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a b s t r a c t

Biomass-derived ethyl levulinate (EL) is currently deemed as a promising fuel bioadditive to improve
(bio)diesel combustion performance without the sacrifice of its octane number. In this contribution, a
range of ZreAl bimetallic catalysts were prepared for the cascade conversion of furfural to EL by the
integration of transfer hydrogenation and ethanolysis in ethanol. The ratio of Lewis to Brønsted acid sites
(L/B) could be tuned by the ratio of Al2O3 to ZrO2 over SBA-15 support. Among these catalysts, ZreAl/
SBA-15(30:10) with appropriate L/B ratio of 2.25 exhibited an outstanding catalytic performance to give a
furfural (FF) conversion up to 92.8% with a EL selectivity as high as 71.4% at 453 K in 3 h.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Biomass is the only renewable carbon resource that can be
converted into liquid fuels to replace petroleum-based counter-
parts [1e5]. At this point, biomass-derived ethyl levulinate (EL) has
been currently put forward as a promising bio-based diesel additive
[6,7]. The addition of EL is able to greatly improve the cold flow
properties of biodiesel, and the blended biodiesel fuel with EL
meets the biodiesel standard of ASTM D6751 [8,9]. EL can also be
served as a fuel oxygenate for regular diesel, as it can bring about
significant decrease in the emission of hydrocarbon and CO [10,11].
In addition, EL can be employed as the starting material for pro-
ducing numerous value-added chemicals, for instance, g-valer-
olactone (GVL) [12], 1,4-pentanediol (1,4-DPO) [13] and pyrrolidone
[14].

It is known that EL can be easily produced by acid-catalyzed
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alcoholysis of bio-derived carbohydrates (e.g. cellulose, glucose or
fructose) in ethanol [15e18]. Nevertheless, the above strategy suf-
fers from poor solubility of carbohydrates in ethanol, relatively poor
EL yield with the formation of intractable humins [19,20]. To this
end, the conversion of FF or furfuryl alcohol (FA) to EL is recently
gaining momentum, because FF or FA is available on an industrial
scale from feedstock like corncob and has good solubility in most
solvents [21]. Therefore, FF or FA is a promising alternative for the
production of EL in a commercial scale. The transformation of FA,
the product of the hydrogenation of FF, to EL with a desirable yield
is well established by acid-catalyzed ethanolysis [22]. The one-pot
conversion of FF to EL is highly desirable but challenging, which
requires the integration of the hydrogenation of FF to FA and the
subsequent ethanolysis of FA. The top challenge for the trans-
formation of FF to EL is the preparation of efficient bifunctional
catalysts that are able to offer desirable selectivity towards EL [23].
However, this above promising topic is still mostly uncharted
territory.

Recently, Chen et. prepared a bifunctional catalyst Pt/ZrNbPO4
for the hydrogenation of FF to FA and the subsequent ethanolysis of
FA to EL under external hydrogen atmosphere, which gave the
optimized FF conversion of 92.3% with a EL selectivity of 75.7%
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(403 K, 5MPa H2, 6 h) [24]. Given ethanol employed as the reaction
medium, catalytic transfer hydrogenation through Meer-
weinePonndorfeVerley (MPV) reduction for the conversion of FF
to FA is deemed as an appealing alternative by using ethanol as in-
situ hydrogen-source [25]. In addition, the use and management of
liquid alcohols is more convenient as compared to molecular H2
[26,27]. In this light, AueH4SiW12O40/ZrO2 was prepared for the
formation of EL from FF in ethanol through MPV reduction and
ethanolysis in series, which could offer a desirable EL yield of 77.6%
(393 K, 24 h) [28]. In this case, Au and H4SiW12O40 catalyzed the
MPV reduction of FF and the ethanolysis of FA, respectively. To the
best of our knowledge, non-noble catalysts are more desirable from
the perspective of economy. Depending on this, Peng and co-
workers developed a mixed catalysts system comprising of Zr-
MCM-41 and Amberlyst-15, which could give a yield of isopropyl
levulinate as high as 85.3% in isopropanol with no external
hydrogen (403 K, 24 h) [29]. However, this mixed catalysts system
failed to offer a great EL yield in ethanol under the same conditions.
More recently, T. Kan et al. revealed that the conversion of FF to EL
by using the mixture of Zr/SBA-15 and ZSM-5 as catalyst, and gave
an EL yield of 55% at 453 K in 8 h [30]. This above EL yield is still
largely lower than that obtained over AueH4SiW12O40/ZrO2 (77.6%)
[28]. On the other hand, a noble-metal-free bi-functional catalyst is
amore appealing option as compared to themixed catalytic system.

SBA-15, one of Santa Barbara amorphous materials, is the or-
dered mesoporous silicas with high surface areas, large pore sizes
and volumes, which offers an opportunity to enhance the acces-
sible active sites and thermal stability. Therefore, SBA-15 is recog-
nized as the promising and robust catalyst support [31]. It's
generally accepted that Lewis acid drives theMPV reduction of FF to
FA, and Brønsted acid facilitates the ethanolysis of FA to EL [32]. In
this study, we prepared a bimetallic oxide supported on SBA-15
catalysts (ZreAl/SBA-15), in which ZrO2 with Lewis acid sites
meets the requirement for the MPV reduction of FF to FA, Al2O3
with Brønsted acid sites is charge of alcoholysis of FA to EL in
ethanol. The ratio of Lewis and Brønsted acid sites could be flexibly
tuned via adjusting the ratio of ZrO2 to Al2O3, resulting in a desir-
able EL yield up to 67.2% from FF. To the best of knowledge, this
(67.2%) is the highest EL yield derived from FF over non-noblemetal
catalysts (Table S1). Accordingly, a facile one-pot conversion of FF to
EL can be developed through the integration of MPV reduction and
alcoholysis over bifunctional ZreAl/SBA-15 catalyst.

2. Experiment

2.1. Chemicals and materials

FF (98%), FA (98%), EL (98%), GVL (98%), 2-(diethoxymethyl)furan
(DTMF, 98%), Zr(NO3)4$5H2O (99%), and Al(NO3)3$9H2O (99%) were
bought from Aladdin Reagent Co. Ltd. (Shanghai, China). Ethyl
furfuryl ether (EFE, 98%) was purchased from Energy Chemical Co.
Ltd. (Shanghai, China). SBA-15, MCM-41, USY, and MCM-41 were
obtained from Nanjing JCNANO Technology Co. Ltd (Nanjing,
China). ZrO2 and Al2O3 was obtained by the calcination of
Zr(NO3)4$5H2O and Al(NO3)3$9H2O at 823 K. Notably, FF was pu-
rified by distillation before use.

2.2. Catalysts preparation

An incipient wetness impregnation method was introduced to
load 40wt % activemetal oxides over SBA-15 [33e35]. The resulting
catalyst is hereafter denoted as metal/SBA-15 (x: y), in which x or y
represents the mass ratio of metal oxide to SBA-15. The typical
procedure for the synthesis of ZreAl/SBA-15(30:10) is described
below: 0.523 g Zr(NO3)4$5H2O and 0.184 g Al(NO3)3$9H2O were
first dissolved into 2.7mL deionized water, and the obtained salt
solution was transferred dropwise onto 0.5 g SBA-15, followed by
the impregnation for 8 h at room temperature. The catalyst pre-
cursor was obtained after drying at 383 K overnight in an oven, and
further calcined at 823 K for 5 h.

2.3. Catalyst characterization

X-ray diffraction (XRD) patterns were carried out by a Pan-
alytical X'pert Pro diffractometer (40 kV, 30mA, 10� min�1,
2q¼ 20�e70�). Small-angle X-ray scattering (SAXS) was conducted
on Rigaku Ultima IV diffractometer (35 KV, 15mA, DHL¼ 5mm, 1�

min�1, 2q¼ 0.5�e6�). The specific surface area, pore volumes, and
average pore size of catalyst were counted by BET (Bru-
nauereEmmetteTeller) and BJH (BarreteJoynereHalenda) method
with Micromeritics ASAP 2020 HD88. The temperature-
programmed desorption of ammonia (NH3-TPD) was carried on
AutoChem 2920 (Micromeritics), gave the surface acidity of the
catalysts. Scanning electron microscope (SEM) images were
collected on a SUPRA 55 at 5 KV. Pyridine-adsorbed Fourier trans-
form infrared spectroscopy (Py-FTIR) was used to gain acid prop-
erties of the catalysts. The results were recorded by Bruker Tensor
27 spectrometer. Before the analysis, 30mg sample was pressed
into the disc with the diameter of 13mm and then treated at 623 K
for 4 h in a vacuum. Pyridine was introduced to contact with the
sample for 20min when the sample was cooled down to room
temperature and then evacuated pyridine for 30min. Following
which, the sample was heated at 623 K at a heating rate of 10 K/min
for 30min, and the spectra was recorded. Samples for SEM images
were deposited on Si wafers. High Resolution Transmission Elec-
tron Microscope (HRTEM) images were performed by JEM-2100
(200 KV). X-ray photoelectron spectroscopy (XPS) data was car-
ried out on a PHI 5000 VB III.

2.4. Catalytic conversion of FF into EL

The cascade conversion of FF to EL was conducted in a 50mL
stainless steel reactor. Typically, 0.2 g furfural, 20mL ethanol and
0.1 g catalyst powder were transferred into the reactor, followed by
sealing and purging with N2 for four times. Then, the reactor was
heated to the required reaction temperature for a given time in the
heating jacket. After the reaction stopped, the reactor was imme-
diately taken out from the heating jacket and cooled down to room
temperature. Then, the reactor was opened, and the resulting liquid
product and solid catalyst were separated by filtration. The liquid
product was analyzed by gas chromatography (GC) and gas
chromatography-mass spectrometry (GC-MS), and the spent cata-
lyst was washed with ethanol and dried at 333 K for 6 h.

2.5. Sample analysis

The liquid was qualitatively analyzed by GC-MS (Thermo Trace
1300 and ISQ LT). The quantitative analysis of the liquid product
was conducted on a GC Agilent 7890. The temperature program
was as follows: 313 K (4min) e 15 K/min e 523 K (5min). FF con-
version (XFF, %), the selectivity and yield of different products (SP, %
and YP, %) were calculated using the followed equations (1)e(3):

XFF (%) ¼ (1 emoles of FF in product / initial moles of FF)� 100%(1)

YP (%) ¼ (moles of P in product / initial moles of FF) / XFF� 100%(2)

SP (%)¼ YP / XFF� 100% (P ¼ FA, EL, GVL, etc.) (3)



Table 1
Textural properties of different catalysts.

Entry Catalyst SBET, m2/g Vpore, cm3/g Dpore, nm

1 SBA-15 509.85 0.97 7.60
2 Al/SBA-15(40) 396.93 0.48 4.85
3 ZreAl/SBA-15(20: 20) 443.63 0.63 5.71
4 ZreAl/SBA-15(25: 15) 409.21 0.52 5.05
5 ZreAl/SBA-15(30: 10) 442.09 0.61 5.51
6 Zr/SBA-15(40) 464.83 0.70 6.01
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3. Results and discussion

3.1. Catalyst characterization

3.1.1. Crystallinity
For neat SBA-15, the wide-angle XRD pattern exhibited the

characteristic peak of amorphous silica at 2qz 23.5� (Fig. 1A(a))
[36], whereas no characteristic peak of alumina for Al/SBA-15(40)
was observed (Fig. 1A(b)), indicating the highly dispersion of
alumina on SBA-15. In contrast, Zr/SBA-15(40) showed six obvious
peaks for ZrO2 (Fig. 1A(f)). For instance, the peaks at 28.2� and 31.5�

suggested the presence of monoclinic zirconia (JCPDS no. 13e307),
and the peaks at 30.3�, 34.3�, 50.3� and 60.1� were allocated to the
tetragonal zirconia (JCPDS no. 17e923) [37,38]. With the increasing
amount of Al2O3, the diffraction peaks for ZrO2 became weak and
even disappeared finally for ZreAl/SBA-15 catalyst (Fig. 1A(c-e)),
which implied that the dispersion of ZrO2 was probably improved
with the incorporation of Al2O3. Additionally, these findings also
suggested the small particle size of ZrO2 in ZreAl/SBA-15 catalysts
than that in Zr/SBA-15(40).

Fig. 1B showed the SAXS patterns of catalysts. SBA-15 showed
three well-resolved peaks centered at 2q¼ 0.92�, 1.57�, and 1.82�

which represent (100), (110), (200) reflections of the 2-D hexagonal
lattice symmetry, respectively [39]. Apparently, the intensity of the
characteristic reflections for SBA-15 considerably decreased in
ZreAl/SBA-15(20:20), ZreAl/SBA-15(25:15) and Zr/SBA-15(40),
elucidating that the mesoporous channels of SBA-15 was filled
with these metal oxides [40]. On the contrary, distinct (100), (110),
(200) reflections for SBA-15were observed in ZreAl/SBA-15(30:10),
suggesting that the mesoporous channels of SBA-15 kept almost
intact in this case. Notably, the above three peaks shifted to higher
angles for ZreAl/SBA-15 catalysts, which implied that the partial
metal oxides were probably embedded into the inner walls of the
SBA-15 channels [41].
Fig. 2. NH3-TPD profiles of (a) Al/SBA-15(40), (b) ZreAl/SBA-15(20:20), (c) ZreAl/SBA-
15(25:15), (d) ZreAl/SBA-15(30:10), (e) Zr/SBA-15(40).
3.1.2. Surface area and porosity
As shown in Fig. S1, all the catalyst solids displayed typical type-

IV profiles for the N2 adsorption-desorption isotherms, indicating
that SBA-15 mesoporous structure retained after loading metal
oxides. BET surface areas, pore volumes, and the average pore size
of catalysts were listed in Table 1. Pure SBA-15 exhibited the highest
specific surface area (SBET: 509.85m2/g), pore volume (Vpore:
0.97m3/g) and average pore diameter (Dpore: 7.60 nm). The loading
of Al2O3 or ZrO2 resulted in pronounced decrease in the specific
surface area of monometallic oxide supported on SBA-15. To be
specific, the specific surface areas of Al/SBA-15(40) and Zr/SBA-
Fig. 1. A: Wide-angle XRD (A) and SAXS (B) patterns for (a) SBA-15, (b) Al/SBA-15(40), (c
15(40).
15(40) were measured as 396.93m2/g and 464.83m2/g, respec-
tively (Table 1, entries 2 & 6). The decrease could be attributed to
the deposition of partial metal oxide particles onto the internal
surface or the pore entrance of the SBA-15 channels [42]. Inter-
estingly, supported bimetallic oxide catalysts gave a specific surface
area between those of the above two monometallic oxide catalysts
(Table 1, entries 3e5). For example, ZreAl/SBA-15(30:10) displayed
a specific surface area of 442.09m2/g (Table 1, entry 5). In addition,
analogous phenomena were also observed in the pore volume and
the average pore size of these catalysts (Table 1).
3.1.3. Surface acidic property
The surface acidic property of the catalysts was analyzed by
) ZreAl/SBA-15(20:20), (d) ZreAl/SBA-15(25:15), (e) ZreAl/SBA-15(30:10), (f) Zr/SBA-



Fig. 3. HRTEM images of SBA-15 (a and c) and ZreAl/SBA-15(30:10) (b and d).
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NH3-TPD. As shown in Fig. 2, all the samples had two desorption
peaks centered at 130 �C and 300 �C, corresponding to the weak
acid sites and the medium acid sites, respectively. Al/SBA-15(40)
exhibited the most intense NH3 desorption peaks among these
samples, suggesting the largest amount of acid sites in Al/SBA-
15(40) (Fig. 2a). Furthermore, compared with Al/SBA-15(40) and
Zr/SBA-15(40), ZreAl/SBA-15 catalysts showed weaker desorption
peaks (Fig. 2ced), implying that the amount of acid sites decreased
in the bimetallic oxide catalysts.

The type of acid site of these catalysts were characterized by Py-
FTIR. As manifested in Fig. S2, both Lewis and Brønsted acid sites
were observed in all the samples of Py-FTIR spectra. Lewis acid and
Bronsted acid were quantitated by fitting deconvolution of peaks at
1450 cm�1 and 1540 cm�1, respectively. As shown in Table 2, Lewis
acid sites are dominated in all the catalysts, especially for Zr/SBA-
15(40), which provided the highest L/B ratio of 6.50 (Table 2, en-
try 4). Monometallic oxide catalysts, especially for Al/SBA-15(40),
possessed more Lewis sites compared to bimetallic oxide cata-
lysts. Al/SBA-15(40) also showed the highest amount of Brønsted
sites (Table 2, entry 1), which gradually decreased with the
increasing ZrO2 content (Table 2, entries 2e4), indicating that there
was interaction between Al and Zr species. Notably, ZreAl/SBA-
15(30:10) had the lowest total acid sites among all the catalysts
(Fig. 2d), but offered a moderate L/B ratio of 2.25 (Table 2, entry 3).

3.1.4. Surface morphology
The HRTEM images of SBA-15 and ZreAl/SBA-15(30:10) in the

pore axis and the pore vertical were also provided in Fig. 3. Both
SBA-15 and ZreAl/SBA-15(30:10) exhibited similar ordered array of
uniform mesoporous channels with p6mm hexagonal symmetry
[43], indicating that the fundamental frame of SBA-15 retained
after loading metal oxides. This result was well in line with the
characterization of SAXS and N2 adsorption-desorption isotherms
(Fig. 1B and Fig. S1). Additionally, no visible metal oxide particles
were observed in HRTEM images and SEM images of ZreAl/SBA-
15(30:10) (Fig. 3 and Fig. S3), implying that the homogenous
dispersion of metal oxides. The elemental mapping analysis also
reinforced the above observation (Fig. S4).

3.1.5. XPS analysis
XPS was used to investigate the surface elemental chemical

status. As illustrated in Fig. S5, Zr, Al, Si and O were observed in the
XPS spectrum of ZreAl/SBA-15 samples. As shown in Fig. 4A, all the
Zr 3d spectra of these samples exhibited double centers assigning
to 3d3/2 and 3d5/2, resulting from spineorbit components of zir-
conium [44]. Compared to Zr/SBA-15(40), the binding energy of Zr
3d slightly shifted to higher values for all ZreAl/SBA-15 samples
(Fig. 4A). On the contrary, the binding energy of Al 2p or O 1s for
ZreAl/SBA-15 samples slightly shifted to lower values as compared
to that of Al/SBA-15(40) (Fig. 4B). Apparently, there is interaction
between Al and Zr species, which should responsible for the shift of
binding energy for Zr 3d, Al 2p and O 1s. The formation of ZreOeAl
probably occurred in ZreAl/SBA-15 samples [45], which further
Table 2
Distribution of Lewis and Brønsted acid sites of different catalystsa.

Entry Catalyst Lewis sites, mm

1 Al/SBA-15(40) 0.22
2 ZreAl/SBA-15(20:20) 0.12
3 ZreAl/SBA-15(30:10) 0.09
4 Zr/SBA-15(40) 0.13

a Lewis acid and Bronsted acid were quantitated by fitting deconvolution of peaks at
brought about the decrease of acidic sites in ZreAl/SBA-15 catalysts
(Table 2 and Fig. 2). In addition, the surface elemental composition
of ZreAl/SBA-15(30:10) was alsomeasured by XPS analysis, and the
surface Zr/Si molar ratio of 0.046 was obtained, which is lower than
the integral molar ratio of 0.146. This finding indicated that metal
oxide particles were mainly supported on the inside of the SBA-15
channel, which is in accordance with SAXS result (Fig. 1).
3.2. Catalyst screening

The reaction pathway for the cascade conversion of FF to EL by
using ethanol as hydrogen donor was depicted in Scheme 1. The
cascade process started with the transfer hydrogenation of FF to FA
promoted by Lewis acid. In parallel, partial FF could convert into
DTMF by the reversible acetalization with ethanol [30]. Subse-
quently, EFE was produced through the etherification of FA with
ethanol over Lewis or Brønsted acid. For the next step, EFE could
convert to the desirable product EL by hydrolytic ring-opening re-
action in the presence of Brønsted acid. Besides, EL could go
through the deep transfer hydrogenation to form GVL over Lewis
acid. The formation of humins by the condensation of FF or FA could
also take place in the presence of acid catalysts.

The preliminary catalyst screening experiments were conducted
at 423 K in 5 h (Table S2 & Table 3). As summarized in Table S2, the
choice of support and the-second metal was efficient on the cata-
lytic performance for the reaction of FF to EL. The exclusive product
DTMF could be detected in the presence of pure SBA-15 or without
any catalyst (Table 3, entries 1e2), suggesting that SBA-15 was not
able to catalyze the transfer hydrogenation of FF. Both ZrO2 and
Al2O3 could offer near-100% conversion of FF with FA as the main
ol/g Brønsted sites, mmol/g L/B ratio

0.12 1.83
0.07 1.71
0.04 2.25
0.02 6.50

1450 cm�1 and 1540 cm�1 respectively in Fig. S2.



Fig. 4. XPS spectra of high-resolution (A) Zr 3d, (B) O 1s and (C) Al 2p: (a) Al/SBA-
15(40), (b) ZreAl/SBA-15(20:20), (c) ZreAl/SBA-15(25:15), (d) ZreAl/SBA-15(30:10),
(e) Zr/SBA-15(40).
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product, but no EL or EFE was detected in these cases (Table 3,
entries 3e4). This observation indicated that ZrO2 and Al2O3 only
possessed Lewis acid sites, which was able to catalyze the catalytic
transfer hydrogenation of FF. Interestingly, EL was formed with no
FA detected in the product under the same reaction conditions,
once ZrO2 and/or Al2O3 were/was supported on SBA-15 (Table 3,
entries 5e9), which should be attributed to the generation of
Brønsted acid sites on the supported metal oxide catalysts on SBA-
15 (Table 2). If FA was applied as the starting material in the pres-
ence of ZreAl/SBA-15(30:10), a complete FA conversion with EL
yield of 84.1% was obtained (Table 3, entry 10), indicating that the
conversion of FA is a fast step.

Additionally, Al/SBA-15(40) and Zr/SBA-15(40) offered near-
100% FF conversion, whereas ZreAl/SBA-15 catalysts only pro-
vided FF conversion lower than 75% (Table 3, entries 5e9). Appar-
ently, Al/SBA-15(40) and Zr/SBA-15(40) had an abundance of acidic
sites especially Lewis acid (Table 2), which should responsible for
the high FF conversion. It was noticed in Table 3 that the total
selectivity of products in the presence of Al/SBA-15(40) was only
76.7% (Table 3, entry 5), probably because excessive Lewis and
Brønsted acid sites in Al/SBA-15(40) promoted the side reactions of
FA to form humins. However, ZreAl/SBA-15(20:20) also possessed a
wealth of acidic sites, but gave the lowest FF conversion of 58.9%
among all the metal oxide supported catalysts (Table 3, entry 6). On
the other hand, EL selectivity failed to be proportional to the
amount of acidic sites of the catalysts. For instance, ZreAl/SBA-
15(30:10) with the least acidic sites (Table 2, entry 3) afforded the
highest EL selectivity (Table 3, entry 8). What also should be paid
attention to was that Zr/SBA-15(40) offered a considerable total
selectivity of products with a lower selectivity of EL compared to
that of ZreAl/SBA-15(30:10) (Table 3, entries 8 & 9), probably
because Zr/SBA-15(40) had no enough Brønsted acid sites to cata-
lyze the ethanolysis of EFE (Table 2).

As shown in Scheme 1, the conversion of FF to EL contained
several reaction steps, including catalytic transfer hydrogenation,
etherification and ethanolysis. It was well known that catalytic
transfer hydrogenation was driven by Lewis acid, and the subse-
quent etherification and ethanolysis were mainly catalyzed by
Brønsted acid. According to Le Chatelier's principle, transfer hy-
drogenation of FF to FA could facilitate the following conversion of
FA to EL by etherification and ethanolysis, the conversion of FA to EL
in turn could promote the former reaction. Therefore, FF conversion
and EL selectivity were not simply associated with the amount of
acidic sites in the catalysts. We found that too high or too lower
ratio of Lewis to Brønsted acid site (L/B ratio) resulted in a relatively
poor EL selectivity in the cases of Al/SBA-15(40) and Zr/SBA-15(40)
(Table 2, entries 1 and 4; Table 3, entries 5 and 9). Too high Brønsted
acid amount lead the side reactions of FA and humins would be
formed, but too low Brønsted acid amount couldn't catalyze the
ethanolysis of EFE to obtain EL. Interestingly, ZreAl/SBA-15(30:10)
with appropriate L/B ratio gave the highest EL selectivity (Table 3,
entry 8).

Reaction conditions: 0.2 g FF, 20mL ethanol, 0.1 g catalyst,
423 K, 5 h and N2 at atmospheric conditions. a: FA as substrate, b:
FA conversion.

3.3. Effect of other reaction parameters

As illustrated in Fig. 5a, FF conversion improved from 68.5% to
98.2% along with the temperature increasing from 413 K to 463 K in
the presence of ZreAl/SBA-15(30:10). As the matter of fact, the
maximum EL selectivity of 60.5% was achieved at 453 K with FF
conversion up to 92%. Nevertheless, EL selectivity slightly declined
to 54.2% with the formation of GVL at 463 K, indicating that
elevated temperature facilitated the further transfer hydrogenation
of EL to GVL. In addition, EL selectivity gradually increased at the
cost of DTMF selectivity in the range of 413 Ke453 K (Fig. 5a),
clearly suggesting that the conversion of FF to DTMF was a
reversible reaction (Scheme 1). The influence of reaction time was
also evaluated at 453 K and the results were presented in Fig. 5b.
Both FF conversion and EL selectivity improvedwith prolonging the
reaction time from 1 to 3 h. Interestingly, FF conversion reached a
plateau at 92.8% at 453 K in 3 h, whereas EL selectivity gradually
decreased from 71.4% in 3 he60.5% in 5 h. A small amount of GVL
was also detected in a reaction time longer than 3 h, indicating that
the transfer hydrogenation of EL to GVL occurred with prolonging



Scheme 1. Proposed reaction pathway of conversion FF into EL in ethanol. R¼ ethyl; [L]¼ Lewis acidity; [B]¼ Brønsted acidity.

Table 3
The cascade conversion of FF to EL over various catalysts.

Entry Catalyst XFF,% SEL,% SFA,% SEFE,% SDTMF,% STotal,%

1 Blank 99.9 0 0 0 89.2 89.2
2 SBA-15 47.6 0 0 0 79.4 79.4
3 ZrO2 95.8 0 82.9 0 1.1 84.0
4 Al2O3 99.9 0 93.6 0 5.2 98.8
5 Al/SBA-15(40) 99.9 22.7 0 10.1 43.9 76.7
6 ZreAl/SBA-15(20:20) 58.9 24.1 0 5.8 23.6 53.5
7 ZreAl/SBA-15(25:15) 63.0 24.6 0 15.4 36.0 76.0
8 ZreAl/SBA-15(30:10) 73.5 42.6 0 9.4 40.5 92.5
9 Zr/SBA-15(40) 99.9 18.7 0 13.8 59.0 91.5
10a ZreAl/SBA-15(30:10) 99.9b 84.1 0 0 0 84.1
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reaction time to 4 or 5 h. Manifestly, the total selectivity of
detectable products was reduced with prolonging reaction time to
4 or 5 h, suggesting that more undetectable by-products humins
formed in prolonged time.

The effect of the catalyst loading on the products selectivity and
distribution was investigated at 453 K in 3 h. As shown in Fig. 6, FF
conversion steadily increased with the increasing catalyst loading.
In contrast, EL selectivity first reached the highest value of 71.4% at
a catalyst loading of 50%, but then decreased with further
increasing the catalyst loading. Interestingly, GVL selectivity
sharply increased if a catalyst loading of greater than 50% was
Fig. 5. Effect of reaction temperature (a) and reaction time (b) on FF conversion and produc
at atmospheric conditions. (a) 5 h; (b) 453 K.
employed, implying that higher catalyst loading could provide
more Lewis acid sites to promote the further transfer hydrogena-
tion of EL to GVL.
3.4. Conversion of FF in different alcohols

Encouraged by the superior catalytic performance of ZreAl/SBA-
15(30:10) for the conversion of FF to EL in ethanol, other alcohols
were also investigated as the solvent and H-donor. As shown in
Table 4, all the alcohols offered a FF conversion greater than 90% at
the same reaction conditions. However, alkyl levulinate (AL) was
detected as the main product in primary alcohols, whereas GVL
became the dominate product in secondary alcohols. For example, a
AL selectivity of 52.2% with a GVL selectivity of 19.3% was achieved
at 453 K in 3 h over ZreAl/SBA-15(30:10) in 1-butanol (Table 4,
entry 3). In comparison, a GVL selectivity of 39.2% with a AL
selectivity of 19.5% was obtained in 2-propanol under the same
reaction conditions (Table 4, entry 2). The product distribution of
the conversion of FF in various alcohols was strongly associated
with the reduction potential (△Ho f) of the alcohol applied.
Generally, the lower △Ho f of the alcohol, the stronger ability to
provide hydride ions for the transfer hydrogenation by using
alcohol as the H-donor [46]. Therefore, the further catalytic transfer
hydrogenation of EL to GVL was largely improved in secondary al-
cohols, such as 2-propanol or 2-butanol (Table 4, entries 2 and 4). In
t selectivity. Reaction conditions: 0.2 g FF, 20mL ethanol, 0.1 g ZreAl/SBA-15(30:10), N2



Fig. 6. Effect of catalyst dosage on the conversion of FF to EL. Reaction conditions: 0.2 g
FF, 20mL ethanol, ZreAl/SBA-15(30:10), 453 K, 3 h and N2 at atmospheric conditions.

Table 4
Synthesis of alkyl levulinates and GVL in various alcohols over ZreAl/SBA-15(30:10).

Entry Solvent △Ho fa X,% Selectivity of products, %

AL GVL AL þ GVL

1 Ethanol 85.4 92.8 71.4 0.0 71.4
2 2-Propanol 70.0 98.8 19.5 39.2 58.7
3 1-Butanol 79.7 97.5 52.2 19.3 71.5
4 2-Butanol 69.3 93.9 23.3 38.6 61.9
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summary, these above findings indicated that ZreAl/SBA-15(30:10)
was a promising bifunctional catalyst for the formation of AL or GVL
from FF by using alcohols as the H-donors.

Reaction conditions: 0.2 g substrate, 20mL solvent, 0.1 g ZreAl/
SBA-15(30:10), 453 K, 3 h and N2 at atmospheric conditions. a:
△Ho f (kJ/mol) is defined as the difference of the standard molar
enthalpy of formation between the alcohol and the corresponding
carbonyl compound, and the data from van der Waal et al. [46].

3.5. Leaching test and catalyst recycling study

Leaching and recycling tests were conducted to assess the sta-
bility and reusability of the catalyst. As expected, the yield of EL
Fig. 7. Leaching test (a) and cycle reaction (b) of ZreAl/SBA-15(30:10) in the conversion of F
3 h and N2 at atmospheric conditions.
almost remained at a stable value after removing the catalyst at
1.5 h and continuing the reaction for another 1.5 h (Fig. 7a). This
result disclosed that no significant leaching of active species from
ZreAl/SBA-15(30:10) catalyst during the reaction, which also
confirmed by inductively coupled plasma-optical emission spec-
trometer (ICP-OES) (Table S3). The recycling test of ZreAl/SBA-
15(30:10) for the conversion of FF to EL was illustrated in Fig. 7b.
Apparently, FF conversion and EL selectivity decreased to 75.5% and
62.2%, respectively in the first recycling test of the catalyst. Given
the partial deactivation of the catalyst was probably attributed to
carbon deposits during the reaction (Table S4), the used catalyst
after the first cycle was regenerated by calcination at 823 K for 5 h.
As can be seen in Fig. 7b, the second recycling test gave a compa-
rable FF conversion to that in the case of fresh catalyst. A slight
higher EL selectivity was also obtained than that in the first cycle,
but still lower than that over the fresh catalyst. Furthermore,
relatively stable FF conversion and EL selectivity were achieved in
the third and fourth cycle.

The fresh, spent and regenerated catalysts were characterized
by SEM and XRD to shine a light on the deactivation of the catalyst.
Compared to the fresh catalyst, the similar morphology and specific
surface area were observed in the spent and regenerated catalysts
(Fig. S3 and Table S4), indicating that fundamental frame of SBA-15
kept intact after the reaction. However, the XRD profiles displayed
that the diffraction lines for metal oxides became intensive for the
spent and regenerated catalysts as compared to the fresh one
(Fig. S6). This observation implied that agglomeration and/or sin-
tering of active metal oxides should responsible for the partial
deactivation of the spent and regenerated catalysts.
4. Conclusions

In this study, bi-functional ZreAl/SBA-15 catalysts with varied
ratios of ZrO2 to Al2O3 were prepared for the cascade conversion of
FF into EL through successive transfer hydrogenation and etha-
nolysis using ethanol as the in-situ hydrogen donor. Among these
catalysts tested, ZreAl/SBA-15(30:10) offered the optimal EL yield
of 67.2% at 92.8% FF conversion under 453 K in 3 h, which is so far
the highest EL yield from FF over non-noble metal catalysts. The
superior catalytic performance of ZreAl/SBA-15(30:10) should be
attributed to the appropriate ratio (2.25) of Lewis and Brønsted acid
sites over this catalyst, which allows efficient transfer hydrogena-
tion and ethanolysis at the same time. Therefore, a facile one-pot
process was developed for the conversion of FF to EL in this study
based on a bifunctional Al/SBA-15(30:10) catalyst.
F to EL. Reaction conditions: 0.2 g FF, 20mL ethanol, 0.1 g ZreAl/SBA-15(30:10), 453 K,
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