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Introduction
  Recently, diphenyl carbonate(DPC) has been well known for a convenient intermediate for the synthesis of polycarbonate without using highly toxic phosgene [1-4]. DPC could be synthesized via a two-step reaction from dimethyl carbonate (DMC) and phenol in the liquid phase [5-7]. In the first step, methylphenyl carbonate (MPC) is obtained from transesterification of DMC and phenol, as shown in reaction (1), and in the second step, MPC is disproportionated into DPC and DMC, as in reaction (2). And then DMC could be recycled as a raw material of reaction (1) in a continuous process [11].

     CH3O(C=O)OCH3 + C6H6OH = C6H5O(C=O)OCH3 + CH3OH          (1)

     2C6H5O(C=O)OCH3 = C6H5O(C=O)OC6H5 + CH3O(C=O)OCH3        (2)

However, there exists a critical thermodynamic limitation in reaction (1) with an equilibrium constant of 1.7(10-3 at 473K[4]. So much effort has been devoted to increasing the yield of MPC by employing reaction system that allow continuous removal of CH3OH produced to shift the equilibrium to the forward direction of reaction (1) [8]. It is also desirable to devise an improved catalyst system that could increase the yield of MPC from the reaction itself. Ono et al [7] have reported that MoO3/SiO2 was found to be an active catalyst for transesterification of DMC and phenol and disproportionation of MPC into DPC at 433K. 

  In this work, the high temperature reaction was proposed to promote two step reaction (1) and (2). Since reaction temperature may affect on the high equilibrium conversion of the reaction (1), which is endothermic, the high temperature reaction system was applied. Both reactions were carried out over Mo-based catalysts such as molybdenum oxide supported on SiO2, Al2O3 and activated carbon. The structure of active component of the catalyst and the correlation between the structure and activity of the catalyst for reaction (1) were discussed. 

Experimental
1. Catalysts

  20wt.% MoO3 supported on SiO2, Al2O3 and activated carbon catalysts were prepared by conventional impregnation of SiO2 (340m2g-1, average pore size 17.5nm) with an aqueous solution of (NH4)6Mo7O24 ( 4H2O(Kanto Chemical). The water was evaporated to dryness at 333K using a rotary evaporator, followed by drying the solid in an oven at 383K overnight and calcining it in a muffle furnace at 823K. A heat ramp of 5K/min was used to reach the calcination temperature and the temperature was held for 4hr. The surface areas of SiO2, 20wt.% MoO3/SiO2 were 340, 189.5m2g-1, respectively. The MoO3 supported on (-Al2O3, (-Al2O3 and activated carbon were prepared according to the same procedure. Sol-gel silica was prepared as follows: The SiO2 solution was prepared by mixing Si(OC2H5)4, H2O, C2H5OH and HNO3(1:12:45:0.26, mole ratio). After mixing, the sol-solution was dried at 373K and calcined at 873K.

2. Reaction procedure

  The transesterification of DMC and phenol was carried out as follows: DMC, phenol and a catalyst were introduced into an autoclave(100ml), and air in autoclave was replaced by nitrogen. The autoclave was heated to the reaction temperature at a rate of 8K min-1. After the reaction, the autoclave was cooled to room temperature, and the products were filtered and analyzed with a gas chromatograph (GOW-MAC 750P) equipped with a column (OV101) and a flame ionization detector. The disproportionation for MPC was also conducted in an autoclave (100ml) with the same procedure. Shimadzu (XRD 6000) diffractometer with a nickel-filtered Cu K( excitation source was employed to obtain XRD patterns for the catalyst samples. The X-ray source was operated at 30kV and 40mA with scanning rate 5o/min. Compound identification was accomplished by the comparison of measured spectra of the sample with those of JCPDS powder diffraction file data. 

Results and discussion

1 Transesterification of DMC and phenol

1.1 Effect of various MoO3 precursors

   MoO3/SiO2 catalyst showed high activity in transeterification[11]. So we tried to find optimum molybdenum precursor that show high activity. All the MoO3 supported on SiO2 used with different MoO3 precursors were prepared by conventional impregnation of SiO2 with an aqueous solution of MoCl5 and MoOCl4 and (NH4)6Mo7O24 ( 4H2O. The loading amount of MoO3 on SiO2 was 20wt%. As shown in Table.1, the MoO3 prepared by (NH4)6Mo7O24 ( 4H2O on SiO2 gave a 18.5% of MPC yield and 0.5% of anisole. When the MoO3 prepared by MoCl5 and MoOCl4 gave 13.4% and 13.7% yields of MPC, respectively. Furthermore, anisole yield were 1.1% and 1.0%, respectively. In this case, we thought MoCl5 and MoOCl4 activated the acidic or basic site in MoO3/SiO2, and gave a considerable anisole yield. If not specified otherwise, the standard MoO3 supported on various supports used in this work is derived from (NH4)6Mo7O24 ( 4H2O.

1.2 Effect of surface area of MoO3 / SiO2 catalyst

   Table 2 shows the catalytic activities of MoO3 supported on SiO2 with various surface area in transesterification. The surface areas listed in Table 2 were confirmed by BET analysis. The loading of the MoO3 was 20wt.% of the support and MoO3. The yields of MPC based on phenol were slightly increased with increase of catalyst surface area. These results were very interesting. Prior to reaction, we supposed the MPC yields would highly increase with increase of catalyst surface area. However, there was no significant difference of within the sample catalysts, and the nearly same amount of anisole was observed as a by-product. So we thought that this MPC yield was very close to that in thermodynamic equilibrium at 473K, which was reported in literature[4]. This thermodynamic equilibrium limitation also may affect on DPC synthesis in second reaction step.

2. Disproportionation of MPC into DPC and DMC

2.1 Effect of various supports

 Table 3 shows the effect of supports on the catalytic activity of MoO3 at 473K. The loading amount of the MoO3 was 20wt.% of the support. As shown the Table 3, When MoO3 was supported on SiO2, higher DPC yields were obtained. When MoO3 was supported on (-Al2O3, DPC yields were quite low and when MoO3 was supported on activated carbon, low  yields and selectivities of DPC were obtained. Likely in the transestefication, MoO3 was supported revealed the highest activity and selectivity for the disproportionation. Among the supports, silica was found to be the best with respect to both the yield and the selectivity for DPC

2.2 Effect of MoO3 loading 
 The effect of MoO3 loading on a SiO2 support is shown in Fig.1. The sample of 5 and 10wt% loading showed the highest activity, which was inconsistent with the results of transesterification of phenol with DMC. At every MoO3 loading, the small amount of anisole was formed. Thus, the favorable MoO3 content was around 5wt.%.
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Table 1. The effect of different precursor of molybdenum trioxide

Precursor
Produced catalyst
Phenol 

conversion (%)
MPC yield (%)
Anisole yield (%)

MoCl5
MoO3/SiO2
14.56
13.44
1.12

MoOCl4
MoO3/SiO2
14.70
13.71
0.99

(NH4)6Mo7O24(4H2O
MoO3/SiO2
19.10
18.56
0.54

(DMC = 21.44g, Phenol = 4.48g, Catalyst = MoO3(20wt.%)/SiO2 = 1.5wt.%, Reaction time = 4h, Reaction tempereture = 200℃, SiO2 (60~100mesh, 340m2/g)
Table 2. The effect of different SiO2 on product yield


SiO2

Mesh
35~60
60~100
200~425
Sol-gel

Surface area(m2/g)
300
340
480
264

Catalyst surface area (m2/g)
189
199
285
181

MPC yield(%)
16.03
18.56
18.88
16.06

Anisole yield (%)
0.43
0.54
0.78
0.70

(DMC = 21.44g, Phenol = 4.48g, Catalyst: MoO3(20wt.%)/SiO2 = 1.5wt.%: 550℃calcination, Reaction time = 4hr, Reaction temperature = 200℃)

Table 3. The effect of different supports on disproportionation

Catalyst
MPC conversion(%)
DPC yield(%)
Anisole yield(%)

MoO3/SiO2
51.67
50.62
1.05

MoO3/(-Al2O3
23.45
23.34
0.11

MoO3/(-Al2O3
51.57
45.67
5.9

MoO3/AC (pellet)
30.77
28.28
2.49

MoO3/AC (granular)
29.58
27.24
2.34

(MPC: 4.35ml, catalyst:1.5wt.% of mixed reactants, Reaction temperature:200℃, Reaction time:4h)
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Fig.1 The effect of MoO3 loading on DPC and anisole yield.

(MPC: 4.35ml, Catalyst:1.5wt.% of reactant loaded, Reaction temperature:200℃, 

Reaction time:4h)
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