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Abstract—The hydrogenation of biomass-based furan compounds is an important step for the catalytic valorization of
biobased chemicals. In this work, Ru-based catalysts supported on different supports, such as HY, MgO and Amberlyst-
15, were prepared and estimated for the hydrogenation of dimethyl 2,5-furandicarboxylate (FDMC). Among them, Ru/
HY provided a desirable yield of 99.4% for tetrahydrofuran-2,5-dicarboxylic acid dimethyl ester (THFDMC) under
90 °C and 3 MPa H,. Based on catalyst characterization, Ru/HY could offer more surface Ru’ species and carbon radi-
cal intermediates than other catalysts, which could largely favor the activation of hydrogen and then promote the

hydrogenation of FDMC over Ru/HY.
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INTRODUCTION

As a renewable carbon resource, biomass can be converted into
high value-added fuels and chemicals [1-4]. The production and
utilization of biomass chemicals can mitigate a series of environ-
mental pollution problems caused by petroleum-based chemicals
[5-7]. For example, terephthalic acid (TPA) is the monomer for syn-
thesizing polyethylene terephthalate (PET) that has a huge volume
of market with massive carbon emissions [8]. In this context, furandi-
carboxylic acid (FDCA) and dimethyl furandicarboxylate (FDMC)
derived from biomass can be used as monomers for production of
turan-based polyesters, which are deemed as promising alternatives
for PET with better properties, such as biodegradability, gas barrier
property, and high glass transition temperature [9-12]. Compared
with FDCA, FDMC has a relatively low boiling point and low polar-
ity; and can sublimate at relatively low temperatures, making its sepa-
ration/purification easier than that of FDCA [13]. In addition,
FDMC possesses better thermostability than FDCA, which is ben-
eficial to the synthesis of PEF at high temperature [14].

The oxidative esterification of 5-hydroxymethylfurfural (HMF)
to furan-2,5-dimethylcarboxylate (FDMC), a renewable alternative
to petroleum-derived polyester materials, possesses high oxidation
properties for the synthesis of green furan-based polyester materi-
als. Researchers have devoted much effort to the formation of side
chain groups (carboxyl groups) by high oxidation of HMF [15-18],
so it is important to retain the side chain carboxyl groups. In addi-
tion, selective hydrogenation of furan-based carboxylic acids with
retention of the carboxyl group is carried out in two main scenar-
ios: hydrogenation to open the furan ring and complete hydroge-
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nation of the furan ring [19]. It has been reported that the hydro-
genated furan ring opening product is mainly adipic acid, which is
important in chemical production, organic synthesis industry, phar-
maceuticals, and lubricant manufacturing. In contrast, complete
hydrogenation of the furan ring yields dimethyl tetrahydrofuran-
2,5-dicarboxylate (THFDMC), which can also be used as a mono-
mer for the synthesis of polyesters [20].

The catalytic hydrogenation of biomass-derived furans is of cru-
cial importance to the production of value-added chemicals from
biomass. Especially, many research works have been devoted to the
hydrogenation of HMF and its derivatives [21]. For instance, Kata-
oka et al. [22] reported that Pt/CeO, could offer a 2,5-bis(hydroxy-
methyl)tetrahydrofuran (BHMTHEF) yields of 63% (135 °C, 3 MPa
H,, 24 h). Bottari et al. [23] reported that complete hydrogenation
of HMF to BHMTHEF was achieved over Pd/ALO;, and gave a desir-
able BHMTHEF yield up to 98% (170 °C, 7 MPa H,, 1 h). A similar
BHMTHE vyield of 97.3% was obtained over Ru/MnCo,O, (100°C,
8.6MPa H,, 16h) [24]. Recently, Perret et al. [25] reported that
BHMTHE vyield of 99% was also obtained from HMF catalyzed by
Ni/ALO; at 80 °C within 12 h under 2 MPa H,. In the work reported
so far, monometallic catalysts containing elements such as Ru, Pd,
Pt, Ni have been usually highly reactive [21]. However, the high cost
of precious metals and the easy leaching of nickel species under harsh
reaction conditions are problematic. Therefore, we need to stabi-
lize the catalyst by reducing the noble metal loading or by a proper
selection of the support preparation.

From what we know, the impact of supports has rarely been dis-
cussed by previous authors. Herein, we will discuss the effect of the
support on the catalyst and even the hydrogenation reaction. Ru/HY
was prepared by impregnation method, and displayed outstand-
ing catalytic performance for the selective hydrogenation of furan
ring in FDMC to produce THFDMC. THFDMC yield up to 99.4%
was achieved over Ru/HY under relatively moderate conditions
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(90°C, 3MPa H,, 4h). Because of the high reactivity of Ru, the
catalyst Ru/HY has both hydrogenation active sites and a large num-
ber of Brensted acid sites. In addition, this catalyst can be applied
to the hydrogenation of other furan ring compounds and aromatic
compounds with satisfactory yields and selectivity. This work pro-
vides some insights for the design of catalysts for the complete hydro-
genation of biomass-based furan ring compounds.

EXPERIMENTAL

1. Materials

Dimethyl furandicarboxylate (purity>98%) was purchased from
Shanghai Bide Pharmaceutical Technology Co. Ruthenium trichlo-
ride trihydrate (RuCl;-3H,0) was purchased from Tianjin Hience
Optimum Technology Co. Chloroplatinic acid hexahydrate was pur-
chased from Zhengzhou Ruke Biotechnology Co., zeolite Y, hydro-
gen and Palladium chloride were purchased from Alfa Aesar, poly-
vinyl alcohol (PVA) and activated carbon was purchased from
Shanghai Maclean Biochemical Technology Co. 5-Hydroxymeth-
ylfurfural and diammonium hydrogen phosphate were purchased
from Anhui Zesheng Technology Co. Furfural, Amberlyst-15, ZSM-
5, MgO was purchased from Shanghai Aladdin Biochemical Tech-
nology Co. Niobium pentoxide, methanol, dioxane were provided
by Sinopharm Chemical Reagent Co. .All of the above reagents were
used directly without further treatment. The procedure for the prepa-
ration of the specimen of the product tetrahydrofuran-2,5-dicarbox-
ylic acid dimethyl ester (THFDMC) is described in the supporting
material (Scheme S1 and Fig. S1-2).
2. Preparation of Catalysts

In this work, the loaded Ru-based catalysts were prepared by
the impregnation method. In a typical procedure for the preparation
of Ru/HY: 0.1250 g of RuCl;-3H,0 and 20 mL of deionized water
were added to a 100 mL conical flask and stirred for 2-3 h. Subse-
quently, 1 g of support (HY, ZSM-5, Amberlyst-15, Nb,Os, MgO)
was added and stirring was continued for 2 h. Then, 20 mL of aque-
ous sodium borohydride solution (1.7 wt%) was added dropwise to
the mixture and stirred overnight. The loaded Ru-based catalyst
(5wt% theoretical loading) was filtered, washed, and dried over-
night in a vacuum oven. Similarly, hexahydrate chloroplatinic acid
or palladium chloride was also used as the catalyst precursors to
prepare Pt or Pd-based catalyst by the same method described above.
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In some cases, polyvinyl alcohol (PVA) was added as a dispersant
to make the Ru loading more homogeneous (Scheme 1).
3. Catalyst Characterization

The relevant characterization methods for the catalysts are de-
scribed in the supporting materials.
4. Catalyst Activity Test

The catalyst activity testing experiments in this work were car-
ried out in a 25 mL stainless steel autoclave. The experimental proce-
dure for the preparation of THFDMC by hydrogenation of FDMC
was as follows: 0.5 mmol FDMC, 0.0920 g catalyst, and 7 mL metha-
nol were mixed and sealed in an autoclave, and the reaction mix-
ture was reacted under 3 MPa hydrogen pressure for 4h, during
which the system was heated and stabilized to 90 °C at 600 rpm.
The reaction to cool to room temperature was allowed, and the
solid catalyst in the reaction mixture was filtered, washed with eth-
anol three times and dried overnight in an oven at 110 °C to test
the cyclic recovery performance of the catalyst.
5. Product Analysis

The filtrate of the reacted mixture was analyzed qualitatively and
quantitatively by dilution injection gas chromatography (GC) and
gas chromatography-mass spectrometry (GC-MS). The GC model
and test conditions were as follows: Agilent 7890, DB-WAXETR col-
umn (30 mx250 pmx0.25 pm), 1.0 mL/min N, as support gas. The
heating procedure was as follows: the initial temperature was 40 °C,
held for 4 min, and then increased to 250 °C at a heating rate of
10 °C/min, held for 2 min. The GC-MS model and test conditions
were as follows: Thermofisher Trace 1300 gas chromatograph and
ISQLT mass spectrometer, TR-5MS column (15 mx250 pmx0.25
pm), and 1.0 mL/min N, as support gas. The heating procedure was
as follows: the initial temperature was 40 °C, held for 2 min, and
then increased to 280 °C with a heating rate of 10 °C/min, held for
5 min. The quantification of FDMC, THFDMC is achieved by the
calculation of an external standard curve corresponding to a cer-
tain concentration range of the standard. Correspondingly, yields
and conversions are calculated by:

. ory_ (1. mole of EDMC in the products)
FDMC conversion (%) (1 nitial mole of EDMC x 100
. opy mole of THEDMC in the products
THFDMC Yield (%) initial mole of FDMC x100
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Carbon balance (%) moles of C in FDMC converted .
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Scheme 1. Schematic illustration for the preparation procedure of the Ru/HY catalysts.
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RESULTS AND DISCUSSION

1. Catalyst Characterization

In this research, three supports (HY, Amberlyst-15 and MgO)
with different acidity and basicity were employed to load Ru. Figs.
1(a)-(c) show the XRD patterns of the prepared catalysts (Ru/HY,
Ru/MgO, Ru/Amberlyst-15). The typical peaks at 26=6.3°, 10.3°,
12.1° 15.8°, 18.9°, 20.6°, 23.9°, 27.4°, 31.1° and 31.8° in Fig. 1(a)
indicated that the zeolite structure of zeolite HY (PDF#88-2288)
well remained after loading Ru [26], and the intensity of the dif-
fraction peaks did not change significantly between HY and Ru/
HY. No obvious diffraction peaks of Ru were observed in the XRD
pattern of Ru/HY, which indicated that Ru species were well dis-
persed over the surface of HY. As illustrated in Fig. 1(b), the peaks
at around 36.9°, 42.9°, 62.2°, 74.6°, 78.5° could be ascribed to MgO
(PDF#74-1225), while the typical peaks about 18.6°, 32.8°, 38.0°
50.8°, 58.6°, 62.0°, 68.2°, 72.0°, 81.2° were consistent with Mg (OH),
(PDF#83-0114). No diffraction peaks of Ru were observed in Fig.
1(b), indicating the fine dispersion of Ru over MgO. In contrast, the
typical peaks at 26=38.3" and 44.0° in Fig. 1(c) were attributed to
Ru (PDF#06-0663), suggesting that the agglomeration of Ru nano-
particles occurred to some extent over Amberlyst-15 as compared
to that over HY or MgO.

The N, adsorption-desorption isotherms showed that all the sup-
ported Ru-based catalysts exhibited type IV isotherms and H; hys-
teresis loops, and had the pore sizes in the range of 2-50 nm, in-
dicating the presence of mesoporous structures in these catalysts
(Fig. S3 and Table 1). Ru/HY had a large specific surface area of 420.6
m’/g, in contrast, Ru/MgO or Ru/Amerlyst-15 gave a specific sur-
face area of 40.97 m’/g or 36.08 m’/g, respectively. The surface areas
of Ru-catalysts and supports (HY, MgO, Amberlyst-15) were close
to the same, with 40.97 m’/g for Rw/MgO and 38.2 m’/g for its sup-
port. In addition, the pore volume for all the catalysts was similar,
above 0.22 cm’/g, and the pore size of Ru/MgO was 22.17 nm.

The morphology of Ru/HY was observed by SEM. As shown in
Fig. S4, irregular block structure in HY parent was clearly main-
tained after the loading of Ru. Notably, rough surface with numer-
ous attachments was observed over the surface of Ru/HY (Fig. S4(a)-
(b)), which can be ascribed to the formation of Ru nanoparticles
over HY. In comparison, the addition of PVA as the dispersing agent
brought about flat and smooth surface for Ru/HY catalyst (Fig. S4(c)-
(d)), indicating the homogeneous dispersion of Ru species with
the assistance of PVA.

The morphology and composition of Ru/HY, Ru/MgO, and Ru/
Amberlyst-15 were further analyzed by HR-TEM and elemental
mapping (EDS). As shown in Fig. 2(a), Ru nanoparticles with an
average diameter of 2.13 nm were observed, and the lattice fringe

Table 1. Textural properties of all tested catalysts
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Fig. 1. X-ray diffraction (XRD) spectra of (a) 5wt% Ru/HY, (b) 5
wt% Ru/MgO and (c) 5 wt% Ru/Amberlyst-15.

distance of the (101) lattice facet assigned to Ru nanoparticles of
Ru/HY was determined to be 0.207 nm. Based on the STEM-EDS
analysis (Fig. 2(d)-2(i)), a uniform dispersion of O, Si and Al was

Samples Ru content” (Wt%)  Sg” (m’/g)  Support Sz’ (m’/g)  Pore volume’ (cm®/g) ~ Pore size’ (nm)
5 wt% Ru/HY 418 420.6 405.3 0.260 247
5 wt% Ru/MgO 421 40.97 38.2 0.227 22.17
5 wt% Ru/Amberlyst—lS 4.20 36.08 35.0 0.227 2.52

“Determined by ICP-AES. "Determined by BET.

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 2. (a) TEM images and elemental mapping images of 5wt% Ru/HY (d)-(i); (b) 5wt% Ru/MgO (j)-(o) and (c) 5wt% Ru/Amberlyst-15

(P)-(.

observed, while a slight agglomeration of Ru was found, which was
highly consistent with the SEM images. In addition, Ru nanoparti-
cles with lattice spacing of 0.209 nm (Fig. 2(b)) and 0.215 nm were
attributed to the (101) crystal plane of Ru/MgO and the (002) crystal
plane of Ru/Amberlyst-15. The highly dispersed Mg and O species
over the catalysts could be observed from the elemental analysis
(Fig. 2(k), (), (0), (q), (1)), while Ru was agglomerated to different
degrees in Ru/MgO (Fig. 2(m)) and Ru/Amberlyst-15 (Fig. 2(s)),
especially Ru in Ru/Amberlyst-15 had a maximum average particle
size of 3.52 nm and a larger agglomeration range, which was con-
sistent with the results in XRD.

To investigate the acidic sites over the catalysts, NH,-TPD tests
were performed in this study. It was known that the peaks below

September, 2023

250 °C and above 450 °C in the profile of NH;-TPD were associated
to the weak and strong acidic sites, respectively. The NH, desorp-
tion peak in the region of 250-450 °C indicated the presence of mod-
erately acidic sites. As shown in Fig. 3(a), two NH, desorption peaks
are centered at 139 °C and 212 °C in the NH,-TPD profile of Ru/
HY, which may be due to the reversible H-bonding adsorption
process on the Brensted acidic sites [27]. As shown in Fig. 3(a), the
NH; desorption peak around 330 °C for Ru/MgO sample can be
attributed to the NH, desorption from mesopore structure of MgO
rather than acidity. The basicity of MgO supported catalyst can be
evidenced by CO,-TPD. As shown in Fig. 3(c), the CO, desorp-
tion peak centered at 342 °C can be observed over Ru/MgO sam-
ple, which suggests the formation of a moderate basic site over Ru/
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Fig. 3. (a) NH;-TPD, (b) Pyridine-adsorbed FTIR of 5wt% Ru/HY, 5wt% Ru/MgO, 5wt% Ru/Amberlyst-15, (c) CO,-TPD of 5wt% Ru/
MgO, (d) H,-TPR of 5 wt% Ru/HY, 5 wt% Ru/MgO, 5 wt% Ru/Amberlyst-15, (¢) TG of 5 wt% Ru/Amberlyst-15.

MgO [27]. Notably, several NH; desorption peaks above 400 °C
are observed in the NH,;-TPD profile of Ru/Amberlyst-15, which
should be probably attributed to the gaseous products formed by
the degradation of Amberlyst-15 at elevated temperatures. On the
other hand, it cannot be ruled out that there are strong acidic sites
over Ru/Amberlyst-15. To further investigate the type of the acidic
sites over these catalysts, the FTIR spectra of chemisorbed pyridine
(Py-FTIR) were conducted in this work. As shown in Fig. 3(b),
Ru/HY has an abundance of Brensted acids with a hint of Lewis
acids, and the Brensted acids over Ru/HY should be ascribed to
weakly acidic sites according to the NH,-TPD profile of Ru/HY (Fig.
3(a)), which probably originate from the HY support [28]. It is known
that Amberlyst-15 can offer a wealth of Brensted acidic sites. How-

ever, there are obvious Lewis acids with small amount of Brensted
acids over Ru/Amberlyst-15 (Fig. 3(b)), implying that original Bren-
sted acids over Amberlyst-15 were probably consumed during the
loading of Ru, and the newly formed Lewis may be attributed the
RuO, species. In addition, Lewis acids over Ru/Amberlyst-15 per-
haps could be attributed to strong acidic sites according to the
NH.-TPD profile of Ru/Amberlyst-15 (Fig. 3(a)).

The reducibility of Ru-based catalysts was further investigated by
H,-TPR, and the presence of distinct H, consumption peaks sug-
gests that the Ru species were not completely reduced by sodium
borohydride during the catalyst preparation. As shown in Fig. 3(d),
there are two H, consumption peaks centered at 218 °C and 263 °C
in the H,-TPR profile of Ru/MgO, which can be allocated to the

Korean J. Chem. Eng.(Vol. 40, No. 9)
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consecutive reduction of RuO,-RuO,-Ru’ [29]. These two peaks
shift to lower temperature range (139 °C and 210 °C) in the case of
Ru/HY, which could be mainly attributed to the medium interac-
tion between HY and Ru species over Ru/HY as compared to that
over Ru/MgO. Namely, there is stronger interaction between Ru
species and HY over Ru/HY than that over Ru/MgO. In compari-
son, H, desorption peak below 300°C is missing in the case of Ru/
Amberlyst-15, probably due to the completed reduction of Ru spe-
cies over Ru/Amberlyst-15. In addition, a single peak around 444 °C
in the H,-TPR profile of Ru/Amberlyst-15 can be attributed to the
degradation of Amberlyst-15 at elevated temperature (Fig. 3(e)).
The chemical states of the surface elements over the catalysts were
turther studied by XPS. As shown in Fig. 4, the peaks at 462.78,

5wt% RwHY Ru 3p
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Fig. 4. XPS spectra of Ru 3p in (a) 5wt% Ru/HY, (b) 5wt% Ru/
Amberlyst-15, (c) 5 wt% Ru/MgO.
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484.78, 466.38, and 487.88 eV in the XPS spectrum of Ru/HY are
attributed to Ru” 3ps,, Ru’ 3p, 5, Ru* 3p,, and Ru** 3p, ,, respectively
[30]. These peaks move to lower binding energy range in the case
of Ru/Amberlyst-15; however, these peaks shift to higher binding
energy range for Ru/MgO. The above finding indicates the presence
of medium interaction between Ru species and HY over Ru/HY
among these three catalysts. Further analysis showed that the sur-
face Ru*'/Ru’ ratio of Ru/HY was 0.36, which was much smaller
than those for Ru/Amberlyst-15 (0.56) and Ru/MgO (0.53). There-
fore, there are more metallic Ru species over Ru/HY, which is more
favorable for the hydrogenation reaction.

2. Catalyst Screening

It is known that the nature of the supports has significant influ-
ence on the catalytic performance of the supported catalysts. In the
present work, noble metals supported on the supports with differ-
ent acidity and basicity were prepared and employed for the hydroge-
nation of FDMC. The route of synthesizing THFDMC from FDMC
is shown in Fig. 5(a).

As shown in Fig. 5, Ru/HY outperformed Pd/HY and Pt/HY, and
gave a desirable THFDMC vyield of 99.4% at a completed FDMC
conversion (90 °C, 3 MPa H,, 4h). Besides HY, Amberlyst-15, ZSM-
5, MgO, Nb,O; were also applied as the support for Ru, and their
catalytic activity was evaluated for the hydrogenation of FDMC under
the identical conditions. As shown in Fig. 5, Ru supported on neu-
tral activated carbon (Ru/C) offered the minimum FDMC conver-
sion (24.6%) and THEDMC vyield (21.9%). Ru supported on basic
MgO (Ru/MgO) gave a moderate FDMC conversion of 73.9% with
a THFDMC yield of 73.9%. Apparently, Ru supported on acidic
supports, such as HY, ZSM-5 and Amberlyst-15, provided better cat-
alytic performance among these Ru-based catalysts. For instance, a
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Fig. 5. (a) Schematic illustration of the pathways for the THFDMC
production from FDMC, (b) Catalytic conversion of FDMC
to THFDMC over different catalysts. Reaction conditions: 0.5
mmol FDMC, 0.0920 g catalyst, 7 mL methanol, 90 °C, 3 MPa
H,, 4h.
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FDMC conversion was 85.7% with a THFDMC yield of 83.2% was
also obtained over Ru/Amberlyst-15.

The acid-base property of the supports plays an important role
on the catalytic performance of the noble metals supported cata-
lysts for hydrogenation reactions. In this context, Ru catalysts sup-
ported on representative supports such as HY, Amberlyst-15 and
MgO were systematically characterized. Notably, Ru/HY showed
weak Bronsted acid sites with the largest specific surface area (Table
1, Fig. 3); combining the analysis results of XPS (Fig. 4), Ru/HY
has weak Bronsted acid sites with the largest specific surface area
(Table 1, Fig. 3), leading to the formation of surface electron defi-
ciency. Notably, Ru** reduced could generate abundant low-coor-
dinated Ru sites, and then thus promote the redispersal of Ru, thereby
facilitating the enhanced dispersion of Ru species on HY [27]. More
importantly, Rw/HY offered a surface Ru*/Ru’ ratio much lower
than other catalysts (Fig. 4(a)), which could largely favor the activa-
tion of hydrogen and then promote the hydrogenation of FDMC
over Ru/HY.

The hydrogenation of furan ring could take place through radical
intermediates. In this light, DMPO was used as a trapping agent and
electron paramagnetic resonance (EPR) analysis was conducted.
As shown in Fig. 6(a), only carbon radical intermediates signals
were detected in the EPR tests, and the strongest signal intensity
can be observed in the EPR spectrum of Ru/HY, followed by Ru/
MgO and Ru/Amberlyst-15.

To further reveal the effect of carbon radical intermediates on
the hydrogenation of FDMC, radical capture experiments were per-
formed in the reaction system. As shown in Fig. 6(b), the addition
of free radical scavenger p-benzoquinone PBQ before the reac-
tion resulted in a dramatic drop of FDMC conversion (42.3%) and
THFDMC yield (38.0%). The above finding suggests that the pro-
motion effect of Ru/HY on the formation of carbon radical inter-
mediates should also be partially responsible for its outstanding
performance for the hydrogenation of FDMC.

In view of the excellent catalytic performance of Ru/HY in Fig.
5, it was determined that the active metal element was selected as
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Fig. 7. Catalytic conversion of FDMC to THFDMC over different
Ru loading catalysts. Reaction conditions: 0.5 mmol FDMC,
0.0920 g catalyst, 7 mL methanol, 90 °C, 3 MPa H,, 4 h.

Ru and the support was zeolite HY. Subsequently, the effect of
THFDMC vyield with Ru loading was explored (Fig. 7). The yield
of THFDMC gradually increased with the increase of Ru loading
(theoretical value) from 22.9% (1 wt% Ru/HY) to 99.4% (5 wt% Ru/
HY), which gradually decreased to 82.2% with the increasing Ru
loading to 6 wt%, probably because of the agglomeration of Ru. It
is worth mentioning that with the addition of the dispersant poly-
vinyl alcohol (PVA), the yield of THFDMC obtained over PVA 2
wt% Ru/HY (92.3%) increased by 39.5% compared to that achieved
over 2 wt%Ru/HY when the Ru loading was 2 wt%.
3. Effect of Reaction Parameters on Hydrogenation

High yields (99.4%) of THFDMC can be obtained from FDMC at
90°C under 3 MPa H,. As shown in Fig, 8(a), the yield of THFDMC
clearly shows an increasing trend with the increase of hydrogen
pressure at low temperature of 90 °C. For example, the yield of
THFDMC increased from none (no H,) to 99.4% with the H, pres-
sure increasing to 3 MPa H,. The effect of reaction temperature rang-
ing from 80-130 °C was also examined for the selective conversion
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Fig. 8. Optimization of reaction conditions for the FDMC hydrogenation with 5wt% Ru/HY. (a) Hydrogen pressure; (b) Reaction tempera-
ture; (c) Reaction time; (d) Solvent screening experiments. The reaction conditions for (a): FDMC (0.5 mmol), 5 wt% Ru/HY (0.0920 g),
90 °C, 4 h, methanol 7 mL; The reaction conditions for (b): FDMC (0.5 mmol), 5wt% Ru/HY (0.0920 g), 3 MPa H,, 4 h, methanol 7 mL;
The reaction conditions for (c): FDMC (0.5 mmol), 5wt% Ruw/HY (0.0920 g), 3 MPa H,, 90 °C, methanol 7 mL. The reaction condi-

tions for (d): FDMC (0.5 mmol), 5 wt% Ru/HY (0.0920 g), 3 MPa H,, 90 °C, 3 h, solvents 7 mL.

of FDMC to THFDMC. Increasing the temperature can increase
the yield of THFDMC in a certain range (Fig. 8(b)); when the tem-
perature was increased from 80 °C to 90°C, the yield of THFDMC
increased from 94.1% to 99.4%, while the conversion of FDMC
decreased from 100% to 84.2% when the temperature continued
to increase after 90 °C, especially when the temperature increased
to 130°C, and the yield of THFDMC also decreased from 99.4%
to 79.5%.This indicated that high temperature was not suitable for
the preparation of THFDMC, which may be due to the reduction
of catalyst activity caused by coking on the catalyst surface during
the reaction [31]. While extending the reaction time could improve
the conversion of FDMC (Fig. 8(c)), the yield of THFDMC in meth-
anol reached a maximum of 99.4% after 4h of reaction at 90 °C
(Fig. 8(d)).
4. Reusability Tests of Catalyst

After the reaction, the catalyst was separated out by centrifuga-
tion, followed by washing thoroughly with ethanol, and then drying
in oven (110 °C, 12 h) for the next run test. The yield of THFDMC
only decreased by 9.1% (from 99.4% to 90.3%) over the 5th recy-
dled catalyst comparable to that achieved over the fresh catalyst (Fig.
9), These findings indicated that Ru/HY catalyst was stable during
the production of THFDMC from FDMC.
5. Substrate Scope of Ru Catalyst

Because of the exceptional catalytic activity of Ru/HY, we next
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Fig. 9. The cyclic recovery experiments of catalyst Ru/HY. Reaction
conditions were as follows: FDMC (0.5 mmol), 5 wt% Ru/HY
(0.0920 g), 3 MPa H,, 90 °C, 4 h, methanol 7 mL.

explored the feasibility of using this catalyst in other situations by
evaluating the range of substrates (including 5-hydroxymethylfur-
tural, furfural, 2,5-dimethylfuran, 2-furoate, and methyl benzoate)
and the tolerance of the four functional groups (Table 2 and Figs.
§5-8). Overall, this range proved to be more versatile, and the hydro-
genation of these furan-like cyclic compounds and benzene cyclic
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Table 2. Hydrogenation of various substrates catalyzed by 5 wt% Ru/HY"
Entry Substrate Conv. (%) Product (%) Carbon balance (%)
HO /o HO o OH HO o OH
1 o >99.9 \(‘_7/ v 95.2
\ /
57.7 374
HO /o HO o OH
2’ o 95.3 \(_7/ 922
\
87.9
0 OH OH
3 (0—7// >99.9 O’ A oH 88.4
\/ 74.8 13.6
(o)
0)
4 v >99.9 hog 98.6
98.6
O
o fo) _
5 o o~ >99.9 o 97.9
\W/
7.9
o o)
o}
6 ©_1<O_ 80.5 .- ®_<o_ 98.6

76.2 32

“The reaction conditions: substrates 0.5-1 mmol, 5wt% Ru/HY 0.0920 g, 3 MPa H,, 4h, 90 °C, methanol 7 mL; YHMF 1 mmol, RwHY

0.0920 g, 3 MPa H,, 4 h, 90 °C, Water 7 mL.

compounds yielded the desired products with better efficiency and
higher carbon balance. Overall, the yield of fully hydrogenated prod-
ucts of cyclic compounds is still relatively high, allowing to verify a
wide range of substrates and solvents as well as excellent functional
group tolerance [32].

CONCLUSION

Ru-based catalysts loaded on HY, MgO and Amberlyst-15 were
prepared by impregnation for the complete hydrogenation of FDMC,
and the effect of support properties on the electron density and state
of Ru and catalyst performance was investigated. The optimal reac-
tion conditions were determined to be 90 °C and 3 MPa hydrogen
pressure for 4, the best yield of THFDMC was obtained as 99.5%.
Various characterizations indicate that the weak Brensted acidic
support HY interacts with the metal Ru to promote the electron
density reduction and the Ru*/Ru’ ratio of Ru/HY is minimized,
which facilitates the hydrogenation reaction. In addition, the hydro-
genation process generates carbon radical intermediates, and Ru/
HY has the highest intensity of carbon-centered peaks, which fur-
ther explains its best effect. The catalyst was also found to be suit-
able for the hydrogenation of other cyclic compounds, capable of
verifying a wide range of substrates and solvents and excellent func-
tional group tolerance, with excellent recycling performance of the
catalyst.
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