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Abstract 2,5-bis(hydroxymethyl)furan (BHMF) is an
important monomer of polyester. Its oxygen-containing
rigid ring structure and symmetrical diol functional group
establish it as an alternative to petroleum-based monomer
with unique advantages for the prodution of the degradable
bio-based polyester materials. Herein, we prepared a
boehmite-supported copper-oxide catalyst for the selective
hydrogenation of 5-hydroxymethylfurfural into BHMF via
catalytic transfer hydrogenation (CTH). Further, ethanol
successfully replaced conventional high-pressure hydrogen
as the hydrogen donor, with up to 96.9% BHMF selectivity
achieved under suitable conditions. Through character-
ization and factor investigations, it was noted that CuO is
crucial for high BHMF selectivity. Furthermore, kinetic
studies revealed a higher by-product activation energy
compared to that of BHMF, which explained the influence
of reaction temperature on product distribution. To
establish the catalyst structure-activity correlation, a
possible mechanism was proposed. The copper-oxide
catalyst deactivated following CTH because ethanol
reduced the CuO, which consequently decreased the active
sites. Finally, calcination of the catalyst in air recovered its
activity. These results will have a positive impact on
hydrogenation processes in the biomass industry.

Keywords biomass, 5-hydroxymethylfurfural, 2,5-bis
(hydroxymethyl)furan, transfer hydrogenation, catalysis

1 Introduction

Improving chemical reaction selectivity is of significant
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importance in various industries and applications.
Furthermore, selective hydrogenation has been widely
investigated in previous decades because of its ability to
reduce unsaturated groups in various compounds, such as
C=C, C=0, C=C, C=N, and aromatic ring containing
compounds. The development of methods to ensure high
selectivity for target functional group reductions is
essential from a commercial viewpoint, as it can yield
various value-added chemicals and broaden current
chemical knowledge.

5-hydroxymethylfurfural (HMF), which is an important
biomass platform, is a major focus of biomass research.
Several high-value chemicals can be produced from HMF
reduction, such as 5-methylfurfural, 2,5-bis(hydroxyme-
thyDfuran (BHMF), 2,5-dimethyltetrahydrofuran, and
2,5-dimethylfuran [1,2]. BHMF is a key monomer emp-
loyed for the synthesis of foam, polyether, and crown
ethers owing to its oxygen-containing rigid ring structure
and symmetrical diol functional group, which provide
unique advantages over conventional polyester industry
chemicals [3-5]. However, selectively reducing the furan
ring aldehyde group during HMF to BHMF conversion
remains challenging. Hydrogenation processes primarily
use high-pressure hydrogen as a hydrogen donor because
of its low solubility in organic solutions, resulting in a
high BHMF yield at relatively mild reaction temperatures
[5]. Recently, Rao et al. [6] prepared a Cu/Al,O, catalyst
for the selective hydrogenation of HMF using solvent-
free solid-state grinding, achieving a 92% yield under a 3
MPa hydrogen atmosphere. When Co/C was used as the
catalyst, BHMF was synthesized over 6 h at a yield of
93% under a 2 MPa hydrogen atmosphere [7]. Zhao et al.
[8] prepared a nickel—cobalt bimetallic catalyst for HMF
hydrogenation, obtaining a BHMF yield of 93.1% under a
0.5 MPa hydrogen atmosphere at 373 K. Thus, there has


https://doi.org/10.1007/s11705-022-2225-4

416

been significant progress regarding BHMF synthesis in a
hydrogen atmosphere. However, several drawbacks are
associated with hydrogen use as hydrogen is difficult to
transport and store, and it poses a considerable safety risk
because of its inflammability [4]. Additionally, hydrogen
use violates the requirements of clean biomass energy
development, as hydrogen is primarily obtained by fossil
fuel cracking. In contrast to hydrogen, formic acid and
alcohols, such as methanol and ethanol, are liquid at room
temperature and pressure, prompting their use as external
hydrogen substitutes in recent years. Although formic
acid has exhibited excellent performance as a hydrogen
donor for the catalytic transfer hydrogenation (CTH) of
HMF, its applicability was limited when metal catalysts
such as Pd/C and Ni—Co/C were used because of its
propensity to corrosion. This can poison the catalyst,
thereby adversely affecting its reusability, and acidity
enable formic acid to react with BHMF forming
esterification by-product [9,10].

Alcohols are highly promising hydrogen donors for
HMF hydrogenation via the Meerwein—Ponndorf—Verley
(MPV) reduction method as they are inexpensive and
safer than molecular hydrogen [11-13]. Wang et al. [11]
used mesoporous carbon-supported Co nanoparticles as a
catalyst with unsaturated aldehydes for CTH and
achieved a 97% BHMF yield over 48 h. Hu et al. [12]
prepared an acid-base bifunctional Zr-containing organic—
inorganic nanohybrid catalyst, which resulted in a 95%
BHMF yield over 4 h at 413 K. Thus, designing a suitable
catalyst for the selective hydrogenation of HMF to
BHMF via the MPV reaction is necessary. Of the aforeme-
ntioned catalysts, the metallic catalysts consisting of a two-
metal/substrate support exhibit better catalytic activity
than the monometallic catalysts. This favorable perform-
ance is attributed to the synergetic effects of the geom-
etric and electronic interactions between the two metals
[14-16]. Elsayed et al. [14] reported a bimetallic nanoca-
talyst supported on activated carbon (CuO-Fe;0,/activa-
ted carbon) for the selective hydrogenation of HMF to
BHMF using ethanol as the hydrogen donor; a 94% yield
was achieved at 413 K over 5 h. Wang et al. [15] synthe-
sized a Ru/Co;0, catalyst and tested it for the CTH of
HMF to BHMF using isopropanol as the hydrogen donor,
achieving an 82% diol yield at 463 K. Zhang et al. [16]
designed a carbon-nanosheet-supported Zr/Ca bimetallic
catalyst that was used for the CTH of HMF to BHMF,
and achieved an 84% BHMF yield at 463 K over 10 h.
Thus, non-noble metal catalysts have been widely inves-
tigated for the hydrogenation of HMF to BHMF. Al is an
inexpensive representative metal as its oxide exhibits
increased activity in the CTH reaction owing to the large
number of Lewis acid sites present on its surface.
However, the high adsorption capacity of Al,O, results in
a low substrate conversion rate, as well as a subsequent
hydroxyl reaction. Huang et al. [18] inhibited these
undesirable outcomes by modifying Al,O; using Cu.
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Herein, to accomplish transfer hydrogenation via the
MPV method, while also exploiting the advantages of
metal catalysts for surface modification, the selective
hydrogenation of HMF to BHMF over catalyst samples
was performed. The catalysts consisted of CuO in
different amounts supported on boehmite (Bhm), a form
of AIO(OH). The catalysts were prepared using the
precipitation—deposition method and characterized with
respect to factors affecting the hydrogenation process,
i.e., reaction time, catalyst loading, and temperature
optimized to maximize the BHMF yield.

2 Experimental

2.1 Materials

HMF (= 98.0%) was purchased from Shanghai D&B
Biological Science and Technology Co., Ltd. (Shanghai,
China). BHMF (98.0%) was purchased from Energy
Chemical Co., Ltd. (Shanghai, China). Bhm (AR grade),
Cu(NO,),3H,0 (AR grade), ethanol (AR grade), and
octane (CP grade) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). NaOH
was purchased from Tianjin HengXing Chemical Reagent
Co., Ltd. (Tianjin, China).

2.2 Catalyst preparation

The catalyst samples were synthesized using the
conventional deposition—precipitation method. Based on
the target weight ratio (CuO:Bhm = 2:3), Cu(NO,),-3H,0
(2 g) was measured and placed in a beaker. Ultrapure
water (100 mL) was then added under continuous stirring
for 5 min. Next, Bhm (2 g) was added to the Cu(NO,),
solution to form a suspension, followed by adjusting the
suspension pH to 8 using a NaOH solution. This mixture
was then stirred for 4 h at 333 K and then allowed to age
for 1 h. Finally, a dark blue solid (precursor) was obta-
ined following filtration, which was subsequently dried at
393 K for 12 h. Next, the precursor was calcined in a tub-
ular furnace at 673 K for 2 h at a flow rate of 100 mL-min~"
under a nitrogen atmosphere. A heating rate of 5 K-min™'
from 323 to 673 K was observed. The prepared catalyst
sample was labeled as x wt % CuO/Bhm (with x wt %
being the amount of CuO added) for convenience.

2.3 Catalyst characterization

The X-ray diffraction (XRD) patterns of the catalyst
samples were recorded using an Utima IV powder X-Ray
diffractometer (Rigaku, Japan) with a Cu-Ka radiation
source with a tube pressure of 40 kV for the diffraction
angle (26) ranging from 10°-90°. X-ray photoelectron
spectroscopy (XPS) was performed using a K-Alpha
spectrometer (Thermo Scientific, USA) under vacuum,
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and the profiles were corrected based on the C 1s line at
284.80 eV. Nitrogen adsorption measurements were
performed on the catalyst samples using an ASAP 2460
sorption analyzer (Micromeritics, USA). The samples
were outgassed at 473 K for 4 h before the measurements.
NH;-temperature-programmed desorption (TPD) mea-
surements were performed to measure the acidity using
an AMI-300 instrument (Altamira, USA) connected to a
thermal conductivity detector.

2.4 Catalytic activity test

HMF (1 mmol, 126 mg), the catalyst sample (100 mg),
and ethanol (10.0 mL) were added to a 50-mL autoclave
with a Teflon liner, which was subsequently sealed and
purged with N, four times before filling with N, at 0.1
MPa. The HMF hydrogenation was performed at a
controlled temperature and pressure under stirring.
Following reaction completion, the reactor was cooled in
ice water and the liquid products were analyzed using gas
chromatography (GC) (Nexis GC-2030, Shimadzu,
Japan) with a flame ionization detector and a capillary
column (SH-Rtx-1701). The structural characteristics of
the samples were analyzed further by GC-mass spectro-
metry (Fig. S1, cf. Electronic Supplementary Material,
ESM). The parameters used for the GC measurements
were as follows: The injection volume and split ratio were
1.0 pL and 1:40. The temperatures of the injection port
and the detector were both 723 K. The temperature
program used was as follows: 313 K for 3 min, 313-373 K
(10 K-min™), 373 K for 1 min, 373473 K (40 K-min™"),
and 473 K for 2 min.

3 Results and discussion

3.1 Catalyst characterization

The XRD patterns of the CuO/Bhm catalyst samples with
different CuO concentrations are shown in Fig. 1. The
analyzed samples exhibited peaks characteristic of Bhm
and the monoclinic crystal structure of CuO. This
confirmed that the Bhm structure remained intact
throughout the catalyst synthesis process. Additionally,
diffraction peaks related to the (020), (120), (031), and
(131) lattice planes of y-AlO(OH) were observed at 20
values of 14.5°, 28.2°, 38.3°, and 45.8° in the patterns of
all the samples (International Centre for Diffraction Data
(ICDD) No. 21-1307), respectively. The diffraction peaks
at the 20 of 32.5°, 35.4°, 38.7°, and 38.9° could be
assigned to the (110), (002), (111), and (200) reflections
of CuO (ICDD No. 48-1548), respectively. The CuO
phase peak presence indicated that the deposition—preci-
pitation method resulted in sufficient loading of the metal
oxide onto the Bhm surface. Noticeably, the peak
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Fig.1 XRD patterns of the synthesized CuO/Bhm catalyst
samples.

intensities related to the CuO phase increased as the CuO
content in the catalyst increased to 40 wt %.

The Brunauer—Emmett-Teller (BET) and Barrett—Joy-
ner—Halenda methods examined the physical characteri-
stics of the samples, i.e., their pore volume, pore size, and
surface area (see Table 1). The Bhm possessed the largest
BET surface area (130.68 m?-g™') and the smallest
average pore diameter (4.98 nm). After coating the Bhm
with CuO, the surface areas of the resultant catalyst
samples gradually decreased with an increase in the CuO
loading quantity. All of the prepared samples were
mesoporous, with a wide distribution of enlarged pores.
The reduction in surface area can be attributed to metal
oxide deposition on the Bhm surface that occurred during
the calcination step of the catalyst synthesis. The N,
adsorption—desorption isotherms and pore size distribu-
tion—desorption isotherms of the different catalyst
samples are shown in Fig. 2. A typical type-IV isotherm
with a hysteresis loop of type H1 was observed for the
Bhm and 40 wt % CuO/Bhm, strongly indicating the
presence of a mesoporous catalyst structure. Figure 3
displays the NH;-TPD profiles of the Bhm and 40 wt %
CuO/Bhm. Both exhibit an obvious peak related to NH,
desorption at 420 K, which was caused by the AIO(OH)
acid sites. Additionally, the 40 wt % CuO/Bhm shows a
significant NH; desorption peak at 530 K, suggesting that
a stronger acidity is associated with the 40 wt %
CuO/Bhm than with the Bhm. The number of acid sites
on the 40 wt % CuO/Bhm was highest at 665.89 pmol-g~!,

Table 1 Main physicochemical properties of the CuO/Bhm catalysts
Sample BET Voore Dy, Amount of acid sites
f(m?-g™h /(cm%~g’1) /nm /(umol-g~1)»
Bhm 130.68 0.19 4.98 472.15
10 wt % CuO/Bhm 116.53 0.26 7.71 344.98
20 wt % CuO/Bhm  105.94 0.26 8.30 506.65
30 wt % CuO/Bhm 94.65 0.30 10.79 263.95
40 wt % CuO/Bhm 80.66 0.17 7.35 665.89
50 wt % CuO/Bhm 65.89 0.16 8.24 459.13

a) The amount of acid sites represents the total number of acid sites on the
catalyst surface.
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Fig. 3 NH,;-TPD profiles of Bhm and 40 wt % CuO/Bhm.

which was 1.4 times greater than that of the Bhm (Table 1).
Further, the concentration of loaded CuO influenced the
number of acid sites and the BHMF selectivity; however,
the total number of acid sites did not directly dictate
BHMF selectivity.

The XPS profiles of the catalysts are shown in Fig. 4.
Corrections were performed using the C Is line at284.80 eV
(Fig. 4(a)). The binding energy peak at 75.69 eV is
generally associated with the Al of Al(OH), [19]. From
the XPS profile, only CuO exhibited binding energy
peaks at 933.46 and 953.58 ¢V, which correspond to Cu?"
2p3/2 and Cu?" 2pl/2, respectively [20]. The binding
energy peak at 935.08 eV, which was absent from the
pure CuO sample, represents the Bhm species. Majid et al.
[21] reported similar phenomena whereby the pure CuO
sample had a singular Cu®* 2p3/2 signal at 933.8 eV, but
SnO,/CuO had two signals at 934.2 and 932.6 eV, resp-
ectively. The binding energies for the O 1s lines of CuO
and the hydroxyl group were 529.48 and 531.15 eV,
respectively [19,20]. This result can be attributed to CuO
present on the Bhm surface. Furthermore, the hydroxyl
groups were abundantly distributed on the Bhm surface,
while the H" ions (Brensted acids) catalyzed the alcohol
etherification [22]. The Cu®" (Lewis acid) presence
proportionally decreased the number of Brensted acid

sites, which reduced the yield of 2-hydroxymethyl-5-
ethoxyfuran (HEMF, Fig. S2, cf. ESM). Therefore, the
BHMF selectivity increased when CuO-modified Bhm
was used as the catalyst.

3.2 Catalytic CTH reaction of HMF to BHMF

The blank experiment result indicates that HMF
transformed into unknown products in the absence of a
catalyst (Fig. S3, cf. ESM). Contrastingly, CuO exhibited
very low catalytic activity while HMF did not react with
the other substances. Several by-products, including
HEMF, were detected when Bhm catalyzed the CTH
reaction of HMF to BHMF (Table 2). Reduced Bhm
resulted in greater HEMF production owing to the
presence of the oxygen vacancies, which increased the
acidity and catalyzed the etherification reaction; these
results corroborate with those of a previous study [23]. To
inhibit the Bhm etherification catalytic activity, 10 wt %
CuO was added to the Bhm surface to synthesize 10 wt %
CuO/Bhm. The BHMF selectivity significantly improved
from 59.7% to 87.8%, while the HMF conversion rate
slightly decreased. This suggested the importance of Bhm
in the CTH reaction, and that the presence of CuO
inhibited the BHMF etherification reaction. Furthermore,
the addition of CuO hindered the hydroxyl H" (Brensted
acid sites) from catalyzing the BHMF reaction with
ethanol. To further elucidate the effects of the CuO
concentration present on the Bhm surface, 10-50 wt %
CuO/Bhm samples were synthesized and used for the
CTH conversion of HMF into BHMF. Noticeably, the
BHMF selectivity reached 96.9% at a CuO content of
40% (Table 2). Additionally, CuO and Bhm were also
mechanically mixed, and the mixture was used to catalyze
HMF CTH, resulting in a BHMF selectivity of 86%.
Thus, it was confirmed that the CuO presence on the Bhm
surface influenced catalytic activity, and that controlled
CuO use is pivotal to ensure high BHMF selectivity.
Contrastingly, 50 wt % CuO/Bhm did not efficiently
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a) Reaction conditions: 10 mL ethanol, 1 mmol HMF, catalyst/HMF =
80%, time = 3 h, temperature = 433 K; b) Bhm was reduced to generate
oxygen vacancies; ¢) CuO and Bhm were mechanically mixed.

catalyze HMF into BHME. It even produced an unknown
compound (Fig. S4, cf. ESM), which formed a bright
yellow reaction solution (Fig. S5, cf. ESM). Thus, 40 wt %
CuO/Bhm was considered the optimal catalyst and used
for subsequent experiments.

The type of hydrogen donor solvent significantly
influenced the CTH of HMF to BHMF. Here, different
hydrogen donor alcohols were tested to determine the
species with the highest affinity for the hydrogenation
reaction (Fig. 5). Increasing the molecular weight of the
alcohols decreased their hydrogen donation abilities,

Fig. 5 Effect of the hydrogen donor reaction (reaction conditions:
10 mL hydrogen donor, 1 mmol HMF, catalyst/HMF = 80%, time =
3 h, temperature = 433 K).

possibly owing to steric hindrance. Interestingly, the
secondary alcohols exhibited higher BHMF selectivity
than the corresponding primary alcohols, potentially
because of the increased stability of the carbocations
formed from the secondary alcohols than their corres-
ponding primary alcohols [24]. This is likely because of
an initial BHMF carbocation formation that conjugates
with the furan ring and subsequently reacts with the
alcohol to form by-products. Following testing, ethanol
was chosen as the hydrogen donor for subsequent
experiments because of its favorable performance.
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Performing the HMF hydrogenation reaction at
elevated temperatures resulted in a higher BHMF yield,
as well as more unwanted by-products (see Fig. 6). The
BHMEF selectivity and HMF conversion rate were studied
at comparatively lower temperatures (413-453 K). HMF
was unreacted with ethanol at 413 K; however, increasing
the reaction temperature to 433 K had a noticeable effect
on the HMF conversion rate, which increased from 5.6%
to 75.9%, while also slightly decreasing the BHMF
selectivity. A temperature increase to 453 K slightly
improved the HMF conversion rate. However, this coin-
cided with a sharp increase in the by-product formation.
Therefore, 433 K was chosen as the optimal reaction
temperature for the HMF to BHMF hydrogenation.

Figure 7 shows that the catalyst dosage also affected
the CTH of HMF to BHMF. The BHMF selectivity was
lowest using a catalyst/HMF ratio of 20%. An increase to
60% consequently increased the selectivity to 97.3%.
This is because increasing the ratio increased the
conversion rate of HMF, as the CuO present inhibited the
side reactions. Increasing the ratio further (to 100%)
slightly decreased the selectivity (to 93.8%), while the
conversion rate continually increased. However,
excessive catalyst use may result in a sharp decrease in
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Fig. 6 Effect of reaction temperature (reaction conditions: 10 mL
ethanol, 1 mmol HMF, catalyst/HMF = 80%, time = 3 h).
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Fig. 7 Effect of catalyst loading (reaction conditions: 10 mL
ethanol, 1 mmol HMF, time = 3 h, temperature = 433 K).
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BHMF selectivity. This is likely due to a competition
between the inhibitory effects of CuO on the catalyst
surface and the promotional effects of BHMF
concentration. Particularly, a higher BHMF concentration
resulted in a higher reaction rate (nonzero-order).
Therefore, an 80% catalystHMF ratio resulted in the
optimal selectivity and was chosen for subsequent
experiments.

A key modulating factor of the HMF hydrogenation
reaction is the reaction time (Fig.8). However, it is
evident that increasing the reaction time from 4 to 5 h had
a minimal effect on the HMF conversion rate, with the
BHMF selectivity only slightly decreasing. This is
because the catalyst exists in a state of equilibrium while
the side reactions occur. This causes a leftward shift in
equilibrium and a continuous conversion of BHMF to
HEMF, although with a small conversion rate. To
determine the activation energies of the primary and side
reactions, a kinetic study was performed using suitable
parameters based on the above results.

3.3 Kinetic modeling study

The aldehyde and hydroxyl groups (2,5 positions on the
furan ring) react with ethanol in the presence of a suitable
catalyst under specific temperature conditions. HMF is
converted to BHMF and then undergoes etherification to
produce HEMF (Scheme 1), with the selectivity depen-
dent on reaction conditions. The hydrogenation process
was performed at different temperatures (433, 443, and
453 K) to determine the kinetics parameters. In the CTH
experiments, the hydrogen donor (10 mL) was used in
excess compared to that of the substrate (1 mmol HMF)
to ensure that a constant ethanol supply was available
during the CTH process. Under these conditions, the
kinetic rate constants and reaction activation energies
were calculated using a pseudo-first-order model. The
following set of derived ordinary differential equations
was used to determine the kinetic parameters for the CTH
of HMF [25,26]:

100 100 gy BiMF
B HEMF
| 4 [ Others
80 H 4 80
> S
o =
EN .2
S 60} > 160
e z
g 40 F | p 440 |
»
|
20 420

Reaction time/h

Fig. 8 Effect of reaction time (reaction conditions: 10 mL
ethanol, 1 mmol HMF, Catalyst/HMF = 80%, temperature =433 K).
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d[HMF] /dt = —k, x [HMF], (1)
d[BHMF] /dt = k, x [HMF] -k, x [BHMF],  (2)
d[HEMF] /dt = k, x [BHMF], 3)

where k| and k, are the pseudo-first-order rate constants
for the hydrogenation of HMF and etherification of
BHMF at a specific reaction temperature, respectively,
and ¢ is the reaction time, h. The above equations can be
integrated using the following initial conditions: # = 0 and
[HMF] = [HMF],. The concentrations and the reaction
time can be expressed using the following equations:

[HMF] = [HMF], X exp (=k, X 1), &)
[BHMF] =[exp (—k, X 1) —exp(—k, X t)] X [HMF],x 5
ol (k= ko). ©)

[HEMF] = [k, /(k, — ki) X exp(—k, X t) — k, [ (k,— (6)

ki) X exp(—k, X t)] x [HMF], + C.

Parameter C in Eq. (6) is a constant.
The parameters were estimated using OriginPro
Learning Edition software by performing a nonlinear
curve fit to the selected data with the corresponding rate
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equation. Note that concentrations at equilibrium should
not be used in the fitting program, and the kinetic model
accounts for the reverse reaction process. Therefore, the
rate equation fitting result derived from this model must
contradict the concentrations at equilibrium. The experi-
mental data curves fitted at the investigated reaction
temperatures are shown in Fig. 9. Table 3 displays the
activation energies as determined from the Arrhenius
equation and the reaction rate constants corresponding to
the investigated temperatures. The similarity between the
experimental data and the fitted curves confirms that the
pseudo-first-order reaction model accurately describes the
CTH of HMF. The activation energy for BHMF forma-
tion (37.58 kJ-mol™!) is significantly lower than that of
HEMF (86.89 kJ-mol™!) and also lower than recently
reported activation energy value (60.83 kJ-mol™!) [27].
Thus, the kinetic study results explain the high BHMF
selectivity.

3.4 Mechanism study

In the investigated reaction system, several hydroxyl and
carbonyl groups reacted with each other through the MPV
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Fig. 9 (a—c) Model (solid line) and experimental data (markers) of HMF, hydrogenation products (BHMF), and by-product
(HEMF) over 40 wt % CuO/Bhm catalyst at 433, 443, and 453 K, and (d) Arrhenius plot.
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Table 3 Calculated kinetic parameters for the hydrogenation of HMF
over the 40 wt % CuO/Bhm catalyst

Reaction temperature/K Activity energy/ R

Rate constant

433 443 453 (kJ-mol™)
/! 0.46531 0.59920 0.73735 37.58 0.99615
/! 0.02172 0.04019 0.06297 86.89 0.99643

and etherification reactions. As previously discussed,
CuO/Bhm contains Lewis acid sites (Cu”"), Bronsted acid
sites (H"), and Lewis base sites (0%"), whose different
roles determine the product distribution. The synergistic
effects of the Lewis acid and base sites play a significant
role in the MPV reduction of HMF to BHMF [28-31].
The Bronsted acid sites result in HEMF and etherification
product formation. The BHMF selectivity can be signifi-
cantly increased by increasing the Lewis acid/Brensted
acid ratio, which is achieved by modifying the Bhm
surface with CuO. Scheme 2 displays a plausible reaction
mechanism for the selective hydrogenation of HMF to
BHMF over the CuO/Bhm catalysts based on the experi-
mental results. HMF and ethanol are initially adsorbed
onto the catalyst surface via hydrogen-bonding interac-
tions. Subsequently, the H and O atoms of the ethanol
hydroxyl group are activated by interactions with the 0%~
and Cu?®*, respectively, on the CuO/Bhm surface, facilita-
ting the dissociation of the hydroxyl group in ethanol.
Simultaneously, the O and C atoms of the HMF aldehyde
group are also activated through interactions with the
Cu?" and O” ions. Finally, the activated ethanol and
HMF form a six-membered-ring transitional intermediate
with assistance from the Cu®>* and O~ ions, resulting in
the CTH and HMF reduction to BHMF. However, some
Bronsted acid sites from the hydroxyl group remain on
the catalyst surface, facilitating the reaction of BHMF
with ethanol. Initially, the O atom of the hydroxyl group

Main reaction

N \
HO HO o
+ 0 /W\()'l “0\/\1/0
-/ I
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in BHMF captures a proton to form an oxonium ion,
generating a carbocation and an O anion on the CuO/Bhm
surface. Subsequently, the H atom of the ethanol
hydroxyl group is captured by the O anion on the catalyst
surface. Meanwhile, the lone-pair electrons of the ethanol
H—-O bond are transferred to the carbocation, producing
HEMF [32-34].

3.5 Recyclability of catalyst

The profiles of the catalyst reuse study are shown in
Fig. 10. The reused catalyst sample was rinsed with 50 mL
of ethanol before each use (Fig. 10(a)). The HMF
conversion rate decreased from 89.3% to 28.5% over four
usage cycles. A floating dark red colored powder was
observed in the reaction solution. The catalyst was
recovered by calcination at 673 K in air. Figure 10(b)
shows the XRD patterns of the fresh and reused catalyst
samples. The peaks related to Bhm (albeit slightly
weakened) were also present in the XRD pattern of the
reused sample, confirming the stability of the Bhm crystal
structure. However, new diffraction peaks corresponding
to the (111), (200), (220), and (311) lattice planes of Cu
were observed at the 26 of 43.2°, 50.4°, 74.1°, and 89.9°,
respectively, which explain the presence of the dark red
powder (Fig. S6, cf. ESM). Contrastingly, the CuO
diffraction peaks were significantly weakened because
the ethanol-reducing CuO reaction was carried out under
high reaction temperature and pressurized conditions.
Elemental Cu coated the catalytic active sites on the
catalyst surface, leading to a decrease in the CuO/Bhm
catalytic activity. The high-temperature treatment in air
removed the metallic Cu coated on the catalyst surface,
increasing the catalyst activity. The leaching test result
indicated that the BHMF yield did not continuously
increase, but slightly decreased. This is because of etheri-

Side reaction
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Scheme 2 Mechanism of HMF hydrogenation over catalyst interfacial site.
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Fig. 10 Profiles of the catalyst reuse study. (a) Catalyst recycling experiments (reaction conditions: 10 mL ethanol, 1 mmol HMF,
catalyst/HMF = 100%, 433 K). (b) XRD patterns of the fresh and spent 40 wt % CuO/Bhm catalyst.

fication and other side reactions occurring after 40 wt %
CuO/Bhm was removed by centrifugation over 1.5 h (Fig.
S7, cf. ESM). This result demonstrated that the active
sites were not leached and that the 40 wt % CuO/Bhm
catalyst was heterogeneous. Therefore, metal agglomera-
tion and partial CuO separation from the Bhm surface
caused by the repeated calcination process may lead to
incomplete catalytic performance recovery.

4 Conclusions

The selective transformation of HMF into BHMF was
successfully performed over a non-noble metal catalyst
(CuO/Bhm) using ethanol as both the solvent and
hydrogen donor. It was observed that the target product
selectivity depended on the difference between the main
and side reaction rates, as well as their parallel or conse-
cutive occurrence. Bhm contains both Lewis acid and
base sites, which played a significant role in the CTH of
HMF, while the hydroxyl group Brensted acid (H") on
the Bhm surface catalyzed the etherification reaction. CuO
addition reduced the side reaction rate, thereby improving
the BHMF selectivity. The kinetic study results suggested
that the rate constant for the transformation of HMF into
BHMF is much larger than that of HEMF, the latter of
which has an activation energy of 86.89 kJ-mol™!, which
is 2.3 times higher than for the conversion of HMF into
BHMF. These results confirmed that the proposed method
is suitable for the selective hydrogenation of HMEF,
contributing toward ongoing research efforts to exploit
biomass energy.
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