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Ce02-NT was 108.8 m?/g with an outer diameter of 25 nm and length > 300 nm. Supported Pd cata-
lyst, Pd-O/Ce02-NT, was prepared using CeO2-NT as the support. Temperature-programmed reduc-
tion analysis showed that the surface oxygen on Pd-0/Ce02-NT could be reduced at low tempera-
ture, therefore it showed high activity in the reaction. Pd-0/Ce02-NT was used as the catalyst for the
oxidative carbonylation of phenol. It has better activity and DPC selectivity than Pd-0/Ce02-P, which
was prepared by supporting Pd on zero dimensional CeOz particles. Under the optimized conditions,
phenol conversion was 67.7% with 93.3% DPC selectivity with Pd-O/Ce0O2-NT. However, its catalyt-
ic activity decreased when the catalyst was used for the second time. This was attributed to the
destruction of the tubular structure of Pd-0/Ce02-NT and Pd leaching during the reaction.
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1. Introduction is an attractive method as it is a one-step process with H20
being the sole byproduct in principle.
Diphenyl carbonate (DPC) is an important chemical inter- H

o_ O
mediate for many organic compounds and polymers such as 2 +CO+ 120, —» o "
polycarbonates, p-hydroxybenzoic acid polyesters, and ali- 0

phatic monoisocyanates [1,2]. In recent years, the synthesis of The oxidative carbonylation of phenol is a multi-step elec-
DPC has received more attention due to the extensive use of tron transfer reaction [7]. It is normally catalyzed by Pd com-
polycarbonates [3]. The industrial synthesis of DPC is based on pounds with various co-catalysts [8-20]. Vavasori et al. [7]
the highly toxic phosgene [1]. There are also two non-phosgene studied the reaction using Pd(OAc)z or PdBr: as catalyst, along
methods, transesterification [4,5] and oxidative carbonylation with benzoquinone and Co, Mn, and Cu salts as cocatalysts. In
of phenol [6], which are under study. Among these, the oxida- particular, the influence of the cocatalysts was discussed. Xue et

tive carbonylation of phenol with CO and Oz, shown in Eq. (1), al. [10] prepared an embedded Pd-Cu-O/SiOz catalyst using a
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water-in-oil microemulsion as nano-reactors. Its catalytic per-
formance with Cu(OAc)z2, hydroquinone, and tetrabutylammo-
nium bromide (TBAB) acting as cocatalysts was evaluated. The
DPC yield was 35.4% with reduced Pd leaching and improved
stability. Ce compounds are effective cocatalysts for the homo-
generous Pd-catalyzed oxidative carbonylation of phenol [8]. In
addition, Ce can also be used as the second metal component or
support, in the form of CeOz, as the heterougeneous catalyst for
this reaction. Wu et al. [21] prepared a Pd catalyst supported
on Mn-doped CeO: for the oxidative carbonylation of phenol
and obtained a DPC yield of 9.3%. Wang [22] reported a
Pd-Ce-0/SiO2 catalyst prepared by microemulsion that gave
53.7% DPC yield under optimized conditions.

CeO2 with the fluorite structure is a significant rare earth
oxide in industrial catalysis. It can act as an oxygen buffer by
absorbing and releasing oxygen through a fast Ce3+/Ce** cycle
involving the participation of the lattice oxygen species. It has
been extensively studied and applied in heterogeneous cataly-
sis [23-27]. Usually, its unique redox property is dependent on
the size of the CeO2 particles. The morphology also influences
the redox feature of CeO: significantly through the exposed
crystalline planes. A typical example is CeOz nanorods with a
one-dimensional structure, which showed a higher CO oxida-
tion activity than other conventional nanoparticles due to the
exposed (110) crystal surface of CeO2 [28,29]. In addition, CeO2
nanotubes also show excellent activity for CO oxidation. This
was explained by the combination of the large sur-
face-to-volume area with the inner side of the nanotubes
providing more active sites [28,30]. Therefore, a good catalytic
performance for DPC synthesis utilizing CeO: with the
one-dimensional structure as the support for a heterogeneous
Pd catalyst is expected.

In this work, CeO: (CeO2-NT)
Pd-0/Ce02-NT catalyst were synthesized by the liquid phase
deposition-hydrothermal method using carbon nanotubes
(CNTs) as the template. The catalytic performance for the oxi-
dative carbonylation of phenol to DPC was evaluated and com-
pared with that using zero-dimensional CeOz nanoparticles
supporting a Pd catalyst. The effects of the reaction conditions
were also studied for the Pd-0/CeO2-NT catalyst.

nanotubes and a

2. Experimental
2.1. Preparation of Pd-0/CeQ2-NT catalyst

A 4 g sample of CNTs (length 0.5-2 pum, outer diameter
30-50 nm, purity > 95%, Chengdu Organic Chemistry Co., Ltd.,
Chinese Academy of Sciences) was heated in 30% HNOs3 (600
mL) under reflux at 120 °C for 24 h. Then the CNTs were cooled
to room temperature. After that, they were separated by filtra-
tion and washed with deionized water and anhydrous ethanol
repeatedly until pH = 7. The CNTs were dried at 80 °C.

Ce02-NT was synthesized by the liquid phase deposition
[31] hydrothermal method using the pretreated CNTs as the
template. First, the CNTs (0.54 g) were dispersed in a solution
composed of Ce(NOs)s aqueous solution (0.15 mol/L, 20 mL)
and anhydrous ethanol (215 mL) with ultrasonic treatment for

2 h. Then, with vigorous stirring, aqueous NaOH solution (0.125
mol/L) was added dropwise into the mixture until the pH value
was 10. After stirring for 30 min, the suspension was trans-
ferred to a stainless steel autoclave for the hydrothermal pro-
cess at 110 °C for 24 h. Third, the solid was collected by filtra-
tion, repeatedly washed with deionized water and anhydrous
ethanol until the pH was 7, and then dried at 80 °C. Finally, the
solid was calcined at 500 °C for 4 h in air using a heating rate of
5 °C/min. The sample was denoted as CeO2-NT.

The preparation of Pd-0/Ce02-NT was similar to the prepa-
ration of CeO2-NT above. The only difference was that an
amount of PdClz in aqueous ammonia, along with the suspen-
sion, was also added into the autoclave for the hydrothermal
process. The other operation processes were the same as those
for the preparation of CeO2-NT. The obtained sample was de-
noted as Pd-0/CeO2-NT with a nominal Pd loading of 1.0 wt%.

For comparison with Pd-0O/Ce02-NT, a Pd-0/CeO2-P catalyst
in which CeOz was zero-dimensional particles was prepared
using a water-in-oil microemulsion as a nanoreactor. The mi-
croemusion consisted of cyclohexane (100 mL), Triton X-100
(10.8 mL), PdClz in aqueous ammonia (0.25 mmol PdClz, 10 mL
aqueous ammonia), and n-hexanol (2.8 mL). Ce(NO3)3 aqueous
solution (3 mL, 5.2 mol/L) was added to the microemulsion
and hydrolyzed at 30 °C for 5 h. Then, the solution was centri-
fuged to separate the precipitate, which was thoroughly
washed with ethanol and deionized water, dried at 80 °C over-
night, and calcined in the air at 500 °C for 4 h. The sample was
denoted as Pd-0O/Ce02-P with a nominal Pd loading of 1.0 wt%.

2.2. Catalyst characterization

Transmission electron microscope (TEM) images and se-
lected area electron diffraction (SAED) were obtained with a
PHILIPS TECNOL 20 at an acceleration voltage of 200 kV. The
specific surface areas of the samples were calculated by the
BET method by Nz adsorption-desorption with a Micromeritics
ASAP 2020 M+C porosity analyzer. X-ray diffraction (XRD) pat-
terns were recorded on a Rigaku D/Max-2500 X-ray diffrac-
tometer with Cu K (40 kV, 100 mA) radiation and a secondary
beam graphite monochromator (SS/DS = 1°, RS 0.15 mm,
Counter SC) at the scanning 26 range of 5°-90°. Raman spectra
were measured by a Renishaw inVia Reflex microspectrometer.
The Pd content in the catalyst was determined by a Thermo
Scientific iCAP 7400 ICP-OES.

Temperature-programmed reduction by hydrogen (H2-TPR)
was carried out on a Micromeritics Auto Chem 11-2920 appa-
ratus. All samples (0.1 g) were pretreated in the flow of Ar (50
mL/min) at room temperature for 5 min. Then the flowing gas
was switched to 10% Hz/Ar mixture (50 mL/min) and the
sample was heated to 1000 °C at a ramping rate of 10 °C/min.
The Hz consumption was monitored by a thermal conductivity
detector (TCD).

2.3. Catalyst evaluation

Oxidative carbonylation of phenol was performed in a
50-mL Teflon-lined stainless steel autoclave with a magnetic
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stirrer. In a typical experiment, the catalyst and co-catalyst
(Cu(OAc)z, tetrabutylammonium bromide, and hydroguinone)
along with phenol and the solvent (dichloromethane) and 4A
molecular sieve were introduced into the autoclave. Then, the
autoclave was pressurized with a mixture of CO and O2. At the
end of the reaction, the autoclave was cooled to room temper-
ature and vented. The catalyst and 4A molecular sieve were
removed by filtration.

The product mixture was identified qualitatively using a
Thermo Fisher TRACE DSQ GC-MS with a BPX5 (30 m x 0.25
mm x 0.25 pm) capillary column. The injection port tempera-
ture was 250 °C. The column temperature was programed and
the initial column temperature was fixed at 40 °C for 3 min and
then increased to 250 °C at a rate of 10 °C/min. The final tem-
perature was maintained for 5 min. The carrier gas was He at a
constant flow of 1 mL/min. A mass spectrometer was used in
the electron impact (EI) mode at 200 °C.

A Knauer K2600 HPLC was used to analyze the reaction lig-
uid quantitatively. The analytical conditions were as follows: a
Venusil XBP C18 (4.6 mm x 150 mm, 5 um) chromatographic
column was used at a flow rate of 0.6 mL/min. CH30H/H20
(65/35, V/V) was used as the mobile phase and the detection
wavelength was 254 nm. The column temperature was kept at
30 °C and the injection was 20 pL. Quantitative analysis of di-
phenyl carbonate and phenol was carried out using the exter-
nal standard method.

3. Results and discussion
3.1. Catalyst characterization
TEM images of CeOz and the supported Pd catalysts were

recorded and shown in Fig. 1. Figures 1(a) and 1(b) are images
of CeO2-NT, which displayed the outer diameter of 25 nm and

Fig. 1. TEM images of CeO: and supported Pd catalyst. (a, b) CeO2-NT;
(c) Pd-0/Ce02-NT; (d) Pd-O/CeO2-P; Inset of (b): SAED pattern of
Ce0-NT.

lengths of more than 300 nm with open ends. The tube wall
was composed of CeOz particles with the size of 4-9 nm. The
selected area electron diffraction (SAED) pattern of CeO2-NT is
also shown in Fig. 1(b). Its ring diffraction indicated the poly-
crystalline structure of CeO2-NT. Moreover, the rings were not
smooth with clear spots, which was due to the small amount of
CeO2 crystals in the small selected area diffraction electron
beam. The TEM image of Pd-O/CeO2-NT is shown in Fig. 1(c).
The tubular structure of CeO2 was retained. However, it was
difficult to distinguish Pd particles from the CeO2 support. This
may be attributed to the strong interaction between Pd and
CeO2, which inhibited the growth of the Pd particles. On the
other hand, the high electron density of CeOz also adversely
affected finding Pd particles in the TEM image [32]. Boronin et
al. [33] indicated that most of the Pd particles on a CeOz sup-
port could not be observed, even when HR-TEM was utilized.
Figure 1(d) is the TEM image of Pd-0/CeO2-P prepared by the
microemulsion method. The sizes of the zero-dimensional CeO2
particles were 7 to 15 nm. Similarly, Pd particles could not be
observed.

The XRD patterns of Pd-O/Ce02-NT and Pd-O/CeO2-P are
shown in Fig. 2. There was no significant difference between
the two patterns. The peaks at 26 = 28.48° 33.12° 47.59°,
56.46° 59.07°, 69.44°, 76.75° and 79.16° were attributed, re-
spectively, to the diffraction of the (111), (200), (220), (311),
(222), (400), (331), and (420) planes of CeO2 with the cubic
structure (JCPDS 65-5923). Diffraction peaks for Pd com-
pounds were not found in XRD patterns, possibly because of
the high dispersion of the Pd particles of low weight content on
the CeO2 support [34].

The lattice parameter of CeOz in Pd-0/Ce02-NT (0.5402 nm)
was smaller than that in Pd-0/CeO2-P (0.5406 nm), which is
shown in Table 1. This indicated that more Ce** ions were sub-
stituted by Pd2* or Pd#+ ions in Pd-O/CeO2-NT. Because the
radius of the Pd2+ ion (0.84 A) or Pd+* ion (0.62 A) is smaller
than that of Ce#* (0.99 A), Pd-0/Ce02-NT has a small lattice
parameter.

The surface area and porosity of the Pd-0/CeO2-NT and
Pd-0/Ce02-P catalysts were investigated by N2 adsorption-
desorption at —196 °C. As displayed in Fig. 3, both samples ex-
hibit type IV adsorption isotherms with hysteresis loops, which
are due to capillary condensation in mesoporous pores [35].
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Fig. 2. XRD patterns of the Pd-0/CeO: catalysts.
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Table 1

1145

Textural properties and catalytic performance of Pd-0/CeO- for oxidative carbonylation of phenol.

Catalyst Aper(m?/g)  Poresize (nm)  Pore volume (cm3/g)  Lattice parameter (nm)  Phenol conversion (%) DPC selectivity (%)
Pd-0/Ce02-NT 108.8 14.7 0.4 0.5402 53.9 70.9
Pd-0/Ce0,-P 93.8 5.9 0.2 0.5406 25.0 30.5

Reaction conditions: 100 °C, 8 h, 02 0.6 MPa, CO 6.6 MPa, phenol 25.5 mmol, 20 mL CH:Cl;, 0.4 g catalyst (Pd 0.04 mmol), 4.0 g 4A molecular sieve,

Pd/Cu(0OAc)2/TBAB/H:BQ = 1/5/40/40 in molar ratio.
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Fig. 3. N2 adsorption-desorption isotherms (a) and pore size distribution (b) of the Pd-0/CeO: catalyst.

The hysteresis loops of Pd-0/Ce02-NT and Pd-O/CeO2-P were
H3 type and H2 type, respectively, which suggested different
pore structures. Figure 3 also shows that the pore size distribu-
tion of Pd-0/Ce02-NT was in a relatively large scale and the
pores of Pd-O/CeO2-P were small and uniform in the mesopo-
rous range. Moreover, the specific surface area of
Pd-0/Ce02-NT (108.8 m2?/g) was larger than that of
Pd-0/Ce02-P (93.8 m2/g), which was due to its unique tubular
structure and small CeOz particles.

3.2. Catalytic activity

The two CeO2 supported Pd catalysts were evaluated for
their activity in the oxidative carbonylation of phenol to DPC.
The results are shown in Table 1. The Pd-0/Ce02-NT catalyst
was superior to Pd-0/CeO2-P in both phenol conversion and
DPC selectivity.

To explain the difference between the catalytic performance
of the two catalysts, H2-TPR of the catalysts and CeOz was car-
ried out. The results are shown in Fig. 4 and Table 2. Two re-
duction peaks were observed at 478 and 810 °C over CeOz-P.
For CeOz, the low temperature peak at 400-600 °C was due to
the reduction of surface oxygen species attached to surface Ce#*
ions in an octahedral coordination and the high temperature
peak over 700 °C was due to the reduction of oxygen anion
bonded to two Ce#* ions in the bulk phase [36,37]. In the TPR
curve of Ce02-NT, there was an extra strong peak at 307 °C in
addition to the surface oxygen peak at 430 °C and the bulk
phase oxygen peak at 815 °C. The Hz consumption corre-
sponding to the reduction peaks (Table 2) suggested that the
bulk oxygen contents in CeO2-P and CeO2-NT were almost the
same. However, the surface oxygen content in CeO2-NT was
much lower than that in CeO2-P. However, if the Hz consump-
tion of the reduction peak at 307 °C was taken into account, the
surface oxygen content of CeO2-NT (503.1 umol/g) approxi-

mately equals to that of CeO2-P (515.4 pmol/g). Thus, the peak
at 307 °C was ascribed to a kind of surface oxygen species that
can be reduced more easily. The new surface oxygen species
was denoted as surface O-II. Its generation is due to the special
tubular structure of CeO2-NT. Furthermore, this implies that
the surface oxygen on CeO2-NT can participate in the catalytic
reaction more readily than CeO2z-P. Zhou et al. [30] prepared a
kind of highly reducible CeOz nanotubes and found that its sur-
face oxygen reduction started at 200 °C. Shan et al. [38] also
found surface oxygen species that could be reduced at 180 °C in
their 3D CeOz. They attributed this to the increase of surface
oxygen vacancies on CeOz, which can activate molecular oxygen
easily, which then resulted in more adsorbed oxygen species
that can be easily reduced. Rao [39] believed that the reduction
temperature of the CeO2 surface oxygen was related to the co-
ordination number of 02-. The less coordinated oxygen species
are reduced at a lower temperature than those with a higher
coordination.

g

g

: )

:
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)
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Fig. 4. TPR profiles of CeOz and Pd-0/CeO0z. (1) Ce02-P; (2) Ce02-NT; (3)
Pd-0/Ce0-P; (4) Pd-0/Ce0O2-NT.
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Table 2

H»-TPR results of CeO2 and Pd-0/CeOs.

Sample Peak temperature (°C) Hz uptake (umol/g)

P Mixed O* Surface O-11 Surface O Bulk O Mixed O Surface O-I1 Surface O Bulk O
Ce02-P —_ —_ 478 810 —_ —_ 515.4 663.7
Ce02-NT — 307 430 815 — 226.8 276.3 663.5
Pd-0/Ce02-P 200 — 432 778 520.2 — 75.8 448.9
Pd-0/Ce02-NT — 96 299 785 — 603.2 747.5 570.9

* Sum of redution of PO and surface O.

The TPR profiles of the CeOz supported Pd catalyst changed
significantly compared with those of CeO2. The surface oxygen
peak became very weak with a Hz consumption of 75.8 umol/g
in the TPR curve of Pd-O/Ce02-P. Moreover, there were two
other reduction peaks at 200 and 778 °C. The latter was as-
cribed to the reduction of the bulk oxygen of CeO2. The former
was considered as the sum of the reduction of PdO and surface
oxygen [40]. Since the reduction temperature of PdO is 50 °C
[41], the interaction between PdO and CeO2-P hindered the
reduction of PdO [40]. This would also account for the decrease
of the reduction temperature of the CeO2 surface oxygen spe-
cies from 478 to 200 °C.

In the Pd-O/Ce02-NT the bulk oxygen reduction tempera-
ture was 785 °C, and the surface oxygen reduction temperature
decreased to 299 °C. There was another strong reduction peak
at 96 °C. Furthermore, a reverse peak at 65 °C indicated that
the sample released Hz. This can be explained by the fact that
metal Pd can adsorb H: to form a hydride (PdHx) at room tem-
perature under 0.013 atm H2 pressure [42]. PdHx decomposed
to release Hz at an elevated temperature. This also revealed
that the Pd species on the Pd-O/Ce02-NT surface could be re-
duced at an even lower temperature. Cargnello et al. [43] found
that PdO/CeO2 prepared by impregnation could be reduced to
Pd/Ce0O: at room temperature. This was also the case of TiO2
supported Pd catalyst [40]. This was attributed to the highly
dispersed Pd species on the support. This also suggested that
the peak at 96 °C corresponded to the reduction of surface O-II
only and did not include the reduction of PdO. It can be sug-
gested that the decrease of the surface oxygen reduction tem-
perature in Pd-0/CeO2-NT was the result of hydrogen spillover
[41]. From the data in Table 2, it can be found that the hydro-
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gen consumption by the surface oxygen species on Pd-O/
Ce02-NT increased (1350.7 umol/g) compared with those of
Ce02-NT (503.1 pmol/g) and Pd-O/Ce0O2-P (596.0 umol/g).
This can be assigned to the increase of oxygen vacancies on the
surface of Pd-O/Ce02-NT. Figure 5 shows the Raman spectra of
the catalysts with a 325-nm excitation laser line. It can be seen
that all the catalysts have two distinct bands at 449 and 581
cm-L. The former is ascribed to the Raman active Fzg mode vi-
bration of CeOz, and the latter is attributed to oxygen vacancies
[44]. The peak areas of the two bands were calculated and the
results shown in Fig. 5, which are denoted as A449 and A581,
respectively. The ratio of A581/A449 revealed the concentra-
tion of oxygen vacancies in the catalyst. It can be seen that the
A581/A449 value for Pd-0/Ce02-NT (0.58) was higher than
that for Pd-0/CeO2-P (0.43), reflecting that there was a higher
concentration of oxygen vacancies in the Pd-O/Ce02-NT cata-
lyst. According to the XRD result, there were more Ce** substi-
tuted by Pd2+/Pd#+in Pd-0/Ce02-NT, which led to more oxygen
vacancies [45]. Oz can be adsorbed on oxygen vacancies to
generate the oxygen species that can be reduced easily [38].
Furthermore, the Hz consumption may also be generated by the
spillover of hydrogen atoms, which originated from Hz dissoci-
ative adsorption on the highly dispersed metallic Pd onto the
surface of CeOz.

According to the above TPR results, the Pd-O/CeO2-NT cat-
alyst showed a high phenol conversion because of increased
surface oxygen species. Meanwhile, there was a strong interac-
tion between the highly dispersed Pd and CeO2. This favored
electron transfer from Pd(0) to Ce(IV); therefore the active
sites can be regenerated to Pd(II), which promoted the synthe-
sis of DPC and increased its selectivity.
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Fig. 5. Raman spectra of Pd-0/Ce02-NT (a) and Pd-O/CeO2-P (b).
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3.3. Oxidative carbonylation of phenol catalyzed by
Pd-0/Ce02-NT

3.3.1. Effect of reaction time

The influence of reaction time on the oxidative carbonyla-
tion of phenol over the Pd-0/Ce02-NT catalyst was studied. The
results are shown in Fig. 6. Phenol conversion increased quick-
ly from 23.3% to 58.2% as the reaction time was extended
from 5 to 8 h. However, the DPC selectivity changed in a differ-
ent way from the phenol conversion. The DPC selectivity was
96.3% when the reaction time was 5 h. With the prolonging of
time, the DPC selectivity gradually decreased. In particular,
there was an obvious decrease from 93.6% to 86.8% when the
time was changed from 7 to 8 h. During the reaction, phenol
can be oxidized by Oz to benzoquinone and dimeric and tri-
meric compounds and polymers, which was proved by the
brown reaction solution. The polymers can accumulate on the
catalyst surface and cover the active sites. Therefore, DPC syn-
thesis was decreased when the reaction time was increased.
However, the side reactions were less influenced and phenol
conversion still increased. As a result, the DPC selectivity de-
creased gradually with reaction time. Moreover, DPC can react
with H20, another product of the oxidative carbonylation reac-
tion, to give the formation of phenol and CO2. This also de-
creased the DPC selectivity.

3.3.2. Effect of reaction temperature

The effect of reaction temperature on the oxidative car-
bonylation of phenol over Pd-0/Ce02-NT catalyst is shown in
Fig. 7. Phenol conversion gradually increased from 17.7% to
60.7% as the reaction temperature increased from 80 to 110
°C. Meanwhile, DPC selectivity increased from 88.1% to 95.3%.
With further temperature elevation to 120 °C, the phenol con-
version changed little and DPC selectivity decreased to 85.7%.
The oxidative carbonylation of phenol is an exothermic reac-
tion. A high temperature would retard the reaction by decreas-
ing the equilibrium constant. However, from the viewpoint of
reaction kinetics, a high temperature accelerates the reaction
rate. Therefore, there is an optimum reaction temperature for

100
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3 60
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Z 50
=]
g 40
s 30 —e— DPC selectivity
g 20 —— Phenol conversion
© |
10 1 L 1 L 1 L 1

5 6 7 8
Reaction time (h)

Fig. 6. Effect of reaction time on oxidative carbonylation of phenol.
Reaction conditions: 100 °C, 020.6 MPa, CO 6.6 MPa, phenol 25.5 mmol,
20 mL CHzClz, 0.4 g catalyst (Pd 0.04 mmol), 4.0 g 4A molecular sieve,
Pd/Cu(OAc)2/TBAB/H:BQ = 1/5/40/40 in molar ratio.
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Fig. 7. Effect of reaction temperature on oxidative carbonylation of
phenol. Reaction conditions: 7 h, 020.6 MPa, CO 6.6 MPa, phenol 25.5

mmol, 20 mL CHzCl, 0.4 g catalyst (Pd 0.04 mmol), 4.0 g 4A molecular
sieve, Pd/Cu(OAc)z/TBAB/H.BQ = 1/5/40/40 in molar ratio.

the oxidative carbonylation of phenol. Furthermore, phenol is
easily oxidized by O2 at a high temperature to generate poly-
mer sideproducts, which would cover the active sites of the
catalyst and prevent the formation of DPC. Then the DPC selec-
tivity decreased.

3.3.3.  Effect of reaction pressure

Figure 8 shows the effect of reaction pressure on the oxida-
tive carbonylation of phenol. The partial pressure ratio of
CO/02 was kept at 11/1 to ensure that the CO concentration
was beyond the explosive limit. Phenol conversion increased
from 41.3% to 60.7% as the CO pressure changed from 4.4 to
6.6 MPa. After that, it remained unchanged with the further
increase of CO pressure. The DPC selectivity decreased from
97.2% to 87.7% when the CO pressure increased from 4.4 to
7.7 MPa. In a volume-reduced reaction with gaseous reactants,
such as the oxidative carbonylation of phenol, a higher pres-
sure can accelerate the reaction. CO adsorption on the catalyst
is also promoted at a higher pressure with the result of in-
creasing phenol conversion. When the CO adsorption reaches
saturation on the catalyst surface as the pressure increases, the
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Fig. 8. Effect of reaction pressure on oxidative carbonylation of phenol.
Reaction conditions: 110 °C, 7 h, phenol 25.5 mmol, 20 mL CH:Cl;, 0.4 g

catalyst (Pd 0.04 mmol), 4.0 g 4A molecular sieve, Pd/Cu(OAc):/TBAB/
H2BQ =1/5/40/40 in molar ratio.
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Fig. 9. Effect of catalyst loading on oxidative carbonylation of phenol.
Reaction conditions: 110 °C, 7 h, 020.6 MPa, CO 6.6 MPa, phenol 25.5

mmol, 20 mL CH:Clz, 4.0 g 4A molecular sieve, Pd/Cu(OAc)./TBAB/
H2BQ =1/5/40/40 in molar ratio.

phenol conversion then remains constant. In addition, the side
reactions of phenol oxidation can also be accelerated with in-
creasing pressure. The side reactions occur much more easily
than DPC synthesis. Thus the DPC selectivity decreased with
increasing pressure.

3.3.4. Effect of catalyst loading

The effect of Pd-O/Ce02-NT catalyst loading on the oxidative
carbonylation of phenol was investigated. The results are
shown in Fig. 9. Phenol conversion increasesd from 46.4% to
68.8% with increasing catalyst loading due to the increase of
active sites. The DPC selectivity, however, increased at first and
then decreased gradually. This indicated that some side reac-
tions were accelerated also. An overall consideration of phenol
conversion and DPC selectivity showed that the optimal cata-
lyst loading was 0.6 g (Pd/phenol = 1/425, molar ratio) under
the given conditions. The optimized results were as follows.
Phenol conversion was 67.7% with 93.3% DPC selectivity, and
the turnover frequency (TOF) was 38.3 mol-DPC/(mol-Pd-h).

3.3.5. Catalyst reusability

After the reaction, the Pd-0/CeO2-NT catalyst was washed
with ethanol throughly, dried at 80 °C, and calcined at 500 °C
for 1 h to eliminate residual organic compounds. Then it was

Fig. 10. TEM image of once used Pd-0/Ce02-NT.
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Fig. 11. TPR profile of once used Pd-0/Ce02-NT.

re-evaluated for the oxidative carbonylation of phenol to DPC.
The results showed that only 29.3% phenol was converted with
62.3% DPC selectivity. That is, Pd-0/CeO2-NT has partly lost its
catalytic activity. The TEM image of the once-used Pd-0O/CeO3-
NT was recorded to reveal its change. This is shown in Fig. 10.
Compared with Fig. 1(c), it can be concluded that most of the
CeO2 nanotubes had collapsed into small particles during the
reaction. The TPR curve of the once-used Pd-O/CeO2-NT is
shown in Fig. 11. The peak corresponding to the reduction of
surface O-I1 at 96 °C in the TPR curve of the fresh
Pd-0/Ce02-NT has disappeared, while the peaks assigned to
the decomposition of PdHy, surface oxygen, and bulk oxygen
still existed. This is evidence that surface O-II was generated by
the special structure of Pd-0/Ce0O2-NT. Due to the destruction
of the nanotube during the reaction, Pd-0/Ce02-NT has lost its
activity. In addition, ICP analysis was conducted to show Pd
leaching during the reaction. The results showed there were
0.56% and 0.36% Pd content in the fresh and once-used
Pd-0/Ce02-NT, respectively. Therefore, this was also a cause of
the deactivation.

4. Conclusions

CeOz nanotubes (Ce02-NT) were prepared by a liquid phase
deposition-hydrothermal method using CNTs as the template.
The CeO2-NT has outer diameters of about 25 nm and lengths
of more than 300 nm. A Pd-O/CeO2-NT catalyst was prepared
using the CeO2-NT as support, which has surface oxygen spe-
cies that can be reduced at a lower temperature. This led to a
high activity in the catalytic reaction. Pd-0/Ce0O2-NT was used
as the catalyst for the oxidative carbonylation of phenol and it
gave better activity and DPC selectivity than Pd-O/CeO2-P.
When the CO pressure was 6.6 MPa and catalyst loading was
Pd/phenol = 1/425 (molar ratio), the phenol conversion was
67.7% with 93.3% DPC selectivity at 110 °C after 7 h. After the
reaction, the tubular structure of Pd-0/Ce02-NT was destroyed
and the surface oxygen species that was reduced at a lower
temperature disappeared. Moreover, Pd leaching also occurred
during the reaction. All these resulted in a decrease of the cata-
lytic performance of Pd-O/Ce02-NT.
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Oxidative carbonylation of phenol with a
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CeOz nanotubes (CeO2-NT) as the support for a Pd catalyst,
Pd-0/Ce02-NT, gave high phenol conversion with high dipenyl
carbonate selectivity in the oxidative carbonylation of phenol.
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