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ABSTRACT: TiO2 nanorods and ZrO2-modified TiO2 nano-
composites have been prepared by hydrothermal synthesis and the
deposition-precipitation method. Their sulfated products were tested
as solid superacid catalysts for the esterification of levulinic acid
which was used as a model bio-oil molecule. SEM and TEM
characterization showed that TiO2 nanorods with diameters ranging
from 20 to 200 nm and with lengths of up to 5 μm were synthesized
by a hydrothermal method at 180 °C. ZrO2 nanoparticles with the
diameters ranging from 10 to 20 nm were evenly deposited on TiO2
nanorods. IR and XPS results suggested that sulfated ZrO2/TiO2
nanocomposite has higher content of sulfate groups on the surface
with a S/(Zr+Ti) ratio of 13.6% than sulfated TiO2 nanorods with a
S/Ti ratio of 4.9%. The HPLC results showed that sulfated ZrO2/
TiO2 nanocomposite have enhanced catalytic activity for esterification reaction between levulinic acid and ethanol compared to
sulfated TiO2 nanorods. The conversion of levulinic acid to ethyl levulinate can reach to 90.4% at the reaction temperature of 105
°C after 180 min.
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■ INTRODUCTION

There is currently significant interest in the preparation of
nanostructure materials because of their unique optical,
electronic and mechanical properties as well as their potential
application as catalysts, sensors, or high efficiency solar cells.1−3

Both TiO2 and ZrO2 as well as their nanostructured composites
have been synthesized with a range of morphologies such as
nanorods, nanotubes and nanoparticles and are used in dye-
sensitized solar cells, gas sensors, energy storage devices and as
catalysts for photocatalytic water splitting and the conversion of
aldehydes to 1,1 diacetates.4−8 The performance of these
materials depends on specific morphological properties of the
materials such as porosity and specific surface area as well as
surface chemistry. Acid-modified zirconia and titania offer
considerable potential as catalytic materials.9−13 For example,
Lin et al.14 synthesized sulfated TiO2 nanotubes and used them
as catalysts for the esterification of acetic acid using cyclohexanol.
These sulfated TiO2 nanotubes demonstrated high activity for
acetic acid conversion, whereas the anatase TiO2 powder used for
the preparation of nanotubes showed no catalytic activity.
Sulfated ZrO2 and other oxides such as Al2O3, SiO2 and ZnO
powders have also been used as the catalysts for the esterification
of salicylic acid with phenol or the fatty acids in crude palm kernel
oil and crude coconut oil.15,16 Within these oxides, sulfated ZrO2
catalyst showed higher catalytic activity for the conversion of
organic acids than the other sulfated oxides acid catalysts.
Recently, bio-oil obtained by the pyrolysis of biomass has been

suggested as an alternative source of gasoline and diesel.17−20

However, these bio-oils consist of highly oxygenated organic

species such as carboxylic acids, phenols and aldehydes. The
reported oxygen contents for crude pyrolysis bio-oils are 20−40
wt %. resulting in a material that is water miscible with
significantly lower heating value than mineral oil, low pH, and
high viscosity, which makes storage and combustion problem-
atic.21−23 One promising route to improve some of these
undesirable characteristics is through catalytic esterification of
the organic acid with alcohol,23−26 which requires catalytic
materials with high activity that are easily recovered and
regenerated.
To the best of our knowledge, there are no reports in the

literature of the synthesis and sulfate groups modification of
ZrO2/TiO2 nanocomposites with one-dimensional structure and
their application as the catalysts for esterification of organic acids
of levulinic acid, where most of reactions were carried out on
powder catalysts such as silica-included Wells−Dawson
heteropolyacid and dodecatungestophosphoric acid supported
on acid-treated clay montmorillonite.27,28

Therefore, the objective of the work reported here is the
synthesis and characterization of ZrO2/TiO2 nanocomposite and
investigation of their catalytic activity for the esterification of
levulinic acid. We report the synthesis of TiO2 nanorods and
ZrO2−TiO2 nanocomposites produced by hydrothermal and
deposition−precipitation methods as well as their character-
ization and application as superacid catalysts for the esterification
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of a model organic acid found in bio-oil. The model used was
levulinic acid as it has been found in most of bio-oils generated by
pyrolysis of biomass as well as being one of the primary products
of the chemical hydrolysis of lignocellulosic biomass.29,30

■ EXPERIMENTAL SECTION
Preparation of Nanomaterials and Catalytic Esterification

Reaction. TiO2 nanorods were synthesized by a hydrothermal
synthesis approach, which has been described in detail elsewhere.31

Two grams of TiO2 powder (Sigma-Aldrich) was mixed with 80.0 mL of
10.0 M NaOH solution, followed by hydrothermally treating the
mixture at 180 °C for 48 h. Subsequently, the resulting powder was
washed with 1.0 M HCl and water until it was pH neutral followed by
calcination at 400 °C for 3 h.
ZrO2/TiO2 nanocomposites were prepared by a wet-chemical

deposition precipitation (DP) method using the following procedure.
0.5230 g of zirconium(IV) oxychloride octahydrate (ZrOCl2 · 8H2O,
Sigma-Aldrich purity >99%) was dissolved in 50 mL of distilled water
and mixed with TiO2 nanorods, and sufficient NH4OH was added to
adjust the pH to about 11 to form a Zr(OH)4 sol. This mixture was
ultrasonicated to form a homogeneous slurry. The slurry was dried
overnight at 105 °C before being calcined at 400 °C for 3 h to generate
ZrO2/TiO2 nanocomposite. The nominal content of ZrO2 was 20% by
weight. The sulfated product was prepared by immersing the TiO2
nanorods and ZrO2/TiO2 nanocomposite in 1.0MH2SO4 solution for 3
h. The resulting products were calcined in a furnace at 500 °C for 5 h.
The esterification of levulinic acid was carried out in a 250 mL round-

bottomed three-neck flask. 15.00 g of levulinic acid, 15.00 g of ethanol
and 0.50 g of sulfated nanocomposite catalyst were added to the flask
which was fitted with a reflux condenser with a temperature of −15 °C,
and ethylene glycol was used as coolant for the condensor. After
completion of the reaction, the catalyst was recovered by the filtration.
Characterization of Nanomaterials and Product Analysis.The

amount of sulfate groups on the material was determined volumetrically
by the adsorption of sodium hydroxide solution. About 0.05 g of the
solid oxide and 3.0 g NaCl, which was used as an ion-exchange agent for
sulfate groups, were shaken in 40 mL of H2O for 10 h. The resulting
suspension was then titrated by the dropwise addition of 0.0001 M
NaOH (aq). The BET specific surface area (SBET) of the material was
carried out on a Micrometrics ASAP 2010 System. All the samples were
degassed at 250 °C prior to nitrogen adsorption measurements. BET
surface area was determined by a multipoint BET method using the
adsorption data in the relative pressure (P/P0) range of 0.05−0.3.
Powder X-ray diffraction (XRD) was obtained using CuKα radiation

in a Philip X’Pert diffactometer to identify the different phases and the
crystal structure. The tube current was 40 mA and tube voltage was 40
kV. Scanning electron microscopy (SEM) was performed using a SU-70
SEM (Hitachi), operated at 3 kV. In order to avoid serious charging
effects on the electron micrograph images, a layer of Au was deposited
on the sample surface to improve conductivity. Transmission electron
microscopy (TEM) was conducted at 200 kV using a JEOL-2010
equipped with energy-dispersive X-ray analysis (EDX). Samples for
TEM analysis were prepared by drying sample materials-ethanol inks on
amorphous carbon coated copper grids.
Raman spectra were recorded on a Dilor XY Labram spectrometer

using a 514 nm green laser with 450 μm confocal hole and 150 μm
confocal slit to minimize noise. A BomenMB100 spectrometer was used
to record the infrared spectra. X-ray Photoelectron Spectroscopy (XPS)
analysis was conducted using an AXIS 165 X-ray photoelectron
spectrometer and adventitious carbon was used as reference to correct
the binding energy of the different samples. A Waters 510 HPLC with a
UV−vis detector (430 nm) fitted with a Waters Novapak C18 column
was employed to determine the concentration of levulinic acid. 5.0 mM
aqueous H2SO4 was used as the mobile phase with a volumetric flow rate
of 0.8 mL.min−1 and the operating temperature was 25 °C. The
identification of the products following esterification was undertaken
using a gas chromatography/mass spectrometer (GC/MS, Agilent
7890A/5975A).

■ RESULTS AND DISCUSSION
Structure Characterization of Material. XRD, SEM, and

TEM were used to examine the phase structure and crystallite

Figure 1. X-ray diffraction patterns of (a) TiO2 powder, (b) TiO2
nanorods, (c) sulfated TiO2 nanorods, (d) 20 wt % ZrO2/TiO2
nanocomposite, and (e) sulfated 20 wt % ZrO2/TiO2 nanocomposite.

Figure 2. SEM images of (a) ZrO2/TiO2 nanocomposite, (b) sulfated
ZrO2/TiO2 nanocomposite, and (c) EDX analysis of ZrO2/TiO2
nanocomposite with/without sulfate (SO4

2‑) functional groups.
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size of synthesized materials. Figure 1 shows the XRD patterns of
the TiO2 powder used as a starting material, the TiO2 nanorods,
sulfated TiO2 nanorods and sulfated ZrO2/TiO2 nanocomposite
treated at 500 °C for 5 h. For the TiO2 powder (Figure 1a), the
peaks at 2θ = 25.4, 37.8, 48.5, 54.19, 55.37, and 62.99° are all
attributable to the anatase phase of TiO2, (JCPDS: 02−0406,
21−1272). The peaks at 2θ = 27.73° and 36.30° with lower
intensity are due to the reflections of the rutile crystal structure.
The XRD of the sulfated TiO2 nanorods presented in Figure

1c shows that the sulfated TiO2 nanorods produced by washing
the as-synthesized products with 1.0MHCl to remove doped Na
still retain the anatase crystal structure, suggesting dilute
sulphuric acid did not alter the structure of TiO2. However,
the intensities of most of the peaks were reduced in intensity and

the peaks corresponding to the rutile crystal structure
disappeared, which may be due to rebuilding of the TiO2

structure. This observation is similar to that of Kolen’Ko et
al.,32 who reported that following the hydrothermal synthesis of
TiO2 nanorods the structure of TiO2 had been altered because of
the formation of a Na-doped TiO2 compound. Compared with
the diffraction peaks of the TiO2 powder and sulfated TiO2

nanorods, the XRD pattern of the sulfated ZrO2/TiO2

nanocomposite shows two obvious ZrO2 bands at 28.8° and
30.4°, which are assigned to the coexistence of monoclinic and
tetragonal crystals of the ZrO2 structure.

33

SEM images of TiO2 nanorods, ZrO2/TiO2 nanocomposite
and the sulfated ZrO2/TiO2 nanocomposite are presented in
Figure 2 and show nanorods distribituted on the surface of

Figure 3.TEM images of (a) TiO2 nanorods and (b, c) ZrO2/TiO2 nanocomposite with nominal loading amount of ZrO2 of (b) 10 and (c) 20 wt %; (d)
EDX spectrum of TiO2/ZrO2 composite; (e, f) high-resolution TEM images of (e) TiO2 and (f) ZrO2 nanoparticle.
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substrate with few particles. No obvious difference in the
morphology of ZrO2/TiO2 nanocomposite and sulfated ZrO2/
TiO2 nanocomposite was observed from the SEM images. The
SEM images show that the majority of nanorods are between 1.0
and 5.0 μm in length and some nanorods are gathered into
bundles. EDX analysis, presented in Figure 2c clearly shows that
Ti, Zr and S are present on the nanocomposites depending on
whether they are sulfated or not. In the EDX spectrum, the bands
at 4.52 and 4.94 keV can be attributed to Ti Kα and Kβ, the band
at 2.06 keV to Zr Lα1, and a weak band at 2.32 keV is attributed
to S Kα.34−36 These results are consistent with the formation of
ZrO2-decorated TiO2 nanocomposite modified by surface sulfate
groups.
Compared with SEM, TEM can provide higher resolution

information regarding the surface morphologies and particle
sizes of the nanocomposites. Typical morphology of the TiO2
nanorods and the ZrO2/TiO2 nanocomposites are shown in
Figure 3. The nanorods have lengths of up to 1.0 μm and the
diameters of nanorods presented in Figure 3a range from 20 to
200 nm. The ZrO2/TiO2 nanocomposite with 20 wt % nominal
loading of ZrO2 in Figure 3c, show a significantly greater number
of ZrO2 nanoparticles with uniform diameters of 10−20 nm
compared to the TiO2 nanorods with 10 wt % ZrO2 loading
Figure 3b. An increase in ZrO2 particle size was also observed
with increased loading. The corresponding EDX analysis of TiO2
supported ZrO2 nanoparticles shown in Figure 3d also implies
the presence of Ti and Zr elements. The crystalline nature of the
ZrO2/TiO2 nanocomposites was also investigated by high
resolution TEM (HRTEM). The HRTEM image presented in
Figure 3e shows the surface of a nanorod with the lattice spacing
of 0.35 nm being assigned to the (101) plane of the anatase

phase. The HRTEM image in Figure 3f confirmed the formation
of a ZrO2 phase of about 20 nm in diameter and the observed
lattice spacing of 0.30 nm on the nanoparticle matches well with
the reported value of the (101) plane in the ZrO2 tetragonal
structure.37

Figure 4 shows the Raman spectra of the sulfated TiO2
nanorods and the sulfated ZrO2/TiO2 nanocomposites calcined
at 500 °C. The Raman bands at 127, 153, 201, 253, 414, 473, and
639 cm−1 are assigned to the anatase structure while the
composite of ZrO2 nanoparticles supported on TiO2 nanorods
show similar Raman bands at 126, 152, 201, 242, 256, 299, 370,
411, 439, 471, 519, 557, and 640 cm−1. No obvious Raman bands
for ZrO2 were observed. However, the intensity ratio of the TiO2
band at 127 cm−1 to that at 153 cm−1 in the composite is stronger
than that of sulfated TiO2 nanorods due to the fact that ZrO2
inhibits changes in the phase structure of TiO2 from anatase to
rutile during calcination of the anatase phase at high temper-
atures.38

It is reported that the Raman bands of sulfate groups and Zr
species are observed at 1030 cm−1 for SO4

2− groups, at 180, 188,
221, 331, 380, 476, and 637 cm−1 for monoclinic phase and at
148, 290, 311, 454, and 647 cm−1 for tetragonal phase of ZrO2,
respectively.39 However, we did not observe any peaks for ZrO2
or the sulfate groups even though XRD, SEM and TEM show
evidence of both species of ZrO2 and sulfate groups, which
suggests that the ZrO2 particles are highly dispersed on the
surface of the TiO2 nanorods and the signals for ZrO2 may be
masked by those of TiO2.
IR and XPS of the synthesized materials were also carried out

as the Raman results did not provide any Zr and sulfur
information. The infrared spectra of sulfated TiO2 nanorods and
sulfated ZrO2/TiO2 nanocomposites calcined at 500 °C are
shown in Figure 5. A band at 980 cm−1 can be assigned to the
symmetric stretching vibration of the S−O bond on sulfated
TiO2 nanorods and ZrO2/TiO2 nanocomposite.

40,41 However,
two extra bands at 1135 and 1220 cm−1 are observed for ZrO2/
TiO2 nanocomposites. The band around 1135 cm

−1 is due to the
symmetric stretching of the SO bond and the band around
1220 cm−1 is attributed to asymmetric stretching of the SO
bond. These are the characteristic frequencies of a bridged
bidentate SO4

2− coordinated to Zr4+ and/or Ti4+.42 The IR
results clearly indicate that TiO2 nanorods and ZrO2/TiO2
nanocomposite have been successful modified by sulfate
functional groups, and two potential catalytically active sites
are present on ZrO2/TiO2 nanocomposite.
The intensity of both the 1135 and 1220 cm−1 bands of the

sulfated ZrO2/TiO2 nanocomposite were stronger than those of
sulfated TiO2, indicating that the introduction of ZrO2 increases
the concentration of surface-adsorbed sulfate groups. Surface
sulfate groups play an important role in heterogeneous catalysis
by offering active acid sites. In addition, a weak IR band appeared
at the higher S−O stretching frequency of 1380 cm−1, which
indicates that disulfate species are formed on ZrO2/TiO2
nanocomposite. It is worth to note that the amount of sulfate
groups on newly prepared sulfated ZrO2/TiO2 nanocomposite is
about 257.6 μmol/g, which corresponds to 1.71 SO4 groups per
nm2 on the surface of nanocomposite. However, the amount of
sulfate groups on sulfated TiO2 nanorods is only 160.2 μmol/g,
about 0.35 SO4 groups per nm

2 on the surface of TiO2. The
calculation of surface coverage of SO4 is obtained according to
BET surface area of sulfated ZrO2/TiO2 nanocomposite of 15.0
m2/g and sulfated TiO2 nanorods of 45.4 m

2/g. A wide and weak
band observed at 3420 cm−1 is attributed to the hydroxyl group

Figure 4. Raman spectra of (a) pure ZrO2 powder, (b) sulfated TiO2,
and (c) sulfated ZrO2/TiO2 nanocomposite calcined at 500 °C for 5 h.

Figure 5. IR spectra of sulfated TiO2 nanorods and sulafted ZrO2/TiO2
nanocomposite.
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stretching mode of water associated with zirconia/titania, while
an intense band observed at 1635 cm−1 is assigned to the OH
bending mode of water associated with the sulfate group.

Figure 6 shows the XPS spectra of the typical elements on
sulfated TiO2 nanorods and sulfated TiO2−ZrO2 nanorods
calcined at 500 °C. The binding energies recorded for Ti 2p, O
1s, S 2p of sulfated TiO2 nanorods are 458.7, 530.1, and 168.5 eV,

Figure 6. (a) Survey scan XPS spectra in the binding energy range 0−1000 eV and high-resolution spectra, (b) Ti 2p, (c) O 1s, (d) S 2p of sulfated TiO2
nanorods and sulfated ZrO2/TiO2 nanocomposite, and (e) Zr 3d of sulfated ZrO2/TiO2 nanocomposite.

Figure 7. Effect of reaction time on levulinic acid conversion on (a)
sulfated TiO2 nanorods and (b) sulfated ZrO2/TiO2 nanocomposite at
105 °C. The ratio of LA to Ethanol is 1 by weight.

Figure 8. Reusability of sulfated ZrO2−TiO2 nanocomposite for
multiple cycles.
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respectively, whereas the binding energies of Ti 2p, O 1s, and S
2p of the sulfated ZrO2/TiO2 nanocomposite are at 458.8 eV,
530.3 and 168.7 eV, respectively. In contrast, Ti 2p, O 1s, Zr 3d of
ZrO2/TiO2 nanocomposite without sulfur groups are at 457.9,
529.5, and 181.7 eV, respectively. The XPS spectra clearly
indicate the presence of sulfur and S effect on the binding
energies of O, Ti and Zr. However, it is believed that only one
sulfur species of SO4

2− on the materials. The increase in the
binding energies of Ti, O and S are due to the stronger electron
withdrawing ability of Ti, O and S in ZrO2/TiO2 nano-
composites. The measured binding energy of Zr 3d5/2 was
182.5 eV for the ZrO2/TiO2 nanocomposite and the binding
energies of Zr and Ti corresponded to the tetragonal ZrO2 and
anatase TiO2 phases, respectively.

43 In addition, XPS was used to
investigate the atomic concentration ratios of sulfate groups
present on the surfaces of TiO2 nanorods and ZrO2/TiO2
nanocomposite. It was found that the S/(Zr+Ti) atomic ratio
of 13.6% on sulfated ZrO2/TiO2 nanocomposite is much higher
than that of sulfated TiO2 nanorods with an atomic ratio of 4.9%
corroborating the IR experimental results. The increase in the
atomic surface concentration ratios of S/(Ti+Zr) can be
explained by the appearance of ZrO2 particles on the TiO2
nanorods as ZrO2 can stabilize more SO4

2− functional groups
than TiO2.
Upgrading of Bio-oil Model Acid. The catalytic activity of

the sulfated TiO2 nanorods and ZrO2/TiO2 nanocomposite was
investigated using esterification as a model reaction. Levulinic
acid was used as a model compound as it is widely found in bio-
oils produced from pyrolysis and is a primary output from
chemical hydrolysis of lignocellulosic biomass. Figure 7 shows
the catalytic conversion of levulinic acid on sulfated TiO2
nanorods and ZrO2/TiO2 nanocomposite materials as a function
of the reaction time. It can be seen that both sulfated TiO2
nanorods and ZrO2/TiO2 nanocomposite show high catalytic
activity for levulinic acid conversion at 105 °C, while blank
experiments showed that the conversion of levulinic acid of lower
than 2% was observed according to HPLC results. After 30 min
reaction, almost 75% levulinic acid conversion on sulfated ZrO2/
TiO2 nanocomposite is achieved, whereas about 60% levulinic
acid conversion is observed for sulfated TiO2. With an increase in
reaction time from 30 to 210 min, both catalysts show an
increased conversion of the levulinic acid. The reaction reached
equilibrium for the sulfated ZrO2/TiO2 nanocomposite with a
levulinic acid conversion of 90.4%, while in the case of the
reaction catalyzed by sulfated TiO2 nanorods equilibrium was
not reached after 4 h but conversion was 83.2%. The results
clearly show that the sulfated ZrO2/TiO2 nanocomposite

materials exhibit increased catalytic activity for levulinic acid
esterification compared to the sulfated TiO2 nanomaterials.
The stability and recyclability of sulfated ZrO2/TiO2 nano-

composite was also investigated. The catalyst was recovered after
each batch esterification reaction cycle by filtering, washing using
ethanol, drying, and using the catalyst in the following reaction
cycle. The results of esterification carried out using the catalyst
for five consecutive reaction cycles under identical reaction
conditions are shown in Figure 8. The sulfated ZrO2/TiO2
nanocomposite shows the highest conversion in the first reaction
run but the conversion of levulinic acid to ester decrease with
subsequent reaction cycles. After the five cycles, the conversion
of levulinic acid has fallen from 90% to around 60%, suggesting
that a significant amount of sulfate groups persisted on the
surfaces of TiO2 and ZrO2 and served as the catalytically catalyst
sites for esterification.
To investigate the nature of catalyst deactivation, we analyzed

used sulfated ZrO2/TiO2 nanocomposite by XPS. The binding
energies of Ti 2p, Zr 3d, and S 2p of sulfated ZrO2/TiO2
nanocomposite are at 458.7, 182.5, and 168.8 eV. There is a
slightly peak shift for Ti and S when compared to newly prepared
nanocomposite. Additionally, the amount change in surface
sulfate groups between sulfated ZrO2/TiO2 nanocomposite and
sulfated TiO2 nanorods is compared before and after the
reaction. The amount of sulfate groups on sulfated ZrO2/TiO2
nanocomposite decreases from 257.6 to 99.8 μmol/g, and the
amount of sulfate group on sulfated TiO2 nanorods decreases
from 160.2 to 82.6 μmol/g. Therefore, the deactivation of the
catalyst is mainly attributed to the loss of surface functional
groups on the catalysts. According to XRD, IR, and TEM results,
sulfate groups are found to be adsorbed on ZrO2 with tetragonal
and monoclinic structure. However, it is reported that sulfate
groups on monoclinic structures are unstable and may be lost
during the reaction and washing process.44 GC-MS of the
reaction products showed that only ethyl levulinate is obtained
after the esterification at 105 °C for 180 min, as shown in Figure
9.

■ CONCLUSIONS

In summary, sulfated TiO2 nanorods and ZrO2-modified TiO2
nanocomposites were prepared by hydrothermal and deposition-
precipitation methods. The TiO2 nanorods were found to have
diameters ranging from 20 to 200 nm and lengths of up to 5 μm.
ZrO2 nanoparticles deposited on TiO2 nanorods have diameters
around 20 nm. Sulfate functional groups were adsorbed onto Ti
and Zr sites on TiO2 and ZrO2/TiO2 nanocomposites.
Compared to sulfated TiO2 nanorods with a S/Ti ratio of
4.9%, sulfated ZrO2-modified TiO2 nanocomposites delivered
higher concentration of sulfate groups with a S/(Zr+Ti) ratio of
13.6%. ZrO2-modified TiO2 nanocomposites exhibited high
catalytic activity for levulinic acid esterification and the
conversion of levulinic acid can reach around 90% at 105 °C.
Moreover, sulfated ZrO2-modified TiO2 nanocomposites
demonstrated stability after several running cycles.
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