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The selective hydrogenation of furfural into cyclopentanone is 33
attractive transformation to advance in the sustainable synthes¢
of important chemicals from biomass. A supported B®
nanoparticle catalyst on an acidic MOF material (Ru/MIL-101) w36
designed for the highly active and selective conversion of furfu¥
to cyclopentanone in aqueous media. Complete conversion 38
furfural with a selectivity higher than 96% were achieved with39
2.5 h at 160 °C and 4.0 MPa H, pressure. 40

41
grows quicldp
accompanied with a decrease in fossil-fuels worldwide. Bioma48
conversion to usefui chemicais, materiais and fueis has aireagyj
proved to offer attractive possibilities to a more sustainalfs
production of important commodities and specialty chemic@g

The demand of alternative energy sources

different from petrochemical sources.”™ Advantages of biomass 4§
serve as resource for industrial fuels and feedstocks in the futurej,‘%
as well as high-value compounds and chemical intermediate§
include a wide availability, the presence of highly functionalisgg)
compounds containing O and N as well as well-known processigg
strategies (e.g. hydrodeoxygenation, fermentation, etc.). As §P
example, agricultural materials containing large quantities B8
cellulose including straw, corncobs, and oat hulls, typiGd
lignocellulosic resources,”™ could be converted to importagg
compounds such as furfural (FFA) via acid-catalytic dehydration.ugé
Furfural is a highly useful chemical intermediate that can be further
transformed into several valuable compoundsls'21 including
cyclopentanone (CPQ), furfural alcohol (FA),
tetrahydrofurfuralalcohol (THFFA),22 and 2-methylfuran (MF).23
Cyclopentanone (CPO) is a multifunctional reagent which plays a
key role in applications for the production of insecticides, rubber
chemicals, and pharmaceuticals. Typically, cyclopentanone is
prepared by catalytic vapor-phase cyclisation of 1,6-hexanedio|24 or
adipic esters,” or liquid-phase oxidation of cyclopentene w
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nitrous oxide.”® From the viewpoint of sustainability and
environmental soundness, the transformation of furfural into
cyclopentanone received much interest in recent years.27’28
Attempts to find suitable catalysts for the hydrogenation of furfural
pointed to supported noble metals or Cu, Ni on various stable
supports such as carbon, zeolites, alumina, or silica.”*> However,
the target of high selectivity (>80%) at elevated conversion (>80%)
is still a significant challenge in furfural conversion™**? due to the
production of large amounts of by-products including furfuryl
alcohol, cyclopentanol and tetrahydrofurfuryl alcohol. Up to date,
cyclopentanone yields are always lower than 76% even under harsh
reaction conditions (e.g., 8 MPa hydrogen pressure). Consequently,
there is a clear need to design highly efficient catalytic systems for
selective furfural hydrogenation featuring high stability as well as
greatly improved activity and selectivity.

In this contribution, we report the design of supported Ru
catalysts on an acidic metal-organic framework (MOF) material for
the selective hydrogenation of furfural to cyclopentanone. An
unprecedented quantitative furfural conversion to cyclopentanone
(complete conversion, 96% selectivity to cyclopentanone) could be
achieved under optimised conditions for 3%Ru/MIL-101 (Ru
nanoparticles supported on MIL-101). The catalyst was also proved
to be highly recyclable and may be reused without any significant
loss of reactivity under the optimised investigated conditions.

100 nm

& XA ol
Figure 1. TEM images of 3% Ru-MIL-101 at different magnifications.

MIL-101(Cr) (MIL: Matériaux de I'Institut Lavoisier) was employed
in this work, featuring a large BET surface area (ca. 3000 m” g*),
pore size (ca. 3 nm) and an acceptable thermal stability up to ca.
310 °C.*® Powder XRD patterns of Ru loaded materials (Fig. S1)
matched well with those of parent MIL-101,37 confirming a well
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1 preserved MIL-101 structure after Ru incorporation by a simplé
2 incipient wetness impregnation method.*® The absence 4l
3 diffraction lines for Ru could be attributed to the small size of B2
4 particles and/or absence of high crystallinity for all samples as wéiB
5 as the low metal loading (under 5 wt.%). The noticeable reductidd}
6 in nitrogen adsorption with respect to pristine MIL-101 could B&
7 related to pore blockage by highly dispersed metal nanoparticd6
8 migrated to the pores and at the surface of the material (Fig. S2 aAd/
9 Table S1). TEM micrographs generally indicated the presence 48
10 well dispersed Ru nanoparticles with NP sizes of ca. 4-5 nm (Fig. 49
11 without any significant formation of aggregates. XPS analysis (Flg0
12 $3) also confirmed the presence of Ru’ in the materials as cleaBil
13 demonstrated by a band at 461.9 eV, characteristic of zerovalent B2
14  species.” 53
54
15 Table1. Hydrogenation of FFA to CPO over different catalysts. *
o) OH
FFA CPO FA THFFA CPL
16 Overhydrogenated Products (OP)
Selectivity (%) CPO C
yield/ balan
Entry Catalyst Conv cP oth isolated ce
% o} FA o ers yield (%)
(%)
1 - - - - - - - -
2 MIL-101 - - - - - - 55
3 1 wt% Ru/MIL-101 46 60 22 - 18 28/23 96
4 2 wt% Ru/MIL-101 93 78 16 1 5 73/69 9%6
5 3 wt% Ru/MIL-101  >99 96 1 2 1 96/94 98
6 4 wt% Ru/MIL-101 95 79 2 18 1 75/71 937
7 5 wt% Ru/MIL-101 90 68 1 30 1 61/58 97
8 3 wt% Ru/C 72 40 46 - 14 29/25 96,2
17 °conditions: FFA (5.2 mmol), catalyst (Ru 0.28 mol%), water (5 mL), 160 °C, 4
18 MPaH,, 2.5 h. Other products included THFA, 2-MTHFA, 2-MFA, etc. 59
19 Upon characterization completion, the catalyst was subsequenﬁ0
20 tested in the aqueous hydrogenation of furfural (FFA) in an
21 autoclave at hydrogen pressure of 4 MPa and temperature 0O
22 160 °C. As shown in Table 1, blank reactions (in the absence ©
23 catalyst or even in the presence of parent MIL-101) gave essentia
24  no reactivity (Table 1, entries 1-2). Ru loading significantly affecte§
25 FFA conversion and products selectivity (entries 3-7). Results of FPE
26 hydrogenation pointed to an optimized performance of 3% Ru/MIL-
27 101, which afforded a complete FFA conversion with 96% selectivé
28 to CPO (entry 5). Selectivity to CPO decreased with a concomitané
29 increase in selectivity to over-hydrogenation products with '3
30 further increase in Ru mass fraction. These results may sugge7sg'
31 some aggregation of Ru particles on the MIL-101 surface at hi%h2
32 metal loadings, in a similar way to that previously reported fo?
33 metal nanoparticles supported on MIL-101.% As shown in Fig. 54751
34 significant aggregation of Ru nanoparticles was observed for 4 w:cz’g
35 Ruand5 wt% Ru/MIL-101. /6
36 For comparative purposes, a Ru catalyst supported on actiZe7
37 carbon (Ru/C) was prepared and its activity tested in the reactign8
38 under identical conditions. The observed conversion of FFA and C
39 selectivity for Ru/C were remarkably inferior (Table 1, entry 8), wi
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a considerable production of furfuryl alcohol (FA, ca. 46%) under
the investigated conditions as compared to Ru/MIL-101 catalyst.
These results clearly illustrate the significance of the support in the
hydrogenation reaction.

The reaction profile for the reaction catalysed with the optimum
system (3% Ru/MIL-101) was further followed at 160 °C and 4 MPa
H, (Fig. 2). These experiments showed that FFA conversion steadily
increased with time, fully depleting FFA after 2.5 hours. The
selectivity to CPO also increased at the same time. The selectivity to
furfuryl alcohol (FA) was as high as 91% after 10 min of reaction but
significantly dropped with the evolution of the reaction to only
product traces after 2.5 h. These results suggested that furfural
alcohol is likely to be an intermediate for the formation of CPO.
Cyclopentanol (CPL) was detected as over-hydrogenated product of
CPO after times of reaction longer than 1 hour.

100
.
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2 60 —a—CPO
2
- ——FA
S
g 40 ——OP
z ——FFA
g Conversion
Z 20
0 —— - - g
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Figure 2. FFA conversion and products selectivity as a function of reaction time.

Reaction conditions: FFA (5.2 mmol), catalyst (Ru 0.28 mol%), water (5 mL), 160 °C, 4

MPa H,.

Different reaction temperatures were subsequently screened (Fig.

3a), with observed high FFA conversions (>70%) even at 120 °C.
Interestingly, CPO could only be detected after 0.5 h of reaction at
120 °C, with main reaction products being FA and
tetrahydrofurfural alcohol (THFFA) (total selectivity > 85%) at FFA
conversions lower than 30%. As the temperature increased
to >140 °C, the reaction rate significantly increased with improved
CPO selectivities (reduced selectivities to FA and related products
were obtained). Over-hydrogenation products (i.e., CPL and THFFA)
were mostly observed at reaction temperatures higher than 180 °C.
We also investigated the effect of H, pressure on FFA
hydrogenation at the optimized temperature of 160 °C (Fig. 3b). An
increase in H, pressure led to an enhancement in FFA conversion.
Similarly, higher selectivities to over-hydrogenation products (e.g.
cyclopentanol) were observed at hydrogen pressures over 4 MPa.
The long-term stability of heterogeneous catalysts can be
particularly challenging under aqueous processing conditions and
moderate to high temperatures. Consequently, the prospects to
reuse Ru/MIL-101 were subsequently explored. Results from Fig. 4
clearly demonstrate that the catalytic system could be reused up to
6 times without any significant decrease in conversion and
selectivity to the target product. Hot filtration experiments were

This journal is © The Royal Society of Chemistry 20xx
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also conducted to verify whether reaction was truly heterogeneod2
In this case, the solid catalyst was filtered from the ongoing reacti33
solution after 10 min and subsequently reutilized in analogod4

reaction runs with fresh substrates. 35
36
27
100 100 -
() (b) '
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80 =oP . Others 80 ’
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Figure 3. Effect of reaction temperature and hydrogen pressure on FA48
conversion and product selectivity over 3% Ru/MIL-101. Reaction conditions: Fgg

(5.2 mmol), catalyst (Ru 0.28 mol%), water (5 mL), 2.5 h; (a) 4 MPa H,, (b) 160 §]1
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Figure 4. Reuses of the 3% Ru/MIL-101 catalyst in FFA hydrogenation. React'@ﬁ
conditions: FFA (5.2 mmol), catalyst (Ru 0.28 mol%), water (5 mL), 160 °C, 4 MPa H,, gg

h. 67
68

Furthermore, the reaction mixture after catalyst filtration wgs9
further investigated to observe any changes in conversion with time
due to metal leached into solution. No metal leaching was observed
by AAS analysis into the liquid phase during/after the reaction, with
the filtrate showing no further FFA conversion in the absence of
catalyst (Fig. S5). XRD characterization results (Fig. S1) confirmed
that the crystalline structure of the catalyst was mostly maintained
even after several reuses.

Hydrogenation of a,68-unsaturated aldehydes has been the
subject of extensive investigations in recent years,41 with both
experimental and theoretical studies pointing out that the catalytic
performance can be critically affected by adsorption profiles and
adsorbed compounds on the surface of the catalyst.“‘43 Generally
speaking, the reaction is more likely to take place when tH&®
reactant is directly bonded to the surface metal atom.* F?&
instance, hydrogenation of acrolein over Pt primarily gives propanal
via C=C hydrogenation, as the Pt surface strongly adsorbs acrolein
from the two carbon atoms of the C=C bond."® Substituents on the

This journal is © The Royal Society of Chemistry 20xx

C=C bond may also greatly affect the adsorption model. As for
crotonaldehyde, the methyl group on the C=C bond strengthens
steric hindrance and makes an easier adsorption via C=C and C=0
bonds.*** However, molecules containing two C=C bonds and one
C=0 bond in the same plane such as furfural and HMF are likely to
have a much different adsorption on the metal surface.”® In this
case, the two C=C bonds are strongly adsorbed on the metal surface,
making the molecular plane parallel to the metal surface. Thus, the
C=0 bond is close to the metal surface which will also be
coordinated to the metal.”® As a result, C=0 selective hydrogenation
is in principle easier for furfural as compared to crotonaldehyde. On
the other hand, the aromatic nature of the furan ring could reduce
C=C bond hydrogenation activity while promoting C=0
hydrogenation selectivity.50

Based on these premises, a number of adsorption studies were
conducted and profiles were recorded by DRIFTs (Fig. 5). DRIFT
studies of furfural adsorption over Ru/MIL-101 provided a number
of interesting findings as compared to parent Ru/MIL-101.
Compared to the rather clean and distinctive spectra for Ru/MIL-
101, the adsorption of furfural gave rise to various fine bands in the
IR spectra indicative of weak energy interactions in the range of
1300 to 2100 cm ™! Bands in the 1700-1500 cm™ are present at
different desorption temperatures but the main broad band (ca.
1700-1650 cm'l) attributed to chemisorbed furfural®>?
of two components which gradually change with desorption
temperature from 25 to 200 °C towards lower frequencies (Fig. 5).
This is often indicative of electron-donation to the coordinated
carbon from the C=0 bond (decreasing the double bond character
of the carbonyl group). A weak shoulder at 1730-1750 em™
51,52 gradually
disappears at increasing temperatures from 100 to 300 °C (Fig. 5).
Bands at associated with the vibrations of the furan ring double
bond may be present in the 1500-1450 cm™ range but these cannot
be clearly visualized in the DRIFT spectra due to the background
signal. In any case, these adsorption studies clearly pointed out
a strong chemisorption of FFA on the Ru/MIL-101 support
even at relatively high temperatures (>150 2C), similar to those

comprises

generally associated with physisorbed furfural

selected for the hydrogenation reaction.

Intensity (1)

Figure 5. DRIFT desorption studies of adsorbed furfural on 3% Ru/MIL-101.

J. Name., 2013, 00, 1-3 | 3
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Furthermore, the observed shift to lower frequencies of t3&
characteristic furfural chemisorption in the experiments c3i
also be related to a lower double bond character of tB&
adsorbed aldehyde group in furfural due to interaction wiB3
the support which will strongly favor C=0 as compared to C3¢
hydrogenation. 35

A plausible reaction mechanism depicted in Fig. 6 frod®
adsorption studies may point out that furfural was firstly convertdd
into furfuryl alcohol (FA) via C=0 hydrogenation under hydrogd®
atmosphere. The selectivity to the key intermediate FA was as high
as 91% after 10 min of reaction, as shown in Fig. 2. The significant
drop in FA selectivity (Fig. 2) with reaction time indicated that B&
was subsequently converted to 4-hydroxy-2-cyclopentenone (HCE
on the Lewis acidic Cr** sites of MIL-101 (ca. 2 mmol g'l)38 \aal
piancatelli rearrangement as previously reported.53 HCP w&i
immediately  hydrogenated and  dehydrated to for
2-cyclopentenone that underwent further hydrogenation to provii%
CPO as target product. The two reaction steps were really fa
because of the high reactivity of HCP and 2-cyclopentenone in t
present system. The over-hydrogenation of the C=0 bond in CP,
could be effectively suppressed over the Ru/MIL-101, a fact that
suggested to be related to a Lewis acid-base interaction in tﬂpg

catalyst,sg’54 leading to the extremely high selectivity to CPO. 50
O, OH I:‘l
E>_/ 12

THFFA ;3

CPO

)
OH

4
15
O
crL 7

Figure 6. The possible reaction pathway of FFA hydrogenation in water over Ru/l\/g.-8

0, /U 0, OH
O/~
FFA FA

OH 2-cyclopentenone

HCP

Various furan derivatives were also tested in the hydrogenation
reaction using 3%Ru/MIL-101 as optimum catalyst. Using 2-
acetylfuran as reactant, 2-methyl-cyclopentanone could be
obtained in 82% yield (Table 2, entry 2). However, when methyl
furfural or 5-hydroxymethyl furfural (HMF) were used as substrates,
the rearrangement reaction of the furan ring could not take place
(Table 2, entries 3 and 4), revealing that Lewis acid sites were not
favourable for the rearrangement of 5-substituted furan
derivatives.>

Conclusions

Ru nanoparticles have been heterogeneously supported on
MOF MIL-101 featuring unique acidic properties. The novel Ru
catalyst exhibited a high activity and exceptional selectivity in
the aqueous hydrogenation of furfural, an interesting biomass-
derived platform chemical. A complete furfural conversion
with a CPO selectivity >96% could be achieved within 2.5 h at
160 °C and 4.0 MPa H, pressure. The high catalytic
performance of the proposed system could be attributed to
the special structural and acid properties of MIL-101, able to
provide an optimum support for a homogeneous dispersion of
Ru nanoparticles in the system as well as Lewis acid sites for
the required dehydration step of 4-hydroxy-2-cyclopentenone
(HCP). The heterogeneous catalyst can be easily recovered by
filtration and reused multiple times without any substantial
change in activity and product selectivity. The highly efficient
hydrogenation of furfural using stable and reusable catalysts
may open new perspectives for the application of MOF
materials in biomass transformations.
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