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A B S T R A C T

Zirconia supported Pb-based catalysts with purely tetragonal/monoclinic crystals were prepared and analyzed
well by XRD, TEM-EDS, XPS, H2-TPR, BET, Py-IR and NH3-TPD techniques. The results indicate that zirconia
polymorph has great effect on their structure and catalytic property for the synthesis of diphenyl carbonate
(DPC) through methyl phenyl carbonate (MPC) disproportionation due to the differences of surface chemical
properties, and tetragonal zirconia supported lead catalyst (TZ-Pb) shows bigger dispersion degree of PbO,
higher surface area and Lewis acid amounts and thereby exhibits higher catalytic activity and selectivity com-
pared to monoclinic zirconia supported catalyst (MZ-Pb). Furthermore, TZ-Pb shows better reusability due to
strong metal-support interaction and may be readily recycled for at least four times without remarkable re-
activity loss. This work provides a prospective reference for the facile and efficient synthesis of zirconia poly-
morph materials in various catalysis applications.

1. Introduction

Polycarbonate (PC) is significant engineering thermoplastic resin
and has been widely utilized in chemical industry because of its su-
perior electrical, heat resistance, and mechanical properties [1,2]. Di-
phenyl carbonate (DPC) is the main raw feedstock for the production of
PC and is also a crucial chemical intermediate in the synthesis of fine
chemicals, polymer materials, pharmaceuticals and other fields [3,4].
So far several alternative technologies for the preparation of DPC have
been developed in the industry, and the transformation between phenol
and dimethyl carbonate (DMC) into DPC is regarded as a best alter-
native approach to avoid toxic phosgene as starting material, which
subsequently reacts with bisphenol-A to produce PC [5–9]. However,
due to severe thermodynamic constraint concerning the transester-
ification from phenol and DMC (KP=3.0× 10–4, 180 °C), the produc-
tion of DPC is highly unfavorable even at high temperatures, and
thereby numerous studies have focused on the process. The reaction
starts from the transesterification of phenol and DMC to methyl phenyl
carbonate (MPC) and methanol (Scheme 1-1), followed by MPC dis-
proportionation to DPC and DMC (Scheme 1-2), or MPC continues to
react with phenol to produce DPC and methanol (Scheme 1-3), but from
K2 (0.19, 25 °C) and K3 (1.2× 10–5, 25 °C), DPC is mainly generated by

the disproportionation. As both K1 and K2 are much small, the key of
the process is the development of efficient catalytic system. Besides, in
comparison with the two step reactions regarding Eq. (1) and Eq. (2),
the first step is the rate-determining step, thus most studies to date have
extensively focused on the first-step reaction [10–14]. Nevertheless,
only little work has been made regarding the second-step dis-
proportionation [15,16], moreover, in previously published work the
disproportionation can hardly carry out thoroughly and restrict greatly
the production of DPC [10–14]. Thus, considering the disproportiona-
tion reaction is the key step to the production of DPC, it is very valuable
to further study on this reaction.

The conversion of MPC to DPC is extremely low because the reac-
tion is kinetically and thermodynamically unfavorable. Thus, it is sig-
nificantly demanded for developing new and efficient catalysts with
high reactivity and stability. Several catalytic formulations have been
explored for MPC disproportionation, mostly based on organo-tita-
nium/tin, metal oxides and supported metal oxide catalysts [16–18].
Because of the difficulty of separation and recovery between the pro-
duct and catalyst for homogeneous organo-titanium/tin as well as the
low catalytic activities of metal oxides, much more attention has been
now paid on supported metal-oxide catalysts, by contrast, zirconia
supported lead is found to exhibit better catalytic properties than others
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for the disproportionation [18,19]. Nevertheless, it is well known that
zirconia exhibits various crystals such as tetragonal, monoclinic and
cubic crystal structures, where the coordination state of oxygen and
zirconium are different due to different surface chemical properties. In
the monoclinic crystal, O2− is tricoordinated/tetracoordinated and
Zr4+ is heptacoordinated, however, in the tetragonal crystal, O2− is
tetracoordinated and Zr4+ is octacoordinated [20,21]. The differences
of zirconia crystalline phase as supports, especially for metal oxide
catalysts, have usually significant influence on the dispersion, structure
and nature of active component as well as the interaction strength and
so on [22,23]. For example, several studies have reported that mono-
clinic/tetragonal zirconia as catalysts or supports show distinctly dif-
ferent catalytic activities in lots of reactions such as the direct synthesis
of HBP from CO2 and phenol, the glycerol dehydration to acrolein, the
CO hydrogenation to synthesize methanol, the n-butane isomerization
and so on [24–27].

Considering that zirconia possesses notable physical-chemical
properties and displays good catalytic properties that are also re-
markably influenced by crystal phase, the employment of different
zirconia phase is important for many materials or catalytic reactions. To
the best of our knowledge, there is no report about the effect of zirconia
polymorph on the structure-catalytic properties relationship of Pb-
based catalysts for MPC disproportionation. Thus, in the current work,
in order to understand the effect of zirconia crystallite phase on its
structure and catalytic property for MPC disproportionation, tetragonal
and monoclinic zirconia supported Pb-based catalysts were prepared
and characterized by transmission electron microscope (TEM), X-ray
photoelectron spectroscopy (XPS), X-ray powder diffraction (XRD),
temperature programmed reduction of H2 (H2-TPR), pyridine-infrared
spectroscopy (Py-IR), N2 adsorption/desorption and temperature pro-
grammed desorption of NH3 (NH3-TPD), as well as that the stability of
the catalysts was also investigated in detail.

2. Experimental section

2.1. Material preparation

All reagents were supplied by Sigma-Aldrich Chemical Reagent
Company, which were used as received without further purification.

According to a modified literature procedure [28,29], zirconium
hydroxide was prepared by precipitation process. ZrOCl2·8H2O was
dissolved into the water and slowly heated to 90 °C to form an aqueous
solution. Ammonia solution with 25% concentration was added into
this solution under stirring until that the pH of 9.3 was reached. After
the precipitation completed, the solid sediment was aged at 60 °C
overnight. Subsequently, the obtained mixture was vacuum filtered off,
and the filter cake was washed repeatedly until no Cl− was detected by
using AgNO3 solution (20mg/L) in the filtrate and then dried at 100 °C
to obtain zirconium hydroxide. Finally, tetragonal and monoclinic

zirconia was prepared by calcination of as-prepared zirconium hydro-
xide at 500 and 750 °C for 5 h. The obtained sample was denoted as TZ
and MZ, respectively.

TZ and MZ supported lead catalysts were prepared using incipient
wetness impregnation process. The corresponding sample was im-
pregnated with required amount of Pb(NO3)2 aqueous solution and kept
for 24 h at room temperature. Afterwards, they were dried, and then
calcinated for 5 h at 500 °C. The as-synthesized catalyst was designated
as TZ-Pb and MZ-Pb, respectively. The PbO loading amount was 13 wt
%.

2.2. Material characterization

X-ray diffraction pattern was recorded using X’pert DX-2700B dif-
fractometer (Philip) with Ni-filtered Cu Kα radiation source
(0.15418 nm). The sample was scanned in 2θ range of 0 to 90° with a
scanning rate of 0.02° /second at the operating voltage and current of
40 kV and 30mA. The crystal phase was identified by comparison with
reference patterns in the JCPDS database.

The textural properties of the catalysts were determined by nitrogen
adsorption/desorption isotherms at −196 °C (3H-2000PS2, BeiShiDe
Instrument). Specific surface area and pore size distribution were cal-
culated by BET equation and BJH method, respectively. Prior to mea-
surement, the sample was degassed at 250 °C for 6 h under vacuum to
remove the physiosorbed moisture.

The composition of the catalysts was performed by X-ray fluores-
cence spectroscopy (EDX1800B). The energy resolution was
165 ± 5 eV, and the peaks of Pb and Zr were identified by analyzer
crystal. Before the measurement, the curve was firstly calibrated by
standard samples, and then the element content of the samples was
carried out.

X-ray photoelectron spectroscopy (XPS) was measured on Kratos
Model XSAM 800 spectrometer with an exciting X-rays source of Al
Kα=1486.6 eV. The C1 s line at 284.6 eV was used for the correction
of binding energies.

Transmission electron microscopic photograph (TEM) was carried
out on TECNAIG2F20-S-TWIN electron microscope with 200 kV accel-
erating voltage, and the elemental maps were recorded by the energy
dispersive spectrometer (EDS). The sample was prepared by grinding
the powder, and then dispersed into an ethanol solution followed by
ultrasonication. Then one droplet of the suspension was placed on
carbon-coated copper grid, and finally evaporated for measurement.

The metallic Pb dispersion was determined by hydro-oxygen titra-
tion pulse method on Micro TP-5080 chemisorption analyzer. First,
sample was pretreated at 400 °C for 1 h, and then the temperature was
lowered to 120 °C in flowing H2 atmosphere. Afterwards, the gas was
switched to flowing N2 (20mL/min) and flushed for 3 h, followed by
saturating with flowing O2 at 120 °C for 30min. Finally, the baseline
was stabilized in flowing N2, and then H2 was introduced into the N2

Scheme 1. Transesterification process between DMC and phenol into DPC.
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flowing by means of the calibrated sample to titrate the O2. The amount
of chemisorbed H2 was obtained by subtracting the two isotherms, and
the dispersion was calculated by assuming H2 dissociative adsorption
on the Pb metallic atoms.

Temperature-programmed reduction of H2 (H2-TPR) was performed
using Micro TP-5076 chemisorption analyzer. Typically, catalyst was
first flushed with flowing N2 of 20mL/min for 50min at 400 °C and
then cooled to room temperature. Subsequently, the temperature was
heated up to 800 °C in flowing hydrogen-nitrogen mixture (containing
10 vol.% of hydrogen) at a heating rate of 10 °C/min, and the con-
sumption H2 was monitored with thermal conductivity detector. The
quantification of H2 was calculated by a calibration curve of CuO as
standard.

Ammonia temperature programmed desorption (NH3-TPD) was
conducted by the same instrument as that used for H2-TPR. Before
adsorption, the catalyst was first pretreated at 400 °C for 1.5 h under N2

flow. When the temperature cooled down to ambient temperature, NH3

was performed by a flowing stream of 12mL/min for 40min.
Subsequently, N2 flow was introduced to remove physically adsorbed
ammonia, and then NH3 desorption was taken up to 800 °C at a heating
rate of 10 °C/min.

Pyridine-infrared spectroscopy (Py-IR) was carried out to detect the
acidic property of the catalysts. Sample was pressed into disks and
placed at a quartz cell, which was pretreated under vacuum for 3 h at
300 °C to evacuate adsorbed impurities. When the temperature cooled
down to ambient temperature, the sample was exposed to pyridine for
1 h and then outgassed for 2 h to remove the physically adsorbed pyr-
idine. Finally, FT-IR spectra were measured.

2.3. Catalytic performance evaluation

The disproportionation of MPC was conducted in three-necked
round-bottom flask connected to a liquid dividing head at atmosphere
pressure. Typically, under nitrogen atmosphere, 150mmol MPC and
catalyst was added into the flask. When the reaction was heated up to
the desired temperature under stirring, the temperature was kept.
During the reaction procedure, DMC distillate was collected in a re-
ceiver flask to break the equilibrium limitation towards the formation
of DPC. After the reaction completion, the mixture was gradually
cooled down to room temperature. The catalyst was filtered, and the
products in the reaction mixture were detected by GC–MS analyses
using HP-6890/5973 gas chromatograph equipped with HP-5 capillary
column (30m×0.25mm×0.25 um). The conversion, yield and se-
lectivity were quantitatively analyzed using GC-7890 A gas chromato-
graph with HP-5 capillary column (30m×0.32mm×0.25 μm) and
FID detector.

3. Results and discussion

3.1. Material characterization

3.1.1. Structural and textural characterization
Fig. 1 displays XRD patterns of pure and zirconia supported Pb-

based catalysts. When as-prepared zirconium hydroxide is calcined at
500 °C, the obtained TZ exhibits a purely tetragonal phase structure
(2θ=30.3, 35.2, 50.2 and 60.2°, JCPDS No. 27-997) [30,31]. The
obtained MZ by calcination of 750 °C is predominantly monoclinic
phase structure (2θ=24.1, 28.3, 31.5, 34.2 and 50.4°, JCPDS No. 37-
1484) and only a weak diffraction peak of tetragonal phase at
2θ=30.3° is noticed. After lead addition, there is mostly the existence
of tetragonal phase for TZ-Pb and two weak diffraction peaks assigned
to monoclinic phase are observed at 28.3 and 31.5°, suggesting that the
introduction of lead results in the structure transformation of tetragonal
phase, while no diffraction peaks belonging to PbO crystalline phases
are detected, which suggest that the lead dispersion on TZ-Pb catalyst is
good, and lead oxide may be highly dispersed on the catalyst surface.

For MZ-Pb catalyst, monoclinic zirconia phases remain stable, but PbO
crystalline phases appear at ca. 29.1, 31.5 35.4, 45.6, 49.3, 55.5 and
60.1° whose partial diffraction peaks overlap with those of MZ, and this
reason is probably due to the different support properties of zirconia
polymorphs. Thus, it may be inferred that the introduction of lead has a
great influence on the crystalline organization of zirconia. The XRD
results indicate that the dispersion of PbO on TZ-Pb is higher than MZ-
Pb. For further confirmation, the lead dispersion degree is also de-
termined by hydro-oxygen titration and the result is listed in Table 1.
Clearly, TZ-Pb exhibits a higher dispersion degree than that of MZ-Pb,
which was consistent with the XRD analysis.

The textural properties of all the samples determined by nitrogen
adsorption/desorption are listed in Table 1, and they exhibit great
difference in surface area, pore volume and pore size. The surface area
and pore volume of TZ-Pb remarkably decrease as comparison with
those of pure TZ support, but the pore size is almost unchanged, which
may be ascribed to the dispersion and deposition of PbO on the surface
of TZ. However, for MZ-Pb catalyst the surface area and pore volume
show nearly no change as comparison with MZ. It probably suggests
that PbO is not evenly distributed on MZ support due to relatively small
surface area, resulting in the low dispersion. Moreover, the surface
composition of TZ-Pb and MZ-Pb is determined by XRF technique, and
Table 1 displayed that the surface molar ratio of Pb to Zr over MZ-Pb is
larger than the nominal molar ratio of 0.082, further suggesting the
aggregation of PbO on MZ support, and it is well in line with the
characteristic peaks of PbO observed in the XRD patterns. Conse-
quently, the structural and textural differences for TZ-Pb and MZ-Pb are
distinctly associated with the different support properties of zirconia
polymorphs. In contrast, TZ-Pb reveals not only the higher dispersion of
PbO but also larger BET surface areas, and therefore it is favorable to
expose more active sites, contributing to the improvement of its

Fig. 1. XRD patterns of pure and zirconia supported Pb-based catalysts.

Table 1
The textural properties of pure and zirconia supported Pb-based catalysts.

Catalysts SBET
(m2/g)

Pore
volume
(cm3/g)

Average
pore
diameter
(nm)

Pb/Zra Pb/Zrb Pb dispersionc

TZ 43 0.127 7.0 – – –
TZ-Pb 34 0.099 7.0 0.082 0.091 0.016
MZ 15 0.126 20.0 – – –
MZ-Pb 13 0.101 20.0 0.082 0.103 0.007

a Calculated by Pb and Zr stoichiometric molar ratio.
b Measured by XRF.
c Determined by hydro-oxygen titration method.
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catalytic ability.

3.1.2. H2-TPR characterization
Fig. 2 displays the H2-TPR profiles of pure and zirconia supported

Pb-based catalysts. PbO shows a broad hydrogen consumption peak at
588 °C, which is assigned to PbO species reduction. Both pure TZ and
MZ present very weak hydrogen reduction peaks at the range from 450
to 600 °C that can hardly be observed, while TZ-Pb exhibits a broad but
well-defined peak in the range of 250–500 °C, therefore mainly PbO is
reduced. Likewise, MZ-Pb has a similar reduction pattern. For a clear
observation, they are integrated by Gaussian function fitting to calcu-
late their respective amounts in Table 2, respectively. Two peaks can be
observed at 350 °C (referred to as peak α) and 417 °C (peak β) for TZ-Pb
catalyst, corresponding to the highly dispersed lead species and bulk
lead oxide reduction [14,26]. And the hydrogen consumption of α peak
is approximately twice higher than that of β peak. Similar to that of TZ-
Pb, MZ-Pb shows also two reduction peaks at 358 °C (peak α) and
411 °C (peak β), but the hydrogen consumption of peak α is twice lower
than that of peak β. Generally, such low reduction temperature range

and high hydrogen consumption of peak α (as compared to peak β)
usually corresponds to high metal dispersed phase with small crystallite
size and the large interaction with support [32,33], which is in agree-
ment with the below TEM and XPS analysis. In contrast, TZ-Pb exhibits
the lower reduction temperature and larger hydrogen consumption of α
peak, and thus it possesses a stronger interaction between lead and
zirconia support, which would be favorable for improving the catalyst
stability during reaction. The results further testify that the difference
of reduction performance for TZ-Pb and MZ-Pb is largely dependent on
the surface property of zirconia support, which has great influence on
the surface nature of lead oxide and the interaction with zirconia.

3.1.3. TEM characterization
Fig. 3 presents the TEM pictures of TZ-Pb and MZ-Pb, and their

elemental distribution mapping images are also given. As shown in
Fig. 3, the catalysts show different morphological structures. TZ-Pb in
Fig. 3(A, B) mainly exhibits round-sheet-like morphological structures
with uniform and homogeneous particles, and most of them seem to
have smaller particle size (˜18 nm). While for MZ-Pb in Fig. 3(C, D), it
can be seen that MZ-Pb with larger particle size (˜45 nm) represents
flake-like crystals, which is remarkably different from TZ-Pb. The cat-
alytic activity is related to particle size, and a small size is beneficial to
the disproportionation of MPC. TZ-Pb has a small diameter with good
PbO dispersion, which is conducive to improving the catalytic activity
of the catalyst. The EDS spectrum further confirms the existence of Pb
on the surface of the supports (Fig. S1, Supplementary Information),
which evidently indicates that the Pb element is highly dispersed on the
surface of TZ-Pb in comparison with MZ-Pb, and this is also consist with
the result of XRD characterization.

3.1.4. XPS characterization
XPS spectra of the catalysts are conducted to further investigate the

element nature, and the results are revealed in Fig. 4. Fig. 4(A) displays
the deconvolution of Zr 3d of the catalysts, and TZ and MZ exhibit
clearly two characteristic peaks at around 181.8 and 184.2 eV, which
are attributed to Zr 3d5/2 and Zr 3d3/2 consecutively, which is in ac-
cordance with the literature reports [34,35], suggesting that only Zr4+

exists in the pure supports. Apparently, for TZ-Pb and MZ-Pb, the
binding energies are shifted towards higher values when the lead is
added, suggesting the formation of Pb−O−Zr bonds. Fig. 4(B) dis-
plays the deconvolution of Pb 4f in TZ-Pb and MZ-Pb, the binding en-
ergies centered at around 138.7 and 143.5 eV are observed, corre-
sponding to Pb 4f7/2 and Pb 4f5/2, respectively. According to literature
[36], the binding energy of Pb 4f7/2 and Pb 4f5/2 in PbO is 137.0 and
142.0 eV, and evidently the binding energies in TZ-Pb and MZ-Pb are
also shifted to higher values upon the Pb−O−Zr formation. Fig. 4(C)
displays the deconvolution of O 1 s of the catalysts, and two char-
acteristic peaks located at around 530.0 and 531.2 eV are exhibited in
TZ and MZ, which are ascribed to lattice oxygen of metal-oxides (such
as O2−) and adsorbed oxygen species (such as O- and O2−) on the
surface [37,38], respectively. Nevertheless, after the addition of lead,
the binding energies in TZ-Pb and MZ-Pb are shifted to the lower va-
lues. Based on these results, the reasons for the binding energy changes
of Zr, Pb and O in TZ-Pb and MZ-Pb can likely be accounted for electron
density variation due to the Pb−O−Zr formation, resulted in the
electron from Zr and Pb flowing to O because of higher electro-
negativity of O compared to Zr and Pb, indicating that there is an in-
teraction between lead and zirconia. In comparison, TZ-Pb exhibits the
larger binding energy variations, suggesting a stronger interaction be-
tween lead and zirconia support, which is in good conformity with H2-
TPR analysis.

3.1.5. NH3-TPD characterization
NH3-TPD measurements are conducted to study the acid properties,

and the acid strength and acidity of the catalysts can be evaluated ac-
cording to their typical desorption peak. Fig. 5 displays the NH3-TPD

Fig. 2. H2-TPR profiles of pure and zirconia supported Pb-based catalysts.

Table 2
The reduction performances of TZ-Pb and MZ-Pb determined by H2-TPR.

Catalysts Reduction temperature
(°C)

H2 consumption (mmol/
g)

Total
consumption
(mmol/g)

peak α peak β peak α peak β

TZ-Pb 350 417 0.074 0.040 0.114
MZ-Pb 358 411 0.042 0.084 0.126
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profiles of pure and zirconia supported Pb-based catalysts. There are
two notable NH3 desorption peaks, and the peak at low temperature of
around 160–490 °C represents weak acid site and the other at high
temperature in the range of around 500–750 °C represents strong acid
site [37,39], respectively. The areas of desorption peaks are linearly
proportional to the acid amount. For a clear comparison, the profiles
are deconvoluted by Gaussian function fitting, and the acid amount is
quantitatively calculated from the peak areas in Table 3. It can be seen
that this crystalline structure remarkably influences the acidity, and TZ
has higher surface acid amount than MZ. Interestingly, after introdu-
cing lead into TZ and MZ, the acid amounts of both TZ-Pb and MZ-Pb
decrease. The reasons are probably that PbO possesses both Lewis
acidic and basic properties, and lead could be easily combined or co-
ordinated with Zr by Lewis acid-base interactions through Zr–O–Pb
bond, resulted in the decrease of acid amount. Moreover, the larger
surface acid amount of TZ than MZ suggests that it can be more readily
interacted with Pb species after impregnating, thereby causing the
higher dispersion of PbO as well as forming the stronger interaction
between lead and TZ support, this analysis is in good accordance with
the above discussion of XRD, H2-TPR and XPS results. Although the acid
amounts decrease, the total acid amount in the TZ-Pb is remarkably
higher than that of the MZ-Pb catalyst, which is conductive to adsorb
and activate MPC molecules, improving the catalytic activity.

3.1.6. Py-IR characterization
To obtain the information of Brønsted and Lewis acidity, the pyr-

idine-infrared spectroscopy of the catalysts is detected. Fig. 6 displays
the Py-IR spectra of zirconia supported Pb-based catalysts, and the
concentration ratio of Brønsted to Lewis acidity is given in Table 3. The
infrared absorptions at 1590 and 1440 cm−1 are assigned to pyridine
bound interacting with Brønsted and Lewis acid sites, respectively
[34,40,41]. TZ displays a remarkable absorption peak at 1440 cm−1

and a weak absorption peak at 1590 cm−1, while MZ exhibits two ob-
vious absorptions peak, indicating that TZ possesses mainly the pre-
sence of Lewis acidic sites, and MZ contains both Brønsted and Lewis
acid sites, which is in line with literature reported previously [21]. By
the addition of lead, the acidic centers do not change remarkably for
MZ-Pb, whereas for TZ-Pb they are affected that the peak intensities
increase obviously, leading to an increased acidity on the surface. As
can be seen in Table 3, the ratios of B/L for TZ and TZ-Pb are lower than

those of MZ and MZ-Pb. As a result, the results of Py-IR and NH3-TPD
suggest that TZ and TZ-Pb own much higher Lewis acidity, contributing
to MPC disproportionation because this reaction was Lewis acid cata-
lysis process.

3.2. Results of the catalytic evaluation for MPC disproportionation

Fig. 7 displays the results of MPC disproportionation over the cat-
alysts. This crystalline form strongly influences the catalytic activity of
Pb-based catalysts. Pure TZ and MZ supports are found to be weak
catalytic activities under the present experimental conditions, and the
introduction of lead after impregnating shows noticeable improved
catalytic activities, implying that lead is the active component phases
while TZ and MZ mainly act as the catalyst supports although they
possess larger BET surface area and higher acid amount compared to
supported Pb-based catalysts. For TZ-Pb and MZ-Pb, the MPC conver-
sion and DPC selectivity are 65.1%, 99.1% and 48.8%, 98.4% respec-
tively, indicating that TZ-Pb exhibits better catalytic performance.
Moreover, the TON value of TZ-Pb reaches up to 140mol MPC/mol Pb
for MPC conversion obtained at 50min, which is also obviously higher
than 103mol MPC/mol Pb of MZ-Pb. The results suggest that the TZ-Pb
catalyst is more active than MZ-Pb, and thereby tetragonal zirconia is
more suitable crystalline phase structure for MPC disproportionation
compared to the monoclinic one.

In view of the characteristic results of Py-IR and NH3-TPD, the
catalytic activities for pure TZ and MZ supports are probably resulted
from the presence of the acidic sites on its surface. Moreover, TZ reveals
relatively higher catalytic activity compared to MZ because TZ has
more numbers of Lewis acid sites. As the studies in previous work [18],
the surface area and interaction of Pb and Zr play key role in the cat-
alytic activity for supported lead catalysts. Thus, from the above
characterized analysis results, TZ-Pb owns higher dispersion of PbO and
larger surface area, which is very advantageous to resulting in more
exposure of Lewis acid active sites to accessibly adsorb and activate
MPC, thereby behaving better catalytic activity.

3.3. Recycling of the catalyst

The recycling of catalyst is a significant requirement for practical
application. Therefore, the recyclability of the catalyst is examined, and

Fig. 3. TEM pictures of zirconia supported Pb-based catalysts: TZ-Pb (A, B) and MZ-Pb (C, D).
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Fig. 4. XPS spectra of pure and zirconia supported Pb-based catalysts.
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after each run completion the used catalyst is recovered by filtrating
and washing with DMC, and then dried at 110 °C overnight. The results
are illustrated in Fig. 8. The MPC conversion and DPC yield have no
significant change over TZ-Pb in the four consecutive runs, never-
theless, for MZ-Pb, the catalytic activity decreases slightly from 48.8%
to 43.5%, suggesting that TZ-Pb shows better stability compared to MZ-
Pb. Elemental analysis of used TZ-Pb and MZ-Pb obtained by XRF
presents that 0.8% and 1.5% Pb are leached out from fresh TZ-Pb and
MZ-Pb after using four times, respectively, suggesting that TZ-Pb is
more intact and there is little leaching loss of Pb during the reaction.
Combining with the H2-TPR and XPS analysis, the excellent recycl-
ability of TZ-Pb is probably resulted from its stronger metal-support

interaction.
Besides, TZ-Pb and MZ-Pb after the forth use are also detected by

XRD in Fig. 9. The results show that the diffraction peak of used TZ-Pb
and MZ-Pb is basically the same patterns as the respective freshly
prepared catalysts, suggesting that no structural changes occur on the
surface of the catalysts, and thereby tetragonal zirconia is more active
and stable crystalline structure for MPC disproportionation.

4. Conclusions

In this paper, zirconia polymorph inflicts great difference on the
structural properties of zirconia supported Pb-based catalysts.
Moreover, the catalytic activities are also strongly influenced for the
disproportionation of MPC, and tetragonal zirconia is more active and
stable crystal phase compared to the monoclinic one. The conversion of
MPC and yield of DPC reach 65.1% and 64.5% over TZ-Pb, which is
significantly higher than that of MZ-Pb. And the TON value over TZ-Pb
is also obviously higher than that of MZ-Pb. The characterization results
indicate that the superior catalytic performance of TZ-Pb is related to its
good dispersion degree of PbO, large specific surface area and high
Lewis acidic active sites, which are relevant and together contribute to
the improvement of catalytic activity. Additionally, TZ-Pb shows also
better stability due to stronger metal-support interaction that after four
consecutive runs there is no significant change in MPC conversion and
DPC yield. Thus, this work has provided a prospective reference for the
extensive utility of zirconia polymorph materials in broad catalysis
areas.
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Fig. 5. NH3-TPD profiles of pure and zirconia supported Pb-based catalysts.

Table 3
The acidity of pure and zirconia supported Pb-based catalysts determined by
NH3-TPD.

Catalysts Acid strengths (°C) Acid amounts
(mmol/g)

Total acid
amounts
(mmol/g)

B/L ratio

Weak Strong Weak Strong

TZ 394 671 0.054 0.114 0.168 0.410
TZ-Pb 346 707 0.068 0.047 0.115 0.983
MZ 404 716 0.056 0.040 0.096 1.166
MZ-Pb 421 725 0.019 0.034 0.053 1.104

Fig. 6. Py-IR spectra of zirconia supported Pb-based catalysts.

Fig. 7. Catalytic results of MPC disproportionation over the catalysts. Reaction
conditions: catalyst 1.2 g, MPC 150mmol, 200 °C, 2.5 h. Anisole is the trace by-
product existence.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.mcat.2019.02.021.
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