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ZrO2 nanotube arrays were prepared by anodization method in aqueous electrolyte containing (NH4)2SO4 and NH4F. The
morphology and structure of nanotube arrays were characterized through scanning electron microscope, X-ray diffraction, and
infrared spectra analysis. The zirconia nanotube arrays were used as catalyst in esterification reaction. The effects of calcination
temperature and electrolyte concentration on catalytic esterification activity have been investigated in detail. Experiments indicate
that nanotube arrays have highest catalytic activity when the concentration of (NH4)2SO4 is 1 mol/L, the concentration of NH4F is
1 wt%, and the calcination temperature is 400◦C. Esterification reaction yield of as much as 97% could be obtained under optimal
conditions.

1. Introduction

ZrO2, due to its excellent physical and chemical properties,
is widely used in catalysis field. For example, it can be used
as catalyst or catalyst carrier in Fischer-Tropsch synthesis,
polymerization, isomerization, alkylation and esterification
reaction, and so forth [1–4]. In addition, it can also be used
in environment and energy aspects including synthesis of
biodiesel and catalytic purification of harmful gas [5–9].

The structure and morphology of ZrO2 have significant
effect on its catalytic activity. ZrO2 nanoparticles can im-
prove catalytic activity due to their large specific surface area
[10–12]. However, nanoparticles are difficult to be separated
from the reaction medium, and loss quantity is large during
the recycle process. Thus, the improvement of ZrO2 nanocat-
alysts needs further exploration.

ZrO2 nanotube arrays have been prepared by anodization
method in recent years [13–16]. The nanotube arrays with
large specific surface area and tubular structure can be used
as nanoreactors. In addition, nanotube arrays are easy to
be removed from the reaction system due to their big size.
Therefore, ZrO2 nanotube arrays may have a wide applica-
tion prospect in the field of catalyst. However, few studies
have been done on the application of ZrO2 nanotube arrays

in catalysis field. In this paper, ZrO2 nanotube arrays pre-
pared by anodization method in the electrolyte containing
SO4

2− are directly used as catalyst in the esterification reac-
tion. The effects of calcination temperature and electrolyte
concentration on catalytic esterification activity have been
investigated in detail.

2. Experimental

2.1. Preparation of Zirconia Nanotube Arrays Catalyst. Zirco-
nia nanotube arrays were prepared by anodization method
in aqueous electrolyte containing 1 M (NH4)2SO4 and 1 wt%
NH4F. Zirconium foil was pretreated according to the meth-
od given [17]. Zirconium foil was anode and platinum elec-
trode was cathode, and the distance between two electrodes
was 2 cm. The initial voltage was 3 V, and then the voltage
was increased at the rate of 3 V/30 min. At the beginning of
anodization, a film of dense oxides would fabricate at the
surface of zirconium foil which has retarding effect on the
oxidation reaction. Increasing the voltages step by step would
decrease thickness of the film and enhance the reaction’s
uniformity. After anodization for 2.5 h, nanotube arrays were
peeled off from zirconium foil, dried at 100◦C, and calcined
for 60 min to obtain the zirconia nanotube arrays catalyst.
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Figure 1: The morphology of zirconia nanotube arrays.
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Figure 2: The XRD patterns of zirconia nanotube arrays calcined
at: (a) 200◦C, (b) 400◦C, (c) 600◦C.

2.2. Characterization of the Catalyst. The morphologies of
nanotube samples were observed through Philips XL 30
TMP scanning electron microscope (SEM, 20 kV accelerating
voltage). Crystal phase analysis of the samples was conducted
through Philips X’ pert MPD X-ray powder diffraction
analyzer (XRD, copper target, 50 kV, 40 mA, the length of
scanning step was 0.04◦, and the scope of scanning was 10◦–
80◦ (2θ)). The samples calcined at different temperatures
were characterized by Fourier transform infrared spectrom-
eter (FTIR, WQF-410, China) with a scanning scope of
400∼4000 cm−1.

2.3. Catalytic Activity Experiment. Esterification reactions
were carried out in a reflux system. Absolute alcohol and
propionic acid (mole ratio = 2 : 1) were added into a
three-neck flask. The catalyst accounting for 2 wt% of the
total amount of reaction solution was added. The reaction
solution was refluxed at 85◦C for 60 min. After the reaction,
the product was cooled, and the esterification yield was
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Figure 3: Influences of calcination temperatures on catalytic activ-
ity.

determined through gas chromatography analysis (GC1100,
P-general, China).

3. Results and Discussion

Figure 1 shows the morphology of zirconia nanotube arrays
prepared by anodizing zirconium foil in aqueous electrolyte
containing 1 M (NH4)2SO4 and 1 wt% NH4F for 2.5 h. As
shown in Figure 1, average diameter of the nanotube is up
to 70 nm, and the average length is up to 13 μm. The nano-
tubes’ structure has no obvious changes when the annealed
temperature is lower than 600◦C, and it would be destroyed
to some extent at higher temperatures [18].

Figure 2 shows the XRD patterns of zirconia nanotube
arrays calcined at different temperatures. The nanotube sam-
ples are amorphous at 200◦C (Figure 2(a)). Two mixed
crystal structures of tetragonal phase (accounting for 84%,
pdf Card no. 80-784) and monoclinic phase (accounting
for 16%) emerged at 400◦C (Figure 2(b)). When calcined at
600◦C, the nanotube samples are mainly composed of mono-
clinic phase (accounting for 90%, pdf Card no. 37-1484) and
a little tetragonal phase (accounting for 10%, Figure 2(c)).
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Figure 4: Infrared spectra of zirconia nanotube arrays catalyst calcined at different temperatures.

As is calculated from Scherrer formula, the average grain size
is 18–26 nm after calcined.

Zirconia nanotube arrays calcined at different tempera-
tures were used as catalyst, and the esterification reactions
were carried out under the same conditions as given in
Section 2.3. Figure 3 shows the influence of calcination
temperatures on the catalytic activity of zirconia nanotube
arrays. The catalytic activity first increases and then decreases
with the increase of calcination temperature, reaching the
maximum value at 400◦C.

The FTIR spectra of zirconia nanotube arrays calcined at
different temperatures are shown in Figure 4. The infrared
absorption band at 1636 cm−1 appeared below 400◦C is as-
signed to NH4

+. The reason might be that zirconia nanotube
arrays were prepared in electrolyte containing (NH4)2SO4

and NH4F. During the preparation process, quite a number
of NH4

+ were adsorbed by the sample. Ammonium salt
would decompose gradually with the increase of temper-
ature. It would decompose completely, and the infrared
absorption band at 1636 cm−1 disappeared when the tem-
perature is higher than 400◦C. The infrared absorption
bands at 1205 cm−1, 1139 cm−1, 1054 cm−1 and 1000 cm−1,
are assigned to chelate complex between sulfate ion and
zirconium ion. The increase of calcination temperature
would lead to the desorption of SO4

2− and the decrease of ad-
sorption strength [19].

The infrared absorption band at 1402 cm−1 is assigned to
surface hydroxyl group and adsorbed water. Along with the
increase of the temperature, adsorbed water would desorb,
and part of surface hydroxyl group would cross-link and de-
hydrate and result in decrease of the absorption band inten-
sity at 1402 cm−1.

According to the infrared spectra analysis, calcination
temperature affects the catalytic activity through the for-
mation of solid acid structure. Along with the increase of
temperature, electrolyte adsorbed by the nanotubes would
decompose, and ZrO2 would react with SO4

2− to form solid
acid structure on the surface of nanotube arrays. Thus, the

catalyst activity can be improved obviously. When the cal-
cination temperature is too high, the structure of solid acid
would decompose, and the catalyst activity would decrease.
In addition, XRD and IR analysis shows that different
calcination temperatures would result in the different crystal
structures and surface properties, which would influence the
combination of SO4

2− and zirconia and lead to the changes
of catalytic activities.

Electrolyte concentration has a great influence on
catalytic activity. Figure 5(a) shows the influence of the
(NH4)2SO4 concentration on the catalytic activity. With the
increase of (NH4)2SO4 concentration, the esterification yield
increases gradually. When the concentration of (NH4)2SO4 is
over 1.0 M, the yield changes much slowly. The reason might
be that the higher the concentration is, the more SO4

2− is
adsorbed by nanotubes, and the more active centers form at
the catalyst. When the concentration is over 1.0 M, the SO4

2−

adsorbed by nanotubes is close to saturation. Therefore,
further increase of the (NH4)2SO4 concentration has no
more distinct effect on the improvement of catalytic activity.

Figure 5(b) shows the influence of the NH4F concentra-
tion on catalytic activity. With the increase of NH4F con-
centration, the esterification yield increases first and then
decreases. When the NH4F concentration is 1.0 wt%, the
yield is highest. The partial dissolution of nanotube arrays in
electrolyte solution containing F− results in rougher surface
and bigger specific surface area. Thus, the catalytic activity
increases accordingly. But excessive dissolution would de-
stroy the structure of nanotube arrays and lead to the de-
crease of catalytic activity.

According to the results discussed above, zirconia nan-
otube arrays were prepared by anodization method in aque-
ous electrolyte containing 1 M (NH4)2SO4 and 1 wt% NH4F,
followed by calcination at 400◦C for 60 min. Taking the
nanotubes as catalyst, esterification reaction between dodec-
anol and propionic acid was conducted at 130◦C to produce
dodecyl propanoate. The yield is 95.4% when reaction time
is 120 min (Figure 6(a)). For the reaction between dodecanol
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Figure 5: Influences of electrolyte concentration on catalytic activity: (a) (NH4)2SO4, (b) NH4F.
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Figure 6: Catalytic activity of ZrO2 nanotube arrays.

and lauric acid at 160◦C, the yield of dodecyl laurate is
95.9 % when reaction time is 60 min. When reaction time
was extended to 150 min, the yield is as high as 97.3%
(Figure 6(b)).

4. Conclusion

ZrO2 nanotube arrays were prepared by anodization method
in aqueous electrolyte containing (NH4)2SO4 and NH4F.
ZrO2 nanotube arrays after calcination exhibit good catalytic
activity in esterification reaction. Calcination temperature
and electrolyte concentration have a great influence on cat-
alytic activity. The ZrO2 nanotube catalyst which was pre-
pared in aqueous electrolyte containing 1 M (NH4)2SO4 and
1 wt% NH4F exhibits highest catalytic activity after calcined
at 400◦C. The yield of esterification reaction between

dodecanol and lauric acid could reach more than 97%, and
the yield of esterification reaction between dodecanol and
propionic acid could reach more than 95%.
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