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Abstract

Various supported Ti@catalysts, TiQ/SiO,, TiO,/Al,0; and TiG/MgO, were prepared by impregnation method and their activities
in the transesterification of dimethyl oxalate (DMO) with phenol were tested. To further investigate the relationship between the catalyst
performances and carrier properties, a series of characterization methods, such as BET specific surface area measurement, temperature
programmed desorption (NHTPD, CQ-TPD), and FT-IR analysis of adsorbed pyridine were utilized. The results indicated that the carrier
had an important effect on the selectivities to products. The activities of supportedatysts were improved significantly when Fi®as
supported on high surface area carriers. The weak acid sites were responsible for the formation of methyl phenyl oxalate (MPO) and diphenyl
oxalate (DPO), while the intermediate acid sites and base sites were favorable for the formation of byproduct, anisole (AN).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction an available rout§l1,12]

Polycarbonates (PCs) are excellent engineering thermo-(COOCH;), + 2CsHs0H — (COOGsHs), + 2CHzOH (1)
plastics and substitutes for metals and glass because of their
high impact strength and transparerty. In recent years, (COOGHs); — CO(OGHs), + CO ()

there has been an increasing demand for safer and more_ . . . .
9 eI'h|s method is more effective because no azeotrope is formed

environmentally friendly processes for PCs syntheses, and. h i term: th ducts of methanol and CO
non-phosgene processes have been proposed to replace g the reaction system; thus, co-products of methanol and
traditional phosgene procei. Such a process includes the can be separated more easily compared with the synthesis of

synthesis of diphenyl carbonate (DPC) followed by the trans- DPC by the transesterification of dimethyl carbonate (DMC)

esterification between DPC and bisphenol A. Several alter- with phenpl. The methanol anq co prqduced in the trans.-
native non-phosgene methods for the synthesis of DPC haveestern‘lcatlon and decarbonylation reaction can be reused in

also been proposd@-10}, e.g. oxidative carbonylation of the dimethyl oxalate synthesis via oxidative carbonylation of
phenol and transesterification. Among them, the transesteri—methaml’ as shown in reaction (3B].

fication of dimethyl oxalate (DMO) with phenol to prepare 2CO+ 2CH:OH -+ 1/2 cooc H.O 3

diphenyl oxalate (DPO), followed by the decarbonylation of +2CH0H +1/20, — ( Fb)2 + He ®)

DPO to produce DPC, as shown in reactions (1) and (2), is | fact, a pilot plant test in DMO production has been com-
pleted by Ube Industries and the technology for large-scale
commercial production has been established. One of the pos-
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The decarbonylation of DPO to produce DPC could be
carried out easily over PRI catalyst, and the yield of DPC
was up to 99.5%15]. Moreover, the synthesis of DPO from
the transesterification of phenol with DMO follows a two-step
reaction module consisting of the transesterification of DMO
with phenol into methyl phenyl oxalate (MPO), and then the
production of DPO via the disproportionation of MPO, as
shown in the following reaction.

(COOCHp), + CgHs0H — CgHs00CCOOCH
+ CHgOH )
2CsHs00CCOOCH — (COOGsHs), + (COOCH), (5)
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a stirrer under refluxing condition at atmosphere pressure.
Especially, the top of distillation column was kept at 353 K
by flowing through recycled hot water in order to remove
methanol from the reaction system. After raw materials and
catalyst were delivered into the batch reactor, the nitrogen
gas was flowed at 30 SCCM to purge the air from the re-
action system. After 10 min, the nitrogen flow was stopped
and the flask was heated at a rate of 10 KndirQualitative

and quantitative analyses of reaction products were carried
out on a spectrometer of HP 5890-HP 5971MSD and a gas
chromatograph equipped with a flame ion detector. An OV-
101 packed column was used to separate products for GC
analysis. The conversions were reported on the basis of the

Ube Industries reported the transesterification of DMO with limiting reagent, DMO, and defined as the ratio of the moles
phenol carried out in the liquid phase using homogeneousof converted DMO to the moles of DMO fed initially to the

catalysts such as Lewis acids or soluble organic Pb, Sn, or Tireactor. The selectivities to MPO and DPO were defined as
compound$12]. But the selectivities to MPO and DPO were the moles of MPO and DPO produced per 100 mol of con-
low over these catalysts; e.g. the selectivities to MPO and sumed DMO, and the yields of MPO and DPO were obtained

DPO were only 30.8% and 2.1% over A{Chnd 20.6% and
2.8% over Ti(OBu). Moreover, the separation of the homo-
geneous catalysts from products will be complicated when

from multiplication of DMO conversion by the selectivity to

MPO and DPO.

applied to the industrial process. Therefore, the development2.3. Catalyst characterization

of solid catalysts with better activity and selectivity is highly
desirable in view of regeneration and separation. However,

there are few reports on the development of active heteroge-

neous catalysts for the reaction.
In this work, we prepared supported Bi@atalysts by
the impregnation method, and carried out characterization of

The specific surface areas of the catalysts were determined
on a constant volume adsorption apparatus (CHEMBET-
3000) by the N BET method at the liquid nitrogen tem-
perature.

The IR spectroscopic measurements of adsorbed pyridine

surface properties by BET measurement, FT-IR of adsorbedwere carried out on a Bruker VECTOR22 FT-IR spectrom-
pyridine, NHs-TPD, and CQ-TPD in order to elucidate the  eter. The scanning range was from 500 to 4000tmnd

effect of support on the transesterification of DMO with phe- the resolution was 4 ciit. The sample powder was pressed
nol. into a self-supporting wafer. Prior to each experiment, the
catalysts were evacuated (1 Pa) at 693K for 1.5 h. Then they
were heated to 303K for 2h. Following this, the material
was exposed to 30 Torr of pyridine for 30 min, and finally
evacuated for additional 1 h at 473 K. After adsorption, the
samples were out-gassed and the spectra were recorded at
room temperature.

NH3-TPD and CQ-TPD spectra were recorded using a
Micromeritics 2910 chemical adsorption spectrometer. The
catalysts was heated to 393 K in flowing Ar for 1 h, and then
cooled to room temperature. The gases adsorptions (&fH
COy) was carried out at 323 K to saturation. plet CO, was
replaced with argon and the sample was heated to 873K at a
rate of 10 K minrL,

2. Experimental
2.1. Catalyst preparation

The supported Ti catalysts were prepared by impregna-
tion of 20 g of supports with tetrabutyl titanate (Tianjin No.1
Chemical Corporations) using the conventional impregnation
technique.

Commercial SiQ (Jiangyan Chemical Corporations),
Al>03, and MgO (Tianjin No.1 Chemical Corporations) were
used as the supported material. Prior to impregnation, they
were dried in an oven at 393K for 24 h and then calcined in
a muffle furnace at 823 K for 4 h in the air atmosphere.

To prepare TiQ@-supported catalysts, the supports, Si0O
Al,0O3 and MgO, were respectively impregnated with a
toluene solution of tetrabutyl titanate for 24 h. The resultant
samples were dried in an oven at 393 K for 12 h and calcined 3-1- Performances of catalysts
in a muffle furnace at 823K for 4 h.

3. Results and discussion

For the transesterification of DMO with phenol, as shown
in Table 1 SiO,, Al,03, MgO, TiO, and supported Ti®
catalysts exhibited the different activities. The conversion of

The reaction was conducted in a 250ml glass flask DMO was up to 67.6% over AD3, which was the highest
equipped with a thermometer, a distillation apparatus, and among these catalytic materials. However, the selectivities

2.2. Transesterification of dimethyl oxalate with phenol
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Table 1
The activities of the different catalysts
Sample Conversion Selectivity Yield (%)
(%) (%)
DMO AN MPO DPO MPO DPO
SiO; 17 08 99.2 0 17 0
Al,03 67.6 555 315 74 213 5.0
MgO 250 209 623 167 156 4.2
TiO2 321 06 79.9 195 257 6.3
TiOL/SiO2 57.1 10 825 165 465 100
TiO2/AlI,032 620 229 581 169 360 105
TiOo/ MgO? 487 97 743 155 362 7.6

Reaction conditions: 0.1 mol DMO, 0.5 mol phenol, 1.8 g catalyst, conducted
at 180°C for 2 h.

a Tiwas supported on Si)AI,03, MgO in 8 wt.%. MPO: methyl phenyl
oxalate, DPO: diphenyl oxalate, AN: anisole.

to MPO and DPO were only 31.5% and 7.4%, respectively.
SiO, demonstrated an excellent selectivity to MPO, 99.2%.
Unfortunately, the conversion of DMO was only 1.7%. Al-
though MgO showed better total selectivity to MPO and DPO
compared with AdOs, the conversion of DMO was still not
high (25.0%). Especially, Ti@catalyst exhibited the excel-
lent total selectivity to MPO and DPO with the DMO con-
version being 32.1%. When TiQvas supported on ADg,
SiO; and MgO, higher DMO conversions were obtained com-
pared with non-supported T§OT he selectivities to MPO and
DPO in the transesterification over Ti3iO, were much
higher than over Ti@/Al,O3 and TiG:/MgO. In the previ-
ous study, we reported that the total selectivity to MPO and
DPO were up to 99.2% over TS-1 catalyst, while the con-
version of DMO was only 26.5%16,17] Compared with
TS-1, TiG/SIO, exhibited the excellent total selectivity to
MPO and DPO (99.0%) as well as the fairly high conver-
sion of DMO (57.1%). The yield of MPO and DPO reached
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Fig. 1. Adsorbed pyridine IR spectra of Ti&upported catalysts: (a)
8%TiO,/SiOy; (b) 8%TiOx/Al0s3.

rier, the specific surface areas of BiSIO,, TiO2/Al203

and TiQ/MgO were 252.4, 237.5 and 43.8gr 1, respec-
tively, which were close to specific surface areas of ,$iO
Al>,03, and MgO. Therefore, the specific surface area of
each supported TiPcatalyst was dependent on the car-
rier. Table 1demonstrated that TKISIO,, TiO2/Al,O3 and
TiO2/MgO catalysts all showed higher activities for the
transesterification of DMO with phenol than TiQwhich
may be due to the increase of specific surface area. So,
we can deduce that Ti active centers dispersed on the
carriers with high surface area would promote the cat-
alytic efficiency for the transesterification of DMO and
phenol.

46.5% and 10.0%, respectively, which were much better 3 3 |R characterization of adsorbed pyridine
than the results over other supported catalysts and single

oxides.
From Table 1 we can also find that TigSiOp,
TiO2/Al 03, and TiQ/MgO presented similar conversions.

FT-IR analysis of adsorbed pyridine allows a clear distinc-
tion between Binsted and Lewis acid sites. The IR absorp-
tion bands at 1545 and 1455 chare assigned to adsorbed

However, the selectivities to MPO and anisole of these sup- pyridine coordinated with Binsted acid sites and Lewis acid
ported catalysts were dependent on carriers. It was worthsjtes, respectively. The peak at 1490¢ntan be ascribed
noticing that the selectivity to DPO was nearly the same over tg the overlapping of Rinsted acid and Lewis acid sites
different supported catalysts, suggesting that the propertiesj18_20] Fig. 1 shows the adsorbed pyridine IR spectra of
of the carrier were more correlative to the production of MPO TiO2/Si0, and TiGy/Al 03, both of which had peaks at 1455
and anisole. and 1490 cmt and no peak at 1545 cmh. This indicated that
there were only Lewis acid sites, but nodBsted acid sites
on TiOG,/SiO, and TiG/Al»03. It was deduced that Lewis
acid sites played important roles in the transesterification of
The specific surface areas of different oxides are presenteddMO with phenol to produce MPO and DPO over iSO,
in Table 2 When TiGQ was supported on a different car- and TiG/Al»0s3.

3.2. Specific surface area measurement

Table 2

Surface area of the catalyst samples

Sample SiQ Al,03 MgO TiOz TiO2/Si02 TiO2/Al,032 TiO2/MgO?
A (m?/g) 2311 202.4 41.3 111 252.4 2375 43.8

a Ti was supported on Si)Al,03, and MgO in 8 wt.%.
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Fig. 2. NHs-TPD profile of oxides and Ti@supported catalysts: (a) ADs;

(b) TiOL/AIL03; (€) TiIOL/SIOy; (d) SiOy; (€) TiOs. 300 | 400 500 600 700 800 900

3.4. Temperature-programmed desorption ofdNH TK
NHs-TPD characterization was conducted to survey the Fig. 3. CQ-TPD profile of TiQx-supported catalysts.
acid strength of each cataly$tig. 2 represents the strength
of acid sites on the single oxides and supported,Ti@t-
alysts. The peaks in the high and low temperature regions
can be attributed to the desorption of BlHom the strong
and weak acid sites, respectively. The peaks in the high tem-
perature region above about 673K can be attributed to the
desorption of NH from strong Bbnsted and Lewis type acid
sites, the peaks in the temperature between 450 and 673
can be attributed to the desorption of plffom intermediate
acid sites, and the peaks in the temperature below 450K ca
be attributed to the desorption of NHom weak acid sites,
respectively[21]. For SIiG and TiQ, the peaks appeared
only in the low temperature region, indicating that there ex-
isted only weak acid sites on Si@nd TiG. For Al>,Og, the

peaks in the high temperature region above about 673 K can
be attributed to the desorption of G&om strong Bbnsted-
and Lewis-type base sites, the peaks in the temperature range
between 450 and 673 K can be attributed to the desorption of
CO, from intermediate base sites, and the peaks in the tem-
perature region below 450 K can be assigned to the desorption
of CO, from weak base sites, respectively. As showRign 3,
I<for MgO, alarge peak appeared in the high temperature region
around 600 K, indicating that there were mostly base inter-
"nediate sites on MgO. However, when }i@as supported
on MgO, the peak in the high temperature region decreased
sharply, indicating that the basic strength of 7igO be-
came weak compared with MgO. For Tl ,03, the peak

S ) positions were consistent with those of28k, while the
significant peaks appeared in the 420 and 510K tempera—amount of basic sites on TiDAlI,O3 was a litle more

ture regions simultaneously. Therefore, there must exist boththan that on AJOz. Comparatively, the COTPD profiles

vvfgal: andC;ptterme_t(jjlat_f acid sites Or?iﬁh, \{[vhhllte ?mouEt id of TiO,/SiO; and SiQ exhibited the desorption peaks ap-
ot intermediate acid sites were more than that of weak aci earing in the low temperature region (about 400 K), which

sites. It can also be observed that the characteristics of acio@uggested that there was only weak basic sites. Whep TiO
sites V%“ed grgatly\lévhe_lr"l_Ti]‘)x(ljdevgas s:Jp_ported on d'ﬁe:: was supported on MgO and ADs, the strength of the ba-
'?hm oxl E carners. -or i I@t 2'th3t,ht te reguvl_el posmontsho sic sites was weakened (the desorbed peaks shifted to low
€ peaks were consistent with tha 0b@5. However, the temperature), resulting in the decrease of anisole selectivity
amount of the intermediate acid sites decreased. The amounh.alble 1. So, it can be deduced that intermediate basic sites

ofh?mdtsnestr(]) n f-l;'gs'o.é w_fre mo_rreetshan thoste;] on 10 (oxide), such as MgO and ADs, took advantages of produc-
while strength of the acid sites on TFIO, was the same ing anisole, which was similar to the cases of acid sites.

as tha_t ofTiQ. The selec.tivities toMPOand DPQ oyerzAls From above observations, we can conclude that the sup-
and TIQy/Al205 arerelatively lower those over TIZBIO;. In ported TiQ catalysts are effective for the MPO and DPO
the case of AlOs and T'OZ/A! 203, the selectivity tq a_mlsole synthesis. This may be attributed to the large amount of acid
was also_ closel_y _related W'th the amount of a.C'd'ty' More sites on the catalysts. According to our previous research
|ntermeQ|at_e acidity, more "’?”'So'e- So, we can infer that the work [17], the acid sites are the active centers for the reaction
weak amq sites are respopsmle fprthe formangn OEMBOand of DMO with phenol. TiQ catalysts supported on the vari-
DPO, \_/vh|Ie the. intermediate acid sites were in favor of the ous carriers showed the different conversion and selectivity
formation of anisole. because of the respective properties of carriers. Intermediate
3.5. Temperature-programmed desorption of,CO acid sites and base sites are suitable for anisole synthesis.
Furthermore, the activities of Ticatalysts was better than
CO,-TPD characterization was conducted to survey the that of other solid catalysts such as TELI]. For TiO,/SiO,
base strength of catalyst. As was true for thesNIHPD, the as a catalyst, the total selectivity to MPO and DPO was up to
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