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Abstract: Pb-Zr mixed oxides with 15.2 wt% PbO loading werepared by four
different preparation processes, and their catalyperformances for the
disproportionation of methyl phenyl carbonate (MP@) synthesize diphenyl
carbonate (DPC) were evaluated. Physicochemicahctaizations including X-ray
diffraction (XRD), X-ray photoelectron spectroscog}PS), X-ray fluorescence
spectroscopy (XRF), BET surface area measurementerfperature programmed
reduction (H-TPR), ammonia temperature programmed desorptidts{IN°D) and
infrared spectroscopy of pyridine adsorption (PY: & well as catalytic tests of MPC
disproportionation reaction showed that catalyseppration process exerted
significant influence on the composition, structymaperty, catalytic performance of
obtained catalysts, and the catalyst prepared bprecipitation method (PbZr-CP)
demonstrated better dispersion of active phasgelapecific surface area and more
Lewis acid sites on the surface due to the stratgraction of Pb and Zr, and thus

exhibited higher catalytic activity than those f@egal by other processes.
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1. Introduction

Diphenyl carbonate (DPC), an important and ecaxftig chemical intermediate,
was mainly used for the phosgene-free preparatiqguolycarbonates (PC) by a melt
polymerization process, and also was often utilirethe synthesis of various organic
compounds and polymer materials [1-4]. Nowadays thansesterification of
dimethyl carbonate (DMC) and phenol has attractgoeat deal of attention as one of
the most promising and suitable approach for DP@roercial production, due to no
employment of the hazardous phosgene [5, 6]. Ghlyertis route has been
recognized to be a two-step process. Firstly, mgbhenyl carbonate (MPC) was
generated by the transesterification of phenolRRIC (Scheme 1, Eq. (1)). Secondly,
DPC was produced by the disproportionation of MBchgeme 1, Eq. (2)) or the
further transesterification of phenol and MPC (Sobkel, Eq. (3)), but the equilibrium
constants K (0.19, 25°C) and K (1.2x10° 25 °C) showed that DPC was mainly
generated through MPC disproportionation rathen ttee further transesterification
[7-10]. For the two-step reaction, the first stegsvihe rate-controlling step, owing to
K1 (6.3%x10°, 25°C) much smaller than & even at elevated temperatures. Therefore,
many efforts have especially been made on thediegi transesterification reaction
[11-15], while few works have been paid to the sekstep disproportionation yet
[16-18]. In fact, MPC must undergo the disproparéiton, and then can transfer into
DPC. Moreover, it was found that the second-steprdportionation reaction could
not process thoroughly for the most part, greatistricting the generation of target
product DPC. Thus, the second-step MPC disprop@tion reaction was also
regarded as the key step to synthesize DPC. Toowepthe yield of target product
DPC, it would be of great significance to furtheudy on the second-step MPC

disproportionation.
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Scheme 1. Transesterification reaction of DMC ameinpl to produce DPC.
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As a crucial part of our recent work, the developtrad attractive catalysts plays a
vital role in the catalytic reaction. Previous r@®f showed that the catalysts
exhibited good catalytic performance in the firgps transesterification, whereas
many of them suffered from low catalytic activities MPC disproportionation [16,
17]. Hence, development of highly efficient catédytor MPC disproportionation is
quite desirable and useful. Mechanistic studiescatdd that this process was Lewis
acid catalysis because Bronsted acid often caude@ Wecarboxylation into anisole
[19, 20], and therefore some homogeneous or hetaemys catalysts with Lewis acid
properties had been preliminarily explored by ouwsug. The results showed that
homogeneous catalysts like organo-tin/titanium coomas displayed excellent
catalytic performance [1, 21], while they were aaty to recover and recycle, as well
as the product separation and/or purification wias &ery difficult. Subsequently,
several heterogeneous catalysts have been develmwdading metal oxides,
MoOs/SiO, and Pb-Zr mixed oxide catalyst [22-24]. Among thePb-Zrcatalyst
provided high conversion and vyield, easy recoveggyclability and long use
lifetimes. However, for mixed metal oxide catalysitswas well known that the
preparation process had significant influenceshenstructural and textural properties
of the catalysts, such as the dispersion of acpexies, specific surface area and the
strength of interaction between active componeit support, and these properties
concomitantly determined the performance of thalgats [25-32]. Therefore, as our

continuous work for exploiting highly efficient reable catalyst in practical



application, a systematic study of the influencetlom preparation process of Pb-Zr
mixed oxide catalyst would be very interesting talerstand the relationship between
the structure property of the catalyst and itslgataperformance.

Our group was always dedicated to the transestatidin of DMC and phenol for
the green synthesis of DPC and considering thethattPb-Zr mixed oxide appeared
to be promising alternative catalyst for MPC digmionation. The aim of the
present work was to investigate the influence efpration process on the structural
properties and catalytic performances of Pb-Zr whiggide catalyst in detail, and it
was conductive to screen a simple, facile and Iskgitenethod. Herein, Pb-Zr mixed
oxide was prepared by four different methods and employed to catalyze MPC
disproportionation. Meanwhile, the obtained catalygere evaluated by powder
X-ray diffraction (XRD), X-ray photoelectron spemscopy (XPS), X-ray
fluorescence spectroscopy (XRF), BET surface areasmrement, Htemperature
programmed reduction @IPR), ammonia temperature programmed desorption

(NH3-TPD) and infrared spectroscopy of pyridine adsom(Py-IR).
2. Experimental
2.1. Catalyst preparation

Zirconyl chloride octahydrate (ZrO£BH,O, =99%), lead nitrate (Pb(N{, =
99%) and ammonia hydroxide (28-30%) were purchafedn Sigma-Aldrich
Chemical Reagent Company and used without furtbefigation. Deionized water

was used during the catalyst synthesis process.

The Pb-Zr mixed oxides were prepared with mechaminting method, incipient
wetness impregnation method, co-precipitation nekthand precipitation-
impregnation method, respectively. The loading amai PbO (wt%) in the mixed

oxide was 15.2%, which was calculated by the storaktric molar ratio of Pb to Zr.
2.1.1 Mechanical mill method

Firstly, pure ZrQ was prepared by precipitation method. Typicallyreguired
amount of zirconyl chloride octahydrate were digedlin distilled water and heated
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to 90 °C. Thereafter, ammonium hydroxide aqueous added drop-wise into the
solution under magnetic stirring until the pH wamirolled at 9-10. The resulting
suspensions were aged for 24 h and then filteraghed with distilled water. Finally,
the sample was dried at 110 °C overnight and cadcist 600 °C for 5 h to obtain
ZrO,. Subsequently, ZrOand lead nitrate were mixed in a certain molaiorand
milled uniformly, and then calcinated at 68D for 5 h. The as-prepared catalyst was

denoted as PbZr-MM.
2.1.2 Incipient wetness impregnation method

Likewise, pure Zr@ was also prepared using the same precipitatiorcegs
Thereafter, Zr@ was impregnated with appropriate amount aqueolusiao of lead
nitrate, and then the mixture was kept at ambiemtperature for 24 h. Afterwards,
the mixture was dried at 110 °C overnight, follovisdcalcination in air at 60%C for

5 h. The obtained catalyst was denoted as PbZr-WI.
2.1.3 Co-precipitation method

A desirable amount of lead nitrate and zirconyloddle octahydrate were added
into deionized water, and then the aqueous mixttae heated to 90 °C completely
dissolving the solids. Subsequently, an aqueoustisnl of ammonia was added
drop-wise into the above solution until the solntipH was adjusted at 9-10. The
resulting solution was aged at 60 °C with rigorstiging for 24 h. The sediment was
vacuum filtered, washed with distilled water untié tabsence of chlorides, and then
dried at 110 °C overnight and calcinated at 60@n°@ir for 5 h. The obtained catalyst

was named as PbZr-CP.
2.1.4 Precipitation-impregnation method

A certain amount of zirconyl chloride octahydratassadded into deionized water,
and then heated to 90 °C to dissolve the solidgwungdorous stirring. Afterwards, the
aqueous solution of ammonia was added drop-wise tim¢ solution until the pH
constant was 9-10. The resulting white slurry wiasesl at 60 °C for 24 h. The
as-prepared solids were vacuum filtered, washeddistilled water, and then dried at
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100 °C overnight to form the precipitate Zr(QH)rhereafter, the sample was
impregnated with appropriate amount aqueous soludfolead nitrate. The mixture
was kept at ambient temperature for 24 h, and thexd and calcinated as described

in the co-precipitation method. Finally, the obtadrcatalyst was referred to PbZr-PlI.

In addition, pure PbO was also prepared by the l@inprecipitation process
described above for comparison, and the sampledvoelused as reference when

discussing some of the characterization results.
2.2. Catalyst characterization

Powder X-ray diffraction (XRD) patterns of the dgtts were collected on a
X’pert PRO MPD diffractometer (Philip) with Cuok(A=1.54056 A) radiation in the
2 theta range from 5 to 90°. The operating voltageé current of X-ray tube were at
40 kV and 45 mA with a scanning rate of 1.2°/mimeTcrystalline phases were
identified by comparison with the reference datanir International Center for
Diffraction Data (ICDD) files, and the crystallitsizes were calculated by

Debye-Scherrer formula.

Temperature-programmed reduction{FPR) experiments were conducted by
using a chemisorption analyzer (Micro TP-5076, X Industry and Trade
Development Co., Ltd., Tianjin, China). Before tleeluction, about 50 mg catalyst
was pretreated in Nlow (99.999%, 20 mL/min) at 400 °C for 1 h, anerhcooled
down to the ambient temperature. Thereafter, tisellee was stabilized at 30 °C in
the flowing H-N» mixture gas (10 vol.% #Ny). After that, the reactor was carried
out by heating the samples from 50 to 800 °C anaprrate of 10 °C/min. TheyH
consumption as a function of the reduction tempeeatvas continuously detected

with a thermal conductivity detector (TCD).

The ammonia temperature programmed desorptions{NMD) was carried out
using the same chemical adsorption instrument (text above). Prior to the
analysis, the catalyst (100 mg) was previouslytéeander flowing Mat 400 °C for
1 h and then cooled down to 50 °C, followed by sing with flowing NH (10



mL/min) for 30 min. The physically adsorbed hli#as purged under a;Mow for 1 h

to remove physically bound ammonia until the TCBdlime was stabilized, and then
the desorption experiment of Nkvas performed from 50 to 800 °C with a heating
rate of 10 °C/min. All the profiles were simulatbg Gaussian functions, and the

quantification of the acid sites was calculatedrfrtie area of deconvolution peaks.

X-ray photoelectron spectroscopy (XPS) analysesevestected using a Kratos
Model XSAM 800 apparatus with an Ali<1486.6 eV exciting X-rays source (15 kV,
12 mA). The lines were recorded with a narrow sweejth in the range of 5-7 eV
and an energy pass of 50 eV. The sample chargeteffas compensated by
calibrating the binding energy with adventitioussQieak at 284.6 eV as internal

standard.

The chemical element composition was determined Xoyay fluorescence
spectroscopy equipped with Pd anode using an EDOBS8Distrument (Jiangsu

Skyray Instrument Co., Ltd., China).

Textural properties of the catalysts were evaludtgd\, adsorption/desorption at
-196 °C using automatic JW-BK200C adsorption anal{Beijng JIWGB Sci. & Tech.
Co., Ltd, China). Prior to each measurement theptesnwere treated under high
vacuum at 300 °C for 5 h. The total specific swfarea was calculated by
multi-point Brunauer-Emmett-Teller (BET) method,datihe porous distribution was

determined by Barrett-Joyner-Hallenda (BJH) method.

The numbers of Lewis and Brgnsted acid sites orcétaysts were quantified by
pyridine-adsorbed infrared spectroscopy (Py-IRn&ally, the samples were pressed
into disks (30-40 mg, 2 chulisk size). After the sample was pretreated at°ZDfbr 2
h under vacuum and then cooled down to room tertyperat which pyridine (99.5%)
as probe molecule was adsorbed for 1 h. Subsegusathple was vacuumed for 1 h
and flushed with flowing He for 1 h at 50 °C to e the physic-adsorbed pyridine
before the analysis. Finally, Py-IR was tested berino Nicolet 380 to measure the

amount of acid sites.



2.3. Catalyst tests

At present, there is no high purity MPC reagentsafe in the market. To our
delight, MPC was synthesized and then purifiechm laboratory, and its purity was
99.8% determined by high performance liquid chragedphy. A detailed process
was as follows: firstly, MPC was synthesized fdgiley a reversible reaction of DMC
and DPC, due to low equilibrium constant, K0.19, 25 °C) of MPC
disproportionation. Subsequently, the separati@hpamity of MPC was conducted by
reduced pressure distillation and rectificatiorpezsively, and then was identified by
GC-MS,*H-NMR and**C-NMR spectral techniques. Finally, the purity oP® was
analyzed quantitatively by high performance ligcistomatography.

The MPC disproportionation was carried out in agleeactor. In a typical run, 150
mmol MPC and an appropriate amount of catalyst veelged into a 100 mL three
necked round bottom flask fitted with a fractionaticolumn connected to a liquid
dividing head under nitrogen atmosphere. The reactiixture was gradually heated
to desired temperature with a constant stirring natan oil bath and subsequently was
kept at the desired temperature. During the reagiimcedure, DMC distillate was
slowly distilled out and collected continuously te liquid dividing head attached to
a receiver flask to break the equilibrium limit ppomote the reaction towards the
desired product formation of DPC.

After the reaction, the reactor was cooled to raemperature. All the reaction
products were detected by GC-MS instrument withPa3-capillary chromatography
packed column (30 m x 0.25 mm x 0.25 um) on a HBOED73 system. The
products were quantitatively analyzed with a gasromiatograph (Agilent
Technologies 7820A) equipped with a flame ionizataetector (FID) and a DB-35
capillary chromatography packed column (30 m x @32 x 0.25um).

3. Results and discussion
3.1 Catalyst characterization

3.1.1 XRD analysis



The composition of Pb-Zr mixed oxides prepared hffeknt processes is
determined by powder XRD, and the XRD patternssawevn in Fig. 1. As shown in
Fig. 1, ZrQ mainly existed the monoclinic crystalline phas2$-¢4.8, 28.2, 31.5,
34.1 and 50.% JCPDS No. 37-1484), and only the few tetragongstalline phases
appeared (@=30.2, 35.1, 50.2 and 606,2JCPDS No. 27-997) [33, 34]. The
introduction of Pb by different preparation proassesulted in the great change of
ZrO, crystalline structure. PbZr-MM and PbZr-WI mostigmlayed the existence of
monoclinic ZrQ crystalline phases, and there were also a few Rp€atline phase
appearances at ca. 31.9, 35.6, 45.7, 48.6, 54.3%68[35, 36], probably related to
the accumulation of partial PbO on the surface. e, for PbZr-CP and PbZr-PI
samples, there was mostly the existence of teti@dfn®, crystalline phases, and no
diffraction peak assigned to PbO crystalline phass observed, which indicated
that PbO was highly dispersed or amorphous type. XRD results suggested that
the dispersions of PbO in PbZr-CP and PbZr-PI welaively higher than those in
PbzZr-MM and PbZr-WI. Besides, the average cryséallizes of the samples were
calculated by Scherrer equation, which were abdyt 45, 65 and 68 nm for
Pbzr-CP, PbZr-Pl, PbZr-WIl and PbZr-MM based on rtheiaximum intensity

diffraction peaks, respectively.

Y PbO

® Monoclinic ZrO,
m Tetragonal ZrO
l X
V
|
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=
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= oy
2| pbzr-wi o | F oY v e .
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[ ]
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20 (°)
Fig. 1. XRD patterns of Pb-Zr catalysts preparediiffgrent processes.
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3.1.2 B-TPR analysis

The H-TPR profiles of all the catalysts are shown in.FAgAs shown in Fig. 2,
PbO showed a remarkable hydrogen reduction pea88tC, which was attributed to
the reduction of PbO species, and the reductiok pear ZrQ was very weak in the
range of 450-600 °C and could hardly be observedmgared with PbO, the
reduction peaks of Pb-Zr catalysts were signifigashifted to lower temperatures,
which indicated that there was strong or weak augon of PbO with support [37,
38], but these peak shifts were clearly differ&ar PbZr-MM and PbZr-WI samples,
PbZr-MM with a broad peak range exhibited two rdoiucpeaks at around 375 and
425 °C, and a similar behavior was observed forrRNE which exhibited also two
reduction peaks at around 355 and 382 °C in a hpea#l range. The former shoulder
peak was assigned to the reduction of highly dsgmkdead species, and the latter
reduction peak was presumably due to the redudafobulk lead oxide. Such low
reduction temperature range usually correspondedd ltav dispersed metallic phase
with a large crystallite size and low interactionthwthe support. However, for
PbZr-CP and PbZr-Pl samples, there was only a sporeding reduction peak
appearance at 372 and 394 °C respectively, relaiethe reduction of highly
dispersed lead species strongly interacting with ghpport, this was in accordance
with the XRD results, whereas the comparison oticidn temperature implied that
the interaction strength in PbZr-CP was greaten that in PbZr-PI. Thus, according
to the reduction nature of PbO species, PbZr-Plibéeld the lowest reduction
temperature and therefore possessed the stromgestation between Pb and Zr, and
the interaction strength among them was in theoWalig order of PbZr-CP >

Pbzr-Pl > PbZr-WI| > PbZr-MM.
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Fig. 2. H-TPR profiles ofall the catalysts.

3.1.3 XPS analysis

XPS analysis was also performed, in order to ehteidhe surface nature and
composition of various elements over the catalydiase. The XPS spectra of Zrsz¢
Pb 4f,, and O 1s of the catalysts are shown in Fig. 3. Aihding energy (BE) of Zr
3052 in ZrO, was 179 eV. As shown in Fig. 3(A), the BE of Zgathcreased, but the
peak position shifts were different and PbZr-CPileixéd the biggest shift, and the
order was PbZr-CP > PbZr-PI > PbZr-WI = PbZr-MM €TBE of Pb 4f, in PbO was
137 eV. As shown in Fig. 3(B), the BE of Pby4flso increased, and the variation
trend was basically in accordance with that of d4,3The BEs of O 1s in Zr{and
PbO are 530.2 eV and 531.3 eV. As shown in Fig),3( a clear observation, O 1s
band was resolved by two Gaussian component pedksh were assigned to the
surface absorbed oxygen (531.0-532.1 eV) andédattxygen (529.2-530.3 eV) [39],
respectively. The BE for lattice oxygen at arou28.8B eV was shifted to lower value
and PbZr-CP gave the largest shift, and the shiférowas inconsistent with those of
Zr 302 and Pb 4f,. A shift towards lower BE in XPS was usually asated with an
increased electron density or reduction to a loswédation state [40]. Thus, the above
result indicated the flow of electron density fratn and Pb to O by forming the

Pb-O-Zr linkages due to higher electronegativityfthan those of Zr and Pb,
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resulting in a rich electron state of O and a defit electron state of Zr and Pb.
However, these changes of BEs were remarkably rdiffe over the catalysts,
suggesting that the interaction intensity betweerna@d Pb through the Pb-O-Zr
bonds was also different. Among them, PbZr-CP mgledithe maximum changes for
the BEs of Zr 3¢}, Pb 4%, and O 1s, illustrating the strongest interactietween Pb

and Zr. Combined with the analysis of XRD angdHPR, it could be inferred that the
strong interaction between Pb and Zr species wadawor of inhibiting the

crystallization of PbO phase and promoting the elisipn of PbO, thus it was

beneficial to improving the activity of the catalys

A 181.8 .
(A) ‘ Zr3d,,
PbZr-PI 182

PbhZr-CP 181.7

PbZr-WI 181.7
PbZr-MM

1 1 1 1 1 1
190 188 186 184 182 180 178 176
Binding energy (eV)

B) 1383, Pb 4,

PbZr-PI 1384
PbZr-CP 1383

PhZr-WI 138.3
M

+ L L L + L + 536 534 532 530 528 526 524
148 144 140 136 132
Binding energy (eV)

Intensity (a. u.)

Intensity (a. u.)

Intensity (a. u.)

Binding energy (eV)

Fig. 3. Binding energies of Zr 3¢l(A), Pb 4%, (B) and O 1s (C) of all the catalysts.
3.1.4 BET analysis

The N, adsorption-desorption isotherms and their cornedjpy pore size
distribution of all the catalysts are shown in Hg.Fig. 4(A) showed that all the
catalytic samples presented typical IV isothermthwioticeable hysteresis loops at

higher relative pressure, suggesting that mesogofameworks were formed for
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them. Fig. 4(B) showed that the pore size distidsutof pure ZrQ mainly
concentrated at 8.0 nm, and the pore sizes of RiMrand PbZr-WI were similar to
that of ZrQ support, retaining the average mesoporous sitleeaupport, due to the
weak interaction between PbO and Zi&3 described above. Evidently, for PbZr-CP
and PbZr-Pl, the strong interaction between PbZmniksulted in the appearance of
new channels, and shifted the pores into the sdmsttibution, exhibiting the narrow
and smaller pore diameter ranges. Table 1 sumnaatime textural properties of all
the samples. PbZr-CP displayed the largest BETifspsarface area of 62 g’ and
pore volume of 0.110 chg?, which was beneficial to the exposure of morevacti
sites, resulting in improvement of the catalytidigh and their surface areas were in
the following sequence: PbZr-CP > PbZr-Pl > PbZr\WPbZr-MM. Moreover, the
surface composition of all the catalysts was deigeth by XRF technique, and the
results were listed in Table 1. As shown in Tahléh# molar ratios of surface Pb to Zr
over PbZr-CP and PbZr-Pl were close to the bullueadstimated by theoretical
calculation. Nevertheless, the molar ratios of auefPb to Zr over PbZr-MM and
Pbzr-WI were far higher than the bulk value, sugiggsthe accumulation of PbO on
the surface. The results further suggested thatigersions of PbO over PbZr-CP
and PbZr-WI were much better, and the crystallib® Pver PbZr-Pl and PbZr-MM
might be aggregated due to the low surface ares, ldading to poor dispersion. It
was in accordance with the results of XRD measuntraBown above, since high

surface area was beneficial for the dispersionb@.P

(A)
PbZr-PI

(B)

——ZrO:
—8— PbZr-MM
—h— PbZr-Wl
—¥— PhiZr-CP
—4—PbZr-P1

PbZr-CP

PhZr-Wi 2 j
s

Py

PbZr-MM _‘/—.
ZrO:

1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 2 4 6 8 10 12
Relative pressure (P/P) Pore diameter (nm)

dV/d(logD) (em’ g -nm™)
s
2

Quantity adsorbed (a. u.)

Fig. 4. N, adsorption-desorption isotherms (A) and pore diamgistributions (B) of all the
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catalysts.

Table 1 The textural properties of all the catalyst

BET surface Pore volume Mean pore

Catalyst Pb/zf Pb/zP
area (M-g" (cm*-g?) diameter (nm)

Pbzr-CP 62 0.110 5.0 0.099 0.111

PbZr-PlI 58 0.067 3.8 0.099 0.115

PbzZr-WlI 35 0.088 8.3 0.099 0.122

PbZr-MM 28 0.083 7.9 0.099 0.131

2rO, 53 0.123 8.0 - -

4 Pb/Zr estimated by theoretical calculation.
® Ph/Zr determined by XRF.

3.1.5 NKB-TPD and Py-IR analysis

The acid property of all the catalysts is carriedl loy NH-TPD technique, and the
amount of desorbed NHwhich is reflected by the peak area, is propodido the
amounts of acidic sites. Fig. 5 showed thesNIRD profiles of all the catalysts. As
shown in Fig. 5, all the profiles contained two N#kesorption peaks that the peak
around 160 °C was assigned to weakly adsorbeg Bittl the peak above 400 °C was
regarded as Nficoordinated to strong acid sites. Meanwhile, teality of all
samples was summarized in Table 2. It could be se@nthis preparation process
apparently affected the acidic properties, andaitigrption amount of NHwas the
most for PbZr-CP and the total number of acidiessifrom large to small was as
follows: PbZr-CP > PbZr-Pl > PbZr-WI > PbZr-MM, iating that PbZr-CP owned
more acidic sites formed on the surface. Furtheemabove-mentioned discussion
acknowledged that PbZr-CP had the highest spesifitace area, and this was also
beneficial for exposing more acidic sites, whichuwdopromote the adsorption and

activation of MPC reactant molecules and enhaneedltalytic performance.
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Fig. 5. NK-TPD profiles of all the catalysts.

Table 2The surface acid properties of all the catalysts.

Acid strength (°C) Acid amount (mmol'yy Total acid

Catalyst L/B ratio
Weak Strong  Weak Strong (mmol-g")

PbZr-CP 290 702 0.094 0.018 0.112 0.466

PbZr- Pl 268 685 0.058 0.029 0.087 0.453

PbZr-wWl 303 703 0.055 0.015 0.070 0.286

PbZr-MM 322 652 0.044 0.013 0.057 0.227

The amount of Lewis and Brgnsted acid sites orcét@ysts is quantified by FT-IR
spectroscopysing pyridine as probe molecule. Fig. 5 showedIFFTspectra of
pyridine adsorbed on all the catalysts and theesponding ratios of Lewis to
Brgnsted acid were presented in Table 2. All themmes displayed remarkable
absorption peaks at 1436 and 1580’cmvhich were assigned to Lewis acidity and
Bragnstedacidity, respectively [29, 33, 41]. Furthermore ZREP and PbZr-Pl also
exhibited weak absorption peak at 1480camd it was attributed to combination of
both Brgnsted (B) and Lewis (L) acid sites. As ddog seen from the results in Table
2, the L/B ratio for PbZr-CP was obviously highlear others, and the sequence from

high to low was as follows: PbZr-CP > PbZr-PI > RbYl > PbZr-MM. Combined
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with the results of NEtTPD, it is obvious that PbZr-CP had more Lewisigcsites,

which was advantageous to catalyze MPC dispropwtion.

PbZr-P1

PbZr-WI

Absorbance

1 . 1 . 1 " 1 " 1 N 1 " 1 . 1 " 1

1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750
Wavenumber (cm™)

Fig. 6. FT-IR spectra of pyridine adsorbedadithe catalysts.
3.2 Catalytic performance of all the catalystsNt?C disproportionation

The catalytic performances of all the catalysts d@proportionation of MPC to
DPC were given in Fig. 7. The slight byproduct wasnly anisole. Noticeably, Pb-Zr
mixed oxides prepared with different processes fegarkable catalytic activities,
and the selectivities of DPC were more than 98.0%vertheless, the catalytic
activities were also evidently influenced by diéiet preparation processes. It was
clear that the best catalytic activity with MPC wersion of 74.7% and DPC
selectivity of 99.3% was obtained over PbZr-CP, #edorder of the activities was as
follows: PbZr-CP > PbZr-Pl > PbZr-WI > PbZr-MM. TEhirend was in agreement
with the orders of the dispersion of PbO, spedficface area and Lewis acid sites.
Based on the results of XRD, BET, MAPD and Py-IR analysis, PbZr-CP exhibited
better dispersion of PbO and a higher specificamarfarea than other catalysts,
meaning that it had more Lewis acid sites on it$ase. Consequently, the superior
catalytic activity of PbZr-CP should be ascribedhe presence of the higher specific
surface area and the higher dispersion of PbO,hwvigs as a result of the stronger
interaction between Pb and Zr. PbZr-CP presentedstitongest interaction between
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Pb and Zr, resulting in the noticeable changes r@,4ore structure, which was
advantageous to highly disperse PbO and expose aubinge sites. Therefore, the
strong interaction between Pb and Zr over PbZr-GFonly led to large surface area
but also high dispersion of PbO, both of which ardted for the high catalytic
activity in this system. The result suggested thbtZr mixed oxide prepared by
co-precipitation method was better than otherss tieuhibiting higher catalytic

activity.

(B Conversion | |EEEA Yield| [N Selectivity

100 -

80

60

40

20

Conversion, Yield & Selectivity (%)

PbZr-MM PbZr-WI PbZr-CP PbZr-PI

Fig. 7. Catalytic performance of all the catalystsMPC disproportionationReaction conditions:

temperature 200 °C, reaction time 2.5 h, catalysg1MPC 150 mmol.
4. Conclusions

Pb-Zr mixed oxides prepared by different processe®e been evaluated for MPC
disproportionation. The synthesis process sigmfiya affected the catalytic
performance, and PbZr-CP catalyst prepared viareoqmtation method was more
active than others, and the order of the conversfddPC was PbZr-CP > PbZr-Pl >
Pbzr-Wl > PbzZr-MM. XRD, XPS, HTPR, BET, NH-TPD and Py-IR were
employed to characterize the catalysts, and theltsesevealed that well-dispersed
PbO, high specific surface area and more Lewis sites were responsible for the
excellent catalytic performance of PbZr-CP, owirg the existence of strong

interaction between Pb and Zr. In summary, this kwprovided a promising
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technology for Pb-Zr catalyst preparation towardsnemic and efficient process to

transform MPC disproportionation into DPC.
Acknowledgments

We gratefully acknowledge the National High Teclngyl Research and
Development Program of China (863 program, No. 2@4®1703), the Project
funded by China Postdoctoral Science Foundatiod§RI632782), the Key Project
of Science and Technology Program of Henan ProJip@2102210050), the Key
Scientific Research Project of Colleges and Unitiess in Henan Province
(17A150026), the Science Research Start-up Furtdeofin Institute of Science and
Technology (2015031), the Project funded by Pogtidat Science Foundation of
Henan Province, and the Postdoctoral Start-up efiktenan Institute of Science and

Technology for their financial support to this rag.
References

[1] S.L. Wang, T. Chen, G.Y. Wang, C.X. Cui, H.Y. Ni@,G. Li, Influence of
coordination groups on the catalytic performandesrgano-titanium compounds
for disproportionation of methyl phenyl carbonate s$ynthesize diphenyl
carbonate, Appl. Catal. A: Gen. 540 (2017) 1-6.

[2] Y.M. Qu, S.L. Wang, T. Chen, G.Y. Wang, Zn-promotaahthesis of diphenyl
carbonate via transesterification over Ti-Zn doubkéde catalyst, Res. Chem.
Intermediat. 42 (2017) 2725-2735.

[3] L.F. Zhang, Y.C. He, X.J. Yang, H. Yuan, Z.P. Du,XY Wu, Oxidative
carbonylation of phenol to diphenyl carbonate byMR-MnFe,O, magnetic
catalyst, Chem. Eng. J. 278 (2015) 129-133.

[4] R. Kanega, H. Ogihara, I. Yamanaka, Electrosynshesi diphenyl carbonate
catalyzed by Pd” (in situ NHC) redox catalyst promoted at Au anoRes.
Chem. Intermed. 41 (2015) 9497-9508.

[5] Q. Wang, C.H. Li, M. Guo, S.J. Luo, C.W. Hu, Trasteeification of dimethyl

carbonate with phenol to diphenyl carbonate oveafenal Mg(OH) nanoflakes,

18



Inorg. Chem. Front. 2 (2015) 47-54.

[6] S.H. Huang, B. Yan, S.P. Wang, X.B. Ma, Recent adea in dialkyl carbonates
synthesis and applications, Chem. Soc. Rev. 445)28079-3116.

[7] P.X. Wang, S.M. Liu, F. Zhou, B.Q. Yang, A.S. Algmaari, Y.Q. Deng,
Efficient synthesis of diphenyl carbonate from dybearbonate and phenol using
square-shaped Zn-Ti-O nanoplates as solid acidystga RSC Adv. 5 (2015)
84621-84626.

[8] J.L. Gong, X.B. Ma, S.P. Wang, Phosgene-free aghexmto catalytic synthesis
of diphenyl carbonate and its intermediates, Agpdtal. A: Gen. 316 (2007)
1-21.

[9] F.M. Mei, Z. Pei, G.X. Li, The transesterificatiaf dimethyl carbonate with
phenol over Mg-Al-hydrotalcite catalyst, Org. PreseDes. Dev. 8 (2004)
372-375.

[10]Z.H. Li, B.W. Cheng, K.M. Su, Y. Gu, P. Xi, M.L. ®uThe synthesis of diphenyl
carbonate from dimethyl carbonate and phenol overesaporous
MoO3/SIMCM-41, J. Mol. Catal. A: Chem. 289 (2008) 10051

[11]Y.M. Qu, H. Yang, S.L. Wang, T. Chen, G.Y. WanggHiiselectivity to diphenyl
carbonate via transesterification between dimettaybonate and phenol with
C60-doped Ti@, Chem. Res. Chinese U. 33 (2017) 804-810.

[12]H. Yang, Z.L. Xiao, Y.M. Qu, T. Chen, Y. Chen, GWang, The role of RGO in
TiO,-RGO composites for the transesterification of dhgk carbonate with
phenol to diphenyl carbonate, Res. Chem. Internhe4dia(2018) 799-812.

[13]A. Dibenedetto, A. Angelini, L. di Bitonto, E. Deiglio, S. Cometa, M. Aresta,
Cerium-based binary and ternary oxides in the @stesification of dimethyl
carbonate with phenol, ChemSusChem 7 (2014) 11%8-11

[14]S. Wang, R.X. Bai, F.M. Mei, G.X. Li, Pyroaurite as active, reusable and
environmentally benign catalyst in synthesis of héipyl carbonate by
transesterification, Catal. Commun. 11 (2009) 205-20

[15]M. Cao, Y.Z. Meng, Y.X. Lu, Synthesis of diphenyrbonate from dimethyl
carbonate and phenol using-@romoted PbO/MgO catalysts, Catal. Commun. 6

19



(2005) 802-807.

[16]Z.H. Fu, Y. Ono, Two-step synthesis of diphenyl boerate from dimethyl
carbonate and phenol using Mg8IO, catalysts, J. Mol. Catal. A: Chem. 118
(1997) 293-299.

[17]W.B. Kim, J.S. Lee, A new process for the synthe$idiphenyl carbonate from
dimethyl carbonate and phenol over heterogeneotmysts, Catal. Lett. 59
(1999) 83-88.

[18]S.L. Wang, F. Ma, J.G. Li, G. Zhai, T. Chen, G.YaWy, Progresses in research on
disproportionation of methyl phenyl carbonate tphdéinyl carbonate, Petrochem.
Technol. (Chinese) 42 (2013) 928-935.

[19]W.B. Kim, Y.G. Kim, J.S. Lee, The role of carbonpdsition in the gas phase
transesterification of dimethylcarbonate and phemet TiO,/SiO, catalyst, Appl.
Catal. A: Gen. 194-195 (2000) 403-414.

[20]P. Tundo, F. Trotta, G. Moraglio, F. Ligorati, Cionious-flow processes under
gas-liquid phase-transfer catalysis (GL-PTC) coodg: the reaction of dialkyl
carbonates with phenols, alcohols, and mercaptawls, Eng. Chem. Res. 27
(1988) 1565-1571.

[21]S.L. Wang, Y.Z. Zhang, Y. Chen, R.Z. Tang, T. Ch&y. Wang, Organotin
compounds as catalysts for disproportionation othylephenyl carbonate to
diphenyl carbonate, Chem. J. Chinese U(2Z88.4) 2177-2181.

[22]Z. Luo, Y. Wang, Y. Zhang, D. Wei, J. Jiang, G.YaNy, 3-PbO catalyst for
disproportionation of methyl phenyl carbonate, Fidkemicals (Chinese) 25
(2008) 813-816.

[23]S.L. Wang, Y.Z. Zhang, T. Chen, G.Y. Wang, Prepamna&nd catalytic property of
MoOs/SIO, for disproportionation of methyl phenyl carbonate diphenyl
carbonate, J. Mol. Catal. A: Chem. 398 (2015) 248-2

[24]S.L. Wang, C.G. Li, Z.L. Xiao, T. Chen, G.Y. Wartdighly efficient and stable
PbO-ZrQ catalyst for the disproportionation of methyl pilerarbonate to
synthesize diphenyl carbonate, J. Mol. Catal. AeiGh420 (2016) 26—33.

[25]X.J. Yao, L. Chen, T.T. Kong, S.M. Ding, Q. LuolMFE.Yang, Support effect of

20



the supported ceria-based catalysts during-SBR reaction, Chinese J. Catal.
38 (2017) 1423-1430.

[26]A. Lamacz, K. Matus, B. Liszka, J. Silvestre-AlbeiM. Lafjah, T. Dintzer, I.
Janowska, The impact of synthesis method of CNTpeupd CeZr@and
Ni-CeZrQ, on catalytic activity in WGS reaction, Catal. Tgd&801 (2018)
172-182.

[27]J. Granados-Reyes, P. Salagre, Y. Cesteros, Kifdtie preparation conditions
on the catalytic activity of calcined Ca/Al-layerebuble hydroxides for the
synthesis of glycerol carbonate, Appl. Catal. AnG&36 (2017) 9-17.

[28]X.X. Cao, R. Zhou, N. Rui, Z.Y. Wang, J.J. Wang,TXZhou, C.J. Liu,
Co304/HZSM-5 catalysts for methane combustion: the ¢ffet preparation
methodologies, Catal. Today 297 (2018) 219-227.

[29]F. Saad, J.D. Comparot, R. Brahmi, M. Bensitel Pirault-Roy, Influence of
acid-base properties of the support on the catalyeirformances of Pt-based
catalysts in a gas-phase hydrogenation of acelenif&ppl. Catal. A: Gen. 544
(2017) 1-9.

[30]A. Salehirad, S.M. Latif, Effect of synthesis madlhon physicochemical and
catalytic properties of Cu-Zn-based mesoporous cetatysts for water-gas shift
reaction, Res. Chem. Intermed. 43 (2016) 3633-3649.

[31]C.P. Cui, X\W. Zhu, S.L. Liu, Q. Li, Effect of narsized ZrQ on the
recrystallization of Mo alloy, J. Alloys Compd. 768018) 81-87

[32]F. Tao, S.S. Yang, P. Yang, Z.N. Shi, R.X. Zhoug&#f of support property on
the catalytic performance of Ce@rO,-CrOx for 1, 2-dichloroethane oxidation,
J. Rare Earths 34 (2016) 381-389.

[33]S.R. Ginjupalli, S. Mugawar, N.P. Rajan, P.K. BaNaR.C. Komandur, Vapour
phase dehydration of glycerol to acrolein over siatgd zirconia catalysts, Appl.
Surf. Sci. 309 (2014) 153-159.

[34]Z.H. Li, K.M. Su, The direct reaction between £@nd phenol catalyzed by
bifunctional catalyst Zrg) J. Mol. Catal. A: Chem. 277 (2007) 180-184.

[35]H.L. An, Z. Gao, X.Q. Zhao, Y.J. Wang, MgO-PbO tatad synthesis of

21



diethylene glycol bis(allyl carbonate) by transafitation route, Ind. Eng. Chem.
Res. 50 (2011) 7740-7745.

[36]H.L. An, X.Q. Zhao, L. Guo, C.Y. Jia, B.G. Yuan,JJYWang, Synthesis of diethyl
carbonate from ethyl carbamate and ethanol over-2ZhO catalyst, Appl. Catal.
A: Gen. 433-434 (2012) 229-235.

[37]1X.Y. Pang, H.C. Zeng, J.C. Wu, K. Li, Catalytic degposition of nitrous oxide
N.O: a study for p-block-element lead in PbO-Z&,0; systems, Appl. Catal.
B: Environ. 9 (1996) 149-165.

[38]C.M. Lu, Y.M. Lin, I. Wang, Naphthalene hydrogematiover Pt/TiQ-ZrO, and
the behavior of strong metal-support interactioM$), Appl. Catal. A: Gen. 198
(2000) 223-234.

[39]Y.K. Duan, Q.L. Zhang, Z.X. Song, J. Wang, X.S. §a@.X. Liu, T.F. Zhang,
Effect of preparation methods on the catalytic \atgti of Co30,4 for the
decomposition of pD, Res. Chem. Intermed. 43 (2017) 7241-7255.

[40]Z.M. Liu, J.Z. Zhu, J.H. Li, L.L. Ma, S.l. Woo, NeV Mn-Ce-Ti mixed-oxide
catalyst for the selective catalytic reduction dNwith NHz;, ACS Appl. Mater.
Interfaces 6 (2014) 14500-14508.

[41]Z. Vajglova, N. Kumar, K. Erdnen, A. Tokarev, M.uUP@, J. Peltonen, D.Y.
Murzin, T. Salmi, Influence of the support of coppatalysts on activity and 1,
2-dichloroethane selectivity in ethylene oxychlation, Appl. Catal. A: Gen. 556
(2018) 41-51.

22



Highlights

P Preparation process exerts significant influence on structural property and catalytic
performance of Pb-Zr mixed oxide.

» Pb-Zr mixed oxide prepared by co-precipitation is more active.

» Well-dispersed PbO and large specific surface area are formed on Pb-Zr catalyst prepared
by co-precipitation.

» This work provides an effective technology for Pb-Zr catalyst preparation to transform
MPC into DPC.



