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Abstract

A series of low-cost a-Ni(OH),/SiO, catalysts were successfully fabricated by the
vapor-induced internal hydrolysis method, then the hydrogenation of 5-hydroxym-
ethylfurfural (HMF) to 2,5-bis(hydroxymethyl)furan (BHMF) was investigated by
using the ethanol as the hydrogen donor over these as-prepared a-Ni(OH),/SiO,
catalysts. Based on the reaction results, these as-prepared catalysts, which could
dispense with extra pre-reduction treatment before reactions, exhibited superior cat-
alytic performance for the HMF hydrogenation to BHMF. A remarkable intrinsic
selectivity of BHMF selectivity of almost 100% with about 90% HMF conversion
could be obtained under 195 °C for 5 h in an N, atmosphere over the a-Ni(OH),/
SiO, catalyst of 5-Ni(OH),/SiO, with about 5 wt% Ni on SiO,. The almost constant
HMF conversion and BHMF intrinsic selectivity found from the recycling tests can
indicate that the catalyst was stable without the obvious loss of its catalytic activity
after recycling. Moreover, the mechanism of HMF hydrogenation using ethanol over
the a-Ni(OH),/Si0O, catalysts could be referred to as the mechanism of the Meer-
wein-Ponndorf-Verley reaction. This work will provide a simple synthesis method
for future design and development of high-performance, low-cost, and low-energy
consumption catalysts for HMF hydrogenation to BHMF.

Keywords 5-Hydroxymethylfurfural - No pre-reduction - a-Ni(OH), -
Hydrogenation - 2,5-bis(hydroxymethyl)furan

P< Aicheng Chen
chenaicheng @fjnu.edu.cn

Fujian Provincial University Engineering Research Center of Industrial Biocatalysis,

College of Chemistry and Materials Science, Fujian Normal University, Fuzhou 350007,
People’s Republic of China

@ Springer


http://orcid.org/0000-0001-5200-2559
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-024-02587-0&domain=pdf

1636 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:1635-1649

Introduction

The biomass platform molecule 5-hydroxymethylfurfural (HMF) has
been regarded as the key bridge connecting petroleum-based and biomass
resources. Now, many oxidative and reductive derivatives of HMF have dis-
played great potential as a sustainable substitute for petroleum-derived chemi-
cals [1-3]. Among these derivatives, a renewable high value-added diol of
2,5-bis(hydroxymethyl)furan (BHMF) has attracted significant attention and been
widely applied in the synthesis of fine chemicals and artificial receptors, like
pharmaceuticals, ethers, ketones, artificial fibers, resins, and so on [1, 4]. Further-
more, the etherification products of BHMF formed with alcohols were also value-
added chemicals as potential bio-diesel candidates [5, 6]. Therefore, the selective
reduction of HMF to BHMF understandably has received much attention recently.

BHMF is a chemical intermediate during the preparation of other further value-
addition hydrogenated furanic derivatives starting from HMF. It will be readily
further reduced to 5-methylfurfuryl alcohol (MFA), 2,5-bis(thydroxymethyl)tet-
rahydrofuran (BHMTHF), 2,5-dimethylfuran (DMF), and other chemicals [1, 3,
7]. Then, the efficient selective hydrogenation of HMF to BHMF is still a chal-
lenge. Recently, many metal-based catalysts have been employed for the selective
reduction of HMF to BHMF, such as Au, Co, Cu, Hf, Ir, Ni, Pd, Pt, Re, Ru, and
so on [7]. To obtain outstanding performance, these above-mentioned catalysts
generally would be pre-reduced by H, at a high temperature [8] or sodium boro-
hydride [9] and hydrazine monohydrate [10] at room temperature. This treatment
is clearly not green enough. To overwhelm this drawback, some catalysts (like
Ru and Ir pincer complexes [11], ZrO(OH), [12], and MOF-based catalysts [3])
without pre-reduction were been designed for HMF reduction to BHMF in recent
years. However, these non-pre-reduction catalysts are mostly not the ‘“supported
catalysts “, then the usage and cost of active components in them will become
another drawback for their industrialized applications. Besides catalysts, the
hydrogen donors also play a crucial role during the HMF hydrogenation. Gen-
erally, H,, alcohols, and formic acid were often regarded as the candidates for
the hydrogen donor in the HMF hydrogenation. Thereinto, H, dominantly comes
from petroleum cracking and can’t be effectively utilized for the low solubility
in the solvent during the HMF hydrogenation. This hurts the sustainable devel-
opment of world energy, though the catalyst usually displays a good perfor-
mance under the H, atmosphere. Formic acid (FA) can be obtained from biomass
resources [13] and is regarded as a promising hydrogen storage compound [14],
but it might undermine the activity and stability of the catalyst for its acidity and
corrosivity to some content. So, the more convenient and safe hydrogen sources
of alcohols [1] might be considered as a suitable hydrogen donor for HMF to
BHMF. Considering the oil crisis and environmentally sustainable development,
it is essential to develop a non-precious supported catalyst without pre-reduction
for the HMF hydrogenation to BHMF by alcohols.

Hence, in the present work, a kind of a-Ni(OH),/SiO, supported catalyst was
prepared by the vapor-induced internal hydrolysis (VIH) method [15], and then
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the selective transformation of biomass-derived HMF to the renewable high
value-added building blocks of BHMF was performed by using the ethanol as the
hydrogen donor over these as-prepared catalysts without pre-reduction.

Experimental
Material

The support of SiO, was supplied by Xinchanglai Silicone Co. Ltd. (Qingdao,
China). Ni(NO;),-6H,0 (>98%) was provided by Xilong Chemical Co. Ltd. (Shen-
yang, China). Aqueous ammonia (25-28%) was obtained from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Ethanol (>99.7%) was purchased from Zesh-
eng Technology Co. Ltd. (Anhui, China). 5-hydroxymethylfurfural (HMF, 99%),
2,5-dihydroxymethylfuran (BHMF, 98%), and acetonitrile (>99.9%) were supplied
by Aladdin Reagents Co. Ltd. (Shanghai, China).

Catalyst preparation

The transition metal nickel was introduced to the SiO, support by incipient wet-
ness impregnation. Thereinto, the typical nickel precursor of hydrous nickel nitrate
(Ni(NOy),-6H,0) 0.25 g was dissolved with 1.40 g of H,O and then loaded on 1.00
g of the SiO, support. After that, the sample was held at room temperature for 12 h
and then heated at 120 °C for 4 h. Subsequently, 0.20 g of the as-prepared samples
were treated with 5 mL. ammonia solution by the VIH method [15] at 60 °C for
3 hin a 100 mL autoclave (Fig. S1). Herein, the ammonia used during the VIH
process was controlled according to the required amount for converting Ni** to
Ni(OH), on the catalysts. At last, the samples were heated 205 °C for 6 h to acquire
the a-Ni(OH),/Si0O, catalyst. The as-prepared a-Ni(OH),/SiO, catalyst was named
x-Ni(OH),/Si0,, where x denotes the Ni content in the catalysts.

Catalyst characterization

X-ray powder diffraction (XRD) patterns were recorded on a Rigaku Ultima IV
X-ray diffractometer with Cu K, radiation (0.154 nm) with a scanning rate of 10°
min~! in the range of 26=10-80°.

N, isotherms were measured on a Micrometritics ASAP 2460 M instru-
ment at— 196 °C. Before testing, the samples were pretreated at 80 °C for 6 h
under vacuum. The specific surface areas of the catalysts were measured by the
Brunauer—Emmett-Teller (BET) method, and the pore-size distribution and total
pore volume were obtained by the Barrett-Joyner-Halenda (BJH) method.

X-ray photoelectron spectroscopy (XPS) spectra of Ni 2p levels of the investi-
gated catalysts were recorded on a Thermo Fisher Scientific K-Alpha spectrome-
ter by using monochromatic Al Ka radiation (hv=1486.6 e¢V). The binding energy
(BE) scale was calibrated to the C 1s peak at 284.8 eV.
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The H, temperature programmed reduction (H,-TPR) was performed on a
Chemisorb 2720 instrument (Micrometritics Instrument Corp., USA) with a
heating rate of 10 °C min~! in the temperature ramp from room temperature to
900 °C. Before measuring, about 50 mg sample was pretreated at 120 °C for 1 h
with Ar. After that, the H,-TPR test would be launched with the carrier gas of
10% H, in Ar. The exhaust gas from the sample cell would pass through a cold
trap to remove H,O created during the metal reduction, before entering the ther-
mal conductivity detector. The cold trap was prepared by a mixture of isopropyl
alcohol and liquid nitrogen.

Infrared (IR) absorption spectra were recorded using a Thermo Fisher Sci-
entific Nicolet Is50 FT-IR spectrometer. Because KBr can react with layered
hydroxide phases [16], cesium iodide (CsI) optics were used for the measure-
ment in this work.

The High-resolution transmission electron microscopy (HRTEM) was con-
ducted on an FEI Talos-F200s microscope at an accelerating voltage of 200 kV.
Before the HRTEM test, the samples were ultrasonically dispersed using ethanol
and then supported on a copper mesh. Moreover, the actual Ni content in cata-
lysts was measured by inductively coupled plasma optical emission spectroscopy
(ICP-OES) on an Agilent 720 ICP-OES spectrometer.

Reaction procedure and product analysis

The hydrogenation of HMF was carried out in a YZQR-50 reactor (YanZheng
Instrument Equipment Co. Ltd). Typically, 0.50 mmol HMF was dissolved in 30 mL
EtOH, and then the catalyst was added into the as-prepared HMF alcoholic solution.
The dosage of the catalyst was according to the molar ratio of ny;: nyyp=1:10 in the
reaction solution. Next, the mixture was placed into a 50 mL polytetrafluoroethylene
container and then put into the reactor with magnetic stirring, and replacing the gas
in the reactor with molecular nitrogen three times. Then 0.2 MPa of nitrogen would
be kept in the reactor before the reaction began. After that, the reaction temperature
was raised, and the HMF hydrogenation started. After the reaction temperature up to
195 °C, the pressure of the reactor was increased to about 2.5 MPa.

After the HMF hydrogenation, the reaction mixture was analyzed on a Shi-
madzu LC-16P high-performance liquid chromatography (HPLC). The products of
HMF and BHMF were separated from the initial product using a ZORBAX SBAq
C18 column (4.6x250 mm, 5 pm, Agilent, USA). The mobile phase is a mixture
of acetonitrile and 0.1 wt% trifluoroacetic acid in water with a volume ratio of 5:
95 at 30 °C (0.5 mL min~"!). Before the analysis, the reaction mixture was filtered
with 0.22 pm polytetrafluoroethylene filters. The content of HMF and BHMF was
quantified by an external calibration curve method on basis of HPLC analysis, and
the 5-(ethoxymethyl)furfural alcohol (EMFA) and 2,5-bis(ethoxymethyl)furfural
(BEMF) were identified by a GC9790II gas chromatography (Fuli Analytical Instru-
ments Corp., China) using an HP-5 column (30 mx0.32 mm, 0.25 pm). Then the
HMF conversion and product selectivity were calculated.
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Results and discussion
Characterization of catalysts

As shown in the XRD patterns in Fig. 1a, the diffraction peaks of 26 at 12.8°, 33.1°,
35.5°, 58.9°, and 60.5° can be assigned to the (001), (100), (101), (110), and (111)
lattice planes according to the standard pattern (JCPDS No. 22-0752) for nickel
nitrate hydroxide. Generally, the “a-Ni(OH), “ often contains intercalated anions
and water molecules for its hydroxyl-deficient phase [17, 18]. So, the general for-
mula of a-Ni(OH),, can be written as [Ni(OH), A /"~ -yH,0] with x=0.2-0.4,
y=0.6-1, and A=CI~, NO,~, SO,*~, CO,*~, or OCN~ [17, 18]. Thus, based on the
general formula of a-Ni(OH), and no visible peaks from -Ni(OH), and NiO in the
XRD pattern, the Ni(OH), on the catalysts in this study was definitely the a-form.
Moreover, there are some major characteristics of a-Ni(OH), proposed in previous
reports [19] can also be found in Fig. la. In detail, a-Ni(OH), often has the strongest
XRD diffraction peak around 26=12°, an asymmetric broad peak at about 32~35°,
and none of the general reflection for the brucite structure [19]. Moreover, as shown
in the HRTEM image of 5-Ni(OH),/SiO, in Fig. 1b, the quantified interlayer spac-
ing of 0.27 nm and 0.25 nm were attributed to the (100) and (101) crystal facets for
a-Ni(OH),, respectively. Given the above-mentioned, Ni species in the as-prepared
catalysts were in the form of a-Ni(OH),. In addition, when the content of Ni in the
catalyst was below 5% on the catalysts of 1-Ni(OH),/SiO,, 2-Ni(OH),/SiO,, and
5-Ni(OH),/Si0,, non-obvious diffraction peaks attributed to o-Ni(OH), revealed
that a-Ni(OH), was highly dispersed on the catalysts or too small crystal particles
formed to be detected by XRD.

Moreover, a shoulder peak at about 3633 cm™" from the IR spectra in Fig. 2 could
be attributed to the interlayer H,O from a-Ni(OH), [20], and O-H bend of lattice
OH from a-Ni(OH) and lattice mode for a-Ni(OH), could be found at the peaks of
about 1409 cm™ and about 682 cm™! [20, 21]. These would suggest that the syn-
thesized Ni(OH), was the a-phase form. In addition, the peaks at 3438 cm™ and
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Fig. 1 XRD patterns for various a-Ni(OH),/SiO, catalysts (a) and HRTEM image of 5-Ni(OH),/SiO, (b)
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Fig.2 Infrared spectra for various a-Ni(OH),/SiO, catalysts

1630 cm™! could be assigned to the the O—H bend from free H,O [21]. Besides, an
infrared absorption peak at about 1360 cm™"! and 826 cm™' [20, 21] could be found
in Fig. 2, which mainly was attributed to the intercalation of NO;™ in the layered
structure of a-Ni(OH),. These results were in agreement with XRD analyses.
Whereafter, the XPS technique was conducted to identify the surface properties
of the various a-Ni(OH),/SiO, catalysts. As shown in Fig. 3, the 2p levels of Ni**

Ni 2p

1 Nu(OH)Z/s|of

Ni 2p,, Ni 2593/2
87437 eV i, 856.77ev

890 880 870 860 850
Binding Energy (ev)

Fig.3 XPS spectra of Ni 2p for various a-Ni(OH),/SiO, catalysts
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were located at about 856 eV for 2ps, and about 874 eV for 2p,,,, which could be
ascribed to the 2p levels of Ni** in Ni(OH), [22, 23]. After careful comparison, the
highest binding energy of 856.77 eV for Ni** 2p3/2 was found on the catalyst of
1-Ni(OH),/SiO,. It might be due to the interaction between Ni(OH), on the cata-
lyst surface and the support of SiO,. The electron shielding effect on Ni** would
be strengthened by the strong interaction between Ni(OH), and SiO, under the low
Ni loading on the catalyst. With the increase of Ni loading, the size of Ni(OH),
would increase, the interaction between Ni(OH), and SiO, might be weakened, and
then the binding energy for the 2p,,, levels of Ni** correspondingly decreased. The
smaller binding energy of 856.46 eV for the 2ps, levels of Ni** would be found on
the catalyst of 5-Ni(OH),/SiO,. When the loading of Ni was greater than 5 wt%, the
interaction of SiO, on Ni(OH), on the catalyst surface might be negligible, which
meant that the change of the binding energy for the 2p,, levels of Ni** could be
ignored from the catalysts of 8-Ni(OH),/SiO, and 11-Ni(OH),/SiO,.

H,-TPR measurements were conducted over various a-Ni(OH),/SiO, cata-
lysts. As shown in Fig. 4, the peak I at the range of 230 °C to 330 °C could be
ascribed to the reduction of “a-Ni(OH), “ to Ni® by one step [24, 25], while
the a-Ni(OH), would be decomposed to the NiO in this temperature range [26,
27]. Then, the NiO could be reduced to Ni at the subsequent range of 330 °C to
500 °C of peak II [28-31]. Moreover, the peak III above 500 °C could be illus-
trated by the strong interaction of NiO with the —OH groups on the supports,
and the difficultly reducible compound would be formed [29-31]. Intelligently,
the stronger interaction between a-Ni(OH), and SiO, would be found, when the
smaller Ni loading was introduced on the SiO,. Therefore, the hydrogen reduc-
tion peak I on the catalyst of 1-Ni(OH),/SiO, would locate at a high reduc-
tion temperature. With increasing the loading of Ni, the interaction between
a-Ni(OH), and SiO, might be weakened and lead to a lower reduction tempera-
ture for a-Ni(OH), to Ni’. However, the reduction temperature for a-Ni(OH),
to Ni° would be raised again for the larger crystal size of a-Ni(OH),, when the

Fig.4 H,-TPR profiles for vari-
ous a-Ni(OH),/SiO, catalysts
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Fig.5 N, adsorption—-desorption isotherms (a) and pore-size distributions (b) of a-Ni(OH),/SiO, cata-
lysts and SiO, support

Table 1 Properties of various a-Ni(OH),/SiO, catalysts

Catalysts BET surface  Pore volume BJH average Ni content® (wt%)  Crystal size®
area (m?> g™ (ecm®g™h) pore size (nm) (nm)
Sio, 291.53 0.85 8.37 / No detected
1-Ni(OH),/SiO, 269.45 0.79 8.69 0.83 No detected
2-Ni(OH),/SiO, 260.03 0.75 8.62 2.11 No detected
5-Ni(OH),/SiO, 24391 0.70 8.90 4.99 3.33
8-Ni(OH),/SiO, 168.56 0.52 8.87 8.44 4.04
11-Ni(OH),/Si0,  155.77 0.42 8.32 11.09 4.88

“Measured by ICP-OES technique
bCalculated by the Scherrer equation based on the XRD principal peak at 12.8°

Ni loading was large enough on the catalyst. A similar reduction behavior was
also observed over the SiO,-supported NiO species [30]. Based on the H,-TPR
results, the lowest reduced temperature of peak I could be found on the catalyst
of 5-Ni(OH),/SiO, with about 5 wt% Ni, which might display the best perfor-
mance on the hydrogenation of HMF.

Moreover, the N, adsorption—desorption analysis was performed on the cata-
lysts for insight into the pore text of catalysts. As shown in Fig. 5. there is no
significant change in the pore size distribution between the as-prepared catalysts
with various Ni loading. After careful comparison, the pore size distribution of
a-Ni(OH),/SiO, catalysts became very slightly larger than that of the support
of Si0,. This could be explained by the fact that the pores in SiO, are enlarged
by ammonia corrosion under water vapor during the VIH treatment. Unlike the
pore size distribution, an observable difference in specific surface area and pore
volume could be obtained on the various catalysts which was shown in Table 1.
It could be due to the pore blocking after Ni loading on SiO,.
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Reaction of HMF Hydrogenation over a-Ni(OH),/SiO, catalysts

The HMF hydrogenation was performed over the various o-Ni(OH),/SiO, catalysts
without pre-reduction, and the results were plotted in Fig. 6. The conversion of HMF
displayed a volcanic trend as a function of Ni content in the a-Ni(OH),/SiO, cata-
lysts, and the highest HMF conversion of 87.6+5.0% was achieved on the catalyst
of 5-Ni(OH),/SiO, with about S5wt% Ni under the conditions of 195 °C and 0.2 MPa
N, atmosphere for 5 h. This may be related to the interaction between the a-Ni(OH),
and the SiO, support, as well as the crystalline size of a-Ni(OH),. Generally, desir-
able interaction between the active component and the support as well as a reason-
able crystalline size of the active component was favorable for the catalytic reaction.
Moreover, the selectivity of BHMF gradually increased with the increase of Ni load-
ing on the catalyst and was finally kept at about 84.3%. This could be attributed to
the acidic Si~OH on the surface of SiO,. Briefly, a-Ni(OH), could not completely
cover the surface of SiO, at a low Ni loading on the catalyst, and then the remain-
ing Si—OH on the catalyst will stimulate the etherification reaction between BHMF
and alcohols. As revealed in Scheme 1, two end — OH in the BHMF molecule will
be further etherified with EtOH as the hydrogen donor in this work. Therefore, the
EMFA and BEMF could be found in the mixture after the reaction. After pruden-
tial treatment, the intrinsic selectivity of BHMF could be calculated from the sum
of the selectivities of BHMF, EMFA, and BEMF. Surprisingly, the intrinsic BHMF
selectivity of about 98.9% was found over the a-Ni(OH),/SiO, catalysts, when the
Ni loading in the catalyst was higher than 5 wt%. It also could be attributed to the
acidic Si-OH on the surface of SiO,. For comparison, an unsupported a-Ni(OH),
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Fig.6 HMF hydrogenation over various o-Ni(OH),/SiO, catalysts. (Reaction conditions: 195 °C, 0.5
mmol HMF in 30 mL EtOH, ny; i, cutatyst: "mp = 1:10 for 5 h)
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Scheme 1 Plausible reaction pathway for the HMF Hydrogenation over a-Ni(OH),/SiO, catalyst

was prepared by using the VIH method and then was also applied to the HMF hydro-
genation reaction. As shown in Fig. 6, about 44% HMF conversion was found on the
unsupported a-Ni(OH),, which was not as good as that of the supported a-Ni(OH),/
Si0,. This could be due to insufficient dispersion of a-Ni(OH), for the unsupported
a-Ni(OH),. Noteworthily, a relatively high BHMF selectivity obtained on unsup-
ported a-Ni(OH), might be related to the absence of Si—~OH.

Furthermore, the time course for the hydrogenation of HMF at 195 °C was exam-
ined to collect detailed information on the possible reaction pathway. As shown in
Fig. 7a, the HMF conversion would be attached at about 100% after more than 7
h reaction. However, the selectivity of BHMF would decrease from 92.9% at the
reaction time of 3 h to 69.3% at 11 h, and the etherification products of EMFA and
BEMF formed from BHMF with EtOH would increase accordingly. Notable, the
intrinsic selectivity of BHMF would decrease gradually for the generation of the
unexpected byproducts. It could be due to the further hydrogenolysis or cracking of
BHMEF, EMFA, and BEMF for their larger diffusion resistance in the catalyst pore
[32]. The influence of reaction temperature on the hydrogenation of HMF also was
investigated on the a-Ni(OH),/Si0, catalysts, and the results were shown in Fig. 7b.
It suggested that the reaction temperature was conducive to the increase in HMF
conversion. However, side reactions such as degradation or polymerization would
understandably be a favor to occur with the increase of reaction temperature. Under-
standingly, the selectivity of BHMF would decrease, which also could be found in
Fig. 7b.

(&) " S |7 ()€ [ e
) . 2100 F selectivity ) BHMFintrinsic selectivity
9t >>\ ?% & % : 90°\£- % ? 4/\0
i
i i PIN N
o N\ -
3 5 Tim;(h) 9 ’ * Temper::ure(°C)

Fig. 7 Influence of (a) reaction time on HMF hydrogenation at 195 °C and (b) reaction temperature on
HMF hydrogenation for 5 h on a-Ni(OH),/SiO, catalyst of 5-Ni(OH),/SiO,
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For insight into the recyclability of the a-Ni(OH),/SiO, catalyst, the recycling
tests were performed on the 5-Ni(OH),/SiO, catalyst by successive reuse in this
work. Before recycling, the used catalyst would be recovered by washing with etha-
nol, following dried at 110 °C for 1 h. Then, the next run test would be conducted
on 5-Ni(OH),/SiO,. Given the results in Fig. 8, the almost same HMF conversion
of about 90% indicated that the catalyst was stable at its catalytic activity. In addi-
tion, no obvious distinction was found in the pore structure properties, XRD pat-
terns, and XPS spectra between the fresh and recycled 5-Ni(OH),/SiO, in Fig. 9.
This also understandably resulted in the activity stability of 5-Ni(OH),/SiO, at the
HMF hydrogenation, which was in line with the results in Fig. 8. Notably, with the
increase of the run number, although the intrinsic selectivity of BHMF almost kept
unchanged, the selectivity of BHMF would decrease, and the selectivity of etherifi-
cation products of EMFA and BEMF would increase accordingly. It might be related
to the intercalated anions of NO;™ in “a-Ni(OH), “. This electronegativity of NO;~
would be lost from the structure of “a-Ni(OH), “ when it undergoed the HMF
hydrogenation with magnetic stirring. The evidence was shown in FT-IR spectra in
Fig. 9d. It is found that the characteristic peaks at 1360 cm™" and 826 cm™! for NO;~
were obviously weakened after 4 cycles. These losing NO;™ increases the number of
cationic Ni** with vacant coordination sites in “a-Ni(OH), “, then it would play a
role of Lewis acids. Generally, the presence of the acid will promote the etherifica-
tion reaction. Surprisingly, the intrinsic BHMF selectivity was kept at almost the
same, which could be found in Fig. 8. This almost constant intrinsic BHMF selec-
tivity indirectly suggested the stability of catalyst activity. The BET surface area,
pore volume, and BJH average pore size of the reused 5-Ni(OH),/SiO, were 263.87
m? g7, 0.72 cm® g7, and 8.37 nm, which were also not very significantly different
from that of the fresh 5-Ni(OH),/Si0,. Noteworthily, through an extremely careful
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Fig.8 Recyclability of a-Ni(OH),/SiO, catalyst of 5-Ni(OH),/SiO, for HMF hydrogenation at 195 °C
for5h
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Fig.9 XRD patterns (a), XPS spectra of Ni 2p (b), pore-size distributions (c¢), and FT-IR spectra (d) for
the fresh and recycled a-Ni(OH),/SiO, catalyst of 5-Ni(OH),/SiO,

comparison, a slight increase in the specific surface area for the reused catalyst
could be found, which might be related to the loss of NO;™ from the interlayer in the
a-Ni(OH),. Understandably, the hollow space would be formed after losing NO;~
from the interlayer in the a-Ni(OH),, thus the specific surface area of the used cata-
lyst would correspondingly slightly increase in comparison with the fresh one.

Reaction mechanism of HMF Hydrogenation over a-Ni(OH),/SiO, catalyst

An integrated reaction mechanism over the a-Ni(OH),/SiO, catalysts was proposed
in Scheme 2, which refers to the mechanism of Meerwein-Ponndorf-Verley (MPV)
reaction. In this mechanism, the a-Ni(OH), might play a key role during the HMF
Hydrogenation. Firstly, the EtOH will easily attach at the —OH of a-Ni(OH), for its
alkalinity, and then nickel alkoxide I would form in Step 1. Secondly, a six-mem-
bered ring will be formed between HMF and the generated nickel alkoxide, then the
acetaldehyde will be produced after transferring the o-H of the alkoxide to the C=0
group via the six-membered ring transition. Subsequently, a new nickel alkoxide
IT will form in step 3 after releasing the acetaldehyde. Finally, an additional EtOH
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Scheme 2 Plausible reaction mechanism for the HMF Hydrogenation over a-Ni(OH),/SiO, catalyst

from the solution further coordinates with the nickel alkoxide II, and then the nickel
alkoxide I will reform after releasing BHMF.

Conclusions

In this work, low-cost a-Ni(OH),/SiO, catalysts were successfully prepared by the
vapor-induced internal hydrolysis method, which can exhibit superior catalytic
performance for the HMF hydrogenation to BHMF without an extra pre-reduction
treatment. The remarkable catalytic activity on the a-Ni(OH),/SiO, catalyst of
5-Ni(OH),/SiO, with about 5 wt% Ni was found that HMF conversion would be
attached at about 87.6% with about 98.9% of the intrinsic selectivity of BHMF at
195 °C for 5 h under N, atmosphere and using the ethanol as the hydrogen donor.
Based on the results from the recycling tests, the almost same HMF conversion and
BHMF intrinsic selectivity were obtained, which could suggest that the catalyst was
stable after four times of recycling.
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