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Physicochemical properties of silica-supported titanium oxide catalysts as well as their
performances for transesterification of dimethyl oxalate (DMO) with phenol to methyl
phenyl oxalate (MPO) and diphenyl oxalate (DPO) have been investigated systemati-
cally. Various wt % of TiO» were loaded on SiO, by a two-step wet impregnation method.
The surface properties of TiO,/Si0, catalysts were explored by various characterization
techniques (BET, SEM, ICP, XPS, XRD, FTIR of pyridine adsorption, and NH3;-TPD).
Catalytic performances of TiO,/SiO, catalysts were found to be strongly dependent on
TiO, dispersion and surface acidity. Monolayer dispersion capacity of TiO, on silica was
estimated to be about 4.0 TiO, molecules per nm? (8i0») and no crystalline TiO»> was
detected at TiO, loading less than 12 wt %. FTIR and TPD analysis suggested that weak
Lewis acid sites on the surface of TiO,/SiO, were responsible for their unique selectivity
to the target products, MPO and DPO. An optimization of reaction conditions for the
transesterification of DMO with phenol was performed over 12 wt % TiO,/SiO, calcined
at 550°C. In addition, we studied the disproportionation reaction from MPO to DPO via
a catalytic distillation process, which is highly efficient to promote formation of the
desired DPO. © 2008 American Institute of Chemical Engineers AIChE J, 54: 3260-3272, 2008
Keywords: diphenyl carbonate, diphenyl oxalate, methyl phenyl oxalate, transesterifica-
tion, TiO,/SiO,, monolayer, acid sites, disproportionation
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Aromatic polycarbonates (PCs) are excellent engineering
© 2008 American Institute of Chemical Engineers thermoplastics and substitutes for metals and glass because
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of their excellent optical and electrical properties, high
impact strength, thermal resistance, and transparency.'™ Cur-
rently, the annual worldwide production of PCs is more than
1.5 million tons, and consumption and applications of PCs
are growing stably.* With increasing demands for environ-
mentally friendly or “Green” processes for PCs synthesis,
considerable efforts have been made to improve or to essen-
tially replace the conventional phosgene method, where
highly toxic phosgene is used as the reagent with copious
amounts of methylene chloride as the solvent. One of the im-
portant commercial processes for PCs synthesis is the trans-
esterification of 2,2-bis (4-hydroxyphenol)propane (bisphenol
A) with diphenyl carbonate (DPC).> This non-phosgene
method has distinct environmental and economic advantages.
As an important precursor for PCs production, DPC and its
synthesis have received great attention. Several methods,
including oxidative carbonylation of phenol and transesterifi-
cation reactions, have been reported and developed for DPC
synthesis.®'> Among them, a three-step reaction, consisting
of preparation of dimethyl oxalate (DMO), transesterification
of DMO with phenol to produce diphenyl oxalate (DPO), fol-
lowed by decarbonylation of DPO to DPC (as shown in reac-
tions 1-3) has been proposed. This process is environmen-
tally feasible from avoiding the use of toxic or corrosive
reagents. Furthermore, methanol and CO produced in both
reactions 2 and 3 can be easily separated from the system,
and reused in the reaction 1. Thus, this route is attracting
great interests because of its green technology and high atom

economy. 13-15
2CO + 2MeOH + 120, =——= MeOﬁﬁOMe + H,0 )
00
(DMO)
MeOﬁﬁOMe + 2PhOH —— PhOﬁ%OPh + 2MeOH (2)
00 00
(DMO) (DPO)
PhOﬁﬁOPh — PhOﬁOPh + CO 3)
00
(DPO) (DPC)

The preparation of DMO by oxidative carbonylation of
methanol (reaction 1) has been commercialized.'® Based on
our previous study,'!” decarbonylation of DPO to DPC (reac-
tion 3) can be easily implemented over a PhyPCl catalyst,
giving 99.5% DPO conversion with 98.3% DPC selectivity.
Therefore, synthesis of DPO from the transesterification of
DMO with phenol as shown in reaction 2 is the key process
due to the low thermodynamic equilibrium constant (1.1 X
1073 at 180°C)."” Herein, the synthesis of DPO is performed
in two steps: formation of methyl phenyl oxalate (MPO) and
further disproportionation of MPO to DPO, as shown reac-
tions 4 and 5.

MeOﬁICOMe + PhOH — PhOlcll%OMe + MeOH )
00 00
(DMO) (MPO)
|
2Ph0ﬁ(|:IOMe — PhOﬁ%OPh + MeOﬁ(ﬁOMe (3)
00 00
(MPO) (DPO) (DMO)
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Homogeneous catalytic systems such as Lewis acids and
organometallic compounds are the most commonly used cat-
alysts for the transesterification reactions.' >~ Although these
homogeneous catalysts are generally catalytically efficient,
they are not cost-efficient because of their corrosive nature,
low thermal stability, and critical issue in separation and re-
covery. Therefore, increasing attention has been paid to de-
velop easily separable and reusable heterogeneous catalysts
with high catalytic activities."® % Over the past decade, sup-
ported metal oxide catalyst systems have been widely studied
by virtue of their numerous applications and readiness for
separation, recovery, and recycle.m21 Considerable efforts
have been devoted to investigate the structural features of
supported metal oxide catalysts and to find a correlation
between physicochemical properties and catalytic performan-
ces. The supported metal oxides are commonly found to ex-
hibit much better catalytic performances than the correspond-
ing bulk metal oxides because of their cooperation with sup-
port. Moreover, it is easy to design or modify a specific
supported metal oxide catalyst for a particular process. Gen-
erally, effective and convenient approaches for catalyst de-
velopment are optimization of preparative variables such as
loadings, calcination temperature, and support material. Par-
ticularly, the nature of the catalyst support plays an important
role in catalytic behavior. It has been demonstrated that the
support material can modify chemical properties and surface
texture of the catalyst by itself or through interactions with
the active phase, besides providing uniform structure, suffi-
cient specific surface, and high thermal stability.>>** There-
fore, an understanding and control of the interactions
between active phases and support is essential in the devel-
opment and optimization of supported metal oxide catalysts.

Recently, TiO,-based catalysts have received great attention
because of their remarkable catalytic activity for a wide vari-
ety of reactions such as photocatalytic reactions,” >’ hydrode-
sulfurization (HDS) reactions,?® selective catalytic reduction
(SCR),29 and transesterification.>® Our previous work showed
that TiO,/SiO, catalysts, which were prepared by an impreg-
nation method using toluene solution of tetrabutoxytitanium
as precursors, are catalytically active in the transesterification
of DMO with phenol.”" It was suggested that the surface TiO,
species and weak Lewis acid sites corporately contributed to
the high activity and selectivity of TiO,/SiO, catalysts in the
transesterification of DMO with phenol.”!

As a continuation of the previous work this study
focuses on the preparation and optimization of highly dis-
persed supported TiO, catalysts made via a two-step wet
impregnation method, which consists of an incipient impreg-
nation of silica supports with an anhydrous ethanol solution
of a titanium precursor and a subsequent hydrolysis treat-
ment. Supported TiO,/SiO, catalysts with different TiO,
loadings and calcination temperatures were comparatively
investigated. To gain a better understanding of surface prop-
erties of TiO,/Si0, catalysts and their relationship with phys-
icochemical and catalytic behaviors, a detailed characteriza-
tion was performed by means of BET, SEM, ICP, XPS,
XRD, Raman, FTIR of pyridine adsorption, and NH3-TPD.
In the second part of this article, the effects of various reac-
tion parameters such as molar ratio of reactants, catalyst
amount, reaction temperature, reaction time, and catalyst
recycling on the catalytic performance were examined to
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optimize DMO conversion and selectivity to the target pro-
ducts, MPO and DPO. A comparison of catalytic performan-
ces and acid properties of various solid catalysts was carried
out. The results permit us to propose a mechanism for Lewis
acid catalyzed transesterification of DMO with phenol. Addi-
tionally, for the first time, we present results of an investiga-
tion on the disproportionation reaction of MPO to DPO via a
catalytic distillation process, which combines reactive distil-
lation and heterogeneous catalysis.

Experimental
Catalyst preparation

Tetrabutoxytitanium (Ti(OC4Ho)4, TBT), DMO, anhydrous
ethanol, and phenol were of laboratory reagent grade and
purchased from local suppliers. Commercial silica (Jiangyan
City Chemical Auxiliary Factory of China, particle size:
100-200 mesh) was used as a support material. Before
impregnation, the silica supports were pretreated at 120°C
for 2 h to remove physisorbed water.

Supported TiO, catalysts (with TiO, loadings in the range
of 1-20 wt %) were prepared by a two-step wet impregna-
tion method. First, the desired amount of TBT was dissolved
in 50-mL anhydrous ethanol followed by addition of stoichi-
ometric amounts of silica with vigorous stirring. Absence of
water at this stage prevents the premature hydrolysis of the
precursor. The obtained mixture was stirred and kept in flow-
ing N, until adsorption equilibrium was established. Then
deionized water was added drop by drop to obtain a molar
ratio of TBT:H,O = 1:4. Following the wet impregnation,
products were allowed to age at room temperature for 24 h
to facilitate hydrolysis of TBT. The resultant slurry was cen-
trifuged and the solid fraction was heated in a vacuum oven
at 120°C for 4 h. The dried material was subsequently cal-
cined in an open-air furnace at 550°C for 5 h. To investigate
the effect of calcination temperature, the samples with 12 wt
% TiO, loading were calcined between 300 and 800°C.

Catalyst characterization

Specific surface areas and pore size distribution were
determined on a constant volume adsorption apparatus
(CHEMBET-3000) by N, physisorption at liquid nitrogen
temperature. Prior to the measurements, all samples were
degassed at 120°C for 5 h.

The morphology of the samples was examined using a
scanning electron microscope (SEM, Philips XL 30 working
at 10 kV). The samples were sputter coated with gold prior
to scanning.

Elemental analyses of the catalysts (Ti, Si) were carried
out with inductively coupled plasma-optic emission spectros-
copy (ICP-OES) using a Varian VISTA-MPX spectrometer
system. The sample was dissolved with requisite mixture of
hydrogen fluoride and nitric acid in a platinum crucible. The
crucible was covered and heated to 1000°C in a muffle fur-
nace. After cooling at room temperature for 1 h, the clear
solution was diluted in a HNO;:HF:H,O (1:1:1) mixture
and was then ready for analysis.

X-ray photoelectron spectroscopy (XPS) was employed to
determine the surface composition and the dispersion of
active species. The measurements were carried out on a Per-
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kin-Elmer PHI 1600 ESCA system with Mg Ko (1253.6 eV)
radiation as the excitation source. The sample was placed
onto a specimen holder via a double-sided adhesive tape. To
eliminate charging effect, calibration of binding-energy was
accomplished with respect to the internal standard of the Ci,
peak (284.5 eV). Scanning of the spectra was done at room
temperature under ultrahigh vacuum (UHV, ~1.33 X 10°®
Pa).

Crystalline phase was identified by X-ray diffraction
(XRD) pattern recorded on a Rigaku C/max-2500 diffractom-
eter using graphite filtered Cu Ko radiation (k = 0.15405
nm) at 40 kV and 100 mA. Scanning range was 10°-80° (26)
with a step size of 0.05° with a count time of 1 s. The phases
present in the samples were confirmed with the help of
JCPDS files.

Raman spectra were obtained on a BRUKER RFS 100/S
FT-Raman spectrometer using Nd: YAG laser at 1064 nm of
300 mW output as the emission source. The Raman spectra
were recorded from 100 to 1400 cm ™' at room temperature.

IR spectroscopic measurements of adsorbed pyridine were
carried out on a Bruker VECTOR22 FTIR spectrometer. The
powdered catalysts were pressed into a 10 mg cm 2 self-sup-
porting wafer. Prior to each experiment, the samples were
evacuated (1 Pa) at 150°C for 3 h. Following this, the mate-
rials were exposed to 4 X 10 Pa of pyridine at 150°C for
1 h, and then flushed with flowing Ar for 30 min to remove
the physisorbed pyridine. After adsorption, the samples were
out-gassed and the spectra were recorded at room tempera-
ture. The scanning range was from 500 to 4000 cm™' and
the resolution was 4 cm ™.

Acid site concentration and distribution of the catalysts
were measured by temperature-programmed desorption of
ammonia (NH;-TPD), using a chemical adsorption spectrom-
eter (Model 2910, Micromeritics Co.). The samples were
placed in a quartz tubular reactor and pretreated at 500°C in
flowing Ar for 1 h, and then cooled to 50°C. The pulses of
NH; were supplied to the samples until saturation. Subse-
quently, a flow of Ar was passed through the reactor for 30
min to remove excessive physisorbed NH; from the samples.
Desorption of NH; was monitored by ramping the tempera-
ture from 50 to 600°C at a rate of 10°C min ™ '.

Transesterification of DMO with phenol

Transesterification of DMO with phenol was carried out
in a 250-mL three-neck, round-bottomed flask, which is
equipped with a thermocouple, an electromagnetically driven
stirrer, a nitrogen inlet, and a reflux condenser. The reflux
condenser was connected to a closed programmable circula-
tor and was kept at 80°C by flowing recycled hot water in
order to remove formed methanol from the reaction system.
In a typical experiment, 0.1 mol of DMO, 0.3 mol of phenol,
and 1.8 g of catalysts were fed to the reactor under nitrogen
atmosphere. The resultant mixture was then heated to the
reaction temperature (i.e., 180°C) at atmospheric pressure.
After reaction, qualitative and quantitative analyses of reac-
tion products and distillates were carried out on a SP3420
gas chromatograph equipped with a flame ionization detector
(FID). An HP-5 capillary column (Hewlett-Packard, 15 m X
0.53 mm X 1.5 pum) was used to separate products for gas
chromatographic analysis. HPLC grade acetone was used as
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Figure 1. The pore size distribution curves of the TiO,/
SiO, sample and silica support.

a mobile phase, in which a small amount of ethyl benzoate
was chosen as an internal standard reagent. DPO, MPO, and
by-product anisole (AN) from the transesterification were
quantified by comparing the peak areas with their corre-
sponding standards.

Catalytic distillation

Catalytic distillation was employed to increase DPO pro-
duction from the disproportionation. The experiments were
conducted in a round-bottomed flask (500 mL), which is
equipped with a rectification column, an oil-cooled reflux
condenser, an electromagnetically driven stirrer, a thermome-
ter, and a pressure gauge. The central part is the cylinder col-
umn with a 6.5 cm inner diameter and a packing height of 1
m. The reflux condenser was kept at 150°C by flowing
recycled hot oil in order to remove methanol, phenol, and
DMO from the reaction system. The reagents were the prod-
ucts obtained from the transesterification reaction and the
catalyst was 12 wt % TiO,/SiO,. The desired pressure was
achieved by means of a vacuum pump connected to the pres-
sure gauge. The measured temperature was the equilibrium
temperature corresponding to surrounding pressure. After
5 h, the reaction products were identified and quantified by
GC analysis.

Results and Discussion
Characterization of the catalysts

Figure 1 shows the pore size distribution of TiO,/SiO, cat-
alyst (12 wt % TiO, loading) calcined at 550°C and silica
support. It can be seen that the pore size range of the sup-
ported catalyst and silica are of the same dimension. The
pore size distribution of TiO,/SiO, is in the mesoporous
region (8—40 nm) with an average pore size of 12.5 nm. As
reported in our previous work,?!' the molecular sizes of DMO
and phenol are X = 0.6399 nm, ¥ = 0.5064 nm and X =
0.7122 nm, ¥ = 0.4915 nm, Z = 0.2532 nm, respectively.
For MPO and DPO, the molecular sizes are as follows: X =
0.8432 nm, ¥ = 0.6327 nm, Z = 0.5609 nm and X = 0.9852
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nm, ¥ = 0.5736 nm, Z = 0.4581 nm, respectively. Thus, in-
ternal surfaces of the TiO,/SiO, catalyst could be accessible
to DMO and phenol molecules. Simultaneously, the produced
MPO and DPO could return to the reaction system effi-
ciently. Therefore, the active sites located in internal surface
of the pore channels could be utilized equally to those
located in external surface of the catalyst.

The supported oxides usually possess different surface and
textual properties from the bulk oxides. The BET surface
area of the silica support with the same heat treatment as
Ti0,/Si0, catalyst was found to be 231 m* g~ '. As shown
in Table 1, The BET surface area of TiO,/SiO, increased ini-
tially with increasing TiO, loading up to 12 wt %, and then
decreased sharply at higher loadings. Figure 2 shows the typ-
ical SEM photographs of the silica support and supported
catalyst (12 wt % TiO, loading). The particle size of TiO,/
SiO, (Figure 2b) is smaller than that of the silica (Figure
2a). However, there is no obvious difference in the morpho-
logical features between silica and the supported catalyst,
indicating the good quality of the supported catalysts pre-
pared by wet impregnation method.

The prepared TiO,/SiO, catalysts containing different
TiO, contents were characterized by ICP and XPS. The
elemental compositions of TiO,/SiO, catalysts and binding
energies (BE) of Ti 2p3, are summarized in Table 1. It is
well known that the XPS intensity ratio of active compound
to support could be used to predict the dispersion capacity of
supported metal oxide catalysts.32’33 The XPS intensity ratio
of Ti 2p to Si 2p (I1i 2p/lsi 2p) Were plotted vs. actual Ti/Si
atomic content ratio (Xr;/Xs;) measured by ICP (see Figure
3). It can be seen that Ir; ,p/lsi 2, Tatio increases with an
increase in TiO, loadings. However, this increase is not pro-
portional to the Xry/Xg; ratio. Two lines can be linearly
regressed from the experimental data and give a point of
intersection at 0.16 Ti/Si g g~ '. According to a monolayer
model proposed by Kerkhof and Moulijn,** a linear relation
can be established between XPS intensity ratio and bulk
atomic ratio of the active phase and the support for mono-
layer catalysts as well as for catalysts with crystallites of
constant sizes. Thus, the intersection shown in Figure 3 rep-
resents the change of dispersion state of surface titanium
oxide from monolayer to crystalline. The monolayer capacity

Table 1. Physicochemical Properties of the TiO,/SiO,
Catalysts with Different TiO, Loadings

TiO,
TiO, amount?/ BE Ti
Loadings SBeETF XTi/XSiT atoms nm~ > 2pan
wt% (m°gH (@gg)  (Si0)  Imiolsiz  (eV)
1 228 0.01 0.30 0.01 460.8
5 231 0.05 1.30 0.04 459.4
10 234 0.10 2.64 0.09 4593
12 239 0.13 3.35 0.11 459.1
14 225 0.16 4.12 0.14 459.1
16 209 0.19 4.80 0.14 458.8
20 168 0.26 6.55 0.16 458.7
100 31 — — — 458.5

*The surface areas of the catalysts calcined at 550°C.

"Actual grams of titanium by gram of silicon obtained by Inductively
_Coupled Plasma (ICP).

*Atoms of titanium by surface area; Itiop/lsizp: XPS intensity ratio; BE: bind-
ing energies of Tij,3/, peak.

DOI 10.1002/aic 3263



Figure 2. SEM photographs of surfaces of (a) silica and (b) 12 wt % TiO./SiO, catalyst.

of TiO, on silica is thus estimated to be about 4.01 TiO,
molecules nm > (SiO,), which is in agreement with the
experimental data reported by Gao et al.**

Another issue we need to address here is that BE values of
Ti 2p;/, decreased with an increase of TiO, loadings (Table
1). Many researchers have reported on the bonding interac-
tions between the dispersed titanium oxide species and
silica.**° These investigations show that the formation of
chemical bonds such as Ti—O—Si can significantly influ-
ence the electronic structure of surface titanium species. The
presence of more electronegative element, Si, in the neighbor
of Ti could cause a shift of Ti 2p;, BE toward higher val-
ues.™ 7 Thus, the relatively high Ti 2ps, BE at low load-
ings compared with pure TiO, (458.5 eV) could be due to
the high dispersion of TiO, and to the interaction bonds
between titanium species with silica (Ti—O—Si). As TiO,
loading was increased above the monolayer capacity, the BE
values of the samples shifted toward that of the pure TiO,
(i.e., 458.8 eV at 16 wt %), indicating that the formation of
bulk TiO, were predominate at higher TiO, loadings.*’

These XPS results evidence the presence of interaction
between surface titanium oxide and silica through formation
of the Ti—O—Si bonds. The bonding interactions between
the active phase and the support are initially developed dur-
ing the impregnation (i.e., the titanic precursor interacted
with the hydroxyl groups on silica). Subsequent hydrolysis of
the precursor and oxidative treatment at high temperatures
lead to the dispersion of active species on support. The tita-
nium oxide species strongly bonded with silica surface can
be well dispersed on the catalyst, whereas a weak interaction
with the support may lead to poor dispersion and formation
of bulk TiO, out of surface coverage. As such, dispersion
and chemical state of surface titanium oxide species can be
intimately correlated to their bonding interactions with the
support surface.

The phase compositions of the samples were further con-
firmed by XRD measurements. The XRD patterns of TiO,/
SiO, with various TiO, loadings and a reference pure anatase
TiO, are presented in Figure 4. The diffractograms suggest
the absence of characteristic peaks of TiO, in the samples
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with TiO, loadings of 12 wt % and below. However, the ana-
tase peaks (JCPDS 12-1272) can be detected for the samples
at TiO, loadings more than 12 wt %, and the peak intensities
increased with TiO, loadings. On the other hand, no detecta-
ble diffraction peaks of TiO, at lower loadings may not nec-
essarily due to high dispersion of TiO, phase, but to the pres-
ence of nanosized TiO, crystallites that do not show X-ray
diffraction. Additional XRD characterization was performed
on a mechanical mixture of TiO, nanoparticles (with diame-
ters of 10-30 nm) and silica with 1 wt % TiO, content. The
results showed that nanosized TiO, particles can be detected
by XRD (data not shown). These observations indicate that
TiO, species exist in highly dispersed state on the silica sur-
face at loadings below 14 wt %. Further increasing loading
level leads to the formation of TiO, crystallites besides the
surface-dispersed titanium oxide species. The bulk TiO, crys-
tallites could physically blocked the pore mouths of the cata-
lyst, leading to the decrease in surface area.

Raman spectra of TiO,/SiO, samples are shown in Figure
5. The main features in the Raman spectra changed at load-

0.20

0.00 . . — .
0.00 0.05 0.10 0.15 0.20 0.

X5/ Xg; (20

[ R
M

Figure 3. Relationship between I+ 5,/ls;i 2, and Xti/Xs;.
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Figure 4. XRD patterns of TiO,/SiO, catalysts with dif-
ferent TiO, loadings: (a) support; (b) 1%; (c)
5%; (d) 10%; (e) 12%; (f) 14%; (g) 16%; (h)
20%; and (i) nanoanatase TiO,.

ings between 12 and 14 wt %. For TiO,/SiO, with 14 wt %
and higher loadings, characteristic 146 cm™' band corre-
sponding to the TiO, anatase phase appeared and its intensity
increased with the increase of TiO, loadings. This is well
agreed with our XRD results, indicating that TiO, species
were present on the silica surface in highly dispersed state at
lower TiO, loadings and bulk crystalline TiO, formed above
the monolayer capacity of surface titanium oxide. Combining
these results obtained from various characterization techni-
ques, not only is it successful to detect the effect of TiO,
loading on surface properties of TiO,/SiO, catalysts, but it is
feasible to identify the dispersion capacity of TiO, on SiO,.

146

+ 1595

Absorbance

1650 1600 1550 1500 1450 1400
Wavenumber (cm'I)

Figure 6. FTIR spectra of pyridine absorbed on TiO,/
SiO, catalysts with different TiO, loadings:
(a) 1%; (b) 5%; (c) 10%; (d) 12%; (e) 14%; (f)
16%; and (g) 20%.

It has been known that many base molecules, such as pyri-
dine and ammonia, can react with surface acid sites and
therefore are often used to qualitatively and quantitatively
determine different types of acid site.*™3 In this work, char-
acterization of Bronsted (B) and Lewis (L) acid sites and
their relative amount in the samples were carried out based
on the FTIR analysis of adsorbed pyridine. The normalized
IR spectra (band intensities normalized against sample
weight) of adsorbed pyridine on TiO,/SiO, catalysts are
shown in Figure 6. Absorption bands near 1445 and 1595
cm™ ! representing pyridinium ions and pyridine molecules
coordinated with L-acid sites can be observed in all spectra.
The peak intensity is considerably sensitive to the increase of
TiO, loading. Another feature appearing at 1490 cm ™' can
be assigned to the overlapping of B- and L-acid sites. How-
ever, the band around 1545 cm ™! attributed to B-acid sites is
absent for all the samples. This indicates that there mainly
exist L-acid sites on the surface of TiO,/SiO, catalyst, while
B-acid sites are almost negligible.

The amount of L-acid sites on TiO,/SiO, catalysts was
quantitatively determined in terms of relative band area. As
shown in Table 2, the amount of L-acid sites on TiO,/SiO,
catalysts increased with increasing TiO, loadings from 1 to
12 wt %, then decreased slightly with the further deposition

Table 2. Effect of TiO, Loading on the Comparative Acid
Amounts Associated with Lewis Acid Sites

TiO, Loading Amounts of Comparative

(Wt %) Acid (mmol mg™")
T T T T T T J T ’ T
1100 200 700 500 300 100 1 325.2
- 1 5 479.6
Raman Shift (cm ™) 10 5823
12 596.7
Figure 5. Raman spectra of TiO,/SiO, catalysts with 14 592.4
different TiO, loadings: (a) 1%; (b) 5%; (c) ;(6) 22513.2

10%; (d) 12%; (e) 14%; (f) 16%; and (g) 20%.
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Figure 7. NH3-TPD profile of TiO,/SiO, catalysts with
different TiO, loadings: (a) 1%; (b) 5%; (c)
10%; (d) 12%; (e) 14%:; (f) 16%; and (g) 20%.
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of TiO,. At TiO, loading less than the monolayer capacity,
increasing TiO, loading means the increase of highly dis-
persed titanium oxide species and the resultant increase of
the amount of acid sites on TiO,/SiO, catalysts. At higher
TiO, loadings, even though bulk TiO, crystallites could also
provide a few acid sites, the number of acid sites from crys-
talline TiO, was much less than that from dispersed TiO,,
which led to a decrease of acid sites amount. On the basis of
these results, we speculate that the monolayer-dispersed
TiO, could contribute more L-acid sites than bulk TiO,
crystallites.

NH;-TPD was performed to survey the acid strength of
the TiO,/SiO, catalysts. In NH5;-TPD curves, the peaks are
generally distributed into three regions according to ammonia
desorption temperatures: low temperature (LT) region with
peaks below 200°C, medium temperature (MT) region at
200-450°C, and high temperature (HT) region with peaks
above 450°C. The peaks in LT, MT, and HT regions can be
attributed to the desorption of NH; from weak, medium, and
strong acid sites (Bronsted and/or Lewis), respectively.***?
From the results shown in Figure 7, the band corresponding
to weak acid sites is observed for all the samples. Further-
more, the peak shifted toward higher temperatures with
increasing TiO, loading and the maximum temperature offset
is about 15°C. This suggests that TiO, loading has little
effect on the strength of surface acid sites. Combination of
FTIR studies of pyridine adsorption with NH;3-TPD results
leads to the conclusion that there are only weak Lewis acid
sites on the surface of TiO,/SiO, catalysts.

Transesterification of DMO with phenol

Effect of TiO, Loading. The catalytic performances of
TiO,/Si0O, catalysts as a function of TiO, loadings are pre-
sented in Table 3. The two major products are MPO pro-
duced via transesterification of DMO with phenol and DPO
produced by disproportionation of MPO. DMO conversion
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increased on increasing TiO, loading up to 12 wt % and
decreased at higher TiO, loadings. The similar behavior can
be observed in the selectivity and yield of DPO, which
attained maximum values of 25.3% and 16.8%, at 12 wt %
TiO, loading. Comparatively, selectivity toward the interme-
diate product MPO reached a minimum at 12 wt % TiO,
loading, indicating that much more MPO was converted into
DPO over 12 wt % TiO,/SiO, catalyst. The total selectivity
to MPO and DPO remained more than 98.8% for all the cat-
alysts, and GC analysis indicated that the major by-product
was AN. Our earlier report has shown that the formation of
AN and its isomers is due to the methylation of phenol and
decarboxylation of methyl phenyl oxalate."

The change of catalytic activity with TiO, loading could
be explained on the basis of the surface properties of the
TiO,/SiO, catalysts. At TiO, loadings less than monolayer
capacity, increasing TiO, loading generates more active cata-
Iytic sites to promote the transesterification. However, the
catalytic activity is decreased apparently as bulk crystalline
phase of TiO, appears in the high loading samples. The max-
imum activity is obtained at TiO, loading around the mono-
layer capacity, which is an example of so-called threshold
effect. It can be speculated that compared with crystalline
TiO,, the monolayer-dispersed TiO, are more beneficial to
the transesterification of DMO with phenol. On the other
hand, we notice that there is a correlation between the sur-
face acidity and catalytic performance: more Lewis acid sites
yield higher catalytic activities (Tables 2 and 3). The above
results demonstrate that the surface dispersed TiO, and
amount of L-acid sites are two most important activity-deter-
mining factors for the transesterification of DMO with phe-
nol. The formation of TiO, crystallites with consequent
decrease in surface area and decrease in amount of acid sites
at higher TiO, loading samples would be primarily responsi-
ble for the decrease of catalytic activity.

Effect of Calcination Temperature. The effect of calcina-
tion temperature on the surface properties and catalytic
behavior of TiO,/SiO, was studied. The XRD patterns of
Ti0,/SiO, catalysts, where TiO, loading is 12 wt %, calcined
at various temperatures are given in Figure 8. As can be
seen, no TiO, diffraction peaks were observed at calcination
temperatures below 550°C. The anatase peaks appeared at
600°C and after that the main peaks became more intense
with the increase in calcination temperature. It can be
explained that increasing calcination temperature improves

Table 3. Catalytic Activities of Ti0,/Si0, Catalysts with
Different TiO, Loadings

Selectivity (%) Yield (%)

TiO, Loadings Conversion*

(wt %) (%) AN MPO DPO MPO DPO

1 429 0.6 80.8 183 343 79

5 515 06 767 227 395 11.7

10 62.3 0.7 742 250 462 156

12 66.3 06 739 253 49.0 168

14 65.9 0.7 741 251 488 165

16 62.4 08 752 234 469 146

18 56.8 09 764 225 434 129

20 50.8 1.0 774 214 393 109

Reaction conditions: 0.1 mol DMO, 0.3 mol phenol, 1.8 g catalyst (calcined
at 550 °C), conducted at 180 °C for 2 h.
*Based on charged DMO.
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Figure 8. XRD spectra of 12 wt % TiO,/SiO, catalysts
under different calcination temperatures: (a)
300°C; (b) 400°C; (c) 500°C; (d) 550°C; (e)
600°C; (f) 700°C; and (g) 800°C.

the crystallinity and enhances the crystallite size of particles.
Moreover, it is noted that distinct TiO, diffraction peaks
appeared for the catalysts with 14 wt % TiO, loading cal-
cined at 550°C (Figure 4) and 12 wt % loading calcined at
600°C (Figure 8). This further improve that TiO, species
remain in a highly dispersed state on silica surface at 12 wt %
TiO, loading and calcination temperature of 550°C. Figure 9
shows the surface area and average pore size of TiO,/SiO,
catalysts calcined at various temperatures. With the increase
of calcination temperature from 300 to 800°C, the surface
area was significantly reduced while the average pore size of
samples increased from 3.4 to 32.2 nm. Such a decrease in
surface area and the corresponding growth of pores could be
attributed to the conglomeration of TiO, crystallites as well
as the surface sintering as a result of calcination.

Table 4 shows the catalytic performances of the TiO,/SiO,
catalysts under different calcination temperatures. As can be
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Figure 9. Surface area and average pore size of 12 wt
% TiO,/SiO, catalysts with different calcina-
tion temperature.
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Table 4. Effect of Calcination Temperature on Catalytic
Properties of Ti0,/SiO,

Selectivity (%) Yield (%)

Calcination Conversion*
Temperature (°C) (%) AN MPO DPO MPO DPO
300 48.8 2.1 783 19.1 382 9.3
400 49.2 1.0 79.1 19.7 389 9.7
500 58.1 0.7 742 250 431 145
550 66.3 0.6 739 253 490 16.8
600 65.4 1.1 746 240 488 15.7
700 62.1 1.2 767 21.6 476 134
800 52.6 1.5 81.7 163 430 8.6

Reaction conditions: 0.1 mol DMO, 0.3 mol phenol, 1.8 g catalyst (12 wt%
TiO, loading), conducted at 180 °C for 2 h.
*Based on charged DMO.

seen, the best activity is obtained for the catalyst calcined at
550°C, which is obviously due to the well-dispersed TiO,
species and mesoporous structure on the silica surface. Con-
sidering DMO conversion and DPO selectivity, the catalyst
with 12 wt % TiO, loading and calcination temperature of
550°C offered the best catalytic activity and was thus chosen
as a model catalyst in the following sections to optimize
reaction parameters.

Effect of Molar Ratio of Phenol to DMO. The reaction
was carried out varying molar ratio of phenol to DMO from
1:1 to 5:1 by using the most active TiO,/SiO, catalyst (12 wt
% TiO, loading calcined at 550°C). Because the transesterifi-
cation of DMO with phenol is an equilibrium limited reac-
tion as shown by reaction 4, an excess amount of phenol is
required to shift the equilibrium toward product formation.
As shown in Table 5, the equilibrium conversion of DMO
increased sharply from 1:1 to 3:1 (phenol/DMO molar ratio).
However, further increase in the molar ratio above 3:1 had
no appreciable effect on the activity. Thus, a large amount of
excess phenol is not an essential condition to maximize the
reaction productivity.

Effect of Catalyst Amount. Variation of amount of TiO,/
SiO, catalyst was also investigated for the transesterification.
As shown in Table 6, very little DPO is formed in the ab-
sence of catalyst, suggesting the necessity of catalyst for the
transesterification. DMO conversion increased rapidly until
the catalyst amount reached 1.8 g, and then the conversion
arrived at a plateau value with further increasing the catalyst
amount. The selectivity to DPO kept increasing with the
increase in catalyst amount from 0.3 to 1.8 g, but thereafter
did not show a meaningful change.

Table 5. Effect of Molar Ratio of Phenol to DMO on
Catalytic Properties of Ti0,/SiO,

Selectivity (%) Yield (%)

n(phenol):  Conversion*
n(DMO) (%) AN MPO DPO MPO DPO
1:1 48.7 1.5 80.2 17.7 39.1 8.6
1:2 59.9 1.2 76.5 21.9 45.8 13.1
1:3 66.3 0.6 73.9 25.3 49.0 16.8
1:4 67.3 0.8 73.0 25.9 49.1 17.4
1:5 68.1 0.7 72.5 25.7 49.4 17.5

Reaction conditions: 0.1 mol DMO, 1.8 g catalyst (calcined at 550 °C with
12 wt% TiO, loading), conducted at 180 °C for 2 h.
*Based on charged DMO.
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Table 6. Effect of Catalyst Amount on Catalytic Properties
of Ti0,/Si0,

Selectivity (%)

Yield (%)

Amount of  Conversion*

Catalyst (g) (%) AN MPO DPO MPO DPO
0.0 1.43 52 846 0.0 1.21 0
0.3 48.3 0.6 783 18.9 37.8 9.1
0.6 55.5 0.5 782 20.1 434 11.2
1.2 60.9 0.6 76.7 22.5 46.7 13.7
1.8 66.3 0.6 739 25.3 49.0 16.8
2.4 66.9 0.7 73.8 25.2 49.4 16.9
3.0 67.3 09 736 25.0 49.5 16.8

Reaction conditions: 0.1 mol DMO, 0.3 mol phenol, catalyst (calcined at 550
°C with 12 wt% TiO, loading), conducted at 180 °C for 2 h.
*Based on charged DMO.

Effect of Reaction Temperature. From thermodynamic
point of view, both the formation of MPO (reaction 4) and
the production of DPO via the disproportionation of MPO
(reaction 5) are endothermic processes,19 which are favored
at high temperatures. As shown in Table 7, there was a sig-
nificant change in the catalytic properties of TiO,/SiO, cata-
lyst as reaction temperature increased from 150 to 180°C. At
the temperatures below 180°C, a great amount of AN and
other by-products, such as methyl phenol and benzyl alcohol,
were found. Two possible routes of the by-products forma-
tion must be considered: methylation of phenol (reaction 6)
and decarboxylation of MPO (reaction 7).13 Because of the
restriction of the boiling point of reactants, the highest reac-
tion temperature at atmosphere pressure is around 180°C.
Thus, 180°C is chosen as the operation temperature at ambi-
ent condition.

MeOﬁﬁOMe + PhOH == PhOMe + HCOOMe + CO, (6)
00

MeOﬁ(lllOPh PhOMe + CO, + CO @)
00

Effect of Reaction Time. To investigate the effect of reac-
tion time on the transesterification, samples of the reacting
mixture were collected at certain intervals and analyzed. As
shown in Figure 10, DMO conversion increased sharply from
0.5 to 2 h, and then gradually leveled off with the reaction
time up to 10 h. With increasing reaction time, selectivity to
MPO decreased continually while selectivity to DPO was
distinctly improved, indicating that much more DPO was
formed via disproportionation of MPO with the time of reac-

Table 7. Effect of Reaction Temperature on Catalytic
Properties of Ti0,/SiO,

. . Selectivity (%) Yield (%)
Reaction Conversion*
Temperature (°C) (%) AN MPO DPO MPO DPO
150 26.3 11.3 66.5 160 175 4.2
160 43.2 10.6 66.7 17.1 28.8 7.4
170 59.8 94 674 179 403 10.7
180 66.3 0.6 739 253 49.0 168

Reaction conditions: 0.1 mol DMO, 0.3 mol phenol, 1.8 g catalyst (calcined
at 550 °C with 12 wt% TiO, loading), conducted for 2 h.
*Based on charged DMO.
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Figure 10. Effect of reaction time on catalytic proper-
ties of TiO./SiO,; reaction conditions: 0.1
mol DMO, 0.3 mol phenol, 1.8 g catalyst
(calcined at 550°C with 12 wt % TiO, load-
ing), conducted at 180°C.

tion. In addition, selectivity of by-products increased with
the reaction time, reaching about 10.6% at 10 h. This is
probably due to the side reactions described in reactions 6
and 7.

Reaction Kinetic Studies. To obtain the kinetic informa-
tion of the transesterification of DMO with phenol, the reac-
tion kinetics was investigated in terms of reaction time and
temperature under otherwise identical conditions. Plots of
—In (1 — DMO conversion) vs. the reaction time at different
temperatures ranging from 150 to 180°C are given in Figure
11a. The plots are nearly linear in all the cases, indicating
first-order behavior of the transesterification. The slops of
these plots gave the reaction rate constants (k) at each tem-
perature. The rate constant was apparently increased by rais-
ing the temperature. Figure 11b shows the Arrhenius plot of
In k vs. 1/T. The plot was linear and the activation energy
for the TiO,/SiO, catalyst was derived from the slope to be
36.76 kJ mol .

Catalyst Recycling. The recyclability of heterogeneous
catalysts is a great concern in industrial catalytic processes,
meaning that a good catalyst should remain its activity and
selectivity at high levels over times of reuse. After each
recycle, the catalyst was separated from the reaction mixture
by filtration and washed by anhydrous ethanol to remove
accumulated organic compounds from the catalyst. Further,
the catalyst was dried overnight followed by calcination at
550°C for 5 h, and then reused with fresh reaction mixture.
Considering the catalyst loss during each recycle, catalysts
reused were collected from two identical runs to obtain
exactly same amount of catalyst used in a previous experi-
mental test. Table 8 illustrates the activities of recycled cata-
lysts under otherwise identical conditions. It was found that
DMO conversion slightly dropped from 66.3% to 63.4% after
the fourth recycle and further to 59.2% after the sixth
recycle. The total selectivity of MPO and DPO slightly
decreased and still remained above 97% after six recycles.
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Figure 11. (a) Kinetic plots for the transesterification
over TiO,/SiO, at different temperatures; (b)
Arrhenius plot.

Clearly, the major loss of catalytic activity was observed
from the forth to the sixth recycle. According to ICP and
XPS analyses of the recovered catalysts, although there was
no significant change in Ti/Si ratio up to six recycles (indi-
cating strong Ti—O—Si bonding between titanium species
and silica), carbon composition was increased with increasing
the number of recycles. The formation of carbonaceous
deposits over the catalyst surface is derived from the decom-
position of organic compounds absorbed on the catalyst.
Additionally, BET analysis show that recycling exerts a no-
ticeable influence in textural properties of the catalysts such

Table 8. Recyclability of TiO,/SiO, Catalysts for the

as specific surface area and pore size distribution. After the
sixth recycle, the specific surface area decreased from 239
m> g~ ! of the fresh catalyst to 217 m? ¢ ! and the average
pore size decreased from 12.5 to 10.8 nm, suggesting pores
are partially plugged during the recycling. These changes
may be due to carbon deposition on the catalyst surface,
another possible reason could be that the texture and struc-
ture of the catalysts were partly destroyed by successive and
invasive regeneration procedure.

Comparison of the Catalytic Performances with Different
Catalysts. For comparison purposes, various solid catalysts
were evaluated in the transesterification reaction under the
selected reaction conditions. As shown in Figure 12, AICl;
showed relatively high DMO conversion (79.8%) but very
low selectivity to the target products. Silica is well known as
a support material for its stable properties and large surface
area. Although SiO, showed feeble activity for this reaction,
it is the preferred carrier because it afforded excellent selec-
tivity to MPO as high as 100%. Both MoO; and Al,O3
exhibited high levels of DMO conversion, i.e., DMO conver-
sion was 67.9% over Al,O;. However, MoO3 and Al,O3
were so poor in selectivity to target products that the total
selectivities were 55.6% and 38.8%, respectively. SnO, gave
very high selectivity to MPO and DPO (57.1% and 35.7%)
but only 2.8% DMO conversion. TiO, is an efficient catalyst
for the transesterification, giving ~35% DMO conversion as
well as 99% total selectivity to MPO and DPO. From these
results, it seems that the selectivity of the catalyst is strongly
dependent on their acidic nature. Strong acid catalysts, such
as AICl; and Al,Os3, tend to favor the undesired formation of
AN or other by-products.

To verify the potential of TiO,-based catalyst systems, dif-
ferent supported TiO, catalysts with 12 wt % TiO, loading
were prepared and employed to catalyze the transesterifica-
tion (Figure 12G-L). All of these supported TiO, catalysts

Transesterification
. Selectivity (%) Yield (%)
Number of  Conversion*
Recycling (%) AN MPO DPO MPO DPO
0 66.3 0.6 739 25.3 49.0 16.8
1 65.6 0.8 74.0 24.9 48.5 16.3
2 64.8 1.0 738 24.7 47.8 16.0
4 63.4 1.1 73.5 24.4 46.6 15.5
6 59.2 1.8 73.1 23.9 433 14.1

100
[ 1DMO Conversion
. MPO Yield
- EESE DPO Yield
£
= - o
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Reaction conditions: 0.1 mol DMO, 0.3 mol phenol, 1.8 g retrieved TiO,/
SiO; catalyst, conducted at 180°C for 2 h.
*Based on charged DMO.

AIChE Journal December 2008 Vol. 54, No. 12

Published on behalf of the AIChE

Various solid catalysts for the transestenfication

Figure 12. Comparison of catalytic activities of various
solids catalysts for the transesterification:
A, A|C|3; B, S|02; C, M003; D, AI203; E,
SnOy; F, TiOy; G, TiOo/MgO; H, TiO,/Al;0g3; I,
TIOz/SiOz-AI203; J, Ti02/C; K, Ti02/TS; and
L, TiO,/SiO,.
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Figure 13. NH3-TPD profile of the different oxide cata-
lysts: (a) SiO,; (b) TiOy; (c) TiO,/SiOy; (d)
T|02/M90; and (e) Ti02/A|203.

seem to be superior to pure TiO, owing to the increased spe-
cific area and better dispersion of TiO, active centers. How-
ever, the selectivity to AN was comparatively high over
TiO,/Al,05 and TiO,/MgO, indicating that the properties of
support materials (i.e., acidity) may play a significant role in
the selective formation of the target products and by-prod-
ucts. Among these supported catalysts, TiO,/SiO, exhibited
the best performance on both DMO conversion and total
selectivity to the target products.

To better understand the relationship between surface acid-
ity and catalytic behavior, NH3-TPD measurements were car-
ried out on silica, titania, and supported TiO, catalysts. As
shown in Figure 13, the ammonia desorption peak of SiO,,
TiO,, and TiO,/SiO, just appears in the low temperature
region, confirming that there exist only weak acid sites on
the solid surface. For TiO,/MgO and TiO,/Al,05, the NH3-

TPD patterns show broad desorption signals corresponding to
acid sites with weak strength (LT region) and medium
strength (MT region), suggesting coexistence of weak and
medium acid sites. Combining with the results of NH3;-TPD
and product distribution, it could be concluded that acidic na-
ture of the catalyst is a key factor in determining the selec-
tivity to desired products. TiO, and TiO,/SiO,, in which
only weak acid sites exist, show significantly high total se-
lectivity to target products. In the case of TiO,/MgO and
TiO,/Al,O3, high selectivity to by-products may be attributed
to the presence of intermediate acid sites on the catalysts.
Thus, we speculate that the weak acid sites are responsible
for the formation of MPO and DPO, whereas the intermedi-
ate acid sites are in favor of the formation of by-products,
i.e., AN.

According to the above results and discussion, a plausible
reaction mechanism for the transesterification of DMO and
phenol over Lewis acid sites was proposed, as described in
Scheme 1. The active species, TiO,, act as Lewis acid (LA)
in the cleavage of acyloxy bond. The coordination of the car-
bonyl group in DMO with Lewis acid sites transfers electron
density in DMO to metal ion. This effect results in the car-
bon atom in carbonyl easily attacked by the weak nucleo-
philic reagent, phenol, and consequently produces a four-cen-
ter intermediate between DMO and phenol. In the last step,
the four-center intermediate lost methanol molecule, resulting
in the formation of MPO. Thus, the catalytic circle of Lewis
acid sites and the ester exchange are completed. From
Scheme 1, it should be noted that the approach of phenol to
the carbonyl carbon of DMO would be affected by steric hin-
drance. Especially, further attack of ortho carbonyl group
could be retarded by the greater steric effect as the reactant
molecules become more bulky. This gives the reason respon-
sible for relatively low selectivity to DPO even though the
molar ratio of phenol to DMO, catalyst amount, and reaction
time have been increased to high values.

Applying catalytic distillation to DPO synthesis

In addition to the above discussed steric hindrance, ther-
modynamic equilibrium restriction also plays an important

LIA_ LlA_
0 0O 0 O
I +LA AL +{O-oH I
H;COCCOCH; H;COC—C—OCH; | ==———= | H;COC—C—OCHj
O-o-H
LIA: LlA-
00 0 0O 0 O
i e R
H3COCC —— H;coc—C—0-D H3COC—C|C|OCH3
LA ~CH;0H
’ O-0-H

LA: Lewis acid site

Scheme 1. A plausible reaction mechanism for transesterification of DMO with phenol.
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Figure 14. Influence of pressure on MPO conversion
and products distribution.

role in limiting disproportionation from MPO to DPO. As
shown in reaction 5, DMO is obtained as a by-product and it
can be selectively removed from the reactive zone. With con-
tinuous removal of DMO, one can shift the chemical equilib-
rium toward the disproportionation and yield more key prod-
uct DPO. Therefore, the following two steps were taken into
account: the transesterification under an atmospheric pressure
and the disproportionation at a low pressure. First, we carried
out the transesterification at atmospheric pressure to get high
DMO conversion and 99% total selectivity to MPO and
DPO. Then, catalytic distillation was employed, in which
heterogeneously catalyzed reaction and distillation separation
occurred simultaneously. Because boiling points of phenol
and DMO are lower than those of MPO and DPO, phenol
and DMO could be withdrawn continually from the system
at a certain pressure and temperature. Thus, the reaction
equilibrium limitation in both reactions 4 and 5 was over-
come and these reactions could be accelerated toward the
desired direction.

The catalytic distillation experiments were operated at five
different pressures and corresponding temperatures over 12
wt % TiO,/Si0, catalyst. The reactants used in these experi-
ments were the transesterification products obtained under
the optimized reaction conditions. The conversion was calcu-
lated in terms of the MPO disappearance. The selectivity to
DPO was determined as the amount ratio between DPO
formed and MPO consumed. As illustrated in Figure 14,
changing operating pressure produced a significant difference
in MPO conversion and distribution of main products. MPO
conversion increased drastically with a decrease in pressure
from atmospheric pressure to 37.3 kPa, but decreased slightly
with a further decrease to 8.0 kPa. It is noticeable that DPC
was also obtained and maximized selectivity (18.7%) to DPC
was achieved at a pressure of 37.3 kPa, indicating that TiO,/
SiO; catalyst could also catalyze the decarbonylation of DPO
to produce DPC under lower pressures. These results suggest
that lower pressure is apparently favorable for the dispropor-
tionation of MPO to produce DPO. However, large amounts
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of by-products were increasingly formed with reducing pres-
sure. The main by-product was found to be phenyl salicylate
formed from partial isomerization of DPC, as shown in reac-
tion 8.

—— PhOCPhOH

PhOCOPh
I Il ®)
O

From these results, it is evident that the decrease in pres-
sure by simple catalytic distillation significantly contributes
to DPO formation. The limited data obtained from the pres-
ent work cannot allow full development of an integrated
model for the production of DPO, but it may provide some
experimental evidences for the design of new processes in
the following work. Because the principal products are DPO
and DPC, the catalytic distillation can be very attractive and
promising. However, high productivity of DPO as well as
separation of the DPO/MPO mixture are still serious chal-
lenges. It is thus highly desirable to design an efficient cata-
Iytic distillation process for the production of high purity
DPO, to simulate and optimize the practical domain of oper-
ating variables, and to search for more active solid catalysts
for the disproportionation reaction. Further investigations are
underway.

Conclusions

A series of TiO,/SiO, catalysts with varying TiO, loadings
(1-20 wt %) and calcination temperatures (300-800°C) have
been prepared by a two-step wet impregnation method and
characterized systematically by various physicochemical
characterization techniques. XPS and ICP results demonstrate
the monolayer dispersion capacity of TiO, is ~4.0 TiO,
atoms nm > (Si0,). XRD and Raman studies further show
that titanium oxide remains highly dispersed on the silica
surface at TiO, loadings below the monolayer dispersion
capacity. The increase in TiO, loading or calcination temper-
ature can result in the generation of crystalline TiO,. FTIR of
pyridine adsorption and NH;-TPD studies show evidence sug-
gesting the sole existence of weak Lewis acid sites on the
TiO,/Si0, catalysts. These results clearly reveal that there is
a good correlation between the surface properties of TiO,/
SiO; catalysts and their catalytic behaviors in the transesterifi-
cation of DMO with phenol. Monolayer-dispersed TiO, active
centers and Lewis acidity play a crucial role in the catalytic
performances, particularly regarding DMO conversion and
DPO selectivity. Effects of reaction parameters such as mole
ratio of reactants, catalyst amount, reaction temperature, reac-
tion time, and catalyst recycling on the catalytic performances
have been studied in the presence of the most active catalyst
(12 wt % TiO,/SiO, with a calcination temperature of
550°C). Based on products analysis of the transesterification
over different solid acid catalysts, the Lewis acid catalyzed
reaction mechanism for the transesterification of DMO with
phenol was proposed. In addition, the feasibility of using cat-
alytic distillation for the disproportionation reaction from
MPO to DPO was explored at different pressures, and it was
found that lower pressures favor the formation of DPO. These
tentative results could help develop an integrated process of
DPO synthesis for commercial applications.
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