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Abstract

The transesterification of dimethyl oxalate (DMO) with phenol over stannum modified TS-1 was conducted to prepare methyl phenyl oxalate
(MPO) and diphenyl oxalate (DPO), which could be used to produce diphenyl carbonate (DPC). The component, structure and phase of TS-1
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atalysts with various Sn loadings were investigated. The relationship between the catalytic properties and the Sn loadings was dis
esults indicated that, although the Sn-modified TS-1 catalysts had fewer Lewis acid sites than the unmodified TS-1, its catalytic a
ncreased greatly by the interaction of Sn with Ti–O–SiO3 weak Lewis acid centers. The catalyst of TS-1 with 2 wt% Sn loadings perfo
est, giving 50.3% conversion of dimethyl oxalate and 99.2% selectivity to the target products. By means of X-ray diffraction (XRD
hotoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDX), the relationship between the catalytic proper
tructure of Sn dispersed on the surface of TS-1 was studied in detail. At Sn loadings below 2 wt%, Sn was highly dispersed, bu
oadings it was crystallized into bulk tin dioxide, where the interaction between Ti and Sn was not evidently observed, leading to
atalytic activity. XPS results showed that Ti could not be detected even at 1 wt% Sn loadings. EDX results indicated that the conte
he surface decreased with increasing Sn loadings, but the decrease in Ti content was much less than the increase in Sn conte
H3-TPD and FTIR analyses of adsorbed pyridine showed that there were only weak Lewis acid centers on all catalysts and the S
ardly affected the acid strength of the catalysts.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Aromatic carbonates have come to occupy an important
osition as useful organic chemicals for a variety of indus-

rial and synthetic applications. They are used as solvents
nd as reagents in the transesterification reactions with gly-
ols and bisphenol-A for the production of polycarbonates
PCs)[1].

The industrial methods most commonly employed for the
ynthesis of aryl carbonates are based on the reaction be-

∗ Corresponding author. Tel.: +86 22 27406498; fax: +86 22 27890905.
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tween a corresponding aromatic alcohol with phosgen
the presence of bases.

Oxidative carbonylation of phenol and transesterifi
tion reaction of phenol with dimethyl carbonate (DM
or dimethyl oxalate (DMO) have been studied to syn
size diphenyl carbonate (DPC) because all these proc
[1–10] have avoided using the highly toxic and corros
phosgene.

Among them, the transesterification of DMO with phe
via a three-step reaction has been deemed as a prom
and possible route for DPC synthesis[11,12] from the raw
materials such as carbon monoxide, phenol and oxyge
the first step, dimethyl oxalate is produced by carbonyla
of methanol[13]; then, diphenyl oxalate (DPO) is obtain
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from transesterification of DMO with phenol; and finally, the
decarbonylation of DPO is carried out to produce DPC and
carbon monoxide[14], as shown in Eqs.(1)–(3).

2CO + 2CH3OH + 1/2O2 → (COOCH3)2 + H2O (1)

(COOCH3)2 + 2C6H5OH → (COOC6H5)2 + 2CH3OH

(2)

(COOC6H5)2 → CO(OC6H5)2 + CO (3)

The thermodynamic equilibrium constant of reaction(2)
at 453 K is estimated at 1.1× 10−8 [10], from the thermo-
dynamic calculation made with group contribution of liquid
components. This indicates that the transesterification be-
tween DMO and phenol is not favorable in the thermody-
namics. Moreover, the synthesis of diphenyl oxalate follows
a two-step reaction module consisting of transesterification
of DMO with phenol into methyl phenyl oxalate (MPO) and
further disproportionation of MPO into DPO[11,12].

(COOCH3)2+C6H5OH → C6H5OOCCOOCH3+CH3OH

(4)

2C6H5OOCCOOCH3 → (COOC6H5)2 + (COOCH3)2 (5)
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Because organic Sn compounds are widely used as ester ex-
change catalysts[25–28], characterization and activity study
stannum modified TS-1 catalyst was performed in this paper
for the transesterification of DMO with phenol to find imma-
nent correlation between catalytic performance and catalyst
structure.

2. Experimental

2.1. Catalysts preparation

TS-1 (Ti content: 2.5 wt%), obtained from SINOPEC Re-
search Institute of Petroleum Processing, was prepared ac-
cording to the procedure described in the original patent by
Taramasso et al.[15]. It was dried in an oven at 393 K for 2 h
to remove the adsorbed water and then calcined in a muffle
furnace at 823 K for 4 h in an air atmosphere. This unmodi-
fied TS-1 catalyst was stored in a silica gel desiccator prior
to use.

To prepare modified TS-1 catalysts with different Sn load-
ings, the dried TS-1 was impregnated with a toluene solution
of dibutyltin dilaurate (as Sn precursor). TS-1 was impreg-
nated with the Sn solutions of different concerntrations to
obtain different Sn loadings and the impregnation was per-
formed for 24 h to ensure that the organic Sn compound dif-
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Nishihira et al.[11,12,14]reported the transesterificati
f DMO with phenol carried out in the liquid phase us

raditional transesterification catalysts such as Lewis a
nd soluble organic Pb, Sn, or Ti compounds. In th
omogeneous systems, the separation and recovery
atalysts remains a critical issue when applied to the in
rial process. So, the development of active solid cata
s highly desirable in view of regeneration and separa
nfortunately, there are few reports on the developm
f active heterogeneous catalysts for the reaction up t
resent time. The goal of our work, therefore, was to dev
heterogeneous catalytic system that combines good

lytic performance with satisfactory recovery of the cata
sed.

Since the discovery of titanium silicate-1 (TS-1) w
he MFI structure in 1983[15], a large number of resear
rojects have been conducted on the synthesis, chara
ation and catalytic applications of TS-1. TS-1 has un
atalytic properties, being effective in the reaction of a
iety of organic compounds at low temperature: epoxida
f alkenes[16–18], epoxidation of olefins[17,19], oxidation
f alcohols[20,21], ester exchange[22] hydroxylation, o
romatics[23], and ammoximation of ketones, etc.[18].

More recently, we found that TS-1 can also catalyze
ransesterification of phenol with dimethyl oxalate to me
henyl oxalate and diphenyl oxalate[24]. The results indi
ated that the conversion of DMO was not satisfactory
hough TS-1 showed the excellent selectivity to MPO
PO. Moreover, there are quite few further studies on th
ction and the characterization of this new catalytic sys
used and dispersed thoroughly on the surface of TS-1. T
mpregnated samples were dried in an oven for 4 h at 3
nd calcined in a muffle furnace at 873 K for 4 h.

.2. Characterization techniques

.2.1. X-ray diffraction (XRD)
X-ray powder diffraction patterns were recorded o

igaku C/max-2500 diffractometer using graphite filte
u K� radiation (λ = 1.5405Å) at 40 kV and 100 mA with
scanning rate of 8◦ min−1 from 2θ = 5◦ to 2θ = 80◦. The
RD phases present in the samples were identified wit
elp of JCPDS Powder Data Files.

.2.2. X-ray photoelectron spectroscopy (XPS)
The surface composition and structure of catalyst w

tudied by X-ray photoelectron spectroscopy (XPS
Perkin-Elmer PHI 1600 ESCA system with Mg K�

253.6 eV radiation as the excitation source. The sam
ere mounted on a specimen holder by means of do
ided adhesive tape. Spectra were recorded in ste
.15 eV. The C 1s peak (284.5 eV) was used as the int
tandard for binding-energy calibration. An estimated err
0.1 eV can be assumed for all the measurements. The
ing of the spectra was done at pressures less than 10−8 Torr
nd the temperature was approximately 293 K.

.2.3. Transmission electron microscopy (TEM)
The samples examined by transmission electron

roscopy (TEM) were prepared as follows: The catalysts
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dispersed in ethanol by sonification. Drops of the black sus-
pension were deposited on a holey carbon-coated copper grid,
and the ethanol was allowed to evaporate in air. Conventional
TEM was carried out on a FEI-Philips Tecai 20 s-twin micro-
scope operated at 100 kV.

2.2.4. Energy dispersive X-ray spectroscopy (EDX)
The chemical composition is determined with a quanti-

tative energy dispersive X-ray analysis EDX (Oxford-6500
instrument installed on a Hitachi H-600 with a 10 nm probe
in the range 0–10 keV). The quantification of the spectra
was done using CrK- and MoL-lines with ZAF-correction
(Z: atomic number, which affects the penetration of incident
electrons into the material; A: absorption of X-rays in the
specimen, on the path to the detector; F: fluorescence caused
by other X-rays generated in the specimen).

2.2.5. IR studies
The IR spectroscopic measurements of adsorbed pyridine

were carried out on a Bruker Vector22 FTIR spectrometer
with 4 cm−1 resolution in the 500–4000 cm−1 scanning
range. The samples were pressed into 10 mg cm−2 self-
supporting wafers. Prior to each experiment, the catalysts
were evacuated (1 Pa) at 693 K for 1.5 h, and then 303 K
for 2 h. Following this, the material was exposed to 30 Torr
of pyridine for 30 min, and finally evacuated for additional
1 ssed
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nitrogen flow was stopped and the flask was heated at a
rate of 8 K min−1. The reaction was conducted at 453 K at
an atmospheric pressure. Qualitative and quantitative anal-
yses[30,31] of reaction products and distillates were car-
ried out on HP 5890-HP5971MSD and HP 5890 gas chro-
matographs equipped with a flame ionization detector. An
OV-101packed column was used to separate products for GC
analysis. The products were mainly diphenyl oxalate, methyl
phenyl oxalate, anisole, and trace amounts of isomer products
of anisole. The conversions were reported on the basis of the
limiting reagent, DMO, and defined as the ratio of the moles
of converted DMO to the moles of DMO fed initially to the
reactor. The selectivity to MPO and DPO was defined as the
moles of MPO and DPO produced per 100 mol of consumed
DMO, and the yields of MPO and DPO were obtained from
multiplication of DMO conversion by the selectivity to MPO
and DPO.

3. Results and discussion

3.1. Catalytic activity measurements

The transesterification of dimethyl oxalate was carried out
at 453 K under atmospheric pressure using stannum modified
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h at 473 K. After adsorption, the samples were out-ga
nd the spectra were recorded at room temperature

reatments were carried out using a quartz IR cell[29].

.2.6. Temperature programmed desorption of ammoni
NH3-TPD)

NH3-TPD experiments were conducted on an Auto-c
910 (Micromeritics, USA) instrument. About 100 mg

he oven-dried sample was taken in a U-shaped quartz
le tube and the sample was pretreated in ultra high p
r (50 ml min−1) at 393 K for 1 h and then cooled to a
ient temperature. The pulses of ammonia were sup

o the samples to saturation. Ammonia was then repl
ith argon and the sample was heated to 873 K at a ra
0 K min−1.

.3. Catalytic test

The reaction was conducted in a 250 ml glass fl
quipped with a thermometer, a distillation apparatus, a
tirrer under refluxing condition at atmosphere pressure
ecially, the top of the distillation column was kept at 35
y flowing recycled hot water in order to remove metha

rom the reaction system. Thus, the reaction equilibrium
tation in reaction(2) was overcome and the reaction w
ccelerated towards the desired direction. The reaction

ure contained 0.1 mol DMO, 0.5 mol phenol and the c
yst. After the raw materials and the catalyst were placed
he batch reactor, nitrogen gas was flowed at 30 SCC
urge the air from the reaction system. After 10 min,
S-1.Table 1demonstrates the variation in conversion le
nd selectivity to MPO and DPO with Sn loadings ra
wt%–8 wt%. We reported, in the previous paper[24], that
nmodified TS-1 is an active catalyst, giving 26.5% DM
onversion, for the transesterification of DMO with phe
s shown inTable 1, the conversion of DMO was improv

rom 26.5% to 50.3%, when the amount of Sn loadings
ncreased to 2 wt%. It was remarkable that the total sele
ty to MPO and DPO still remained about 99%. Interestin
he selectivity ratio of MPO to DPO was relatively low at t
oint. As a result, the yield ratio of DPO (15.1%) to M
34.9%) showed a maximum at 2 wt% Sn loadings. Th
fter, as Sn above 2 wt% was added, both the conversi
MO and the yield of MPO and DPO decreased. The
ious investigation[28] also indicated that DMO conversi
as 31.6% over 2 wt% Sn/SiO2 catalysts, as against 50.3

able 1
he catalytic performance of TS-1 with different Sn loadingsa

n loadings
wt%)

Conversionb

(%)
Selectivity (%) Yield (%)

AN MPO DPO MPO DPO

26.5 0.8 89.2 10.0 23.6 2.7
34.6 1.0 82.3 16.8 28.5 5.8
50.3 0.8 69.3 29.9 34.9 15.1
28.7 2.7 76.7 20.6 22.0 5.9
24.6 2.0 76.7 17.3 19.8 4.0

nO2 2.8 7.2 57.1 35.7 1.6 1.0

PO: methyl phenyl oxalate; DPO: diphenyl oxalate; AN: anisole.
a Reaction conditions: catalyst 1.8 g, phenol 0.5 m
(PhOH)/n(DMO) = 5.0; reaction time 2 h, reaction temperature 453 K.
b Based on charged DMO.
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Fig. 1. The TEM photos of TS-1 catalysts with different Sn loadings: (a) 1% Sn; (b) 2% Sn; (c) 4% Sn; (d) 8%Sn.

over 2 wt% Sn/TS-1, which suggested that the interaction
between Sn and Ti promoted the catalytic activity of TS-1.

3.2. TEM characterization

This work aims to elucidate the reasons why Sn addi-
tive promoted catalytic activity over Sn/TS-1 catalysts. For
this purpose, we carried out characterization of catalysts by
TEM, X-ray spectroscope (XPS, EDX and XRD) to obtain
structural information about Sn species. FT-IR and NH3-TPD
were also conducted in order to observe adsorbed species on
catalysts and to follow their behavior.

First, we thought that Sn additive caused some morpho-
logical change of TS-1 particles, such as growth of the par-
ticle size. So metal particles on the catalysts were directly
observed by TEM.Fig. 1 shows the TEM photos of TS-1
catalysts with different Sn loadings.

In the case of 1 wt% and 2 wt% Sn/TS-1, Sn particles were
hardly observed and not distributed on the surfaces (Fig. 1(a)
(b)), while those on 4 wt% and 8 wt% Sn/TS-1 were om-
nipresent (Fig. 1(c) and (d)). FromTable 1, it was found
that the 2 wt% Sn/TS-1 showed the highest DMO conversion
and DPO selectivity. But we were not sure whether the dif-
ference in appearance of Sn particles caused such a drastic
change in reactivity or not. We adopted several other meth-

ods of surface characterization to find out the most probable
explanation.

3.3. Quantitative analysis by XPS

Surface atomic ratios calculated from XPS peak heights
and atomic sensitivities[32] by assuming uniform distribu-
tion of all elements, besides carbon, are compared to the nom-
inal atomic composition in order to obtain information on the
structure of the surface and the dispersion of the active phases.
The simplified formula used for the calculation of relative sur-
face atomic compositions does not take into account inelastic
mean free path effects due to the energy difference between
the different peaks. The atomic sensitivities obtained from
[33] were corrected taking into account the measured energy
dependence of our analyzer transmission. InTable 2, the cal-
culated surface atomic ratios and the mass ones, observed for
each catalyst sample, are summarized.

In the case of the unmodified TS-1catalyst, it can be no-
ticed that the mass content of Ti are roughly consistent with
the one in the bulk phase. This phenomenon was not ob-
served when tin was supported on TS-1. In the meantime,
the increase rate of Sn content on surface is close to that of
the nominal Sn content within the experimental error. This
result indicates that Ti atom on surface has been mantled
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Table 2
Surface composition of catalysts with different Sn loadings measured by XPS

Element 0 wt% Sn 1 wt% Sn 2 wt% Sn 4 wt% Sn 8 wt% Sn

wt% at.% wt% at.% wt% at.% wt% at.% wt% at.%

O 56.3 69.8 58.5 68.3 57.3 68.8 49.7 68.8 45.7 69.1
Si 41.3 29.2 44.0 31.5 42.7 30.7 36.0 28.5 30.0 25.9
Ti 2.4 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sn 0.0 0.0 1.5 0.2 2.7 0.5 14.3 2.7 24.3 5.0

when the amount of Sn loadings reached 1 wt%. Therefore,
the increase in Sn loadings resulted in the formation of crys-
tallized Sn compound. Besides, XPS analysis provided bond
energy values equal to 487.4 eV referring to Sn 3d, which is
characteristic of Sn(IV). The Sn4+ peak of 487.4 eV repre-
sented SnO2 due to dibutyltin dilaurate (DBTDL) as the Sn
precursor (Eq.(6)).

(6)

It has been well established that the XPS intensity ratios of
metal cations of the metal oxide to the cations of the support
can provide important information regarding the dispersion
and crystallite size of supported metal particles[33–35]. The
relationship between the Sn 3d/Si 2p ratio and Sn content of
the Sn/TS-1 samples is shown inFig. 2. There are two straight
lines with different slopes corresponding respectively to sam-
ples with Sn loadings lower and higher than its dispersion ca-
pacity, and from the intercept of the two lines we can estimate
the dispersed capacity of Sn on TS-1 to be 2.2 wt%.

3.4. XRD analysis

n to
d s. In

F d Sn
l

the XRD patterns of TS-1 catalysts with or without Sn mod-
ification (Fig. 3), the diffraction peaks attributed to the TS-1
were observed on the samples. The XRD analysis showed that
there were no characteristic diffraction peaks of Sn species
(d= 0.334, 0.264, 0.176 nm) when the loading of Sn was less
than 4 wt%. However, when the Sn loadings was increased
beyond this borderline, i.e. above its dispersion capacity, the
marked change in intensity or offset of peak position can
be detected at higher loadings, which indicated that Sn(IV)
species was highly dispersed at low Sn loadings and SnO2
with the tetragonal crystal structure appeared at high load-
ings. The appearance of SnO2 phase led to the decrease in
the catalytic activity of TS-1. This result was in good agree-
ment with the value obtained from XPS quantitative anal-
ysis as well as with that from TEM analysis and catalytic
performance.

3.5. EDX characterization

Energy dispersive X-ray spectroscopy (EDX) is an ef-
fective method for analyzing the elemental composition of
solid surface. Unlike XPS, the analysis depth of EDX for dif-
ferent sample can reach micrometer level.Table 3exhibits
the elemental composition of catalyst surface measured by
EDX. As demonstrated, the content of Ti on TS-1 surface
w aded
S r less
The X-ray powder diffraction analysis was undertake
etermine the composition and crystallinity of Sn specie

ig. 2. Correlation between XPS peak intensity ratio of Sn 3d/Si 2p an
oadings in the Sn-modified TS-1 samples.
as constantly dropped along with the increase in the lo
n amount. But, the extent of decreased Ti content is fa

Fig. 3. XRD spectra of TS-1 catalyst with different Sn loadings.
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Table 3
Surface composition of catalysts measured by EDX electron energy spectra

Element 1 wt% Sn 2 wt% Sn 4 wt% Sn 8 wt% Sn

wt% at.% wt% at.% wt% at.% wt% at.%

O 56.3 70.4 56.2 70.5 54.0 70.4 52.0 71.4
Si 39.8 28.3 39.3 28.1 36.9 27.4 31.8 26.2
Ti 2.6 1.1 2.5 1.1 2.4 1.0 2.2 1.0
Sn 1.3 0.2 2.0 0.3 6.7 1.2 14.0 2.6

than that of increased Sn. The reason for this case is due to
relative increase in Sn loadings. In fact, because EDX can de-
tect bulk phase of sample, the Ti atom determined by EDX is
equal to that in bulk phase, especially when loading amount
of Sn is low. FromTables 2 and 3, we can see that the Sn
content measured by XPS was slightly higher than that mea-
sure by EDX at low Sn loadings (2 wt%). However, when Sn
loadings increased to 8 wt%, this difference is much clearer.
Thus, the results further proved the contrast between depths
of information expressed by XPS and EDX.

3.6. Temperature programmed desorption of ammonia
analysis

NH3-TPD characterization was conducted to survey the
acid strength of TS-1 catalysts and the influence of Sn load-
ings on it. In the NH3-TPD curves, peaks are generally dis-
tributed into two regions: below and above 673 K referred to
as low-temperature (LT) and high-temperature (HT) regions
respectively. The peaks in the HT region can be attributed to
the desorption of NH3 from strong Br̈onsted and Lewis type
acid sites, and the peaks in the LT region are assigned as the
desorption of NH3 from weak acid sites[36,37]. From the
result shown inFig. 4, it can be seen that the peaks appeared
only in the low temperature region, confirming that there ex-
i with
S the

maximum temperature offset is 20 K. This indicates that the
amount of Sn loadings has little effect on the strength of the
surface acid on TS-1. We carried out a preliminary study on
the effect of acid strength on the selectivity to anisole and a
part of the results was reported elsewhere[24]. Briefly, the
weak acid sites are responsible for the formation of MPO,
while the strong acid sites were in favor of the formation of
anisole. Therefore, the results of TPD gave the reason for
high selectivity to MPO and DPO over Sn-modified TS-1
catalysts.

3.7. IR characterization of adsorbed pyridine

FTIR analysis of adsorbed pyridine allows a clear dis-
tinction between Br̈onsted and Lewis acid sites. IR band at
1455 cm−1 is attributed to pyridine adsorbed on Lewis acid
sites, IR band at 1545 cm−1 to that adsorbed on Brönsted acid
sites. While the peak at 1490 cm−1 can be ascribed to the
overlapping of Br̈onsted acid and Lewis acid sites[38–40].
FromFig. 5, it can be seen that IR pyridine adsorption spectra
of TS-1 has peaks at 1455 and 1490 cm−1 while the peak at
1545 cm−1 is absent. This means that there are only Lewis
acid sites, but no Br̈onsted acid sites on TS-1 whether it is
modified with Sn or not.Fig. 6shows the relative acid amount
of TS-1. We found that unmodified TS-1 catalyst had the
l knew
t unt of
S er of
t ,
t 560
w ore,
t d-
i ed
f ease
i

ially
D the

ings.
sted only weak acid sites on the surface of TS-1 catalysts
n loadings ranging from 0 wt% to 8 wt%. Furthermore,

Fig. 4. NH3-TPD profile of TS-1 catalyst with different Sn loadings.
argest acid amount. From the XPS analysis above, we
hat Ti atom on surface has been mantled when the amo
nO2 loadings reached 1 wt%, which reduced the numb

he weak Lewis acid center in the Ti–O–SiO3 structure. So
he relative acid amount of TS-1 dropped from 858 to
ith increasing Sn loadings from 0 to 1 wt%. Furtherm

he weak acid in SnO2 rose with the increase in the Sn loa
ngs, which, together with that of weak Lewis acid form
rom Ti center, contributed to the gradual, but slow, decr
n relative acid amount.

It is pointed out that the catalytic performance, espec
MO conversion, did not show linear relationship with

Fig. 5. FTIR spectra absorbed pyridine of TS-1 with different Sn load
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Fig. 6. Relative acid amount of TS-1 with different Sn loadings.

amount of surface acid. The effect of interaction between
Sn and Ti–O–SiO3 offset the decrease in acid amount with
increasing Sn loadings, which, as a whole, enhanced the cat-
alytic activity of TS-1. Moreover, Sn active center accelerated
the conversion rate of MPO to DPO and enhanced the yield
of DPO.

4. Conclusions

The catalytic activities were promoted greatly by the in-
teraction of SnO2 with Ti–O–SiO3 weak Lewis acid centers
although the Sn-modified TS-1 catalysts had fewer Lewis
acid sites than the unmodified TS-1. The catalyst of TS-1
with 2 wt% Sn loadings performed best, giving 50.3% con-
version of DMO and 99.2% selectivity to the target products.
At Sn loadings below 2 wt%, Sn was highly dispersed, but
at high loadings it was crystallized into bulk tin dioxide, and
the catalytic activity decreased. XPS results showed that Ti
could not be detected even at 1 wt% Sn loadings. The de-
pendence of XPS peak intensity ratio of Sn 3d/Si 2p on the
Sn loading estimated the dispersed capacity of Sn on TS-1
to be 2.2 wt%, which was in good agreement with the value
obtained from XRD analysis as well as that from TEM anal-
ysis and catalytic performance. EDX results indicated that
the content of Ti on the surface decreased with increasing Sn
l uch
l
a were
o e Sn
l ngth
o SiO
p ctive
c PO
t ther
e cture
o tely
u
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