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The oxidative upgrading of furfural (FUR) and aliphatic alcohols is an important way to produce desirable
precursor of jet fuel or value-added furanic compound. Therein, developing a highly active catalytic sys-
tem with switchable product selectivity still remains a challenge. In this work, we report a novel strategy
on regulating the oxidative condensation and oxidative esterification of FUR with aliphatic alcohol in the
presence of molecular oxygen. Firstly, Au@UiO-66 is prepared using different methods and employed as
the catalyst for the oxidative valorization of FUR with methanol. It is found that the impregnation-
reduction-H, (I-H) method is the best where a 100% selectivity of methyl-2-furoate with a complete con-
version was obtained using Au@UiO-66 as catalyst. Then, a series of metal-organic frameworks (MOFs)
supported Au nanoparticles (Au@UiO-66-X) such as Au@UiO-66, Au@UiO-66-NH;, Au@UiO-66-NO,,
Au@UiO-66-COOH and Au@UiO-66-NH5Cl have been prepared with I-H method and employed for oxida-
tive valorization of furfural with ethanol. Experimental results showed that, in “FUR-ethanol-O," system,
the Au@UiO-66-X can efficiently regulate the oxidative condensation and oxidative esterification as two
competitive reaction pathways. With Au@UiO-66-COOH as the catalyst, the oxidative condensation pro-
cess is dominant in which 84.1% selectivity of furan-2-acrolein is attained; Meanwhile, the Au@UiO-66 is
beneficial to the occurrence of oxidative esterification and generation of ethyl-2-furoate. At last, based on
the catalyst characterization and the numerous control experiments, a possible catalytic reaction mech-
anism for conversion of FUR is proposed.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

eral reports have demonstrated that the supported gold nanoparti-
cles exhibited excellent performance for promoting the oxidative

Catalytic transformation of biomass-derived platforms into fine
chemicals represents a promising and sustainable way for the
replacement the unfriendly exhaustible fossil fuels [1,2]. Furfural
(FUR), as a famous biomass-based platform chemical, has great
potential applications in the present chemical industry. It can be
not only used as a feedstock for producing high grade gasoline, die-
sel, or jet fuel, but also can be transformed into oxygen-containing
solvents and chemical products such as furfural alcohol, tetrahy-
drofuran and alkyl furoates, etc.. Particularly, alkyl furoates, widely
found in flavor and fragrance component in the fine chemicals, can
be synthesized via the oxidative esterification of FUR with aliphatic
alcohol in the presence of molecular oxygen [3,4]. Up to now, sev-
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esterification of FUR to produce methyl-2-furoate in methanol
[5]. For example, Menegazzo et al. have studied nano gold catalysts
on different oxide supports for oxidative esterification of FUR with
methanol [6-8]. Moreover, our group has extensively investigated
the catalytic oxidative transformation of FUR with different alipha-
tic alcohols in the presence of molecular oxygen [9-11]. Therein,
when the aliphatic alcohol molecule contains o-H, the oxidative
condensation of FUR with alcohol occurs as a competitive process
of oxidative esterification reaction which impels two carbon mole-
cules together for producing longer hydrocarbon chains. The possi-
ble reaction routes in the “FUR-alcohol-O,” system are
summarized in Scheme 1. For the oxidative esterification, FUR
can firstly react with alcohol to generate hemiacetal and then be
further oxidized to alkyl furoate (Route (i)). Also, the FUR can be
firstly oxidized to furoic acid and then react with alcohol to pro-
duce alkyl furoate (Route (ii)). For the oxidative condensation,
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Scheme 1. The possible reaction routes in the oxidative transformation of FUR with aliphatic alcohol.

the alcohol can be firstly oxidized to the corresponding aldehyde
and then react with FUR to produce furan-based acrolein via the
adol condensation reaction (Route (iii)). Also, the hydrogen trans-
ferring process is firstly performed between FUR and alcohol, and
then in situ generated aldehyde reacts with FUR to produce
furan-based acrolein, in which the furfuryl alcohol can be oxidized
to FUR by O, to realize the whole cycle (Route (iv)). Based on the
previous investigations [9,10], the Route (i) is dominant in the
oxidative esterification process. While, both the Route (iii) and
Route (iv) can occur simultaneously in the oxidative condensation
process. Considering the complication and diversity of routes, the
efficient regulation of product selectivity is a curial point and still
keeps a challenge at present.

In the supported metal catalysts, the support surface properties
could affect the size and the distribution of metal nanoparticles as
well as the catalytic performances [7,12]. Especially, in a tandem
reaction, the morphological and physical-chemical properties of
support, such as acidic and basic sites, adsorption capacities are
not only helpful to accelerate the reaction process but also may
regulate the product selectivity during reaction [13,14]. On the
other hand, Metal-organic frameworks (MOFs) have been emerg-
ing as attractive materials in catalytic field due to their outstanding
designability [15-17]. Distinct from traditional inorganic porous
materials, the active sites of MOFs-based catalysts can either orig-
inate from the immobilizing metal nanoparticles or from metal
linkers, sometimes from the functional groups on the organic
ligands as well [18-20]. Therefore, the catalytic abilities of MOFs
can be tuned through adjusting the ligand’s structure, selecting
metal linkers and functionalizing the organic ligand [21-25]. In
the large family of MOFs, Zr-based MOFs (UiO-66) have been
widely applied in the catalytic field. It is a class of zirconium-
based MOFs with molecular formula [ZrgO4(OH)4(BDC)¢].. (BDC =
1,4-benzenedicarboxylate). In the crystal of UiO-66, each Zr oxide
secondary building unit, ZrgO4(OH)4(-C03)12, is linked to 12 BDC
units to form a porous, three dimensional framework containing
large octahedral (7.2 A) and small tetrahedral (6.8 A) pores. UiO-
66 possess very high surface area and display unprecedented the
thermal and chemical stability. Furthermore, its linker, BDC, is
easily functionalized with various chemical groups. (crystal struc-
ture in supporting information) [26,27].

UiO-66 encapsulated Au nanoparticles (NPs) showed good cat-
alytic performances in the different types of reactions, such as oxi-
dation, reduction, tandem reaction, and photocatalysis. The highly
activities of the Au@UiO-66 can be ascribed to its small size, the
uniform distribution of the particles, the confinement effect and
the synergetic effect between Au NPs and MOFs [28-30]. Concern-
ing the Ui0-66 support, the Zr(IV) centers can supply Lewis acidic
sites. Besides, the organic linker in UiO-66 has been tailored to be

functionalized with different groups such as -SOsH and -NH,, etc.,
in which the Bronsted acidic and basic sites could be introduced
[31-33]. The researches exhibited that highly dispersed Au@UiO-
66-NH, catalyst can promote the selective tandem catalytic reac-
tions [34].

As aforementioned, the oxidative transformations of FUR with
aliphatic alcohol are the tandem reactions. Among them, some
steps such as acetalization, hydrogen transferring, aldol condensa-
tion and oxidation are sensitive to the acidic and basic sites [4,35].
Intrigued with these, we attempted to employ the Au@UiO-66 and
functionalized Au@UiO-66-X as the catalysts to explore the oxida-
tive transformation of FUR, aiming to find a regulatable catalytic
system for tuning the competitive reaction between the oxidative
esterification and condensation. Firstly, we screened out and opti-
mize the synthesis method of Au@UiO-66 catalyst. It is found that
the as-obtained Au@UiO-66 via impregnation-reduction method
can efficiently catalyze the oxidative esterification of FUR with
methanol with dioxygen as the terminal oxidant where a 100%
selectivity of methyl-2-furoate at a complete conversion of FUR
is obtained. In addition, experimental results show that the func-
tionalized Au@UiO-66 with —COOH, -NH,, -NO,, and -NH3Cl can
further regulate the reaction pathway between the oxidative ester-
ification and the oxidative condensation in the “FUR-ethanol-0,”
system. When the Au@UiO-66-COOH is employed as catalyst,
84.1% selectivity of furan-2-acrolein produced via oxidative con-
densation is attained under mild conditions.

2. Experimental section
2.1. Chemicals

All solvents were analytical grade and were used without fur-
ther purification. Terephthalic acid (H,BDC), 2-aminoterephthalic
acid (H,BDC-NH,;), 2-nitroterephthalic acid (H,BDC-NO,), 1,2,4-
benzenetricarboxylic acid (H,BDC-COOH), ZrCly, ZrOCl,-8H,0, ZrO
(NO3),-xH;0, K,COs3, FUR and HAuCl4-4H,0 were purchased from
Sigma-Aldrich.

2.2. The preparation of nano gold catalysts

2.2.1. The in situ synthesis of the functionalized MOFs

The UiO-66 was prepared with the adjustable method according
to the literature [27]. The ZrCl, (0.053 g, 0.227 mmol) and H,BDC
(0.034 g, 0.227 mmol) were dissolved in 16 mL N, N-dimethyl-
formamide (DMF) at room temperature. Then, the mixture was
sealed and placed in a preheated oven at 120 °C for 24 h. After
being cooled in air to room temperature, the resulting solid pro-
duct was filtered and washed with DMF and ethanol for six times.
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At last, the sample was dried in a vacuum oven at 100 °C for 12 h to
afford pure UiO-66.

The UiO-66-NH, was synthesized with a modified method [36].
ZrCly (0.0203 g, 0.087 mmol) and 2-aminoterephthalate acid
(0.0118 g, 0.065 mmol) were dissolved in 15 mL DMF. The mixture
was stirred in a glass vial for 10 min, and the resulting solution was
transferred into a 20 mL teflon-lined stainless steel autoclave and
heated at 120 °C for 24 h. After being cooled to room temperature
naturally, the precipitate was collected by centrifugation at 4000
rpm for 10 min, and further washed with ethanol for three times,
and dried under vacuum at 100 °C for 12 h to afford pure UiO-
66-NH,.

The UiO-66-NO,, Ui0-66-COOH and UiO-66-NH3Cl were syn-
thesized according to the literatures [37,38].

2.2.2. Synthesis of Au@UiO-66-X catalysts (X = -H, -NH5, —-NO5, —
COOH)

For the synthesis of Au@UiO-66, the impregnation-reduction-
H, (I-H), the impregnation-reduction-NaBH, (I-S), deposition-pre
cipitation-carbonization (D-C), deposition-precipitation-H, (D-H)
and colloid-immobilization (C-I) methods were used, respectively
[39-43]. The experimental procedures were given as followings.

In a typical procedure of I-H method, 100 mg of activated UiO-
66 was immersed in 1 mL solution of HAuCl, (0.01 g/mL), and then
2 mL of deionized water was added under N, atmosphere. After
being sonicated for 6 h at room temperature, the mixture was
placed in a vacuum oven and dried at 100 °C for 12 h. Finally, the
dried precursor of the catalyst was treated in a fixed-bed stainless
steel reactor with an inner diameter of 6 mm under H, with a total
flow rate of 50 mL min~! and maintained at 250 °C for 2 h to obtain
4.7 wt% Au@UiO-66 catalyst.

In a typical procedure of I-S method, 100 mg of UiO-66 and 1
mL solution of HAuCl, (0.01 g/mL) were mixed in a three-neck flask
and 2 mL of deionized water was added. The reaction mixture was
ultrasonicated for 6 h. Then, the reaction mixture was heated to
105 °C, and 5 mL fresh solution of NaBH4 (20 mg/mL) was added
dropwise and the mixture was refluxed for 5 h. Next, the resulting
solid was filtered and further washed with deionized water for sev-
eral times. After being dried under vacuum at 100 °C for 12 h, 4.7
wt% Au@UiO-66 catalyst was prepared.

In a typical procedure of D-C method, the solution of HAuCl, (1
mL, 0.01 g/mL) was charged into a beaker where the pH value was
adjusted to 9 with 0.1 M NaOH under vigorous agitation. Then,
100 mg of UiO-66 was added to the above solution under the stir-
ring, and the pH value of the suspension was re-adjusted to 9 using
0.1 M NaOH. Then, the as-obtained suspension was heated to 65 °C
and kept for 1 h. After the precipitate was filtered, the solid was
washed with deionized water for three times and dried at 60 °C
overnight, the resulting Au@UiO-66 precursor was calcined at
300 °C for 3 h to prepare the final catalyst.

The procedure of D-H method was similar with D-C except that
the as-prepared catalyst precursor was further treated in a fixed-
bed stainless steel reactor with an inner diameter of 6 mm under
H, with a total flow rate of 50 mL min~! and maintained at 250
°C for 2 h to obtain Au@UiO-66 catalyst. Herein, the reduction tem-
perature of Au particles has been confirmed by the H,-TPR result of
catalyst precursor (shown in Fig. S3 of supporting information).

In a typical procedure of C-I method, 10 mg HAuCl,; was dis-
solved in 100 mL distilled water, and 2 mL 0.3 wt% PVP aqueous
solution was added (PVP/Au=1.2/1.0 in weight ratio). After stir-
ring at room temperature for 1.0 h, 2.5 mL 0.1 moL/L NaBH,4 aque-
ous solution was promptly added into the mixture, and Au(III)
species were immediately reduced to metallic Au species, and Au
colloids were formed (0.24 mmol/L). After further being stirred at
room temperature for 1.0 h, 0.1 g UiO-66 was added into the Au
colloid solutions. The suspension was further stirred overnight at

room temperature so that Au colloids can be completely deposited
on the UiO-66. The solid was collected by centrifugation (8000 r/
min, 5 min), and washed using distilled water for three times,
and then dried under vacuum at room temperature overnight,
and finally calcined at 300°C in air for 2.0 h to obtained the
Au@UiO-66 catalyst.

In addition, the Au@UiO-66-NH,, Au@UiO-66-NO,, Au@UiO-66-
COOH and UiO-66-NHsCl catalysts were synthesized with I-H
method, respectively.

2.3. Characterization of the catalysts

X-ray single-crystal diffraction data were collected on a Rigaku
SCX-mini diffractometer at 293(2) K with Mo KR radiation (A = 0.
71073 A) by ® scan mode. The powder X-ray diffraction patterns
(XRD) were recorded on Rigaku D/Max 2400 diffractometer with
Cu/Ko radiation. Fourier transform infrared spectra (FT-IR) were
recorded using Bruker EQUINOX55 infrared spectrometer. The gold
contents of all the samples were quantitatively determined by the
inductively coupled plasma optical emission spectrometry (ICP-
OES: Varian 700-ES). High resolution scanning electron microscopy
(HRSEM) was performed in a JSM 6490LV JEOL microscope at 25
kV. Transmission electron microscopy (TEM) was performed in a
Phillips CM200 at 200 kV. X-ray photoelectron spectroscopy
(XPS) was carried out in a 5700 model Physical Electronics appara-
tus. Temperature programmed reduction (TPR) analysis were car-
ried out wusing a Micromeritics ChemiSorb 2720 Pulse
Chemisorption System, 50 mg of each catalyst was pre-treated in
5% H3/N, (100 mL/min) at 70 °C for 1 h, and then TPR was per-
formed over the sample with the temperature increasing from
70 °C to 700 °C at a speed of 10 °C /min.

2.4. Catalytic reaction

Catalytic experiments were carried out in a 120 mL autoclave
equipped with a magnetic stirrer and automatic temperature con-
trol. After the FUR, Au catalyst, K;CO3 and the alcohol were added,
the reactor was sealed, and purged with pure O, for three times to
remove the air. Then, the pressure of oxygen was charged to 0.3
MPa and the reaction mixture was heated to 140 °C and kept for
4 h. When the reaction was finished, the solution was diluted with
acetonitrile after the reactor was cooled to room temperature. The
products were qualitatively detected by an Agilent 7890A/5975C
gas chromatography-mass spectrometry (GC-MS). The conversion
of FUR and selectivity of the product were quantitatively obtained
by GC instrument with the FID detector.

2.5. Recycling test

After first cycle was completed, the catalyst was filtered
through the high speed centrifugation (8000 r/min, 5 min), and
washed with ethanol (3 x 30 mL) and then dried at 80 °C in the
vacuum oven overnight, and then was directly used for the next
catalytic cycle. After being recycled five times, the catalyst was
respectively characterized by XRD, HRSEM, TEM and other
techniques.

3. Results and discussion

3.1. Oxidative esterification of FUR with methanol in the presence of
molecular oxygen

Firstly, the catalytic performances of Au@UiO-66 catalysts with
different preparation methods were investigated in the “FUR-
methanol-0,” system (Scheme 2). In order to find a suitable load-
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Scheme 2. Oxidative transformation of FUR with methanol with the Au@UiO-66 catalyst.

ing approach, we synthesized Au@UiO-66 catalysts using five dif-
ferent methods (impregnation-reduction-H,: designated as I-H;
impregnation-reduction-NaBH,: designated as I-S; deposition—pre
cipitation-carbonization: designated as D-C; deposition—-precipita
tion-H,: designated as D-H; colloid-immobilization: designated
as C-I). The possible products is mainly methyl-2-furoate (1) and
2-(dimethoxymethyl)furan (2), and obtained results are presented
in Table 1. It is found that all the Au@UiO-66 catalysts from differ-
ent methods can promote the oxidative esterification of FUR with
methanol although the catalytic efficiencies are distinguishing dur-
ing reaction. The optimal preparation methods should be the I-H
method and C-I method in which more than 90% conversions of
FUR were attained (Entries 1 and 5, Table 1). Particularly, the
Au@UiO-66 catalyst prepared with I-H method can catalyze full
conversion of FUR and the selectivity of formation of 1 up to
100% (Entry 1, Table 1). However, the Au@UiO-66 catalysts pre-
pared with D-C and D-H methods exhibited relatively low activi-
ties; especially, only a 21.8% conversion of FUR and 91.5%
selectivity of 1 was obtained using the Au@UiO-66 prepared with
D-H method. In addition, the carbon balances for all catalytic pro-
cesses have been measured and calculated (The particular calcula-
tion is supplied in the supporting information). Indicated from the
data in Table 1, all the carbon mass balance can keep more than
95.2% in the oxidative esterification of FUR with methanol.

Table 1
Influences of preparation methods on Au@UiO-66 catalyzed transformation of FUR
with methanol.”

Entry Preparation Conversion  Selectivity (%)° Carbon mass
o\b - o
method (%) 1 2 Otherst balance (%)
1 I-H 100 100 - - 98.9
2 I-S 62.1 100 - - 95.2
3 D-C 69.2 936 - 64 98.2
4 D-H 21.8 915 - 85 97.4
5 C-I 92.1 100 - - 99.0

¢ Reaction conditions: FUR (0.1 g), catalyst (25 mg), K,CO3 (25 mg), in 15 mL
methanol, under 0.3 MPa of O,, at 140 °C, for 4 h.

b The results are obtained by GC with internal standard technique.

¢ Other products generally refer to furfuryl alcohol as by-product.

Table 2
The blank and control experiment results in the oxidative esterification of FUR with
methanol-0,.°

Entry  Catalytic system Conversion (%)°  Selectivity (%)°

1 2 Others
1 None (baseline) 15.1 - 100 -
2 K>CO3 12.6 6.0 - 94.0°
3 Ui0-66 90.2 - 100 -
4 Ui0-66 + K,CO5 15.5 6.6 - 93.4¢
5 Au@UiO-66 91.5 113 88.7 -
6 Au@Ui0-66 + K,CO3 100 100 - -

2 Reaction conditions: FUR (0.1 g), catalyst (25 mg), K,COs; (25 mg), in 15 mL
methanol, under 0.3 MPa of O,, at 140 °C, for 4 h.

b The results are obtained by GC with internal standard technique.

€ Other products generally refer to furfuryl alcohol as by-product.

Some blank and control experiments were performed to iden-
tify the active species for the oxidative esterification of FUR with
methanol, and the results are provided in Table 2. As we know,
the dominate route is the oxidation of hemiacetal into compound
1 rather than reoxidation of the acetal into compound 1 due to high
stability of the acetal in the oxidative esterification for FUR with
methanol [5]. The data of entries 1, 2 and 4 in Table 2, demon-
strated potassium carbonate can probably inhibit the transforma-
tion from hemiacetal to acetal. The UiO-66 support may promote
the formation of hemiacetal and acetal during reaction (Entry 3,
Table 2). Therein, the Au nanoparticles are responsible for acceler-
ating the oxidation of hemiacetal to the ester in reaction. On the
other hand, the transfer hydrogenation process can occur between
FUR and methanol in the presence of Ui0-66 and K,COs3 that leads
to substantial conversion of furfural into furfuryl alcohol (Entires 2
and 4, Table 2). Some previous works also demonstrated that the
basic active sites can promote it greatly [44-46]. Thus, the syner-
gistic effect among the additive, Au nanoparticles and support is
necessary to the oxidative esterification of FUR with methanol to
generate the compound 1 (Entry 6, Table 2).

The influence of Au loading is further studied in the oxidative
esterification of FUR in which the reaction was performed in
methanol at 100 °C with Au loading from 1.17 to 9.40 wt% in
Au@UiO-66 catalysts (Table 3). It is found that, when the loading
of Au ranges from 1.17 to 9.40 wt%, the selectivity of the compound
1 remained nearly unchanged (100%) while the conversion of FUR
increased gradually (Entries 1-3, Table 3). With a 4.70 wt% loading
of Au, the highest conversion of FUR and 100% selectivity of 1 are
obtained under suitable conditions. The worse performance of
the catalyst was observed with Au loading above 4.70 wt% (Entries
4-5, Table 3).

The Au contents in the Au@UiO-66 catalysts were determined
by ICP-OES. As shown in Table 3, the experimental values are in
good agreement with the theoretical values.

Moreover, the effects of the additive, reaction temperature and
reaction time were investigated in detail and the results are dis-
played in Figs. 1 and 2. It is found that the conversion of FUR
was increased along with the elevation of temperature and pro-
longing of time. The full conversion of FUR and 100% selectivity
of 1 were obtained at 110 °C for 4 h. Unlike the previous reported
Au-catalyzed processes where strong basic CH;0ONa was usually

Table 3
Influence of Au loading level on the oxidation esterification of FUR with methanol-
0,.°

Entry  Au Load (%) Conversion (%) Selectivity (%)"

Theoretical ICP-OES 1 2 Others*®
1 117 1.16 29.7 100 - -
2 235 2.17 56.5 100 - -
3 4.70 4.55 79.1 100 - -
4 6.58 6.27 75.3 100 - -
5 9.40 9.15 67.3 100 - -

@ Reaction conditions: FUR (0.1 g), catalyst (25 mg), K,CO5 (25 mg), methanol (15
mL), O, (0.3 MPa), 100 °C and 4 h.

b The results are obtained by GC analysis with the internal standard technique.

¢ Other product generally refers to furfuryl alcohol as by-product.
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Fig. 1. Influences of time (a) and temperature (b) on the oxidative esterification of FUR with methanol (Reaction conditions: 0.1 g FUR, 25 mg catalyst, 25 mg K,COs, in 15 mL

methanol, under 0.3 MPa of O,).

used to achieve better results [46], in this case, weak basic K,CO3
showed the perfect promotion in the oxidative esterification of
FUR with Au@UiO-66 catalyst (Fig. 2).

Furthermore, the recycling experiment of catalyst showed that
the reused Au@UiO-66 exhibited similar activity with the fresh
one in the oxidative esterification. It was shown in Fig. 3, the con-
version of FUR decreased slightly and the selectivity of methyl-2-
furoate kept unchanged after the Au@UiO-66 catalyst being recy-
cled for five times (Fig. 3).

3.2. Oxidative transformation of FUR with ethanol using Au@UiO-66-X
as catalysts

The reaction equation for the transformation of FUR with etha-
nol in the presence of molecular is given as Scheme 3. In the “FUR-
ethanol-0,” system, the oxidative esterification and oxidative con-
densation are competitive processes, in which the reaction prod-
ucts include furan-2-acrolein (3), ethyl-2-furoate (4), 2-
(diethoxymethyl) furan (5) and furfuryl alcohol (6). Recently, our

Conversion
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Fig. 2. Influences of additive on the oxidative esterification of FUR with methanol
(Reaction conditions: 0.1 g FUR, 25 mg catalyst, 25 mg additive, in 15 mL methanol,
under 0.3 MPa of O,, at 110 °C, for 4 h).

group has explored the Pt-catalyzed oxidative transformation of
FUR with ethanol in which oxidative condensation process is dom-
inant and the compound 3 is main product [47]. To the best of our
knowledge, there is no any catalytic system that can selectively
promote the oxidative esterification of FUR with ethanol at pre-
sent, where the efficient regulation and control on the selective
proceeding of oxidative esterification and oxidative condensation
is a key point. Herein, the Au@UiO-66-X catalysts are employed
in the “FUR-ethanol-O,” system, and the results are presented in
Table 4. Surprisingly, the selectivity of ethyl 2-furoate (4) was up
to 40% in the presence of Au@UiO-66 and K,COs (Entry 1, Table 4),
which is much higher than the literature results [47]. In view of the
adjustability and modularity of MOF structures, different func-
tional groups such as -NH,, -COOH, -NO,, —-NH3Cl were intro-
duced into the framework of UiO-66 using the in situ preparation
strategy. Seen from the data of Table 4, it is concluded that the
introduction of ~-COOH, -NO,, -NH5ClI can efficiently promote the
oxidative condensation process (Entries 2, 3 and 5, Table 4). When

120
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Fig. 3. The recycling experimental results of Au@UiO-66 in the oxidative esterifi-
cation of FUR with methanol (Reaction conditions: 0.1 g FUR, 25 mg catalyst, 25 mg
K5COs3, in 15 mL methanol, under 0.3 MPa of O,, at 110 °C, for 4 h).
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Scheme 3. Oxidation transformation of FUR with ethanol catalyzed by Au@UiO-66-X catalysts (X = H, NH,, NO,, COOH and NH;Cl).

Table 4

Oxidation transformation of FUR with ethanol catalyzing by Au@UiO-66-X (X = H, NH,, NO,, COOH and NH3Cl), Pt@Ui0-66-X and Au@Ce0,.?

Entry Catalysts Conversion (%) " Selectivity (%)" Carbon mass balance (%)
3 4 5 6
1 Au@UiO-66 441 40.2 40.0 - 19.8 92.8
2 Au@UiO-66-NO, 42,5 89.3 49 - 5.8 90.6
3 Au@UiO-66-COOH 66.7 84.1 15.9 - - 94.7
4 Au@UiO-66-NH, 46.4 73.9 - - 26.1 90.3
5 Au@UiO-66-NH5Cl* 77.2 95.3 1.7 - 3.0 95.6
6 Au@Ce0,¢ 6.8 0 70.7 293 0 97.1
7 Au@CeO, 61.5 86.7 13.3 0 0 92.6

2 Reaction conditions: FUR (0.1 g), catalyst (25 mg), K,CO3 (25 mg), ethanol (15 mL), O, (0.3 M Pa), 140 °C and 4 h.

b The results are obtained by GC analysis with the internal standard technique.

¢ Synthesis of Ui0-66-NH5Cl: 1.2 N HCl was mixed with UiO-66-NH; and the mixture was stirred overnight. Then the solid was washed with deionized water for 3 times

and dried at 100 °C in the vacuum oven for one night.

d Catalyst (100 mg) and FUR (300 pL) were dissolved in 150 mL ethanol. The reactor was with oxygen (6 bar) and stirred at 1000 rpm. The progress of the reaction was

determined after 90 min.

Table 5
Effects of the additives in “FUR-ethanol-O, system” with the Au@UiO-66 catalyst.”

Entry Additives Conversion (%)" Selectivity (%)°

3 4 5 6
1 K,CO3 441 40.2 40.0 - 19.8
2 NaOH 88.3 93.6 3.1 0 33
3 Cao 90.5 843 23 6.3 7.1
4 Na,COs3 67.3 83.2 10.6 0 6.2
5 (NH4),504 312 32 0 946 22
6 Na,S0s3 67.0 0 0 100 0
7 NaAc 20.2 100 0 0 -
8 KAc 203 37.2 62.8 0 0
9 Mn(Ac), 38.2 33 4.1 88.7 3.9
10 K5PO4 274 20.9 70.9 0 8.2

@ Reaction conditions: FUR (0.1 g), catalyst (25 mg), in 15 mL ethanol, under 0.3 MPa of O,, at 140 °C, for 4 h.

b The results are obtained by GC with internal standard technique.

Au@UiO-66-COOH or Au@UiO-66-NH;Cl catalysts are employed,
66.7% or 77.2% conversion of FUR and 84.1% or 95.3% selectivity
of 3 were obtained, respectively (Entries 3 and 5, Table 4). Espe-
cially, no oxidative esterification product was observed in
“furfural-ethanol-0,” system with the Au@UiO-66-NH, catalyst
(Entry 4, Table 4). These phenomena indicated that product selec-
tivity can be regulated through the introduction of functional
group in UiO-66 support. As comparison with Au@Ce0O,, Au@UiO-
66-X show better catalytic performance (Entries 6 and 7, Table 4).
So, the Au@UiO-66-X catalysts have outstanding advantage for the
regulation on the oxidative transformation of FUR with ethanol, in
which both oxidative condensation and oxidative esterification can
be successfully performed through adjusting the structure of UiO-
66 support. It should be mentioned that the carbon mass balance
are more than 90% for all the oxidation processes (Table 4).

In order to further improve the yield and selectivity of 4, the
influences of several additives were investigated in “FUR-
ethanol-0,” system with the Au@UiO-66 catalyst, and the results
are summarized in the Table 5. As a result, it is found that oxidative
condensation process was predominant when strong base such as
NaOH or CaO was added (Entries 2 and 3, Table 5). Using (NHy4)2-
S04, Na,SO3; and Mn(OAc), as additives, the direct acetalization

occured which restricts the oxidative esterification and oxidative
condensation processes (Entries 5, 6 and 9, Table 5). On the other
hand, the KAc and K3PO, additives were helpful to promote oxida-
tive esterification process (Entries 8 and 10, Table 5).

In the following, the effect of reaction time and temperature
were investigated in detail using Au@UiO-66-COOH + K,CO3 and
Au@UiO-66 + K3PO, catalytic system, respectively (Figs. 4 and 5).
According to experimental results, it is found that, when the reac-
tion was performed at 140 °C for 4 h, the conversion (66.7%) of FUR
and the selectivity (84.1%) of 3 were up to the maximum with
Au@Ui0-66-COOH + K,CO3 catalytic system (Fig. 4). Along with
the prolonging of reaction time and increase of temperature, the
conversion of FUR was gradually elevated and the selectivity of 4
was decreased using the Au@UiO-66 + K3PO, catalytic system,
where the conversion of FUR can reach the highest after two hours
(Fig. 5).

In Fig. 6, the recycling experiment results showed that both
Au@UiO-66-COOH in oxidative condensation process and
Au@UiO-66 in oxidative esterification process keep stable and
can provide high catalytic activities after being reused for five
times.



ivity
T
150
'l
160

1
150

—&— Conversion
1
140

—8— Select

V] Conversion
B3] Selectivi

1
130

—— Conversion
—8—Select
L T
130
Temperature / C

1
120
Reaction temperature /°C

1
110

(b)

(b)
(b)

100

1
(=3 = = (=] =
-] o <+ (3]

% ANADIIIS .10 UOIS.IIAUO))

1
3 4 =3 <3 <
=)

204
0

1 T
(=3 =3 =3
® -4 -

100
100

9%,/ AJAIJII[IS 10 UOISIIAUOD)

L. Ning et al./Journal of Catalysis 364 (2018) 1-13

®

u
1

5

ity
ivi

V1

Select

L ]
n
v722Z) Conversion

—HB— Converson
—®— Select

TXLLLS
250 XRRRRRRK XXX
0909090909000 00IRRRRRIRIXRRRLLK
R RN
oo ey oo e oo o oot a oo toTesetetotototesesetotorotosesesotoress
oo asotoretatetotoretettatotororetetatotorotesesutatotorosesetatotototetetetotols
20000t tate e o e otote% R RAKLRRRKK

R LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLRY
R0 R R RIS
oo oy erststotototototototorototototototototototototototototel
B RIS,
et

[
1
3
Reaction time /h
Reaction time /h

—— Conversion
—@— Selectivity

|
/. |

-
G

(@)

100

o (= o o o
© © < N

% KMAIIAS .10 UOIS.IIAUO))

T
> < = =~ =
-+

100
8
6
4

100
8
6

%,/ AJIAIJOI[IS 10 UOISIIAUO)) % %am\rﬁoo—ow J0 UOISIIAUO))

Fig. 4. Influences of reaction time (a) and temperature (b) on the oxidative condensation process of FUR with ethanol using Au@UiO-66-COOH + K,CO3 catalytic system.
ig. 5. Influences of reaction time (a) and temperature (b) on the catalytic oxidation esterification process of FUR with ethanol Au@UiO-66 + K3PO4 catalytic system.
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3.3. Characterization of gold catalysts exhibited that the Au particles were embedded in the crystal and
were homogeneously distributed throughout the crystal of UiO-
3.3.1. Au@UiO-66 catalysts 66. The size of Au nanoparticles was about 3-5nm (Figs. 7(a)

Typical morphologies of the Au@UiO-66 catalysts synthesized and 8(a)). From the HRSEM and TEM images of the Au@UiO-66 pre-
with different methods were given in Figs. 7 and 8. The HRSEM pared using I-S, D-C and D-H methods, the bigger Au nanoparticles
and TEM images of Au@UiO-66 synthesized with I-H method and uneven disperse were observed (Figs. 7(b)-(d) and 8(b)-(d)).

L.:

¢ -
fe Sl

= R N —
ENT=1000KV WD - 2 A a«-:.{, 282mm Mag = 10000 K XA + SE2 EMT=1000KY  WD=264mm Mag= 10000K XSicnsi A = SE2

EHT=1000kV WD=281mm Msg= 100,

Fig. 7. HRSEM images of Au@UiO-66 catalysts synthesized with different methods: (a) I-H; (b) I-S; (c) D-C; (d) D-H; (e) C-L. (f) used Au@UiO-66 catalyst synthesized with I-H
method.

Fig. 8. TEM images of Au@UiO-66 catalysts synthesized with different methods: (a) I-H; (b) I-S; (c) D-C; (d) D-H; (e) C-I. (f) used Au@UiO-66 catalyst synthesized with I-H
method.
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Compared with former one, the Au particles were slightly accumu-
lated over the UiO-66 with a mean particle size of ca. 10-25 nm.
For the Au@UiO-66 prepared with C-I method, the distribution of
Au nanoparticles were uniform and the size of particle was in the
range of 2-3 nm which was similar with that obtained from I-H
approach (Figs. 7(e) and 8(e)). Notably, the crystal shape of UiO-
66 were well preserved during the course of synthesizing the cat-
alysts using I-H and C-I methods, while the other three synthesized
methods resulted in destroying the shape of UiO-66. Related to the
catalytic results in oxidation reactions, the excellent catalytic per-
formances of Au@UiO-66 synthesized by I-H and C-I methods were
ascribed to the small size of Au nanoparticles and the well-
preserved pore structure of UiO-66. The HRSEM and TEM images
of used Au@UiO-66 catalyst synthesized by I-H method were also
shown in Figs. 7(f) and 8(f). After being recycled for 5 times, no Au
particles agglomeration appeared on the surface of UiO-66.

To ascertain the homogeneity of the as-synthesized catalytic
materials and identify the active species for oxidation of FUR, the
as-synthesized UiO-66 and the Au@UiO-66 with different prepara-
tion methods were further compared by powder X-ray powder

+-Au

(a) Simulated pattern of UlO-66

A__A

(b) As-synthesized UiO-6

N

(©) Au@Ui0-66 (I-H)

1
(d) Au@UiO-66 (D_MW\\-‘J‘\
¢ .

(e) Au@UiO-66 (I-S)

) Au@Ui0-66 (D-H)

1 1 1 1 )
10 20 30 40 50
20/°

Fig. 9. XRD patterns of Au@UiO-66 catalysts synthesized with different methods:
(a) simulated pattern of UiO-66; (b) as-synthesized UiO-66; (c) I-H; (d) D-C; (e) I-S;
(f) D-H; (g) C-I. (h) used Au@UiO-66 catalyst synthesized with I-H method.
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diffraction (XRD). The powder XRD pattern of UiO-66 matches well
with the respective simulated powder pattern obtained from the
single crystal data (Fig. 9(a) and (b)). After immobilizing Au
nanoparticles using I-H and C-I methods, the structures of UiO-
66 were mostly preserved (Fig. 9(c) and (g)). Moreover, some typ-
ical diffraction peaks corresponding to Au crystallite have been
observed. Fig. 9(d)-(f) present the XRD patterns of Au@UiO-66 cat-
alysts synthesized with other methods and the results show that
the crystal structure of UiO-66 were severely destroyed, which
was probably due to the addition of the strong base (NaOH) during
preparation. While, the characteristic peaks associated with metal-
lic Au can be clearly observed. Obviously, the results from the XRD
detections were in good agreement with those of HRSEM and TEM
images.

The X-ray photoelectron spectroscopy (XPS) spectra of fresh
and reused Au@UiO-66 catalysts using I-H method were displayed
in Fig. 10 and Fig. S2 (Fig. S2 is given in supporting information).
The photoelectron peaks at 83.75eV (Au4f), 182.86 eV (Zr3d),
284.78 eV (Cl1s), and 531.83 eV(O1s) were assigned to the main
elements on the catalyst surface. In the Au4f XPS spectrum of the
Au@UiO-66 catalyst, two main peaks located at 87.4 and 83.8 eV
correspond to Au4f;;, and Au4fsp, respectively (Fig. 10(a) and
(b)), indicating that the Au (IlI) ion were successfully reduced to
Au(0) by H,.

3.3.2. Au@Ui0-66-X catalysts

A series of the in situ functional UiO-66-X (X =-H, -COOH, -
NH;, -NO, and -NH3Cl) were used to support Au nanoparticles.
Figs. 11 and 13 show the morphology of functional UiO-66 sup-
ported Au nanoparticles. It can be seen that the size of Au nanopar-
ticles in Au@UiO-66-X catalyst was bigger than that of Au@UiO-66.
Meanwhile, more uneven dispersion of Au particles was observed.
Especially, for that of Au@UiO-66-NHsCl, the average particle size
of the spherical particles was about 30 nm. In the Au@UiO-66-
COOH and Au@UiO-66-NH,, the size of numerous Au particles
was in the range of 6-10 nm. Element mapping from SEM mea-
surements shows that the Au content of Au@UiO-66-X (X = -COO
H, -NH, and -NHsCl) was significantly less than that of the
Au@UiO-66 and some Au particles aggregation were observed in
Au@UiO-66-NO,, Au@UiO-66-NH5Cl and Au@UiO-66-COOH cata-
lysts (Fig. 12). As mentioned in the catalytic performance in
“FUR-ethanol-0,” system, the uniform dispersion and small size
of Au particles in Au@UiO-66 catalyst might be responsible for
the excellent performance in oxidative esterification process. How-
ever, in the oxidative condensation process of FUR with ethanol-0,,
the Au@UiO-66-COOH shows better catalytic activity. So we con-

5000 Raw 83.82
——Sum 87.41
8000 —— Background (b)
40004 —— Peak 1
oy —— Peak 2
S 3500
2
‘S 3000 -
8]
£ 2500+
2000
1500

B.E.(eV)

Fig. 10. XPS spectra of the fresh and used Au@UiO-66 catalysts were synthesized using I-H method: (a) fresh Au@UiO-66; used Au@UiO-66.
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cluded that the oxidation of hemiacetal was the rate-determining
step in the process of oxidative esterification, which can be
affected greatly by the size and dispersibility of Au particles. While
the formation of acetaldehyde may be the rate determining step in
oxidative condensation process of FUR.

The crystalline structure of the Ui0-66-X (X =—H, -COOH, -
NH,, -NO, and -NH;3Cl) does not change before and after the func-
tional groups or Au nanoparticles were introduced, as shown by
the XRD patterns (Fig. 14). The well defined and highly intense

BIS100W  wo-m1om My

W WDRI04mm May s 16000 K X A - 282

peaks demonstrate the existence of MOFs phase. Some Au crys-
talline phases can be detected in the XRD patterns of UiO-66-X,
which confirm the high purity of the synthesized UiO-66, the func-
tional UiO-66 and Au@UiO-66-X catalyst.

3.4. Possible reaction mechanism

In order to reveal the reaction mechanism of catalytic oxidation
processes, the numerous control experiments have been per-

Sem Ma+ 10000 K XA wES
Ca -

Fig. 11. HRSEM images of Au@UiO-66-X catalysts: (a) Au@UiO-66; (b) Au@UiO-66-COOH; (c) Au@UiO-66-NH,; (d) Au@UiO-66-NO,; (e) Au@UiO-66-NH5Cl.
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I5;.|mI

Au Mal
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e
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Fig. 12. Au element mapping from HRSEM images of Au@UiO-66-X catalysts: (a) Au@UiO-66; (b) Au@UiO-66-COOH; (c) Au@UiO-66-NH;; (d) Ui0-66-NO,; (e) UiO-66-NH;5Cl.
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formed (Table 6). In methanol, the 2-furoic acid is used to replace
FUR with Au@UiO-66 and K,COs as catalyst and no esterification
takes place (Entry 1, Table 6), which shows the intermediate
should be hemiacetal rather than 2-furoic acid in the “FUR-
methanol-0,” system. When the oxidation of FUR and methanol
was performed under N, atmosphere, only the compound 2 was
produced via the acetalization process where a 33.7% conversion
in 99% selectivity was obtained (Entry 2, Table 6). This demon-
strated the oxidation process with O, is crucial for the generation
of compound 1 during reaction. Combined with the data of entries
1, 3, 5 in Table 2, it is concluded that compound 2 should be ther-
modynamically stable, and the route through the oxidation of
hemiacetal to ester should be favorable in the “FUR-methanol-
0,” system (shown in Route i of Scheme 1). Furthermore, similar
control experiments have also been performed in the “FUR-
ethanol-0,” system. The reaction route of oxidative esterification
process is verified again (Entries 4 and 5, Table 6). Thus, in the oxi-
dation esterification of FUR with aliphatic alcohol, the role of UiO-
66 and K,COs is promoting the hemi-acetalization of FUR with
alcohol, while the Au nanoparticles and O, can efficiently impel
the selective oxidation of in situ generated hemi-acetal
intermediate.

On the other hand, in the “FUR-ethanol-O,” system, the hydro-
gen transferring reaction occurs under N, atmosphere and the
compound 3 and furfuryl alcohol were generated as main products
in the presence of Au catalyst and K,CO3 (Entries 5 and 6, Table 6),
which is consistent with the Route iv of Scheme 1. Combined with
entries 1 and 3 of Table 4, it can be concluded that the Au@UiO-66-
COOH is very efficient for the oxidation of furfuryl alcohol to FUR
that will impel the rapid proceeding of tandem oxidative conden-
sation reaction. Really, the results from the oxidation of furfuryl
alcohol in ethanol confirm this deduction (Entries 7 and 8, Table 6).
Therein, only 8.0% conversion of furfuryl alcohol was attained

(a) Ui0-66

®) A“@Ui0_66 A—W

(¢) Ui0-66-NH,

() Ui0-66-NO,

’
M Au@Ui0-66-NO,

(g) Ui0-66-COOH A
A A A Ao Nt s

| ) Au@Ui0-66-COOH a +

20 40
20/ -

Fig. 14. XRD patterns of Au@UiO-66-X catalysts: (a) Ui0-66; (b) Au@UiO-66; (c)
Ui0-66-NH>; (d) Au@UiO-66-NH,; (e) Ui0-66-NO,; (f) Au@UiO-66-NO>; (g) UiO-
66-COOH; (h) Au@UiO-66-COOH.

using Au@UiO-66 as the catalyst, while the conversion of furfuryl
alcohol reached 57.5% with Au@UiO-66-COOH as the catalyst
under similar conditions. Also, it is found that the Au@UiO-66
favors the production of compound 4; However, the Au@UiO-66-
COOH catalyst is beneficial to the generation of compound 3 where
the FUR is obtained as other product in the oxidation of furfuryl
alcohol. So, in the oxidative condensation of FUR with ethanol, first
step can be hydrogen transferring process between FUR and etha-

Fig. 13. TEM images of Au@UiO-66-X catalysts: (a) Au@UiO-66; (b) Au@UiO-66-COOH; (c) Au@UiO-66-NH,; (d) Ui0-66-NO;; (e) UiO-66-NH3Cl.
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Table 6
The results of control experiments to explore the mechanism.”

Entry Catalyst Reactant Conversion (%)° Product distribution (%)°
1 2 3 4
1 Au@UiO-66 2-Furoic acid + methanol - - - - -
2¢ Au@UiO-66 FUR + methanol 33.7 - 100 - -
3 Au@UiO-66 FUR + methanol 100 100 - - -
4 Au@UiO-66 2-Furoic acid + ethanol - - - - -
5¢ Au@UiO-66 FUR + ethanol 36.2 - - 447 -
6° Au@UiO-66-COOH FUR + ethanol 439 - - 47 -
7¢ Au@UiO-66 Furfuryl alcohol + ethanol 8.0 - - 28.5 334
84 Au@UiO-66-COOH Furfuryl alcohol + ethanol 57.5 - - 64.2 5.5

@ Reaction conditions: 0.1 g reactant (2-fuoric acid, FUR, furfuryl alcohol), 25 mg catalyst (4.7 wt% Au loading), 25 mg K,COs, in 15 mL of methanol or ethanol, under 0.3

MPa of O,, at 140 °C, for 4 h.
b The results are obtained by GC using the internal standard technique.

¢ The reaction is performed under N, atmosphere, and another product is furfuryl alcohol in the FUR + ethanol.

4 Other product generally refers to FUR as by-product.

nol, and next step is the rapid condensation happening between
FUR and very little in situ generated acetaldehyde, then simultane-
ously little furfuryl alcohol is oxidized to generate FUR and enter
into the following catalytic cycle. In this reaction, the synergetic
effect among UiO-66-COOH and K,COs should be responsible for
the hydrogen transferring process and the subsequent condensa-
tion process. Meanwhile, the Au@UiO-66-COOH can promote
selective oxidation of furfuryl alcohol to FUR in the presence of
molecular oxygen.

4. Conclusions

In conclusion, we developed a novel catalytic system for regu-
lating the oxidative transformation of FUR with aliphatic alcohol
in the presence of molecular oxygen. For the “FUR-methanol-O,”
system, a 100% selectivity of 1 with full conversion of FUR was
obtained using Au@UiO-66 as the catalyst. Moreover, in the
“FUR-ethanol-0,” system, the orientation of oxidative transforma-
tion of FUR may be successfully regulated by functionalizing the
MOFs support with different functional groups. As a result, about
84.1% selectivity of 3 was attained using Au@UiO-66-COOH as
the catalyst, while the main product is compound 4 when the
Au@UiO-66 catalyst and K3PO4 were used. The results also demon-
strated the size and uniform distribution of Au nanoparticles play
critical role for oxidative esterification of FUR with aliphatic alco-
hol. The oxidative condensation of FUR with ethanol is via hydro-
gen transferring and rapid condensation to produce the target
product, where Au@UiO-66-COOH catalyst can efficiently promote
the oxidation of the intermediate furfuryl alcohol. It provides a
promising approach for the efficient utilization of biomass-
derived platform compound in chemical industry.
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