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This work reports a targeted activation of C-O-C of furfural
alcohol (FA) to produce pentanediols (PeDs) over MnO,-modified
Cu. Infrared spectroscopy revealed the strong interaction of the
furan ring and C—-O-C of FA with the catalyst surface in a preferred
flat adsorption configuration, thus facilitating the activation and
cleavage of C—O-C to form PeDs.

Lignocellulosic biomass represents the most abundant and a
renewable hydrocarbon source in nature. High value utilization
of biomass to produce biofuel and chemicals offers promising
potential for future sustainable energy development.’* Biomass
refinery often proceeds via the transformation of cellulose and
hemicellulose to platform chemicals.>™ Furfural stands out as
one of the most important platform chemicals in biorefinery and
is produced by dehydration of pentoses in hemicellulose.® In the
presence of active groups, C—0, C-O-C, and C—C in furfural,
multiple valuable chemicals can be obtained through the hydro-
genation of these functional groups.” Specifically, the hydrogena-
tion of the C=0 group in furfural first produces furfural alcohol
(FA), which contains two oxygenated functional groups, i.e. C-OH
and C-O-C. There are two direct hydrogenation pathways in FA
conversion.®® One is the hydrogenolysis of the C-OH of FA to
methyl furan (MF). Another pathway involves the ring-opening of
FA followed by hydrogenation to pentanediols (PeDs). Selective
control of the reaction pathway of FA to a target product, either
MF or PeDs, is a critical challenge in catalysis.

PeDs (1,2- and 1,5-pentanediol) are highly valuable products for
applications in producing microbicides, cosmetics, polyesters, and
plastics. Numerous investigations have been performed for the
hydrogenation of furfural to PeDs over supported metal catalysts
including Cu, Ru, Pt, and Pd."®™* Precious metals interfacing with
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MoO, and ReO, favor the formation of PeDs via tetrahydrofurfuryl
alcohol (THFA) hydrogenolysis;'**® CuCr,0, as a non-precious Cu-
based catalyst was originally reported to produce PeDs through
direct ring-opening of furfuryl alcohol;'” base additives or supports
such as Al(OH); or hydrotalcite promote the hydrogenolysis ring-
opening of FA to form PeDs.'®'® Early published works indicated
that catalytic species on the surface and the chemical properties of
the catalyst surface determine the product selectivity of FA hydro-
genation through influencing the adsorption configuration of FA
on surfaces.' %>

The oxygen affinity property of the metal catalyst directly
affects the interaction of the oxygenate groups of furanic com-
pounds with the catalyst surface, thus influencing the conversion
of the furanic compounds.*** Designing metal oxide additives
with appropriate oxygen affinity to modify the surface of non-
precious Cu probably modulates the adsorption and activation of
the furan ring and C-O-C bond in FA to produce PeDs.>*
The oxygen affinity of the metal oxide can be scaled by the
dissociation energy of the metal-oxygen bond.>**° In analogy to
the efficient CuCr,0, catalyst, we select manganese oxide, which
has similar oxophilic properties to that of chromium oxide
(AHggsKMn{) =402 kJ mol ™", AHbogxcro = 427 k] mol ),** as
an additive to modify the Cu catalyst for furfural selective
hydrogenation. We deliberately designed reversed catalysts by
modifying Cu with dispersed manganese oxide to study the role
of manganese oxide on the selectivity of furfural hydrogenation.
The designed reverse catalysts allow for elimination of the effect
of different metal sites associated with typical supported metal
catalysts, and thus being beneficial to study the role of metal
oxide sites. As expected, introducing manganese oxide species on
Cu powder greatly improves the ring opening selectivity to PeDs
via furfuryl alcohol. The interaction of FA with the catalyst surface
was also explored to understand the promotion effect of manga-
nese oxide in the hydrogenative ring opening of FA.

The catalytic performance of Cu based catalysts was evalu-
ated in the hydrogenation of FA and furfural. Several solvents
were first screened for FA hydrogenation. It is demonstrated
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Table 1 Hydrogenation of furanic compounds over Cu-based catalysts
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Sel. %

Entry Catal. Feed Conv. % FA MF 1,2-PeD 1,5-PeD Others Mole ratio (PeDs : MF)
1 Cu powder FA 6.8 — 75.4 24.6 0 0 0.33

2 MnO,/Cu powder* FA 25.7 — 13.5 70.4 4.9 11.1 5.60

3 MnO,/Cu” FA 81.1 — 14.3 48.9 13.1 23.7 4.30

4 MnO,/Cu” Furfural 100 42.2 5.1 35.1 8.4 9.2 8.50

5 Cu/SiO, + MnO, Furfural 100 38.8 18.7 28.4 3.7 11.1 1.70

6 MnO,/Cu® THFA 0 — — 0 0 0

Reaction conditions: catalyst 85 mg, Cu/SiO, 100 mg; reactant 0.5 g, isopropanol 2 mL, 4.5 MPa H,, 170 °C, 6 h, *3 h. Others are THFA, 1-pentanol
and methyl-tetrahydrofuran. ¢ Prepared by leaching Al from MnO,/CuAl, the MnO, loading is 1.3 wt%. 1,2-PeD and 1,5-PeD are the abbreviations of

1,2-pentanediol and 1,5-pentanediol, respectively.

that isopropanol (IPA) exhibits the best performance for this
reaction. In other solvents, either the carbon balance of the
reaction was low (especially in H,O, ethyl acetate) or the catalyst
activity was low (for instance, in tetrahydrofuran, N,N-
dimethylformamide, CH;CN) (Fig. S1, ESIt). Table 1 presents the
hydrogenation performance for furfural and F in IPA over Cu-
based catalysts. Cu powder is efficient for the selective hydroge-
nolysis of C-OH in FA to form methyl furan (MF) with 75.4%
selectivity. 1,2-PeD is produced with a low selectivity of 24.6%.
Upon loading MnO, on Cu powder through a simple impregnation
method, the reaction path of FA hydrogenation shifts to ring-
opening to PeDs as the main product with 75.3% selectivity,
therein 1,2-PeD is the dominant product. The selectivity ratio of
PeDs to MF increased from 0.33 to 5.6. However, the conversion of
FA is still limited to less than 30%, probably due to the low surface
area of Cu powder (2.2 m? g~'). RANEY®™ Cu with a larger surface
area is therefore used to obtain high FA conversion.”” A manga-
nese precursor (manganous nitrate) was first loaded on a CuAl
alloy through impregnation followed by high temperature calcina-
tion. Subsequently, the Al was leached with a base (see Experi-
mental section). The amount of MnO, on Cu was determined with
ion chromatography. The catalytic reactions revealed that moder-
ate loading of MnO, (about 1.0 wt%) on Cu is beneficial for
selectively producing PeDs (Fig. S2, ESIt). Specifically, 1.3 wt%
MnO,/Cu catalyst exhibited a remarkably high activity in FA
hydrogenation (conv. 81.1%), producing PeDs with a selectivity
of 62.0% (Table 1, entry 3). A selectivity of PeDs up to 43.5% was
also obtained when furfural is used as a reactant. In addition,
Table 1 shows that 1,2-PeD represents the dominant ring-opening
product from FA hydrogenolysis over Cu derived catalysts. It also
exhibits the catalytic performance of a physical mixture of MnO,
and Cu (entry 5). Slightly increased selectivity of PeDs (32.1%) was
achieved, indicating the synergistic catalysis of MnO, interfacing
Cu species on the surface. Overall, the ring-opening hydrogenation
of furfural and FA was promoted by MnO, on Cu. Ultimately, the
reaction conditions, H, pressure and reaction temperature, were
optimized. The results indicate that both high H, pressure and
high temperature are conducive to the hydrogenative ring-opening
of furfural to PeDs. The influence of temperature and pressure on
the selectivity of MF is relatively insignificant. The selectivity of
pentanediols from furfural over MnO,/Cu reaches up to 58%
under 190 °C, 6 MPa H, (Fig. S3, ESIt). However, the MnO,/Cu
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catalyst fails to catalyze the ring opening of other similar biomass
derivatives, such as MF, furan, methyltetrahydrofuran, tetrahydro-
furfuryl alcohol, and 5-hydroxymethylfurfural. This is probably due
to the fact that various substituents on the furan ring affect its
activity and conversion.

To determine the reaction pathway of furfural hydrogenation
over the MnO,/Cu catalyst, we first analyzed the distribution of
products at different reaction times. At the initiation of the
reaction, furfural was rapidly hydrogenated to FA. As the reaction
progressed, FA was gradually consumed, and the quantities of
products, i.e. MF, THFA and PeDs gradually increased (Fig. S3c,
ESIt). This implies that furfural hydrogenation undergoes FA to
yield the products (Scheme S1, ESIT). FA hydrogenation to PeDs
generally proceeds by two pathways: (1) total hydrogenation of
furfural to THFA followed by selective hydrogenolysis of THFA to
PeDs; (2) C—=0 hydrogenation to FA and followed by direct ring-
opening to PeDs.”®*® Entry 6 shows that THFA remained uncon-
verted, suggesting that PeDs were formed via the second pathway
over the MnO,/Cu catalyst. In addition, the catalytic performance
of MnO,/Cu in ring opening hydrogenation of furanic compounds
was also compared with other reported non-noble metal catalysts
in the literature. Apparently, the MnO,/Cu catalyst displays excel-
lent performance for producing as high as 54% selectivity of PeDs
from furfural (Table S1, ESIT). In addition, after reaction for 15 h,
only 0.02% of Mn and 0.036% of Cu were detected in the solution,
indicating little leaching of the metals. The reusability test showed
that the catalytic performance of the MnO,/Cu catalyst remains
stable in five successive runs (Fig. S4, ESIY).

To understand the mechanism on the selective hydrogena-
tive ring opening of FA over MnO,/Cu, the chemical-physical
properties of the catalyst and the catalyst structure, active species
and the interaction of FA with the catalyst surface are studied.
The local crystalline structures of Cu and MnO,/Cu were first
characterized with XRD, as shown in Fig. 1 and Fig. S5 (ESIt). For
Cu powder, the diffraction peaks were observed at 20 = 43.3, 50.5,
74.1 and 36.4, indicative of the coexistence of Cu and Cu,O (PDF
Cu,0 96-900-7498). Upon modifying Cu with MnO, at different
loadings, the peaks of Cu and Cu,O remained unchanged across
all the as-prepared catalysts (Fig. 1). A small peak of MnO, at 20 =
36.4° (PDF 96-900-9112) emerged when the MnO, loading was
gradually increased to 3.5 wt%, indicating the good dispersion of
MnO, species on Cu. In addition, the diffraction peak of Al,O; at

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 XRD patterns of MnO,/Cu with different MnO; loading.

260 = 45.9° was also observed, showing the presence of residual
aluminum species after the leaching treatment. However, the
catalytic evaluation revealed that Al,O; had no significant role in
enhancing the selectivity of PeDs (Table S2, ESIt). Thus, it is
likely that three active species, Cu, Cu,O, and MnO,, coexist on
the catalyst surface. The oxidation state of Mn on the catalyst
surface was further verified to be Mn** through X-ray photoelec-
tron spectroscopy’®>" (Fig. S6, ESIT). Subsequently, the distribu-
tion of the surface species, as well as the structure and
morphology was characterized with high resolution scanning
and transmission electron microscopy (HRTEM and SEM) images
and energy-dispersive X-ray spectroscopy (EDX), as shown in
Fig. 2 and Fig. S7 and S8 (ESIt). The size of the catalyst particles
is estimated to be in the range of 60-100 nm. The lattices of Cu
(111) and Cu,O (111) are clearly observed on the surface of MnO,/
Cu (Fig. 2¢). The percentage of Cu" (Cu'/Cuyy.;) was determined
to be 22.5% based on the peak fitting of the Cu LMM spectrum
(see Experimental section, Fig. S6, ESIt). In the elemental maps
of MnO,/Cu, the yellow and red dots correspond to the distribu-
tion of Cu and Al elements, respectively, suggesting that the Mn
species are homogeneously distributed on the Cu (Fig. 2d).
Additional images in Fig. S7 and S8 (ESIT) from the examination
of different regions also indicate the homogeneous distribution
of Mn species and the coexistence of Cu and Cu,O species on the
surface layer. The Cu and Cu,O species provide the active sites for
furfural hydrogenation to FA followed by the hydrogenolysis of
the C-OH group of FA to MF. Metallic Cu sites are responsible for
the activation of H,. The adsorption and activation of the C-OH
group in FA proceeded on the Cu,O sites to produce MF."%?? It is
further demonstrated that MnO, species have a promotional

Fig. 2 HAADF-STEM images (a)-(c) and EDX mapping images (d) of the
MnO,/Cu catalyst.
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impact on the selective hydrogenative ring-opening of FA to 1,2-
PeD.

One hypothesis is that the MnO, species may induce a change
in the oxygen affinity of the catalyst surface, and thus in the
interaction of oxygenated functional groups of FA with the surface.
The interaction of FA with catalytic sites on the surface determines
the reaction selectivity.”>* Diffuse reflectance infrared spectro-
scopy (DRIFT) was carried out to obtain molecular insights into
the interaction of FA with the catalyst surface to reveal the promo-
tional effect of MnO, sites on the selectivity of PeDs. Fig. 3 shows
the infrared spectra of FA adsorbed on Cu and MnO,/Cu. On the
surface of Cu, the absorption bands assigned to the furan ring at
755, 842, 918 and 1021 cm™ ', C*-O at 1077 cm !, C'-O-C* at
1151 em ™!, and C*-C? at 1221 em™*,**® in FA are observed. Over
the surface of MnO,/Cu, the peaks of furan and C'-0-C* have been
red-shifted by approximately 3-18 cm™*, but the position of the
C>-0 peak remains unchanged. Thus, the interaction of furan and
C'-0-C* with the catalyst was enhanced upon introducing MnO,
on Cu. Meanwhile, FA adsorption on MnO,/Cu prefers a flat
configuration of the furan ring.'®?® This adsorption configuration
ensures the activation of C'~O-C* and highly selective hydrogena-
tive ring-opening of FA over MnO,/Cu. The adsorption configu-
ration of FA on the catalyst is probably affected by the oxygen
affinity of the metal catalysts.>**”*® In the absence of manganese
oxide, copper oxide species on the Cu catalyst have weaker oxygen
affinity (AHSosxcu-o = 343 kJ mol™), resulting in the weaker
interaction of C;-O-C, in furan with the Cu catalyst. The oxygen
affinity of manganese oxide has a similar value to that of the
efficient promoter chromium oxide (AHjogx vn-o = 402 K] mol ™,
AHbogx cr-o = 427 KJ mol ). Other metal oxides, MoO;, SnO,, and
WO, with stronger oxygen affinity (AHoggivm-o = 607 kJ mol 7,
AHbggxw-o = 653 kJ mol ™, AHbggcsn0 = 548 k] mol~*)*® were also
studied as additives to explore the influence of the oxygen affinity
property in furfural selective hydrogenation. The catalytic results
show that MF is the dominant product with quite low selectivity
ratio of PeDs to MF (Table S2, ESIt), indicating that the stronger
oxygen affinity of metal oxide is favorable for the activation of
C-OH to MF but not beneficial for ring-opening of FA.

Overall, Cu nanoparticles contribute to the hydrogenation of
furfural and further hydrogenolysis to MF. Upon introducing
metal oxide additives on Cu, the conversion path of FA varies
from C-OH hydrogenolysis to hydrogenative ring opening. The
oxygen affinity of metal oxides greatly influences the reaction
pathway and product selectivity, through affecting the interaction
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Fig. 3 Infrared spectra of FA adsorbed on Cu and MnO,/Cu.
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of oxygenate groups in FA with the catalyst surface. Metal oxides,
e.g- MoO;, SnO,, and WO; with stronger oxygen affinity properties
are favorable for the activation of C-OH to MF; metal oxide, e.g.
MnO, with moderate strong oxygen affinity benefits the ring-
opening of FA to PeDs. Characterization results reveal that MnO,
sites on Cu promote the interaction of the furan ring and C-O-C
with the catalyst by a flat adsorption configuration, thus favoring
the activation and cleavage of C-O-C, forming the hydrogenative
ring-opening product.

In summary, this work shows the selective hydrogenation of
furan compounds, furfural and FA, over non-noble metal
catalysts. The Cu catalyst facilitates the production of MF.
The introduction of MnO, on Cu significantly enhanced the
selectivity of ring-opening to PeDs, resulting in at least thirteen
times increase of the PeDs/MF ratio. Characterization results
reveal the homogeneous distribution of Mn species and the
coexistence of Cu and Cu,O species on the catalyst surface. The
adsorption of furan compounds on the catalyst surface directly
determines the activation of functional groups of reactants. The
furan ring and C-O-C of FA prefer to interact with the catalyst
surface in a flat adsorption configuration upon modifying Cu
with MnO,, and this contributes to the activation of C-O-C and
the formation of ring-opening products, PeDs. This work offers
new metrics on the importance of applying the oxygen affinity
property to design efficient and non-precious catalysts for the
selective hydrogenolysis of biomass-derived furan compounds
to pentanediols.
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