The effects of reaction temperature and
pressure on 1,6-hexanediol selectivity were also studied. Additionally, the acidity and basicity of the
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hydroxyapatite supported catalyst were analysed using the surface Ca/P ratio as well the CO, and NHs
TPD data. The results show that the PtRu/HAP catalyst has optimal acidic site density and least basic sites
DOI: 10.1039/d5¢y01286d compared to the monometallic catalysts. This unique combination of acidic and basic surface properties,
together with the synergistic effects of the finely dispersed smaller bimetallic PtRu nanoparticles, makes this

rsc.li/catalysis material one of the most active catalysts for the selective hydrogenolysis of HMF to 1,6-HDO.

the production of polyesters for polyurethane elastomers,
coatings, adhesives and polymeric plasticizers.”® It has also
been reported as a key intermediate in the production of
caprolactone, a precursor to produce caprolactam, from

Introduction

The conversion of 5-hydroxymethylfurfural (HMF) to
1,6-hexanediol (1,6-HDO) through ring-opening

hydrogenolysis over supported metal nanoparticle based
heterogeneous catalysts represents a promising pathway for
producing valuable chemicals from renewable resources.'™
The U.S. Department of Energy (DOE) has identified HMF as
one of twelve renewable platform molecules, highlighting its
potential as a precursor for 1,6-HDO production.>® A few
commercial processes for the conversion of lignocellulosic
biomass to HMF are being developed.>*° The presence of two
terminal hydroxyl groups in 1,6-HDO makes it particularly
valuable as a monomer in polymer synthesis and it is used in
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renewable HMF.’ Polymers derived from 1,6-HDO exhibit
superior properties, including better mechanical strength, low
glass transition temperature, and high heat resistance.® These
characteristics, combined with minimal environmental
impact, make 1,6-HDO an important intermediate in polymer
manufacturing.'®"" Current industrial production of 1,6-HDO
relies on the catalytic reduction of adipic acid using
homogeneous cobalt catalysts.” However, this conventional
route presents several challenges, including sub-optimal
yields and dependence on fossil fuel-derived feedstocks such
as cyclohexane and cyclohexene.'® Recent research has
increasingly focused on developing sustainable synthesis
routes for 1,6-HDO using renewable biomass feedstocks.™**?
This alternative approach offers numerous advantages and
has received considerable attention among researchers.'®*
Two pathways exist for converting HMF to 1,6-HDO from
HMF. The first pathway is a direct one-pot synthesis, where
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the C-O bond in the furan ring is broken via hydrogenolysis,
followed by the hydrogenation of C=0 and C—C bonds in
the resultant product.”® These reactions are catalysed by the
acidic and metallic sites of the catalysts respectively, hence
multi-functional catalysts are required for this reaction.” The
second pathway proceeds via the initial hydrogenation of
HMF to 2,5-dihydroxymethyl tetrahydrofuran (DHMTHF),
which subsequently undergoes ring-opening hydrogenolysis
to produce 1,6-HDO."® The selective one-pot direct
hydrogenation/hydrogenolysis of HMF to 1,6-HDO presents
significant challenges due to the presence of multiple
reactive functionalities including hydroxyl, aldehyde, and
C=C groups in HMF. This transformation can potentially
yield various products, including 2,5-dihydroxymethylfuran
(DHMF), 2,5-dihydroxymethyl tetrahydrofuran (DHMTHF),
1,6-hexanediol (1,6-HDO), and 1,2,6-hexanetriol (1,2,6-HTO),
as illustrated in Scheme 1.>'%''7'8  Given these
complexities, the development of effective heterogeneous
catalysts, that selectively convert HMF to 1,6-HDO,
represents both an academic challenge and an industrial
priority. Success in this endeavor requires precise control
over reaction pathways to achieve high selectivity toward
1,6-HDO while minimizing the formation of undesired
byproducts.

Several supported noble metal nanoparticle-based
catalysts have been reported for the ring-opening of HMF
to produce diols and triols."”'** The direct ring opening
transformation of HMF was reported over a mixture of
copper chromate and Pd/C catalysts under harsh reaction
conditions (270 °C, 150 bar) using gaseous H, as the
reductant, yielding moderate amounts of triols and diols
(~4%).>® Huber and co-workers demonstrated the role of
Bronsted acid sites on a Pt-WO,/TiO, catalyst in the ring-
opening of tetrahydrofuran-dimethanol (THFDM) to
1,6-HDO, achieving yields of up to 70%.>* Xiao and co-
workers utilized a dual-layered Pd/SiO, and Ir-ReO,/SiO,
system in a fixed-bed reactor to convert HMF to 1,6-HDO
at 100 °C and 70 bar H,, achieving a 19% yield. They
further highlighted the critical role of acid sites in
facilitating this transformation.> Tuteja and co-workers
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Scheme 1 Schematic representation of the conversion of HMF to
1,6-hexanediol over supported metal nanoparticles. HMF:
5-hydroxymethylfurfural; DHMF: 2,5-dihydroxymethylfurfural; HTO:

1,1,6-hexanetriol; and HDO: 1,6-hexanediol.
products have been omitted for clarity.
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reported a 43% yield of 1,6-HDO via catalytic transfer
hydrogenation of HMF at 140 °C using formic acid as the
hydrogen source over a Pd/ZrP catalyst. As with other
catalytic systems, the acidity of the support was found to
be pivotal for the ring-opening reaction.”® Non-noble metal
catalysts, such as nickel and copper oxides, have also
been employed to convert HMF to products such as 1,2,6-
hexanetriol and 1,2-hexanediol wunder relatively harsh
reaction conditions, achieving moderate yields."®>> Across
most reported catalytic systems, the presence of metallic
sites to activate hydrogen, along with acidic and basic
sites on the support, has been shown to play a critical
role in the ring-opening process. Basic sites promote the
adsorption of C—=0O and C-O-C bonds within the furan
ring, while acid sites are essential for the cleavage of the
furanic C-O-C bond via hydrogenolysis.>>"*2*

Supported bimetallic nanoparticle-based catalysts have
been reported to exhibit higher activity, selectivity, and
stability compared to their monometallic counterparts for a
variety of reactions, including oxidation, direct synthesis of
hydrogen peroxide, hydrogenation/hydrogenolysis and
more.>*° The catalytic properties of bimetallic nanoparticles
can be precisely tuned by controlling their particle size,
composition and nanostructure.*'*> We have reported several
supported bimetallic catalysts that outperform their
monometallic counterparts during hydrogenation of levulinic
acid to gamma-valerolactone,®® the hydrogenolysis of glycerol
to propanediols,® and the hydrogenation of CO, to formic
acid.*® Hydroxyapatite (HAP), HCasO,3P;, is a versatile
support material with both acidic and basic sites and it can
also exchange and stabilize a wide variety of metal ions.
Importantly, the acidic and basic sites of HAP can be tailored
by tuning its bulk Ca/P ratio.*® For instance, at a lower Ca/P
ratio (ca. 1.50) HAP is acidic, whilst it is basic at a higher Ca/
P ratio (ca. 1.67).””° A study by Tsuchida and co-workers®®
suggests that the ratio of Ca/P of HAP influences the
distribution of acid sites and basic sites on the catalyst
surface with Ca®" ions acting as Lewis acid sites, O atoms in
PO,*” and OH groups acting as Lewis base sites, and the
PO-H as Brensted acid sites.*”?™*> The objective of this
article is to exploit these properties and develop HAP
supported Pt-based heterogeneous catalysts for the
conversion of HMF to 1,6-hexanediol at relatively moderate
reaction conditions.

Experimental

All chemicals used in this work were purchased from
commercial sources and used without further purification.
RuCl;-xH,O (Sigma Aldrich, 99.9 %), NH,ReO, (Sigma
Aldrich, 99 %), Co(NOs3), (Sigma Aldrich, 99 %), PdCl, (Sigma
Aldrich, 99.9 %), H,PtClg (Sigma Aldrich, 99.9 %),
hydroxyapatite (Acros Organics), hydroxymethyl furfural
(Sigma Aldrich, 99%), propylbenzene (Sigma Aldrich, 99%),
methanol (Sigma Aldrich, 99,5%).

This journal is © The Royal Society of Chemistry 2025
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Catalyst synthesis

Supported monometallic and bimetallic catalysts were
synthesized via the wet impregnation method, using aqueous
solutions of H,PtClg (18.57 mgp, mL ™), Co(NO;), (10.05 mgc,
mL™"), NH,ReO, (12.25 mgg. mL "), PACl, (5.53 mgpq mL™")
and RuCl;-xH,O (14.70 mgg, mL™") as metal precursors. The
total metal content for all the monometallic and bimetallic
catalysts are 5 wt%. A detailed synthesis procedure is
reported elsewhere.?**>** Briefly, the required volumes of
metal precursor solutions were added to a 50 mL round-
bottom flask containing deionized water, and the total
volume was adjusted to 16 mL. For the preparation of
supported bimetallic catalysts, with equimolar amounts of
the two metals, corresponding volumes of the precursor
solutions were added. The flask was placed in an oil bath
maintained at 60 °C and stirred at 1000 rpm using a
magnetic stirrer bar. The solution was stirred vigorously for
10 minutes to ensure homogeneity. Subsequently, an
accurately weighed amount of the support material was
gradually added over a period of 10 minutes period, under
constant stirring at 1000 rpm. The resulting slurry was stirred
for an additional 15 minutes at 60 °C. After this, the
temperature of the oil bath was increased to 95 °C to
evaporate the water. The mixture was held at this
temperature for 16 h to ensure complete evaporation. The
resulting dried solid was collected and ground thoroughly
using a mortar and pestle to obtain a homogeneous powder.
A 1 g portion of this dried sample was reduced in a tubular
furnace at 450 °C for 4 h under a constant flow of 5% H,/Ar,
with a heating ramp rate of 10 °C min .

Ring opening hydrogenolysis of 5-hydroxymethyl furfural

Hydrogenation of HMF was performed in a high-pressure
stainless-steel autoclave reactor (50 mL, Parr Instruments,
Model 5500HP) equipped with a PTFE liner and an overhead
stirrer. The liner was charged with HMF (1.59 mmol),
methanol (20 mL) and the required amount of the catalyst
(molynp/mol e = 155). The reactor was purged sequentially
with N, (3 times) followed by H, (3 times). Subsequently, the
reactor was pressurized to 2 MPa with H, and heated to the
desired reaction temperature with a constant stirring speed
of 1000 rpm. Upon completion of the reaction, stirring was
stopped, and the reactor was cooled in an ice bath for 15 min
to bring the reactor temperature to approximately 5 °C,
ensuring complete cooling of both the reactor and the
reaction mixture. The reactor was then depressurized and
opened, and the solid catalyst was separated from the
reaction mixture using a 0.45 um PTFE syringe filter. For
quantitative analysis, a 10 mL aliquot of the reaction mixture
was combined with 0.1 mL of propylbenzene (external
standard) and transferred to a GC vial and analysed by GC.
For this, Bruker scion 456-GC fitted with a RESTEK Rtx®-1
column (60 m, 0.32 mm ID) and a flame ionization detector
(FID) was used with N, carrier gas. To evaluate catalyst
reusability, hydrogenation reactions were conducted under
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identical reaction conditions across multiple cycles.
Following each run, the solid catalyst was recovered by
centrifugation, then washed three times with methanol and
once with acetone. The catalyst was air-dried overnight at 21
°C, followed by further drying at 110 °C in static air for 10
minutes in an oven prior to reuse. To ensure a consistent
catalyst mass in each cycle, two parallel reactions were
carried out under identical conditions, and the recovered
catalyst from both was combined for subsequent use.
Catalytic performance was monitored across successive cycles
to assess reusability.

Catalyst characterization

X-ray photoelectron spectroscopy (XPS). Catalysts were
investigated using X-ray photoelectron spectroscopy (XPS)
using a Kratos Axis Ultra DLD system (Manchester, UK). Data
were collected using monochromatic Al Ka X-ray source
(photon energy = 1486.6 €V) operating at 120 W (10 mA x 12
kv), with pass energies of 160 eV for survey spectra, and 40
eV for the high-resolution scans with step sizes of 1 eV and
0.1 eV respectively. The system was operated in the Hybrid
mode, using a combination of magnetic immersion and
electrostatic lenses, and acquired over an area approximately
300 x 700 um?, A magnetically confined charge compensation
system using low energy electrons was used to minimize
charging of the sample surface, and all spectra were taken
with a 90° take-off angle. A pressure of ca. 5 x 10~° Torr was
maintained during collection of the spectra. All samples were
pressed onto silicone free double sided adhesive tape
attached to an iso-propyl alcohol cleaned cut glass
microscope slide to ensure electrical isolation from the
spectrometer. All data was analysed using CasaXP$ (v2.3.26)**
after subtraction of a Shirley background and using modified
Wagner sensitivity factors as supplied by the instrument
manufacturer. Where required, curve fits were performed
using an asymmetric Lorentzian form (LA lineshape in
CasaXPS) and peak models derived using model compounds
recorded under identical conditions. Binding energies are
quoted with an uncertainty of +0.2 eV, due to the uncertainty
of the C(1s) calibration, taken to be 284.8 eV.

Scanning transmission electron microscopy (STEM). STEM
was used to determine the particle size distribution of the
monometallic and bimetallic catalysts. To prepare the
samples for STEM analysis, they were dispersed in ethanol
by ultrasonication and then deposited on copper grids
which had been coated with holey carbon film, the grid
was cleaned with a plasma cleaner. HAADF-STEM
measurements were carried out using a Thermo Fisher
Scientific Titan Cs Probe microscope operating at a beam
current of 0.35 nA.

Inductively coupled plasma-mass spectrometry (ICP-MS).
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was
used for the quantitative analysis of the elements. Analyses
were carried out using the Agilent Technologies 7900 ICP-MS
system fitted with an Agilent Integrated Autosampler.

Catal. Sci. Technol.



Paper

Quantitative data were obtained using internal standards and
standard calibration plots.

Temperature Programmed Desorption (TPD). Temperature
programmed desorption of ammonia (NH;TPD) was
performed using the Micro-activity Reference setup (PID
Eng&Tech). 100 mg of the supported monometallic and
bimetallic catalysts were placed in a fixed bed quartz tube
reactor. The concentrations of inlet and outlet of NH; were
monitored and controlled using MultiGasTM 2030 FT-IR
continuous gas analyzer. The catalyst samples were pretreated
under N, at 400 °C for 2 h (ramp rate 5 °C min'). After
cooling down to 100 °C, the sample was exposed to 1100 ppm
of NH; flow for 1 h (total flow 200 ml min™"). The physisorbed
NH; was removed by purging the catalysts with 200 mL min™"
of N, flow for 60 min. Finally, the desorption of NH; was
performed by increasing the temperature from 100 to 600 °C
(ramp rate 5 °C min"). Temperature programmed desorption
of carbon dioxide (CO,-TPD) was performed using the
Autochem 2920 system (Micromeritics Instruments Co.). 100
mg of the supported monometallic and bimetallic samples
were pretreated at 400 °C for 2 h under N, flow. The sample
was cooled down to 50 °C and exposed to CO, adsorption for
1 h. The saturated sample was flushed with He for 1 h to
remove physisorbed CO,, and then the temperature was
increased to 600 °C with a heating ramp of 5 °C min ™.

Results and discussion

The acidic and basic properties of catalyst support materials
play a crucial role in the ring-opening hydrogenolysis of
5-hydroxymethylfurfural (HMF) towards 1,6-hexanediol (1,6-
HDO). To systematically investigate this influence, a series of
5 wt% supported platinum catalysts were prepared via the
wet impregnation, using cerium dioxide (CeO,), magnesium
oxide (MgO), hydrotalcite (HT), and hydroxyapatite (HAP) as
supports. The catalytic activity of these materials was
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Fig. 1 Time on line catalytic data for the ring opening hydrogenolysis
of HMF to 1,6-HDO over monometallic 5% Pt/HAP. Reaction
conditions: HMF: 1.59 mmol; HMF/Pt molar ratio: 155; methanol: 20
mL; H,: 2 MPa; temperature: 120 °C; stirring: 1000 rpm.
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Fig. 2 Comparison of the catalytic activities of different bimetallic
nanoparticles (5wt%) supported on HAP for the ring opening
hydrogenolysis of HMF to 1,6-HDO. Reaction conditions: HMF: 1.59
mmol; HMF/total metal molar ratio: 155; methanol: 20 mL; Hy: 2 MPa;
temperature: 120 °C; stirring: 1000 rpm; time: 8 h.

evaluated for HMF hydrogenation under batch autoclave
conditions at 120 °C and 2 MPa H, for 5 h (SI, Fig. S1).
Among the tested catalysts, 5 wt% Pt/HAP showed a 88%
HMF conversion but exhibited a relatively low 1,6-HDO
selectivity of 13%. However, Pt nanoparticles supported on
Ce0,, MgO, and HT produced 2,5-dihydroxymethylfurfural
(DHMF) with relatively high selectivity. It is important to note
that these catalysts did not produce any 1,6-HDO. In
particular, 5 wt.% Pt/MgO achieved a remarkable >99% HMF
conversion with >99% selectivity towards DHMF. Since the
primary objective of this study is to produce 1,6-HDO, we did
not study this promising catalyst further. To further
understand the reaction kinetics of 5 wt% Pt/HAP, the

100
b)
[ L 60
_ 80 -
= &
=] o=
z 60+ L 402
@ ~
> =
g g
= 40 8
= =
= L2052
20 -
0 — )

Ru Pt RuPt
Nanoparticles supported on HAP

Fig. 3 Comparison of the catalytic activities of monometallic and
bimetallic nanoparticles (5%) supported on HAP for the ring opening
hydrogenolysis of HMF to 1,6-HDO. Reaction conditions: HMF: 1.59
mmol; HMF/metal molar ratio: 155; Metanol: 20 mL; H,: 2 MPa;
temperature: 120°C; stirring: 1000 rpm; time: 8 h.
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catalytic activity was monitored as a function of time (Fig. 1).
The HMF conversion increased steadily, reaching
approximately 87% within the first 3 h, and subsequently
remained relatively constant (85%) up to 22 h. However, the
selectivity towards 1,6-HDO displayed a gradual increase from
5% after 3 h to 30% after 22 h, accompanied by a
corresponding decrease in DHMF selectivity (data not shown
in Fig. 1 for clarity). Gas chromatography (GC) and gas
chromatography-mass spectrometry (GC-MS) analyses of the
reaction mixture identified further products including
methylfurfural (MF) and dimethylfuran (DMF) as additional
byproducts in the reaction mixture. There were some
unidentified products present in the reaction mixture,
however their selectivities were typically <10%.

The 5 wt% Pt/HAP catalyst demonstrated a higher or
comparable 1,6-HDO yield from HMF hydrogenation
compared to previously reported heterogeneous catalysts
(Table S1, SI). However, the selectivity towards 1,6-HDO was
less (ca. 30%). To address this, a series of bimetallic PtM/
HAP catalysts (where M = Co, Ru, Pd, or Re) were synthesized
and evaluated for HMF conversion to 1,6-HDO (Fig. 2).
Notably, the bimetallic PtRu/HAP catalyst exhibited
remarkable activity, maintaining HMF conversion rates
comparable to the monometallic Pt catalyst while
substantially increasing the 1,6-HDO selectivity from 30% for
the monometallic Pt catalyst to 57% for the bimetallic PtRu/
HAP catalyst (Fig. 2). To elucidate the role of ruthenium in
this selectivity enhancement, a monometallic 5%Ru/HAP
catalyst was also synthesized and tested (Fig. 3). This catalyst
displayed negligible 1,6-HDO selectivity (2%), confirming the
synergistic effect between Pt and Ru within the bimetallic
RuPt system. This is the first report of a supported bimetallic
catalyst exhibiting superior catalytic activity towards the ring-
opening hydrogenolysis of HMF to 1,6-HDO, compared to the
constituent monometallic catalysts. However, the efficacy of
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Fig. 4 Time on line data for the ring opening hydrogenolysis of HMF
to 1,6-HDO over bimetallic 5% PtRu/HAP. Reaction conditions: HMF:
1.59 mmol; HMF/Total metal molar ratio: 155; methanol: 20 mL; Hj: 2
MPa; temperature: 120°C; stirring: 1000 rpm.
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bimetallic catalysts varied significantly. The PtCo and PtPd
catalysts gave lower 1,6-HDO selectivities (9% and 1%,
respectively) compared to the monometallic Pt catalyst.
Conversely, the PtRe/HAP catalyst exhibited a 1,6-HDO
selectivity (ca. 25%) which is similar to the monometallic Pt
catalyst, suggesting that the incorporation of Re did not
substantially alter the catalytic behaviour (Fig. 2). To gain
further insights into the performance of the bimetallic PtRu/
HAP catalyst, its catalytic activity was evaluated as a function
of reaction time (Fig. 4). HMF conversion gradually increased,
reaching ca. 80% after 3 h, and remained stable until 23 h -
a trend also observed for the monometallic Pt/HAP catalyst.
However, the selectivity towards 1,6-HDO over PtRu/HAP
increased steadily, reaching 62% after 15 h, after which no
significant increase was observed. For clarity, only HMF
conversion and 1,6-HDO selectivity are provided in the plot.
A plot containing the selectivities of all the products are given
in the supported information (Fig. S2). A few unidentified
products were also observed, however their selectivities were
<5%. The carbon balance for a representative reaction is
found to be >60%. This is mainly because of unidentified
products and other side reactions including polymerisation
of HMF and reaction with the solvent. The observed
stabilization in both conversion and selectivity beyond
specific time points suggests possible catalyst deactivation,
prompting further investigation through reusability studies.
Reusability experiments were performed to assess the
stability of the PtRu/HAP catalyst during the hydrogenation
of HMF under 20 bar H, pressure at 120 °C for 2 hours. After
each cycle, the catalyst was recovered, washed and dried and
reused under identical reaction conditions. The PtRu/HAP
catalyst showed nearly stable performance over three
consecutive cycles, consistently achieving ~84% HMF
conversion and ~6% selectivity toward 1,6-HDO (Fig. 5). This
stability suggests that the observed activity plateauing is not

attributable to catalyst deactivation, underscoring the
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Fig. 5 Reusability of 5% PtRu/HAP catalyst. Reaction conditions: HMF:
1.59 mmol; HMF/Pt molar ratio: 155; methanol: 20 mL; H,: 2 MPa;
temperature: 120°C; stirring: 1000 rpm; time: 2h.
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Fig. 6 Effect of the hydrogen pressure during the ring opening
hydrogenolysis of HMF over 5% RuPt/HAP. Reaction conditions: HMF:
1.59 mmol; methanol: 20 mL; temperature: 120 °C; time: 5h; HMF/
total metal molar ratio: 155.

stability of the PtRu/HAP system under the reaction
conditions. Further investigation is required to elucidate the
underlying the activity and selectivity
plateauing.

The influence of reaction conditions on the hydrogenation
of HMF to 1,6-HDO was investigated using the bimetallic 5
wt.% PtRu/HAP catalyst, with a focus on assessing the effects
on HMF conversion and 1,6-HDO selectivity. Specifically, the
impact of hydrogen pressure was studied at 0.5, 1, 2, and 3
MPa, with reactions conducted for 5 h at 120 °C. The
corresponding results are shown in Fig. 6. HMF conversion
remained consistently high (~80%) across all tested H,
pressures with a moderate increase in the conversion with
the increase in H, pressure (from 80% to 84%). In contrast,
selectivity toward 1,6-HDO exhibited a pressure-dependent

reason behind

100 - 100

80 - 80
S o
S z
€60 60 Z
o T r h>1
z 2
%3
g S
S 40 - 40 2
= =
= <
= —

20 - L 20

0 .. 1 0

T T T
80 100 120 140
Reaction temperature (°C)
Fig. 7 Effect of reaction temperature during the ring opening
hydrogenolysis of HMF over 5% RuPt/HAP. Reaction conditions: HMF:
1.59 mmol; methanol: 20 mL; H, pressure: 2MPa; time: 5h; HMF/total
metal molar ratio: 155.
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trend. At 0.5 MPa, the selectivity was 10%, increasing to 14%
and 32% at 1 MPa and 2 MPa, respectively. Notably, a further
increase in pressure to 3 MPa resulted in a decline in
1,6-HDO selectivity to 26%. This trend suggests that
increasing H, pressure initially enhances the hydrogenolysis
step, likely due to a higher concentration of dissolved
hydrogen in methanol, which improves surface hydrogen
coverage on the metal catalyst and promotes the desired
reaction pathway. However, at pressures exceeding 2 MPa,
the decline in selectivity may be attributed to the formation
of oligomeric by-products, which can occur under high
hydrogen pressures via secondary involving
hydrogenated intermediates.*”"**

Reaction temperature is a critical parameter influencing
both the conversion of HMF and the selectivity toward
1,6-HDO in the hydrogenation process. To investigate this
effect, reactions were conducted at temperatures ranging
from 80 to 160 °C using a 5 wt% PtRu/HAP catalyst under 2
MPa hydrogen pressure for 5 h. The results, presented in
Fig. 7, show that temperature has a significant impact on
both catalyst performance and product distribution.

At 80 °C, despite achieving a high HMF conversion of
93%, 1,6-HDO was not detected, with 2,5-dimethylfuran
(DMHF) identified as the primary product. In the
temperature range of 100-140 °C, selectivity toward
1,6-HDO increased progressively with temperature. At 100
°C, DMHF remained the dominant product, and the
selectivity toward 1,6-HDO was limited to 2%. Increasing
the temperature to 120 °C resulted in a notable rise in
1,6-HDO selectivity to 32%, with a corresponding HMF
conversion of 84%. At 140 ©°C, the selectivity further
increased to 51%, accompanied by a 90% conversion.
Raising the temperature to 160 °C led to complete HMF
conversion (100%), while the 1,6-HDO selectivity remained
essentially unchanged.

The enhancement in 1,6-HDO selectivity with increasing
temperature—despite comparable HMF conversions—
suggests that the ring-opening step leading to 1,6-HDO
formation has a higher activation energy than the initial
hydrogenation of HMF. This observation aligns with results
from theoretical studies on furan hydrogenation over Pd(111)
surfaces.”> Further optimisation studies are needed to
maximise 1,6-HDO yield.

reactions

Catalyst characterization

To elucidate the relationship between the observed catalytic
behavior and the physicochemical properties of
monometallic and bimetallic nanoparticles as well as their
supports, all catalysts were comprehensively characterized
using X-ray photoelectron spectroscopy (XPS) and scanning
transmission electron microscopy (STEM). XPS was employed
to investigate the chemical states of the metal components in
both fresh and spent monometallic and bimetallic catalysts,
providing insights into potential changes induced during
catalytic reactions.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 XPS spectra of the monometallic and bimetallic catalysts: fitted Pt(4f) spectra of (a) fresh monometallic 5% Pt/HAP; fresh bimetallic 5%
PtRu/HAP (b); spent bimetallic 5% PtRu/HAP (c); XPS fitted Ru(3d) spectra of fresh monometallic 5% Pt/HAP (d); fresh bimetallic 5% PtRu/HAP (e)
and spent bimetallic 5% PtRu/HAP (f). Note for clarity, due to overlap of the Ru(3d) signal with the C(1s) signal, the fitted spectra are plotted as the
sum of all the components for each chemical species (Ru(0), Ru(iv) and C(1s)). For the metals, solid lines represent the zero valence state, where as

dashed lines represent the oxidized state as discussed in the text.

This journal is © The Royal Society of Chemistry 2025
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As shown in Fig. 8(a and b) XPS analysis of fresh Pt and
PtRu/HAP catalysts exhibit a characteristic asymmetric shape
and Pt(4f;,) binding energies of 71.5 eV, consistent with
metallic Pt,>»*® a smaller higher binding energy Pt species is
noted, as is the case for the bimetallic PtRu/HAP catalysts,
the energy of which is 72.7 eV. Since both Pt and Ru have
similar electronegativities (2.20 for Ru and 2.28 for Pt) this
higher binding energy could be because of a different species
such as Pt(OH), or Pt0.*’

The monometallic Ru and bimetallic PtRu catalysts
Fig. 8(d and e) reveal differences of the Ru chemistry. For the
monometallic, Ru is found predominantly as hydrated RuO,
as evidenced by the asymmetric peak centred at 280.8 eV,
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with some residual Ru-Cl species at ca. 282.5 eV, whilst the
bimetallic catalyst, exhibits both metallic Ru (279.9 eV) and
Ru0,.*® We attribute the hydrated Ru and Pt species to air
handling of the reduced materials.

After use, the bimetallic catalyst exhibits a single oxidation
state for each metal; specifically metallic Pt (Fig. 8c) and
RuO, (Fig. 8e). A shift to higher value for the Pt(4f) binding
energy is noted by ca. 0.4 eV, and likely attributable to a
smaller particle size as noted by STEM.

Scanning Transmission Electron Microscopy (STEM) was
employed to investigate the particle size distributions of the
monometallic Pt/HAP, Ru/HAP, and bimetallic PtRu/HAP
catalysts. Representative STEM images and corresponding
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Fig. 9 STEM images and particle size distribution of (a + b) 5 wt% Ru/HAP; (c + d) wt% Pt/HAP; (e + f) 5 wt% PtRu/HAP; (g + h) 5 wt% PtRu/HAP

spent catalyst.

Catal. Sci. Technol.
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Table 1 Quantitative analyses of the Ca/P ratio using XPS and ICP-MS and the basic sites using CO, TPD

Amount of basic sites® (mmol g™)

Ca/P molar Ca/P molar

ratio” ratio” Catalyst Total Peak 2 (temp °C) Peak 1 (temp °C)
Pt/HAP 1.61 1.59 0.225(136) 0.079(552) 0.304

Ru/HAP 1.45 1.57 0.338(110) 0.058(510) 0.396

PtRu/HAP 1.50 1.57 0.215(149) 0.062(499) 0.277

“ From XPS analyses. ” From ICP-MS analyses. ¢ From CO, TPD.

particle size distributions are presented in Fig. 9. The
monometallic Ru/HAP and Pt/HAP catalysts exhibited average
particle sizes of 5.0 £ 1.9 nm and 9.3 + 3.9 nm, respectively,
whereas the bimetallic PtRu/HAP catalyst displayed a smaller
average particle size of 3.6 + 2.1 nm. This reduction in
particle size upon incorporation of Ru into Pt nanoparticles
suggests an enhanced stabilization effect, likely attributable
to the presence of Ru. Previous work by our group on
bimetallic PdRu catalysts synthesized using the same
methodology confirmed the formation of homogeneous
random alloy structures.>®** Based on these earlier findings,
it is reasonable to infer that the PtRu/HAP catalysts
investigated in the present study also exhibit a homogeneous
random alloy structure. Because of this homogeneous
random alloy structure, it is not possible to quantify the
particle sizes of individual atoms. he combination of this
structural homogeneity with the smaller particle size could
be the reason for the observed synergistic enhancements in
catalytic performance. Further STEM analysis was conducted
on the spent PtRu/HAP catalyst, as shown in Fig. 9¢ and h.
Notably, the particle size remained largely unchanged after
the reaction, with the fresh and spent catalysts exhibiting
average sizes of 3.6 nm and 2.9 nm, respectively. This
observation highlights the excellent structural stability of the
bimetallic catalyst under reaction conditions and supports its
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demonstrated reusability. The exceptional stability of the
PtRu/HAP catalyst may be attributed to strong interactions
between the metal nanoparticles and the phosphate groups
present on the HAP surface, which are known to facilitate
anchoring via electron-donating interactions.

Hydroxyapatite (HAP) belongs to a broad family of
isomorphic compounds and is among the most prevalent
forms of calcium phosphate.*®*® It is a non-stoichiometric
material, characterized by a variable Ca/P ratio that typically
ranges from 1.50 to 1.67. This ratio serves as a well-
established indicator of the overall acidic or basic character
of HAP. At a Ca/P ratio of 1.50, HAP predominantly exhibits
acidic properties while retaining some basic sites. Conversely,
at a ratio of 1.67, it functions as a basic catalyst with residual
acidic functionality.®° To evaluate the acid-base properties
of the supports used in this study, the Ca/P ratios of the
monometallic and bimetallic catalysts were determined using
both X-ray photoelectron spectroscopy (XPS) and inductively
coupled plasma mass spectrometry (ICP-MS), as presented in
Table 1. XPS provided insights into the surface Ca/P ratio,
while ICP-MS was used to assess the bulk composition. As
expected and consistent with previous literature,>**”*" the
surface Ca/P ratios were found to differ from the bulk values,
reflecting the inherent surface heterogeneity of HAP. While
the bulk Ca/P ratios remained nearly constant across all three
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Fig. 10 Temperature programmed desorption profiles a) CO, and b) NHz of monometallic and bimetallic nanoparticles supported on HAP.
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Fig. 11 Proposed mechanism for the conversion of HMF to 1,6-HDO over bimetallic PtRu nanoparticles supported on HAP.

catalysts, notable differences were observed in the surface
compositions. The monometallic Pt/HAP catalyst exhibited a
surface Ca/P ratio of 1.61, indicating a predominantly basic
support with some acidic sites. In contrast, the bimetallic
PtRu/HAP catalyst displayed a surface Ca/P ratio of 1.50,
characteristic of an acidic support with residual basic
functionality. To complement this, NH; TPD and CO, TPD
studies were performed on the monometallic and bimetallic
catalysts (Fig. 10). Fig. 10a shows the CO, TPD profiles, with
all the three catalysts showing two desorption peaks (110-150
°C & 510-550 °C) attributed to two different basic sites with
differing strengths. The weaker basic sites are more
abundant than the stronger basic sites. The total basic site
density follows the sequence Ru/HAP > Pt/HAP > PtRu/HAP.
Fig. 10b shows the NH; — TPD data for the three catalysts,
where the integrated peak areas indicate the total acidity
trend: Ru/HAP > PtRu/HAP > Pt/HAP. The 1,6-HDO yield
follows the trend PtRu/HAP > Pt/HAP > Ru/HAP, indicating
that the ring-opening hydrogenolysis does not correlate with
a single catalyst property. Instead, the combination of
optimal balance of acidic and basic sites of HAP and the
smaller bimetallic PtRu nanoparticles is responsible for the
superior catalytic activity of the bimetallic PtRu/HAP catalyst.
The mechanism of this ring opening hydrogenolysis is
presented in Fig. 11.

Conclusions

This study addresses a key challenge in sustainable
chemistry: the development of efficient catalytic pathways for
the conversion of biomass-derived platform molecules into
high-value chemicals. We report the design and evaluation of

Catal. Sci. Technol.

supported platinum-based heterogeneous catalysts for the
transformation of  5-hydroxymethylfurfural (HMF) to
1,6-hexanediol (1,6-HDO), representing a strategic route
toward the production of industrially relevant compounds
from renewable resources. Initially, a series of monometallic
Pt catalysts supported on cerium oxide (CeO,), magnesium
oxide (MgO), hydrotalcite, and hydroxyapatite (HAP) were
investigated. Among these, the Pt/HAP catalyst exhibited the
highest performance, achieving a 1,6-HDO selectivity of 27%.
This superior activity is attributed to the amphoteric nature
of HAP, which provides both acidic and basic active sites that
are important for this reaction. To further enhance catalytic
performance, bimetallic Pt-based nanoparticles (PtPd, PtCo,
PtRu, and PtRe) supported on HAP were synthesized and
evaluated. Among them, PtRu/HAP was the most effective
catalyst, achieving a notable 1,6-HDO selectivity of 57%—
more than double that of the monometallic Pt/HAP catalyst.
To elucidate the origin of this enhanced performance, the
catalysts were characterized using X-ray photoelectron
spectroscopy  (XPS), scanning transmission electron
microscopy (STEM), and inductively coupled plasma mass
spectrometry (ICP-MS). These analyses revealed that the
incorporation of Ru into Pt nanoparticles leads to the
formation of smaller, more uniformly distributed bimetallic
nanoparticles with improved stability, which is a key factor in
the observed catalytic enhancement. To study the role of
support’s surface acidity and basicity, we examined the Ca/P
ratio, determined by XPS and ICP-MS, and complemented
the data with CO, and NH; TPD analyses. The most active
PtRu/HAP catalyst exhibited a surface Ca/P ratio of 1.50,
indicating a predominantly acidic support with some basic
sites. The CO, TPD data showed that the bimetallic PtRu/

This journal is © The Royal Society of Chemistry 2025
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HAP catalyst has the least basic sites density among the three
catalysts, whereas the NH,-TPD data showed an optimal
density of acidic sites. This balanced distribution of acidic
and basic sites is key to the efficient ring-opening
hydrogenolysis of the furan ring in HMF, thereby promoting
the formation of 1,6-HDO. Overall, this work demonstrates a
significant advancement in the catalytic upgrading of
biomass-derived molecules. By integrating rational catalyst
design with detailed physicochemical characterization, we
highlight the potential of bimetallic PtRu catalysts supported
on hydroxyapatite for the efficient and selective production
of value-added chemicals from renewable feedstocks.
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