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Abstract

The transesterification of dimethyl oxalate (DMO) with phenol to produce methyl phenyl oxalate (MPO) and diphenyl oxalate (DPO)
was carried out over TigSiO, catalyst. The evaluation results showed that, 1810, had better activity and excellent selectivity to target
products compared with many conventional ester exchange catalysts. The total selectivity to MPO and DPO kept about 99.0%&i@er TiO
and the conversion of DMO was 66.7% at 10% Ti loading, which was the maximum at different Ti loading. The structure and the chemical
state of titanium species in TYBIO, had been investigated by XRD and XPS. The surface Ti(IV) species in the form of a monolayer was
dominant until 6% Ti loading, while crystalline TiQvas detected at 8% Ti loading. IR of adsorbed pyridine and-NPD characterization
indicated that the desirable catalytic activity of FI6iO, could be ascribed to its weak Lewis acid. Lewis acid sites cooperated withd@iO
catalyze the synthesis of MPO and DPO.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction However, DPC is prepared commercially by the reaction
of phenol and phosgene in the presence of bases such as
Polycarbonates (PCs) are important engineering thermo-sodium hydroxidg3]. Obviously, this traditional process for
plastics with excellent mechanical and optical properties as DPC has the same shortcomings as mentioned above because
well as electrical and heat resistance properties. They haveof the use of phosgene. Therefore, in order to produce PCs
been used in many fields as the substitutes for glass andwithout social effects of pollution, the key technology is the
metals. PCs have been commercially prepared by the inter-preparation of DPC via a green process.
facial polycondensation of bisphenol-A with phosgene. The  Several alternative methods for DPC synthesis have been
disadvantages of the conventional phosgene process includéeveloped or proposdd—12], e.g., oxidative carbonylation
the use of a large amount of methylenechloride as the sol-of phenol and transesterification reaction. Many patents and
vent, which is about ten times the weight of the products, papers covering the catalytic oxidative carbonylation of phe-
and a highly toxic phosgene as the readgéht nol have been issued over the years, but all suffer from low
In recent years, there has been an increasing demand fophenol conversions and poor diphenyl carbonate selectiv-
safer and more environmentally friendly processes for PCsity [7—12]. Dimethyl carbonate (DMC) can be also used as
synthesis. One such process is composed of the synthesia substitute for phosgene in the synthesis of DPC through
of diphenyl carbonate (DPC) followed by the transesterifi- transesterification with phenol. Unfortunately, the transester-
cation between DPC and bisphenolf2]. In this scheme, fification reaction rate is low and the formation of azeotrope
no toxic solvents are used and the by-product phenol maybetween DMC and methanol will cause separation problems
be recycled. [4—6].

Among non-phosgene DPC synthesis, the transesterifi-
mspon ding author. Tek:86-22-2740-6498: c(":\tion of dimethyl oxalate (DMO) with phenol to prepare
fax: +86-22-2789-0905. diphenyl oxalate (DPO), followed by the decarbonylation of

E-mail addressxbma@tju.edu.cn (X. Ma). DPO to produce DPC, as shown in reactions (1) and (2), is
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an available rout§l3,14] the products will be complicated when these catalyst sys-
tems are applied into the industrial process. Therefore, the

(COOCH)2 + 2CGHsOH — (COOGHs)2 + 2CH;OH development of active solid catalysts is highly desirable in
(1) view of regeneration and separation. However, there are few

reports on the development of active heterogeneous catalysts
(COOGsHs)2 — CO(OCgHs)2 + CO () for the reaction.

This method is more effective because no azeotrope is In this work, we propose the synthesis of DPC from the
formed in the reaction system; thus, co-products of methanol transesterification of DMO with phenol over Ti3iO; cat-
and CO can be separated more easi|y Compared with thea.|ySt. TiG,/SiO, exhibited the better activity and excellent
synthesis of DPC by the transesterification of DMC with selectivity to MPO and DPO in the transesterification of
phenol. The methanol and CO produced in the transesterifi- DMO and phenol.
cation and decarbonylation reaction can also be reusable in

the dimethyl oxalate production via oxidative carbonylation _
of methanol as shown in reaction ([@5]. 2. Experimental

2C0+ 2CHgOH + 502 — (COOCHy); + H20 ®) 2.1. Catalysts preparation

A pilot plant test in DMO production has been completed
by Ube Industries and the technology for large-scale com- To prepare TiQ/SiO, catalysts, SiQ samples with vari-
mercial production has been established. And one of theous Tiloadings, given in weight percentage based on metal,
possible applications of this process is to supply DMO for were impregnated with a solution of tetrabutoxytitanium dis-
the preparation of DPL6]. solved in toluene for 24 h. And then these pretreated sam-
For the synthesis of DPC from the transesterification of ples were dried in an oven for 2h at 393K and calcined in
DMO with phenol, the decarbonylation of DPO to produce @ muffle furnace at 823K for 4 h.
DPC could be carried out easily over REh catalyst, and
the yield of DPC may be up to 99.5§47,18] However, the ~ 2.2. Transesterification of DMO with phenol
synthesis of DPO from the transesterification of phenol with
DMO follows two-step reaction module consisting of the The transesterification of DMO with phenol was carried
transesterification of DMO with phenol into methyl phenyl out in a three-neck flask (250 ml) equipped with a dis-
oxalate (MPO), and then the production of DPO via a fur- tillation apparatus and a thermometer. Owing to the use
ther transesterification or the disproportionation of MPO, as Of a distillation column and the continuous separation of

shown in the following reaction. co-product methanol from the reaction, the thermodynamic
equilibrium limitation in reaction (1) was avoided. The re-

(COOCHg)2 + CgHsOH action mixture contained 0.1 mol DMO, 0.5 mol phenol and
— CgH500CCOOCH + CH30H (4) 1.8g TiG,/SIO, catalyst. After the raw materials and cat-

alyst were placed into the batch reactor, nitrogen gas was
flowed at 30 SCCM to purge the air from the reaction sys-

CeHsOO0CCOOCH + CoHsOH tem. After 10 min, nitrogen was stopped and the flask was
— (COOGsHs)2 + CH3OH (5) heated at a rate of 10 K min. The reaction was conducted

at 453 K and atmospheric pressure. Qualitative and quantita-

2CsH500CCO0OCH — (COOGHs)2 + (COOCH;): tive analysis of reaction products and distillates were carried

©) out on a HP 5890-HP5971MSD and a HP 5890 gas chro-
matograph equipped with a flame ionization detector (FID).

The thermodynamic equilibrium constants of reactions An OV-101packed column was used to separate products
(4)—(6) at 453K are only 0.23,47x 10~ and 209x 107, for GC analysis. The selectivity to MPO and DPO was de-
respectively, as determined from the thermodynamic calcu- fined as the moles of MPO and DPO produced per 100 mol
lations made with group contribution on liquid components. of consumed DMO, and the yields of MPO and DPO were
This indicates that the transesterification between dimethyl obtained from multiplication of DMO conversion by the se-
oxalate and phenol, especially a further transesterificationlectivity to MPO and DPO.
of MPO with phenol and the disproportionation of MPO are
not favorable in the thermodynamics. The equilibrium con- 2.3. Characterization of TigJSiO, catalyst
version of DMO is only 32.4% based d&q. (4)

Generally, the transesterification of DMO with phenol is  The IR spectroscopic measurements of adsorbed pyridine
carried out in the liquid phase using homogeneous catalystswere carried out on a Bruker VECTOR22 FTIR spectrom-
such as Lewis acids or soluble organic Pb, Sn, or Ti com- eter. The scanning range was from 500 to 4000trmand
poundg13,14] Unfortunately, in these homogeneous trans- the resolution was 4 crit. The sample powder was pressed
esterification systems, the separation of the catalysts frominto a self-supporting wafer.
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Powder X-ray diffraction (XRD) measurements were con- phenol. The total selectivity of MPO and DPO was kept at
ducted on a MAC Science D/Max-2500 X-ray diffractome- 99% and the conversion of DMO improved significantly over
ter using a radiation source of CuaK(x = 1.5405A) at TiO,/SiO,, compared with the catalysts mentioned above.
40kV and 100 mA with a scanning rate of @in—?. The conversion of DMO was improved greatly from 45.6 to

NH3-TPD spectra were recorded using a Micromerit- 66.7% with the increase of Ti loading from 1 to 10% based
ics 2910 chemical adsorption spectrometer. Samples wereon metal, while the total selectivity to MPO and DPO kept
purged with argon at 423K for 1 h and then cooled to am- steady at about 99%. Accordingly, the yields of MPO and
bient temperature. The pulses of ammonia were supplied toDPO were improved. The conversion of DMO and the yields
the samples to saturate. Ammonia was replaced with argonof MPO and DPO showed the maxima at 10% Ti loading,
and sample was heated to 873K at a rate of 10 Kthin beyond which both the conversion and the yield decreased.

The specific surface areas and the pore size distribution of For the disproportionation of MPO into DPO and the fur-
the catalysts were determined on a constant volume adsorpther transesterification of MPO into DPO, the catalytic ac-
tion apparatus (CHEMBET-3000) by the BET method at tivities of TiO2/SiO, catalysts were still low. Therefore, the
liquid nitrogen temperature. The pore size distribution was transesterification reaction to produce DPO was inhibited by
calculated using the theory of BJH. a great deal of MPO intermediate because MPO could not

make a further transformation into DPO. The experimental
results also showed that the DMO conversion increased af-

3. Results and discussion ter 2h. However, the increase of the DMO conversion was
not in direct proportion to the increase of the reaction time.
3.1. Catalytic property of Ti@SiO, catalyst In order to get convenient comparison from the activities of

various catalysts, we carried out the reaction for 2h to ob-
Table 1showed the catalytic properties of HOSiO,  tain all the data involved in this paper.

and TiQy/SiO, for the transesterification of DMO with phe- ~ Moreover, to make further improvement of DMO conver-
nol. For TiO, the total selectivity of MPO and DPO was Sion and the selectivity to DPO, the further research about
99.4% with DMO conversion of 32.1% as well as MPO transforming of MPO into DPO is designed. MPO s re-
yield of 25.7% and DPO vyield of 6.3%. For SiOthe se- moved from the reaction system by distillation column and
|ectivity of MPO was up to 100%, while the conversion of the disproportionation of MPO into DPO is carried out over
DMO was only 1.7%. Both of them performed the better Suitable disproportionation catalysts in another reactor. The
selectivities than all conventional ester exchange catalysts,research is underway.
such as ZnGl, AICl3, MgClz, Zn(OAc), Ti(OC4sHg)4 and o o
SnOBuW, etc.[19]. However, The conversion of DMO was 3.2. IR characterization of adsorbed pyridine
not high over TiQ and SiQ. We have also reported the to-
tal selectivity of MPO and DPO was 99% over T4D] IR analysis of adsorbed pyridine allows a clear distinc-
and MoQy/SiO, [20,21], while DMO conversion was 26.5 tion between Bronsted and Lewis acid sites. The absorp-
and 54.6%, respectively. When Ti@as supportedon Sip  tion bands, appearing at 1545 and 1455¢nin the IR
it was found that TiQ/SiO, exhibited the favorable activ-  SPectra, are assigned to adsorbed pyridine coordinated with

ity and selectivity for the transesterification of DMO with Bronsted and Lewis acid sites, respectively. The peak at
1490 cnt! can be ascribed to the overlapping of Brénsted
acid and Lewis acid site22—24] Fig. 1 showed the ad-

Table 1 sorbed pyridine IR spectra of the Ti(3iO, at different Ti
The catalytic properties of TigSiO, catalysts with different Ti loading loading. It can be seen that IR pyridine adsorption spec-
Tiloading  Conversion  Selectivity (%) Yield (%) tra of TiO,/SiO; had peaks at 1455 and 1490cth while
(Wt.%) (%) DMO the peak at 1545 crt was absent. This indicated that there
AN MPO DPO MPO DPO X L ~ S
were only Lewis acid sites, but no Brdnsted acid sites on

1 45.6 0.5 809 186 369 85  TiO,/Si0,. When Ti loading was increased, there only ex-

2 48.2 07 803 190 387 92  jsted Lewis acid sites, indicating that the amount of Ti load-

4 23:2 0.7 820 173 436 9.2 ing had no influence on the kind of acid sites. So it can be

6 54.5 08 818 174 446 9.5 9 > on ine k :

8 57.1 1.0 825 165 465 100 concluded that Lewis acid sites were the active center for
10 66.7 0.5 73.0 265 487 17.7  the transesterification of DMO with phenol to produce MPO
12 58.3 0.5 740 254 431 148  and DPO, which was similar to TS{19].

14 51.1 0.6 762 232 389 119

16 38.5 0.8 80.0 192 308 7.4 .

TiO, 321 0.6 799 195 257 6.3 3.3. Temperature-programmed desorption ofsNH
Sio, 1.7 0 100.0 0 1.7 0

- — Temperature-programmed desorption of ;\N\NH3-TPD)
Reaction condition: 0.1 mol DMO, 0.5mol phenol, 1.8g catalyst, con- h terizati ducted t th id st th
ducted at 180C for 2h. MPO: methyl phenyl oxalate, DPO: diphenyl characterization was conducted to survey the acid streng

oxalate, AN: anisole. of TiO,/SiO,. In the NH;-TPD curves, peaks are generally
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Fig. 1. IR spectra of pyridine absorbed on 3iSiO, catalysts with
different Ti loading: (a) 8% Ti@/SIiOy; (b) 10% TiG/SiO; (c) 12%
TiO2/SiO,.

distributed into two regions, below and above 673K re-
ferred to low-temperature (LT) and high-temperature (HT)
region, respectivelj25,26] The peaks in the HT and LT re-
gion can be attributed to the desorption of Nifom strong

Table 2
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Amount of NH; desorbed at low temperature on BiSIO, catalysts

Ti loading (wt.%)

Amount of desorbed NH
(mmol NHs/g catalyst)

1 0.361
2 0.424
4 0.721
6 0.761
8 0.863
10 0.731
12 0.748
14 0.734
16 0.744

the new acid sites were formed due to the adding ob O
lower loading.

3.4. Analysis of X-ray diffraction

The structure and the chemical state of Ti species in
TiO2/SiO, had been investigated by means of X-ray diffrac-
tion as shown inFig. 3. It was observed that the titanium
phase was not observed by XRD below 8% Ti loading, yet
weak XRD peaks of anatase were detected at higher load-
ings. Therefore, it was possible for the surface Ti(IV) species

and weak acid sites, respectively. From the results shown int0 form the small particles or highly disperse below 8% Ti
Fig. 2, it could be found that the peaks only appeared in the l0ading. The curve (j) ifFig. 3was the results of nano-TiO
low-temperature region of each absorbed curve. This indi- Mixing with SiQ, with 1wt.% Ti content. The particle size

cated that there only existed weak acid sites on 8D,

of nano-TiQ was only 15-30 nm. The characterization re-

strength of the acid sites. Because the weak acid sites werdected by XRD. According to this result, for TH5iO,, the

in favor of the formation of MPO and DP{21], the high
selectivity of MPO and DPO was obtained over 3I6i0O;.
As shown inTable 2 the amount of acid sites increased with
the increasing of Ti loading from 1 to 8%, indicating that

D

—h

= (o]

T T T
500 600 700

T/K

T
300 400 800

Fig. 2. NHs-TPD profile of TiG:/SiO, catalysts with different Ti loading:
(a) 1%; (b) 2%; (c) 4%; (d) 6%; (e) 8%; (f) 10%; (9) 12%; (h) 14%; (i)
16%.

particle size of TiQ below 8% Ti loading was smaller than

15 nm because no XRD peaks of anatase were detected. Fur-
thermore, TiQ should be highly dispersed at the silica sur-
face. Therefore, we think the reason for the lack of XRD

<
oTio, | ﬂ\
) -/ \L«.&&J‘
3% LOR OB i
h
e 9,
» f
e eAA
o d
C
b
a
T T T T T T T
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20 / degree

Fig. 3. XRD spectra of TiQ'SiO, catalyst with different Ti loading: (a)
1%; (b) 2%; (c) 4%; (d) 6%; (e) 8%; (f) 10%; (g) 12%; (h) 14%; (i)
16%; (j) 1% nano-TiQ/SIO,.
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peak of titania at low Ti loading is not the broad XRD peaks 0 e & & e ’;’60 T
attributed by the small particles, but the high dispersion of
TiOz at the surface. Fig. 5. Pore size distribution of 10% THSIO;.
3.5. Analysis of X-ray photoelectron spectroscopy the molecular size of the formed MPO and DPO w&re-

The investigation of binding energy and intensity of Z =464, respectivelyFig. Sillustrates the pore size con-
some surface elements by X-ray photoelectron spectroscopf“bunon of 10% TiQ/SiOs. The_pore size distribution test-
(XPS) give the information of the chemical states and rela- INg presented that the pore size range of Jf%0, was
tive quantities of the outermost surface compounds. The Ti Main 25-130 A. Therefore, the molecular of DMO and phe-
2ps/2 binding energies of the TigISIO, catalysts were in- r_lol could access the pores of TiSIO, freely. At the same
variant with Ti loading in the range of 458+0.2eV, which ~ ime, the produced MPO and DPO could return the reaction
was corresponded to the binding energy of titanium dioxide. llauid, making the active sites used effectively. So, the trans-

Based on the theory proposed by Kerkhof and Moulijn esterification of DMO with phenol occurred on the inter and
[27], a linear relation between the relative XPS intensity oute_r surface of catalyst smultangously, which accelerated
and the bulk ratio of the metal and the support may be the improvement of DMO conversion.
expected for monolayer catalysts as well as for catalysts 1he data of specific surface area of catalysts are pre-
with crystallites of constant sizes. Point of intersection of Sented inTable 3 When TiG, was supported on Si)the
two lines showed the change from the monolayer to the SPecific surface area mcrea_s_ed largely compareq with that
crystallite. The theory was widely used in the research of Of TiO2. Although the specific surface area of Ti@as
metal oxide supported cataly$&8—30] As shown inFig. 4, very small, the specific surface area of 31610, were
two linear lines intersected at 7.1% Ti loading. Therefore, about 230Mg*, close to the specific surface area of §iO
surface Ti(IV) species was in the form of a monolayer at T|02/S|Oz_showed higher act|V|ty_for t_he t_ransesftenflcatlon
6% Ti loading, but crystalline Ti@was formed at 8% Ti  0f DMO with phenol compared with Ti§ TiO active cen-
loading. This was accordant with the results of XRD. ters to be dispersed on the surface of the carriers were in

Connected with the results of NHTPD, the amount of favor of transesterification reaction. Because a great deal of
acid sites were invariant at higher Ti loading because fur- crystalline TiG was formed at higher Ti loading, the spe-
ther added Ti@ mainly contributed to the growth of crystal ~ Cific surface area of TIISIO, decreased, resulting in the
phase. However, the DMO conversion still increased when décrease of the catalytic activity.
crystalline TiQ was appeared because crystalline J¥as
also an active and selective catalyst for the transesterifica-'able 3
tion. Lewis acid sites cooperated with crystalline T cat- ~ >-r1ace area of the catalyst samples

alyze the transesterification of DMO with phenol at higher Ti loading (wt.%) A (m?/g)
Tiloading. But, the conversion of DMO was decreased when Tio, 11.1
a great deal of crystalline Tigformed. SiO; 231.1
1 208.7
3.6. Pore size distribution and specific surface area Z ;gﬁi
) . ) " 6 2435
Using the 3D model of Material Studio 2.2 edition molec- g 2524
ular simulation software packages, the molecular sizes of 10 254.4
DMO, phenol, MPO, and DPO were obtained. The molec- 12 239.7
ular sizes of DMO and phenol wefé = 6.4A, ¥ =5.1A 12 ﬁg';

andX = 7.1A, Y = 49A, Z = 25A, respectively. And
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Scheme 1.

3.7. Reaction mechanism

As shown inScheme 1the acid mechanism of the trans-
esterification of dimethyl oxalate with phenol to MPO over
TiOL/SiO, was proposed. The weak Lewis acid sites fa-

vored the formation of MPO. The reaction course was ac-

XPS. The surface Ti(IV) species in the form of a monolayer
was dominant until 6% Ti loading, while crystalline TiO
was detected at 8% Ti loading. Lewis acid sites cooperated
with TiO; to catalyze the synthesis of MPO and DPO.

cording to the cleavage of acyloxy bonds. The carbonyl in Acknowledgements
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reagent, phenol, because of its low activity. However, car-

Supports from National Natural Science Foundation
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tacking of phenol. Finally, ester exchange was completed Education are very much appreciated.

along with the formation of methanol.

Considering stereochemistry, oxo-reaction occurre@ilon
electron plane. And the nucleophilic reagent vertically at-
tackedIl plane. And from steric effect, the carbonylic ac-
tivity was decreased in nucleophilic addition reaction owing
to the great volume of the groups linked with carbonyl. For
DMO, the group connected with carbonyl was —COO-. So,
the activity of MPO synthesis from the transesterification of
DMO with phenol was not very high. Especially, after the
formation of MPO, the volume of the groups jointed with
carbonyl was further increased, leading to the difficulty of
MPO translating to DPO. This was consistent with the ex-
perimental data, in which the yield of DPO was less than
the yield of MPO.

4. Conclusions

TiO2/SiO, was an active catalyst for the synthesis of

methyl phenyl oxalate and diphenyl oxalate from the trans-

esterification of dimethyl oxalate with phenol. The conver-
sion of DMO was 66.7% and the selectivity to MPO and

DPO was 73.0 and 26.5% at 10% Ti loading, which were the

maxima at the different Ti loading. IR of adsorbed pyridine
and NH-TPD characterization indicated that the desirable
catalytic activity of TiQ/SiO, could be ascribed to its weak
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