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The highly selective catalytic transfer hydrogenation (CTH) of furfural (FF) to furfuryl alcohol (FOL) is a
significant route of biomass valorization. Herein, a series microporous Zr-metal organic framework (Zr-
MOF) functionalized by sulfonic groups are prepared. Based on the comprehensive structural character-
izations by means of X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), N2 physisorption, Thermogravimetric (TG) and Fourier transformed infrared spec-
troscopy (FTIR), we find that sulfonic acid (–SO3H) functional groups are tethered on the UIO-66 without
affecting the structure of the framework. Systematic characterizations (NH3-TPD, CO2-TPD, and in-situ
FTIR) demonstrate that modifying of sulfonic groups on UIO-66 results in the formation of stronger
Lewis acidic-basic and Brønsted acidis sites. The cooperative role of the versatile Lewis acidic-basic
and Brønsted acidic sites in 60% mol fraction of sulfonic acid-containing UIO-66 (UIO-S0.6) retain high sur-
face area and exhibit excellent catalytic performance of 94.7% FOL yield and 16.9 h�1 turnover number
(TOF) under mild conditions. Kinetic experiments reveal that the activation energy of the CTH of furfural
(FF) over UIO-S0.6 catalyst is as low as 50.8 kJ mol�1. Besides, the hydrogen transfer mechanism is inves-
tigated through isotope labeling experiments, exhibiting that the b-H in isopropanol is transferred to the
a-C of FF by forming six-membered intermediates on the Lewis acidic-basic and Brønsted acidic sites of
the UIO-S0.6, which is the rate-determining step in the formation of FOL.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

The efficient upgrading of inexhaustible nonfood lignocellulosic
biomass to bio-fuels and value-added products has obtained
increasing attention as a means to substitute traditional fossil
resources [1,2]. More recently, catalytic transfer hydrogenation
(CTH) of biomass-derived aldehydes to the corresponding alcohols,
employing organic alcohols or acids as the hydrogen donor to
replace dangerous H2, is an alternative strategy for the upgrading
of renewable biomass-derived platform chemicals to bio-fuels
and value-added products [3,4]. Among these biomass-derived
aldehydes, furfural (FF) and 5-hydroxymethylfurfural (5-HMF)
could be directly gained from cellulose and hemicellulose, respec-
tively [5–7]. Selectively hydrogenation FF into furfuryl alcohol
(FOL) is of great significance in biorefinery because FOL is eventful
intermediates extensive exploited in the production of crown
ethers, adhesives, furan-based resins, artificial fibers, fuels, and fuel
additives [8,9].

Although some precious metal catalysts, such as Ru and Rh,
exhibited high catalytic performance for the CTH, their usage is
confined dramatically in practical application due to its high cost
[10,11]. Therefore, developing non-precious metal-based catalysts
with low prices is highly desirable for upgrading FF in practical
applications. Recently, Zr-based zeolites as Lewis acidic materials
have been prepared to achieve CTH reactions [12,13]. In this pro-
cess, acidic sites on the surface of Zr-based zeolites would weaken
the –OH bond in alcohols and carbonyl groups [14,15]. Simultane-
ously, the corresponding primary sites could attract hydrogen from
alcohols, resulting in the formation of an alkoxide adsorbed on the
adjacent Lewis acid site, and thus promoting the hydrogen transfer
[16-18].

UIO-66 is a Zr-based organic framework material, which has
aroused intensive research interest owing to its intrinsic
reserved.
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advantages, such as the tunable structure and physicochemical
properties [19]. UIO-66 has a high level of Lewis acidic sites, which
is expected to accelerate the hydrogenation of various carbonyl
compounds to the corresponding alcohols without gasous H2.
Notably, the high surface area and porosity of UIO-66 could also
provide a large amount of accessible active sites, which possess
tremendous potential for the improvement of catalytic perfor-
mance [20,21]. Unfortunately, UIO-66 exhibited low catalytic per-
formance in the CTH of FF to FOL due to the low basic sites and
Brønsted acidic sites. Therefore, introducing stronger basic sites
and Brønsted acidic sites to adjacent the Lewis acidic sites on
UIO-66, which significantly enhanced the catalytic performance.

Herein, various sulfonic groups functionalized UIO-66 (UIO-Sx, x
is 0.2, 0.4, 0.6 and 0.8) were prepared by using a one-step, bottom-
up method. The structure and physical–chemical properties of
UIO-Sx catalysts was characterized to prove the coordination
between sulfonic groups and the UIO-66 frameworks, suggesting
the obtained UIO-Sx with porous frameworks after incorporating
the number of sulfonic groups could remarkably enhance the Lewis
acidic-basic and Brønsted acidic sites and therefore promote the
catalytic performance. Optimizations of the CTH reaction parame-
ters and the kinetic experiments were also performed. To further
study the reaction mechanism, the combination of hydrogen donor
experiments, deuterium isotope labeling experiments, mass frag-
mentation analysis (MS), and 1H nuclear magnetic resonance
(NMR) were performed. The role of acidic and basic sites in medi-
ating the CTH reaction pathway at the molecular level was dis-
cussed. Furthermore, the recycling experiments were conducted
to study the reusability of the catalysts.
2. Results and discussion

The sulfonic acid (–SO3H) functionalized UIO-66 (UIO-Sx) was
synthesized by a hydrothermal method. Firstly, the UIO-Sx cata-
lysts are characterized by XRD, diffraction peaks at 2h of 7.36�,
8.48�, and 25.68� are observed in the XRD patterns for UIO-Sx cat-
alysts, which are attributed to (1 1 1), (0 0 2), and (1 1 5), respec-
tively (Fig. 1a). These peaks are slightly shifted compared with
UIO-66, suggesting the functionalization of the frameworks of
UIO-66 by sulfonic groups [22]. Then, SEM and transmission elec-
tron microscopy (TEM) images exhibit that UIO-S0.6 is composed of
uniformly stacked nanosheets, which are about 200 nm (Fig. 1b–d).
N2 adsorption and desorption isotherm of UIO-S0.6 exhibits a typi-
cal IV-type isotherm with hysteresis loops in Fig. S1, indicating the
presence of porous structure in UIO-S0.6 catalyst. Table S1 shows
that UIO-S0.6 has a high surface area (795.9 m2 g�1) and large pore
volume (9.5 cm3 g�1). Thermogravimetric (TG) is conducted to
study the excellent thermal stability of UIO-S0.6 at the reaction
conditions (Fig. 1e, Fig. S2). The weight of UIO-S0.6 has a slight loss
below 112 �C, which may be attributed to the desorption of water.
There is a steep decrease from 460 �C to 560 �C, suggesting the fas-
ter weight loss in this stage, attributed to the pyrolysis of the oxy-
gen group of UIO-S0.6.

The oxidation state of UIO-66 and UIO-S0.6 catalysts were char-
acterized by X-ray photoelectron spectroscopy (XPS). In the XPS
spectra of UIO-S0.6 (Fig. 1f), Zr 3d5/2 and 3d3/2 firm peaks at
182.58 and 184.98 eV are shifted to a lower level (182.18 and
184.58 eV) in comparison with UIO-66, suggesting that the higher
positive charge of Zr in UIO-S0.6 and thus stronger acidic and basic
sites are formed in UIO-S0.6 [23]. Besides, the binding energy of O
1 s assigned to Zr-O-Ar (Ar, benzene ring) interaction in UIO-S0.6
is higher than Zr-O-Zr in ZrO2 (Fig. 1g). The O atom in UIO-S0.6 is
declared a medium base strength, attributed to the negative charge
on the O atom. The XPS results demonstrate that the O atom in
UIO-S0.6 is worked as the basic site to balance the Lewis acid sites
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Zr4+, which will conduct the -Ar-O-Zr-O-Ar- groups in metal–or-
ganic frameworks. The S 2p peaks showed that the binding energy
at 167.6 and 168.7 eV which are assignable to S 2p3/2 and 2p1/2 of –
SO3H groups (Fig. S3).

The acid-base properties of UIO-S0.6 and UIO-66 were also stud-
ied by NH3-TPD and CO2-TPD (Fig. 1h and i). The increased desorp-
tion temperature of CO2 and NH3 demonstrated the significant
enhancement in density and strength of basic and acidic sites in
UIO-S0.6 after functionalizing sulfonic groups with UIO-66. The
acid-base density of UIO-S0.6 and UIO-66 are shown in Table S2.
The acidic and basic sites of UIO-S0.6 are attributed to the coordina-
tion of terephthalic acid hydroxyl and Zr, facilitating the formation
of -Ar-C-O-Zr-O-C-Ar- frameworks [24].

The transmission FTIR was performed to investigate the modifi-
cation of functional groups on UIO-S0.6 (Fig. 2a and b). A series
bands at 1656, 1582, and 1401 cm�1, which attributed to the asym-
metric and symmetric vibration of C@O bond, are observed in both
FTIR spectra of UIO-66 and UIO-S0.6. The bands at 1075 and
1025 cm�1 are attributed to the C–O bond in both UIO-66 and
UIO-S0.6. Also, bands at 747 and 668 cm�1 are attributed to the
mix of –OH and –CH bending mode and Zr-O modes, are found
in both FTIR spectra of UIO-66 and UIO-S0.6 [24]. In contrast, the
enhanced band at 1245 and 1170 cm�1 are assigned to symmetric
SO2 stretching mode in UIO-S0.6 catalyst, confirming the function-
alization of the UIO-66 frameworks by sulfonic groups (Table S3)
[25].

In order to explore deep insight into Lewis and Brønsted acid
sites of UIO-S0.6 catalyst, pyridine adsorption FTIR was performed
at various temperatures (150, 225, and 275 �C). According to the
literature, vibrational bands at 1445 and 1606 cm�1 were assigned
to Lewis acid, 1540 cm�1 band was attributed to Brønsted acid, and
1490 cm�1 band was assigned to both Lewis acid and Brønsted acid
[26,27]. The Lewis acid originated from metal Zr centers, and the
Brønsted acid originated from the –SO3 functional group and
terephthalic acid in the Zr-base metal–organic framework. As
shown in Fig. 2(c), the quantitative analysis (in-situ FTIR for pyri-
dine adsorptipn) suggested the amount of Brønsted acid in UIO-
S0.6 are 9.06 lmol g�1 and Lewis acid are 36.16 lmol g�1 at
150 �C, which are much higher than UIO-66. When the tempera-
ture further increased to 275 �C, a decrease in above bands is
attributed to the desorption of pyridine at high temperature.
Strong strengthen and high density of acidity in UIO-S0.6 were
favorable for facilitating the adsorption and activation of the –
CHO functional groups in aldehydes and –OH functional group in
IPA, enhancing the CTH reaction.

To identify the coordinatively unsaturated Zr sites, in-situ CO-
FTIR adsorption on UIO-66 and UIO-S0.6 were performed. UIO-66
was firstly annealed at 300 �C under vacuum for 2 h to remove
adsorbed water then cooled to 30 �C to provide a clean UIO-66 sur-
face. After the introduction of CO to the sample cell at 150 �C, char-
acteristic bands at 2171 and 2120 cm�1, attributed to r-
coordinated CO on Zr with different strength of Lewis acidic sites,
are observed in the spectrum of UIO-66 (Fig. 2d) [21,28]. When CO
adsorbed on UIO-S0.6 catalyst under identical conditions, bands at
1857, 1822, 1972, and 2026 cm�1, attributed to bridge-bound CO
(COB), unidentate carboxyl species (COOHL), linearly bound CO
(COL), respectively, were observed. The shift of Lewis acid sites
band from UIO-66 to the bridge-bound and linearly bound on
UIO-S0.6 catalysts demonstrated the different acid-base properties
between UIO-66 and UIO-S0.6.

The CTH of FF in IPA was employed to examine the catalytic per-
formance of various catalysts, and the results were depicted in
Fig. 3(a). The blank run showed that the CTH reaction did not pro-
ceed without any catalyst at the identical condition (Fig. 3a,
Table S5). Then, Lewis acidic Zr-base salts (ZrCl4, ZrSO4, and ZrClO2)
and ZrO2 shows low catalytic performance in the CTH of FF into



Fig. 1. (a) XRD patterns of UIO-66 and UIO-Sx, (b and c) SEM and (d) TEM image of UIO-S0.6, The XPS spectra of (e) Zr 3d and (f) O 1s for UIO-66 and UIO-S0.6, (g) TG curve of
UIO-S0.6, (h) CO2-TPD, and (i) NH3-TPD of UIO-66 and UIO-S0.6.
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FOL, the main by-product is the acetalization of FF with IPA into
furfural diisopropyl acetal (FDIA). Besides, the conventional UIO-
66 only gave 21.8% FOL yield and 5.2 h�1 turnover number (TOF).
The low FOL yield and TOF may be attributed to the weak Lewis
acidic sites of UIO-66. After sulfonic groups functionalized UIO-
66, the FOL yield increased from 21.8% to 73.2% after the UIO-66
was functionalized by sulfonic groups. Moreover, the transforma-
tion of FOL was remarkably from 73.2% to 94.2% as the ratio of –
SO3H to Zr increased from 0.2 to 0.6. However, further elevating
-SO3

� loading amounts has only slightly improved the FOL yield.
This is attributed to the amount of -Zr-O species in UIO-66 is con-
stant. Besides, other functionalized metal–organic frameworks
exhibit a lower FOL yield and TOF than UIO-S0.6 catalysts, and
the primary side product was the transesterified products between
FF and IPA. Combined with the detailed characterizations and the
experimental results, it assumed that the acidic and basic sites
with appropriate density and strength in the above catalysts are
the critical factors for the selective CTH of FF to FOL. As discussed
above, the contents of the acidic and basic sites of UIO-S0.6 catalyst
were stronger than UIO-66 and UIO-S0.6 by analyzing the results of
NH3-TPD and CO2-TPD. Therefore, we assume that the presence of
both basic and acidic sites with appropriate content and strength
in the prepared catalysts are the key factors for the selective con-
version of FF into FOL combining with the catalysts characteriza-
tions and the activity tests. In order to elucidate our assumption
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and obtain more profound insight into the role of the acid-base
properties in the CTH reactions, benzoic acid, pyridine, and 2,6-
lutidine were employed as poisoning additives in the reaction.
When 50 mg benzoic acid was added to the reaction, a drastic
decrease in FF conversion and FOL yield was observed, suggesting
the CTH reaction closely depends on the basic sites (Fig. 3b,
Table S5). A slight decrease in FF conversion and FOL yield when
adding pyridine to the reaction, suggests acid sites are also benefi-
cial for the CTH reactions. To further identify the role of acid sites
(Lewis and Brønsted acid) on the FF CTH, 2,6-lutidine was
employed as an additive to selective poison Brønsted acid. A slight
decrease in FOL selectivity is observed, suggesting Brønsted acid
sites can helpful for the CTH of FF. The poisoning experiments
demonstrated that both Lewis acidic-basic and Brønsted acidic
sites are essential for the selective CTH of FF into FOL.

The solvent is the hydrogen donor for the CTH of FF to FOL. The
effect of solvent on the CTH of FF over UIO-S0.6 catalyst was con-
ducted, and the results were depicted in Fig. 3(c) and Table S6. Both
primary and secondary alcohols have the ability to CTH of FF into
FOL. Particularly, secondary alcohols exhibit better catalytic perfor-
mance than primary alcohols (Fig. 3c, Table S6). The primary side
reaction is the acetalization of FF and IPA. Besides, with an increase
of the carbon chain of alcohols, a slight decrease in FOL selectivity
wasobserved. It is because the long-chain alcohols have a significant
negative steric effect, hindering the diffusion of FF molecules into



Fig. 2. (a) The schematic diagram for in-situ transmission FTIR; (b) transmission FTIR spectra of UIO-66 and UIO-S0.6; (c) transmission FTIR spectra of UIO-S0.6 after the
adsorption of pyridine at various temperatures; (d) CO-FTIR adsorption on UIO-66 and UIO-S0.6.

Fig. 3. (a) The conversion and yield on various Zr-based catalysts; (b) poisoned catalyst over acid or base; (c) solvent effect on the CTH reaction; (d) temperature-dependent
product distributions; (e) time course and the product distributions in the CTH of FF with IPA. Reaction conditions: 0.5 mmol FF in 5 mL IPA, 50 mL catalyst or 22% mol metal
catalyst.
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the channels of UIO-S0.6. However,when tert-butanolwas employed
as the solvent and hydrogen donor, a low FF conversion was
obtained, suggesting the presence ofb-H in alcohols is indispensable
for the CTH of FF. Therefore, IPA was the best solvent for the hydro-
gen donor and was chosen for the CTH reactions.

Furthermore, the influence of temperature on the CTH of FF over
UIO-S0.6 catalyst was investigated. As depicted in Fig. 3(d), the
reaction temperature played a crucial role in the activity and selec-
tivity. When the CTH reaction was conducted at 80 �C, only 15.6%
FOL yield was obtained, suggesting higher temperature is indis-
pensable to activate the IPA and FF. When reaction temperature
increased to 140 �C, the conversion of FF dramatically increased
to 91.8% with a high FOL selectivity since it is prone to promote
the hydrogen transfer from IPA to FF at higher temperature. How-
ever, when the reaction temperature reaches 250 �C, a significant
decrease in FOL selectivity with an increase in FF conversion was
observed, suggesting side reactions occurred at high temperatures.
The main side reaction was self-condensation, hydrogenolysis,
decarbonylation and hydrodeoxygenation of FF, which were con-
firmed by gas chromatograph-mass spectroscopy (GC–MS)
(Fig. S4). Among these side products, 2-methylfuran, furan, 2-
methyltetrahydrofuran, cyclopentanol are high-quality biofuels
Fig. 4. (a) The stability of the UIO-S0.6 catalyst in the CTH of FF. (b) mass spectra of FF obt
UIO-S0.6 catalyst, 3 h. (c) Possible mechanism for the CTH of FF to FOL over UIO-S0.6 cat
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and additives. To obtain the desired products, FOL, 150 �C was cho-
sen as the best temperature for the further CTH reactions.

The time course of CTH of FF over UIO-S0.6 catalyst was per-
formed to explore the reaction pathway at 150 �C (Fig. 3e). It can
be seen that FF was converted entirely, and 93.6% FOL yield was
obtained at 150 �C for 6 h. FDIA was the only side product in the
CTH reaction. The side products FDIA increased at the first 0.5 h
and then declined with the increase in the FOL yield. It is proposed
that there are two pathways for the CTH of FF: (1) FDIA is not
stable, and it could be reversibly converted to FF and IPA, finally
converted to FOL via CTH pathway; (2) FDIA is an intermediate
and can be directly transferred to FOL.

In order to explore the relationship between active sites of the
as-prepared UIO-S0.6 catalyst and their catalytic performance,
kinetic experiments were conducted. The experiments were
performed with 20, 35, and 50 mg catalyst at low reaction temper-
atures (100 �C) to avoid mass transfer limitations. As shown in
Fig. S5(a), the mass of catalyst and FOL yield have a linear relation-
ship, implying the FOL formation rate had a first-order dependence
on the mass of catalyst. Also, it suggests that the adsorption and
activation of FF molecule on UIO-S0.6 surface was the
rate-determining step.
ained after hydrogenation of FF. Reaction condition: 0.5 mmol FF in 5 mL IPA, 50 mg
alyst.
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To further study the apparent activation energy (Ea) of the FF
hydrogenation, kinetic experiments were investigated over 373,
393, and 413 K. The rating formula of FF CTH was expressed in
Eq. (1), where c0 is the initial concentration of FF and ct is the con-
centration of FF after a reaction time t. Because of the fixed mass of
catalyst and the excess of a hydrogen donor, we assumed that the
CTH reaction was the first order as a function of the FF concentra-
tion (c = 1). Therefore, Eq. (1) can be expressed to Eq. (2) or Eq. (3).
The Arrhenius plots in the CTH of FF over UIO-S0.6 catalyst were
depicted in Fig. S5(b). The apparent activation energy on UIO-S0.6
was as low as 50.8 kJ mol�1. which is lower than the previous work
(Table S7).

�dcðFALÞ
dt

¼ kcðFALÞ@ ð1Þ

ln
ct
c0

¼ �kt ð2Þ

lnk ¼ lnA� Ea

RT
ð3Þ

The stability of catalysts is essential for determining the poten-
tial value of catalysts in industry application. The recycling exper-
iments of UIO-S0.6 for the CTH of FF were performed at 150 �C for
6 h (Fig. 4a). After the first run, the UIO-S0.6 catalyst was separated
by centrifugation and then was washed with ethanol 3 times and
dried at 60 �C overnight. Because of the loss of catalysts, a small
scale of FF CTH experiments was performed to stay the same ratio
of the substrate, solvent, and catalyst at every cycle. The FF conver-
sion decreased from 98.7% to 95.8% after five cycles, suggesting the
excellent reusability of UIO-S0.6 catalysts. The catalyst after stabil-
ity testing was characterized by XRD and ICP. The XRD patterns
suggested that the amorphous morphology of the UIO-S0.6 catalyst
remained as a fresh catalyst (Fig. S6). Furthermore, the IPC results
indicated that only a small amount of S and Zr were leaching after
five cycles of experiments. The slight decrease in the FF conversion
and FOL selectivity may be attributed to the loss of the acidic-basic
active site (Zr and S).

There are two mechanisms for the reduction of FF to FOL, and
the main difference between those two hydrogenation mecha-
nisms is whether the direct adsorption of H on the catalyst
(Fig. S7). The CTH mechanism proceeded by forming a six-
membered ring, and then the b-H of the IPA donor was transferred
to the carbonyl carbon of FF. The H did not adsorb on the catalyst
surface in the CTH mechanism (Fig. S7a). In contrast, the metal-
mediated mechanism included two steps (Fig. S7b) [21,29]. First,
IPA was dehydrogenated on the metal sites and formed the
adsorbed H and acetone, then the transformation of the H atom
to the –CHO functional groups. The H atoms were adsorbed onto
the metal sites and then transferred to the –CHO functional groups
in the metal-mediated mechanism. However, using deuterated 2-
IPA-d8 to replace 2-IPA-d0 cannot differentiate these two mecha-
nisms because the formed FOL had identical isotopic structure
via either mechanism.

Therefore, isotopic labeling experiments in IPA-d0 and deuter-
ated IPA-d8 with in excess tert-butanol were performed to study
the CTH of the FF reaction mechanism over the UIO-S0.6 catalyst.
In the study, tert-butanol was employed because for two reasons:
(1) the lack of b-H could prevent the CTH mechanism, which is
proved in the solvent effects (2) the presence of H in the –OH func-
tional group could exchange with the active H on the surface of the
catalyst while leaving the H atom in the C–H bond untouched. In
the mixture of IPA-d8 and tert-butanol, tert-butanol is in great
excess with respect to IPA-d8, and most of the OD in IPA-d8 will
be exchanged into OH because of the fast OH/OD exchange
between alcohols. Thus, IPA-d7 (CD3CD(OH)CD3) is the majority
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of the D (or H) donor when the mixture solution (5 wt% IPA-d8
and 95 wt% tert-butanol) is used. The GC–MS fragmentation pat-
tern of FOL produced with IPA-d0 as the hydrogen donor at
150 �C matched well with the NIST database (Fig. S8). The most
intense peak was the parent ion of FOL (98 amu) in the blue bar
(Fig. 4b), a small signal in 99 amu was observed due to the natural
isotope abundance of 13C. A clear 1 amu mass shift was shown in
Fig. 4b (purple bar) when IPA-d8 with in excess tert-butanol was
employed as hydrogen donor under the same reaction conditions,
suggesting the concerted intermolecular hydride transfer mecha-
nism is the main reaction pathway in the hydrogenation of FF into
FOL.

Combined with the physicochemical characterization, catalytic
performance of catalysts, poisoning experiments, kinetic studies,
and isotopic labeling experiments, we proposed the reaction mech-
anism for the CTH of FF over UIO-S0.6 catalyst in Fig. 4(c). Firstly,
the dissociative adsorption IPA on the surface of UIO-S0.6 catalyst
to form the corresponding alkoxide and hydrogen via the Lewis
acidic-basic sites (Zr4+–O2�). Meanwhile, the deprotonation of
IPA was promoted by the basic site (O2�). The –CHO functional
group in the FF molecule was activated by the Lewis acidic-basic
sites (Zr4+ or sulfonic functional groups) and Brønsted acidic sites
(–SO3H). Then the transition state (six-membered ring) was
formed with –CHO group and IPA, resulting in the direct hydride
transfer by b-H elimination and producing the corresponding
alcohols.
3. Conclusions

In summary, an efficient UIO-Sx catalyst for the CTH of FF to FOL
was prepared by modified UIO-66 by sulfonic groups without
changing the organic framework. The resulting catalyst UIO-S0.6
exhibit excellent catalytic performance of 94.7% FOL yield and
16.9 h�1 TOF under mild conditions. It was found that strong inter-
action between Zr and terephthalic acid hydroxyl groups led to the
formation of strong Lewis acidic and basic sites in the organic
frameworks. Mechanism studies demonstrated the cooperative
role of strong Lewis acidic and basic sites in the modeified UIO-
S0.6 catalyst contributed to the excellent catalytic performance in
the CTH reaction. Kinetic experiments indicated that the activation
energy of the CTH of FF over UIO-S0.6 was as low as 50.8 kJ mol�1.
Isotopic labeling experiments elaborated that the b-H in IPA was
transferred to the a-C of FF by forming six-membered intermedi-
ates on the Lewis acidic-basic and Brønsted acidic sites of the
UIO-S0.6, and then the b-H was transferred to the a-C of FF, which
is the rate-determining step in the formation of FOL. Besides, the
recycling experiments suggested that the UIO-S0.6 can be reused
at least five times without significant change. This work provides
a promising strategy to modify the acid-base properties of UIO-
66 without affecting its structure. Moreover, the mechanistic
insights in identifying the active sites (acid-base properties) on
the catalytic performance may guide future catalyst design.
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