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The synthesis of heterogeneous cooperative catalysts in which two or more catalytically

active components are spatially separated within a single material has generated

considerable research efforts. The multiple functionalities of catalysts can significantly

improve the efficiency of existing organic chemical transformations. Herein, we introduce

ruthenium (Ru) nanoparticles (NPs) on the surfaces of a metal–organic framework

pre-encapsulated with polyoxometalate silicotungstic acid (SiW) UiO−66 (University of

Oslo [UiO]) and prepared a 2.0% Ru/11.7% SiW@UiO−66 porous hybrid using the

impregnation method. The close synergistic effect of metal Ru NPs, SiW, and UiO-66

endow 2.0% Ru/11.7% SiW@UiO-66 with increased activity and stability for complete

methyl levulinate (ML) conversion and exclusive γ-valerolactone (GVL) selectivity at mild

conditions of 80◦C and at a H2 pressure of 0.5 MPa. Effectively, this serves as a

model reaction for the upgrading of biomass and outperforms the performances of

the constituent parts and that of the physical mixture (SiW + Ru/UiO−66). The highly

dispersed Ru NPs act as active centers for hydrogenation, while the SiW molecules

possess Brønsted acidic sites that cooperatively promote the subsequent lactonization

of MHV to generate GVL, and the UiO−66 crystal accelerates the mass transportation

facilitated by its own porous structure with a large surface area.

Keywords: upgrading of biomass, synergistic catalysis, metal–organic framework, polyoxometalate,

γ-valerolactone

INTRODUCTION

Metal–organic frameworks (MOFs) are an emerging class of advanced functional materials that
have generated tremendous research interest by virtue of their fascinating properties, such as
the well-defined crystalline structures, large surface areas, tunable pore cavities, and abundant
unsaturated metal sites in their scaffolds (Ma et al., 2009; Stock and Biswas, 2012; Furukawa
et al., 2013; Chen et al., 2017; Jiao et al., 2017). Among the various MOFs, zirconium-based
MOF UiO−66 (University of Oslo [UiO]), with a chemical formula of Zr6O4(OH)4(bdc)6 (bdc:
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1,4-benzenedicarboxylate), is distinguished for its increased
hydrothermal/chemical stability and good tolerance toward
common organic solvents (Cavka et al., 2008; Kandiah et al.,
2010). In addition, UiO−66 possesses a rigid three-dimensional
cubic framework containing tetrahedral and octahedral cavities,
with internal diameters that are approximately equal to 0.75
and 1.2 nm, respectively. These cavities are interconnected via
microporous triangular pores with diameters of 0.6 nm, thus
forming a high-porosity network. Thanks to these unique
characteristics, the solid form of UiO−66 has been regarded as an
ideal host matrix for encapsulation of metal nanoparticles (NPs)
and guest molecules (Furukawa et al., 2014; Guo et al., 2014; Na
et al., 2014; Yang et al., 2015a,b; Bai et al., 2016; Liu et al., 2016).

Production of biofuels and high-value biochemicals based
on the utilization of biomass as starting feedstock has been
identified as a sustainable strategy to mitigate the strong
dependence on the rapidly diminishing fossil resources (Rojas-
Buzo et al., 2018). Lignocellulosic biomass, including agricultural
residues, wood, paper, and municipal solid waste, constitute
the most abundant and biorenewable biomass on earth.
Therefore, the transformation of lignocellulosic biomass to
produce valuable biochemicals and biofuels has spurred intense
efforts worldwide (Alonso et al., 2012; Zhang et al., 2017).
Accordingly, γ-Valerolactone (GVL) is an intriguing platform
molecule that originates from lignocellulosic biomass, and
possesses tremendous potential for a variety of industrial
applications (Serrano-Ruiz et al., 2011; Liguori et al., 2015; Zhang
et al., 2016). GVL can be expediently generated via catalytic
conversion of levulinic acid (LA) and its esters (Yan et al., 2015).
Considering that LA is corrosive (pKa = 4.59) and that it easily
induces the deactivation of catalysts owing to the leaching of
active species, use of LA esters as starting reactants is a more
advantageous option for biofuels and biochemical production
(Wright and Palkovits, 2012). Considering methyl levulinate
(ML) as an example, two steps are involved in the transformation
of ML to GVL at relatively low-reaction temperatures: (a) the
hydrogenation of ML to intermediate methyl-3-hydroxyvalerate
(MHV), and (b) the successive transesterification of MHV to
GVL, both of which are required to be catalyzed by metal NPs
and acidic sites, respectively (Negahdar et al., 2017).

In the cohort of the various catalysts screened for the upgrade
of LA and its esters to generate GVL (Du et al., 2011; Wright
and Palkovits, 2012; Nadgeri et al., 2014; Tang et al., 2014; Ye
et al., 2014; Kuwahara et al., 2015; Kadu et al., 2016; Winoto
et al., 2016; Xiao et al., 2016; Albani et al., 2017; Hengst et al.,
2017; Negahdar et al., 2017; Kondeboina et al., 2018; Li et al.,
2018; Wang et al., 2018), precious metal ruthenium (Ru) NPs
have been demonstrated to be the most active catalysts in liquid–
phase catalytic reactions (Michel and Gallezot, 2015; Tan et al.,
2015). Notably, the activation of the carbonyl group in the
ML molecule by acid sites is the rate-determining step in the
selective conversion of LA or ML to GVL. Thus, it has been
reported that the conversion efficiency of LA or its esters could
be enhanced over the Ru catalysts in the presence of the acid co-
catalysts (Abdelrahman et al., 2014). For example, Galletti et al.
evaluated the promotion effect of different solid acids on the
Ru/C catalyst in the hydrogenation of LA to GVL, and found

that the combination of Ru/C and resins Amberlyst A70 elicited
the highest activity with a 99.9% GVL yield achieved at 70◦C
and at a H2 pressure of 3 MPa over a period of 3 h (Galletti
et al., 2012). Barbaro et al. prepared a supported Ru catalyst with
sulfonated resin as the support, and measured a 99.8% GVL yield
at 70◦C and at a H2 pressure of 0.5 MPa (Moreno-Marrodan and
Barbaro, 2014). In our previous work, we reported the improved
catalytic activity of Ru NPs supported on the acidified MOFs
for the transformation of ML to GVL (Lin et al., 2017, 2018).
These results manifest that the overall catalytic performance
can be boosted considerably in the presence of the acid co-
catalyst by significantly accelerating the sequential hydrogenation
and lactonization steps in the upgrading process of LA and its
esters.

Polyoxometalates (POMs) are a subset of anionic metal
oxygen clusters of early transitionmetals that are extensively used
as catalysts because of their facile tunable oxidation/redox and
acid/base properties (Zeng et al., 2000; Du et al., 2014; Miras
et al., 2014; Zhou et al., 2014; Zhang et al., 2015a,b; Buru et al.,
2017, 2018). UsingMOFs as the matrices to host POMsmay elicit
some benefits, such as the isolation of the POM molecules and
the simultaneous improvement of substrate–POM accessibility
(Miras et al., 2014; Zhang et al., 2015a,b; Buru et al., 2017,
2018). Notably, the cavities of UiO−66 are large enough to
accommodate the POM molecules, while the apertures are small
enough to prohibit the POM from leaching out of the pores.
Based on the consideration of these facts, we report an approach
that combines POM silicotungstic acid (H4SiW12O40·xH2O,
abbreviated as SiW), Ru NPs, and MOF, in a UiO−66-based
hybridmaterial, Ru/SiW@UiO−66, with a significantly increased
activity and selectivity in the upgrade of ML to GVL relative to
each of the constituent components, or their physical mixture.
Specifically, in the synthesized catalyst Ru/SiW@UiO−66, the
Ru NPs, which are distributed on the external surface of the
UiO−66 crystals, can catalyze the hydrogenation of ML to
form MHV owing to their activities and role for hydrogen
activation and dissociation. While the SiW molecules which
possess Brønsted acidic sites, which are encapsulated within the
cavities of UiO−66, promote the subsequent lactonization of
MHV to generate GVL owing to their excellent dealcoholization
properties. In a cooperative manner, the UiO−66 crystal
accelerates mass transportation which is facilitated by its own
porous structure with a large surface area. Thus, the metal/SiW
bifunctionalities within a single MOF crystal are anticipated to
boost the tandem hydrogenation–lactonization reaction via a
highly efficient synergistic catalysis manner (Scheme 1). To the
best of our knowledge, this is an initial report on the preparation
of MOF-based metal/acid bifunctional catalysts, in which the
metal NPs and acidic site are spatially separated on the outer and
internal spaces of the MOF, respectively, and their application in
the upgrading of biomass.

EXPERIMENTAL SECTION

Detailed information regarding the chemicals and methods can
be found in Supporting Information.
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SCHEME 1 | Tandem hydrogenation–lactonization of ML used to yield GVL in

the presence of a metal/acid bifunctional catalyst.

Catalyst Preparation
SiW@UiO−66

The UiO−66 crystals encapsulated SiW (SiW@UiO−66) which
was synthesized by the one-pot hydrothermal method. In a
typical synthesis, ZrCl4 (0.233 g, 1.0 mmol), H2BDC (0.166 g,
1.0 mmol), SiW (0.02 g, 6.95 × 10−3 mmol), and acetic acid
(1mL), were added to DMF (45mL) during stirring to form a
clear and colorless solution. After stirring for 30min at 30◦C, the
solution was transferred into a Teflon-lined autoclave (100mL)
and was heated at 120◦C for 24 h without stirring. The resulting
white solid was collected by centrifugation and was washed with
DMF and methanol three times. It was finally dried at 120◦C for
12 h. For comparison, pure UiO−66 support was also synthesized
following the same procedure as that described above but without
the addition of SiW in the starting synthesis system.

Ru NPs

The Ru NPs were fabricated by a polyol reduction method (Zhao
et al., 2016). In a typical procedure, 10.4mg (0.5 mmol) RuCl3,
and 58.0mg (0.001 mmol) PVP (Ru/PVP molar ratio: 50:1) were
dissolved in EG (10mL). The reactionmixture was ultrasonicated
for 5min at 25◦C. Subsequently, the solution was degassed at
80◦C for 30min with the use of flowing Ar in a three-necked
flask. The solution was then heated to 180◦C under flux and
was maintained for 2 h in an inert Ar atmosphere. When the
reaction was complete, acetone was added into the solution at
room temperature, and the resulting cloudy black suspension
was subjected to a centrifuge. The precipitated Ru NPs were
then separated, collected, and redispersed in 80mL ethanol (0.6
mmol/L).

Ru/SiW@UiO−66

To prepare the Ru/SiW@UiO−66 catalyst, pre-dried
SiW@UiO−66 (0.1 g) was dispersed in a Ru NPs ethanol
solution (33mL) that had been processed by ultrasound for
15min. After stirring at 40◦C for 12 h, the resulting solid was
collected by centrifugation at 8,000 rpm for 5min, and was then
dried under vacuum at 120◦C for 4 h. For comparison, Ru NPs
supported a UiO−66 sample (referred to as Ru/UiO−66), which
was also prepared using the same method as that described
above.

Catalytic Activity Test
The catalytic upgrade of ML, a model compound of biomass,
was performed in a Teflon-lined high-pressure reactor (50mL,
NS50–MP–LT–SS1–SV–BS, Anhui Kemi Machinery Technology
Co. Ltd., Anhui, China) equipped with a gas inlet value and

SCHEME 2 | Schematic showing the preparation procedure of the

Ru/SiW@UiO−66 catalyst. Purple polyhedra: SiW, dark blue ball: Ru NPs, sky

blue framework: UiO−66.

a sampling valve. The reactant ML (0.257 g, 1.98 mmol), pre-
dried catalyst (50mg, molar ratio of substrate to Ru NPs in the
catalyst (S/C) was 200), and solvent H2O (15mL) were added
into the reactor. Prior to the reaction, the reactor was flushed
with hydrogen six times without stirring. Once the desired
temperature was reached (80◦C), 0.5 MPa of hydrogen was
introduced into the reactor, and the suspension was vigorously
stirred at the constant speed of 980 rpm. This was considered
as the onset of the reaction. During the reaction interval, the
liquid samples were withdrawn regularly from the reactor and
were analyzed by a Shimadzu GC−2014 gas chromatography
with a flame ionization detector, with the use of a DB−5 capillary
column. Upon completion of the reaction, the reactor was cooled
down naturally to room temperature and was depressurized
carefully. For the recyclability test, the spent Ru/SiW@UiO−66
was recovered by filtration, washed with ethanol three times,
dried at 120◦C, and was then subjected to the subsequent reaction
cycle.

RESULTS AND DISCUSSION

Catalyst Preparation and Characterization
Scheme 2 describes the preparation processes of the MOF-based
metal/acid bifunctional hybrid by a facile two-step method.
First, SiW molecules were confined within the UiO−66 cavities
through the direct hydrothermal synthesis of UiO−66 in
the presence of the preformed SiW. Subsequently, the pre-
synthesized Ru NPs were loaded onto the external surfaces of
the prepared SiW@UiO−66 by a conventional impregnation
method. ICP–AES analyses revealed that the Ru and SiW
contents within Ru/SiW@UiO−66 were 2.0 and 11.7% by weight,
respectively (Table 1). These were very close to the nominal
amounts added during the catalyst preparation procedure, thus
implying that the in-situ encapsulation of SiW and subsequent
immobilization of Ru NPs within the MOF was a feasible
technique for catalyst preparation.
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TABLE 1 | Physicochemical properties of various catalysts investigated in this study.

Catalyst SBET
a m2/g Vtotal

b cm3/g Vmicro
c cm3/g Acidityd mmol/g SiWe % Ruf %

UiO−66 1333 0.63 0.50 – – –

SiW@UiO−66 1200 0.54 0.44 – – –

Ru/UiO−66 1068 0.48 0.39 0.01 – 2.1

Ru/SiW@UiO-66 816 0.39 0.29 0.134 11.7 2.0

Spent Ru/SiW@UiO-66 811 0.39 0.29 0.131 11.6 1.9

aBET specific area.
bTotal pore volume.
cMicroporous volume.
dBased on an acid–base titration method.
e,fBased on ICP–ASE analysis.

FIGURE 1 | XRD patterns of various tested samples.

TGA results demonstrate that the prepared MOF and
corresponding catalysts were stable up to 500◦C (Figure S1 in
Supporting Information). The XRD pattern of the synthesized
UiO−66 support matches well the calculated pattern from crystal
data (Figure 1) (Cavka et al., 2008; Kandiah et al., 2010). The
crystal structure of 11.7% SiW@UiO−66, which remained almost
unchanged compared to the prototype UiO−66, indicates that
the addition of SiW molecules within UiO−66 hardly affected
the crystalline structure of the pristine MOF (Yang et al., 2015b;
Ullah et al., 2018). Moreover, no diffraction peaks associated
with the SiW crystals were detected for 11.7% SiW@UiO−66,
thus suggesting that the SiW nanoclusters were mainly confined
within the MOF cavities. After the Ru NPs were introduced on
SiW@UiO−66, the corresponding XRD pattern did not show any
observable change probably owing to the very small Ru particle
sizes and the low loading.

N2 adsorption isotherms and the pore size distribution
profiles of the various samples are shown in Figure 2. In addition,
textural parameters as well as other physicochemical properties
are summarized in Table 1. All the adsorption isotherms are
type I curves according to the classification scheme of the

International Union of Pure and Applied Chemistry, which
verifies the inherit microporous structure of the prepared
UiO−66-based samples (Cavka et al., 2008; Kandiah et al., 2010).
Additionally, as listed in Table 1, the specific surface area (SBET)
and total pore volume (Vtotal) of UiO−66 are 1,333m2/g and 0.63
cm3/g, respectively, which are much higher than the calculated
value of perfect UiO−66 crystals, likely owing to missing linker
defect sites that exist in the synthesized MOFs (Wu et al., 2013).
As expected, both SBET and Vtotal of SiW@UiO−66 decrease
remarkably compared to the parent MOF. These changes are
consistent with the SiW molecules incorporation in UiO−66.
The pore size distribution of the various samples reveals two
types of micropores: smaller pores with diameters in the range
of 0.6–0.8 nm and larger pores in the range of 1.2–1.4 nm, thus
confirming the presence of the two types of cages in these samples
(Cavka et al., 2008; Kandiah et al., 2010; Ullah et al., 2018). After
the Ru NPs were loaded onto SiW@UiO−66, the corresponding
SBET was remarkably reduced (816 m2/g). Meanwhile, the Vtotal

also decreased from 0.54 to 0.39 cm3/g. The reductions in the
surface area and pore volume were mainly attributed to the
corresponding surface area and pore volume of SiW@UiO−66
which were occupied partially by the highly dispersed Ru NPs.

FTIR spectra have been used to analyze the bonding modes
between UiO−66, SiW molecules, and Ru NPs (Figure 3). For
SiW, the characteristic absorption peaks of the Keggin unit were
detected at 974, 980, 922, and 810 cm−1, and are attributed
to the vas(Si–Oa), vas(W–Od), vas(W–Ob-W), and vas(W–Oc-
W), respectively (Rajkumar and Ranga Rao, 2008). The FTIR
spectrum of SiW@UiO−66 contains nearly all the characteristic
peaks of SiW and UiO−66 with minor shifts for some bands,
probably because of the confinement effect of the cavities of the
UiO−66 matrix on the guest SiW molecules (Yang et al., 2015b;
Ullah et al., 2018). Notably, the FTIR features associated with
the SiW Keggin structure are well-preserved in the range of 800–
1,000 cm−1 for the 2.0% Ru/11.7% SiW@UiO−66 sample (curve
d in Figure 3).

Surface chemical composition and valence state of the various
elements in the hybrid are characterized by the XPS technique.
The Zr 3d spectrum can be deconvoluted into two peaks centered
at 185.3 and 182.9 eV (Figure 4A), which are related to the
electron binding energies of Zr 3d3/2 and Zr 3d5/2, respectively,
similar to that of the pristine UiO−66 (Cavka et al., 2008). The
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FIGURE 2 | N2 adsorption isotherms at −196◦C (A) and the corresponding pore size distribution plots (B) of the various tested samples.

FIGURE 3 | FTIR spectra of SiW (A), UiO−66 (B), 11.7% SiW@UiO−66 (C),

2.0% Ru/11.7% SiW@UiO−66 (D), and the used 2.0% Ru/11.7%

SiW@UiO−66 catalyst (E).

peak for Si 2p in the Keggin structure of SiW was observed
at 102.3 eV (Figure 4B) (Berry et al., 2009). For the tungsten
species, two different chemical states were observed. The spin–
orbit doublet with binding energies of 35.8 and 37.9 eV for W
4f7/2 and W 4f5/2, which account for ∼70% of the total spectral
area (Figure 4C). These values are typical for the presence of
W6+, which is ascribed to SiW in the Keggin structure in the
hybrid (Berry et al., 2009). A second doublet at 31.0 and 32.4 eV
accounts for the remaining area, thus representing the partial
decomposition of SiW within the MOF and the formation of an
oxide of type WOx in which W has an oxidation state lower than
VI (Berry et al., 2009). Moreover, the sample exhibited Ru 3p
bands at ca. 461.6 and 483.8 eV, which are the characteristic of
zero-valent Ru species (Figure 4D).

The SEM image indicates that the pristine UiO−66 possesses
well-defined octahedral microcrystals with an average crystal
diameter of 150∼200 nm (Figure S2). In the presence of SiW,
the morphology of SiW@UiO−66 crystallites tends to be in
the form of spherical particles, with the crystallite diameters
of SiW@UiO−66 being very close to those of the UiO−66
(Figure S2). The shape evolutions are assumed to be originated
from the binding of metal ions and SiW anions (Yang andWang,
2018). As expected, both the size andmorphology of Ru/UiO−66
and Ru/SiW@UiO−66 are almost the same as those for the
supports (Figure S2). The TEM images demonstrate that the Ru
NPs with a uniform size of 1.5–4 nm were highly distributed on
both the surface of the UiO−66 and SiW@UiO−66 supports,
as shown in Figure 5, Figure S3. The further EDX mapping
also verified that the Zr, Ru, Si, W and were highly distributed
within UiO-66 (Figure S4). The content of Brønsted acid sites in
the SiW@UiO−66 samples were measured to be 0.134 mmol/g
(Table 1). Even though the coordination of unsaturated Zr4+

sites within UiO−66 may serve as acidic sites (Cavka et al.,
2008; Kandiah et al., 2010), their strengths are exceedingly weaker
than those of the SiW sites. Thus, the measured acidity can
be mainly attributed to the Brønsted acidic SiW sites confined
within the UiO−66 frameworks. Therefore, the combined results
of XRD, N2 adsorption, FTIR, XPS, SEM, TEM, and acid capacity
measurements, confirm that the bifunctional 2.0% Ru/11.7%
SiW@UiO−66 hybrid has been successfully prepared via the
facile approach.

Catalytic Studies
The composition, structure, and morphology of the 2.0%
Ru/11.7% SiW@UiO−66 hybrid implies that it may be suitably
used as an efficient bifunctional catalyst. Correspondingly, we
evaluated its catalytic properties in the transformation of ML
to GVL under mild reaction conditions using water as a green
solvent. The influence of the reaction temperature on the reactant
and product distribution was studied and the results were
compared in Figure 6. Obviously, both the hydrogenation and
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FIGURE 4 | XPS spectra of 2.0% Ru/11.7% SiW@UiO−66. (A) Zr, (B) Si, (C) W, and (D) Ru.

FIGURE 5 | TEM image of 2.0% Ru/11.7% SiW@UiO−66 (A) and the corresponding size distribution plot of Ru NPs (B).

the subsequent lactonization steps for the transformation of ML
to GVLwere significantly influenced by the reaction temperature,
and MHV was produced as the intermediate. Furthermore, a
stoichiometric equivalent amount of methanol to GVL was also
obtained. As expected, both the conversion rate of ML and the
generation rate of GVLwere slow at 60◦C.When the temperature
increased to 100◦C, the transformation rate increased distinctly.
When ML was completely consumed, the concentration of MHV
decreased gradually with a marginal increase in the GVL yield,

thus indicating that the hydrogenation of ML to yield MHV
was much easier than the transesterification of MHV to GVL at
low temperatures (Lin et al., 2018). These results confirm that
conversion of ML to GVL is a tandem reaction, and requires both
metal and acid functionalities to work cooperatively (Nadgeri
et al., 2014; Kuwahara et al., 2015). The transformation of the
intermediate MHV to yield the final GVL product is probably
the rate controlling step in this tandem reaction (Negahdar
et al., 2017). Moreover, if Figure 6B is considered as an

Frontiers in Chemistry | www.frontiersin.org 6 February 2019 | Volume 7 | Article 42

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Cai et al. MOFs Catalysis

FIGURE 6 | Concentration evolution profiles of ML, MHV, and GVL vs. time for 2.0% Ru/11.7% SiW@UiO−66 at 60◦C (A), 80◦C (B), and 100◦C (C). Reaction

conditions: 0.257 g of ML, 50mg of catalyst, 15mL of H2O, and a H2 pressure of 0.5 MPa.

FIGURE 7 | Concentration evolution profiles of ML, MHV, and GVL vs. time over 2.0% Ru/11.7% SiW@UiO−66 at a H2 pressure of 0.5 MPa (A), 1.0 MPa (B), and

1.5 MPa (C). Reaction conditions: 0.257 g of ML, 50mg of catalyst, 15mL of H2O, and a temperature of 80◦C.

FIGURE 8 | Comparison of conversion and selectivity for various catalysts.

Reaction conditions: 0.257 g of ML, 50mg of 2.0% Ru/11.7% SiW@UiO−66

for case a; 5mg of SiW + 50mg of 2.0% Ru/UiO−66 for case b; 50mg of

2.0% Ru/UiO−66 for case c, 15mL of H2O, 80
◦C, 0.5 MPa H2, during a

120min reaction period.

example, the transformation is shown to be accompanied by
a rapid decrease in the concentration of ML and an increase
in MHV in the first 75min. As the reaction progressed, the
intramolecular de-alcoholization of MHV to GVL proceeded
rapidly. These results consistently prove that the ML-to-GVL
over the 2.0% Ru/11.7% SiW@UiO−66 catalyst followed the
procedure shown in Scheme 1. Importantly, it should be stated
that 100% ML conversion with exclusive selectivity for GVL
were achieved over the 2.0% Ru/11.7% SiW@UiO−66 catalyst
within 360min when the reaction was performed at 80◦C and
at a hydrogen pressure of 0.5 MPa. Additionally, no further by-
product was formed even when the reaction time was extended to
520min.

The influence of the H2 pressure on the reactant and
product distributions as a function of reaction time over 2.0%
Ru/11.7% SiW@UiO−66 is presented in Figure 7. As expected,
the dissolved hydrogen in the reaction solution would increase
when the H2 pressure in the reactor increases. Therefore, the
hydrogenation of ML to MHV would be remarkably enhanced.
Moreover, the lactonization of MHV to GVL is proportional with
respect to the concentration of MHV, and can be accelerated by
the Brønsted acid sites in the catalyst (Hao et al., 2018). Therefore,
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the overall catalytic activity and selectivity of ML to GVL was
essentially improved as the H2 pressure increased.

To demonstrate the indispensable role of acid sites
incorporated within the catalyst, the concentration evolution
profiles over two controlled catalysts were also monitored under
the identical reaction conditions, as displayed in Figures S5,S6.
Overall, the catalytic activities over these two catalysts are
lower than that of the 2.0% Ru/11.7% SiW@UiO−66 catalyst.
For a more intuitive comparison, the catalytic results over
2.0% Ru/11.7% SiW@UiO−66, 2.0% Ru/UiO−66, and physical
mixture of SiW and 2.0% Ru/UiO−66 under 80◦C and 0.5 MP
H2 pressure for a duration of 120min were extracted (Figure 8).
Notably, in the presence of 2.0% Ru/11.7% SiW@UiO−66,
satisfactory results for the sequential hydrogenation and the
subsequent lactonization reaction were achieved, with a 94.1%
conversion of ML and a 74% selectivity for the GVL product.
In contrast, in the presence of the 2.0% Ru/UiO−66 catalyst, a
rather low catalytic activity and selectivity were obtained when
the reaction was performed under the same conditions. This
is probably owing to the lower acid content of the UiO−66 as
compared to that of the SiW@UiO−66 support (see Table 1).
It has been reported that the Brønsted acid sites were likely
used to cooperatively catalyze sequential hydrogenation and
lactonization with the active metal counterpart (Lin et al.,
2017). To test this hypothesis, the native 2.0% Ru/UiO−66 was
physically mixed with SiW that contained Brønsted acid sites.
This reaction elicited moderate improvement regarding the
ML-to-GVL activity compared to 2.0% Ru/11.7% SiW@UiO−66.
We deduced that the (1) Brønsted acid sites that originated
from the SiW molecules were efficient for C–O scission and
could dramatically accelerate the transesterification of MHV
to generate GVL, and (2) the acids sites should be in close
proximity to metal sites for synergetic catalysis. In addition to
the activation of the lactonization step, the Brønsted acid sites
also likely contributed to the promotion of ML hydrogenation,
thus confirming that 2.0% Ru/11.7% SiW@UiO−66 improved
the activity in the upgrade of ML to GVL based on a bifunctional
way.

Furthermore, representative results for catalytic conversion of
ML to GVL by heterogeneous catalysts reported in the literature

were compared with our catalyst, and these data were listed
in Table S1. Due to the different reaction conditions for these
works, it is difficult to compare the catalytic activity directly.
Considering that the catalytic reaction was performed under
a relative mild condition in the current study, and the 2.0%
Ru/11.7% SiW@UiO-66 catalyst exhibited a relatively higher
catalytic performance, the comparison tentative demonstrates
that the developed catalyst is among the best of candidates ever
reported on Ru-based heterogeneous catalysts as far as we know.

To elucidate the efficiency of 2.0% Ru/11.7% SiW@UiO−66
as a bifunctional catalyst, kinetic studies were performed when
the internal and external transport limitations were eliminated
according to a similar procedure described in our previous work
(Lin et al., 2018). As demonstrated in Figure 9, the evolution of
reactant concentrations at the evaluated temperatures can be best
fitted using the following equations,

dCML

dt
= −k1CML (1)

dCMHV

dt
= k1CML − k2CMHV (2)

dCGVL

dt
= k2CMHV (3)

where Ci represents the concentration of the component and
kiis the reaction rate coefficient. As listed in Table 2, the
rate constant of the lactonization step is smaller than that
of the hydrogenation step, thus indicating that lactonization
is the rate-determining step and controls the overall reaction
rate. Subsequently, the activation energy barrier is calculated
according to the Arrhenius equation: k = A × exp(–Ea/RT) (k:
the aforementioned reaction rate coefficient, A: pre-exponential

TABLE 2 | Kinetic parameters of 2.0% Ru/11.7% SiW@UiO−66 in the upgrade of

ML to GVL.

T (◦C) 40 60 80 Ea (KJ/mol) R2

k1 (10−2/min) 2.78 4.85 8.60 26.1 0.99

k2 (10−2/min) 0.95 2.60 7.85 48.8 0.99

FIGURE 9 | Experimental data fitting at 40◦C (A), 60◦C (B), and 80◦C (C) for 2.0% Ru/11.7% SiW@UiO−66. Reaction conditions: 0.257 g of ML, 50mg of catalyst,

15mL of H2O, and an H2 pressure of 2.0 MPa.
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FIGURE 10 | Arrhenius plots for the conversion of ML to GVL: hydrogenation step (A) and transesterification step (B).

factor, Ea: activation energy, R: gas constant, and T: reaction
temperature). Figure 10 shows the linear regression of lnk vs.
1/T for which the estimated slope is –Ea/R. The estimated
activation energy for hydrogenation is 26.1 kJ/mol and that for
lactonization is 48.8 kJ/mol (Table 2), which are much lower than
the previously reported values for the aqueous hydrogenation
of ML to GVL over Ru/C (41 kJ/mol for the hydrogenation
and 50 kJ/mol for the lactonization) (Negahdar et al., 2017).
This further indicates the advantages of integrating metal and
acid sites within single MOF nanocrocrystals, that is, upon the
intrinsic cooperation of the active sites, the energy barrier is
reduced, thus facilitating the catalytic conversion of ML into
GVL.

The durability of the prepared 2.0% Ru/11.7% SiW@UiO−66
was further evaluated. As shown in Figure 11, both ML
conversion and GVL selectivity were well-maintained after the
catalyst was repetitively used for five successive cycles, thus
demonstrating its excellent reusability capacity. Regarding the
recovered catalyst, no changes in the crystalline structure,
composition, or textural properties, have been noted as compared
to the fresh one (Figures 1–3, Figure S7), thus confirming its
excellent stability. Moreover, based on the ICP–AES and TEM
results of the catalyst after usage (Figure S8), 2.0% Ru/11.7%
SiW@UiO−66 exhibited good resistance to the leaching and
sintering of POM species and Ru NPs, which was probably due
to the fact that SiW molecules were well-confined by the MOF
cavities and Ru NPs embedded and stabilized by the local defect
sites of UiO−66 (Miras et al., 2014). These results indicate that
the developed 2.0% Ru/11.7% SiW@UiO−66may be a promising
catalyst for other reactions that require both metal and acid sites
to work cooperatively.

CONCLUSIONS

In summary, we designed and prepared a MOF-based metal
and acid bifunctional hybrid as an efficient heterogeneous

FIGURE 11 | Durability test of 2.0% Ru/11.7% SiW@UiO−66 for the

conversion of ML to GVL. Reaction conditions: 0.257 g of ML, 50mg of

catalyst, 15mL of H2O, 80
◦C, an H2 pressure of 0.5 MPa H2, within a

reaction period of 120min.

catalyst for the upgrade of ML to produce valuable GVL
under mild reaction conditions. The developed 2.0% Ru/11.7%
SiW@UiO−66 catalyst exhibited high catalytic activity and high
selectivity in the successive hydrogenation and lactonization
steps, and it was proved that it could be repeatedly used for five
times without any loss in activity and selectivity. The increased
catalytic performance of the 2.0% Ru/11.7% SiW@UiO−66
catalyst was principally originated in the cooperative effect
between the Ru NPs and Brønsted acid sites. These sites were
appropriately spatially separated within a single UiO−66 crystal,
and provided the active sites where the hybrid could catalyze
the hydrogenation of ML to produce the intermediate MHV and
the successive intramolecular de-alcoholization to form GVL. A
kinetics study further demonstrated that the encapsulation of
the SiW molecules within the UiO−66 cavities was favorable for
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the hydrogenation and lactonization stepsa property likely to be
attributed to their Brønsted acidity properties.
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