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Abstract

In203-TiO2 (1:13 mole ratio) mixed oxide was prepared by a co-precipitation method with in situ generated ammonium
hydroxide and was impregnated with various amounts@3[{4—12 wt.%). The 1pO3-TiO, and V,Os/In,O3-TiO, samples
were subjected to thermal treatments from 773 to 1073 K and were investigated by X-ray diffraction, FT-infrared, and BET
surface area methods to establish the effects of vanadia loading and thermal treatments on the surface structure of the disperse
vanadium oxide species and temperature stability of these catalysts. Characterization results suggest that the co-precipitatec
In,03-TiO2 isin X-ray amorphous state and exhibits reasonably high specific surface areaa@{d10, also accommodates
a monolayer equivalent of20s (12 wt.%) in a highly dispersed state. The®6/In,O3-TiO, catalyst is thermally stable up to
873 K calcination temperature. When subjected to thermal treatments beyond 873 K, the dispersed vanadium oxide selectively
interacts with 1nO3 portion of the mixed oxide and forms InNJ&ompound. The remaining TiCappears in the form of
anatase or rutile phase. These samples were evaluated for one step synthesis of 2,6-dimethylphenol from cyclohexanone anc
methanol mixtures in the vapour phase at normal atmospheric pressure. The,@R#UnNYO3-TiO, catalyst exhibits good
conversion and product selectivity among various samples investigated.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction nia anatase has been extensively used for several pho-
tocatalytic reactions for elimination of many organic
Titania has been widely employed as a support pollutants from waste-wate{6,7]. Titania-based cat-
as well as catalyst for variety of applicationf]. alysts were also employed for HCN and COS hydroly-
The vanadium-titanium oxides are the basic com- sis, olefin epoxidationg8], and precious metal (Pt, Rh
ponents of industrial catalysts for selective catalytic or Ru) or Ni-impregnated titania for Fischer—Tropsch
reduction (SCR) of nitrogen oxides, selective oxida- synthesig9]. The TiG, has also been used as an oxy-
tion of various hydrocarbons, and ammoxidation of gen sensor to monitor automobile engine performance
N-heteroaromatic compoun§s-5]. In particular, tita- [10]. Numerous other reactions such as oxidation of
H>S to SQ, dehydration of alcohols, isomerisation,
- . and alkylation have also been studied by employing
" Corresponding author. el 91-40-2717-5406; TiO, catalysts[1,10,11] However, there are some
fax: +91-40-2716-0921. ! LYy cvel, Hiele d
E-mail addresses: bmreddy@iict.ap.nic.in, mreddyb@yahoo.com disadvantages associated with Zi@vhich include
(B.M. Reddy). low specific surface area, poor thermal stability, poor

0926-860X/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0926-860X(03)00157-1



170

B.M. Reddy et al./Applied Catalysis A: General 248 (2003) 169-180

mechanical strength, and lack of abrasion resistance.droxide [16]. In a typical experiment, the required

Therefore, several efforts can be found in the literature

guantities of indium chloride (Aldrich, AR grade) and

to increase the specific surface area and thermal sta-titanium tetrachloride (Fluka, AR grade), dissolved

bility of TiO 2 anatase structure by introducing various
metals or non-metals into the titania matjlx12—22]
The InpO3-doped AbO3 has been reported to show
good activity for NQ reduction as well as high resis-
tance to HO and SQ@ poisoning in lean conditions
[23,24] Kikuchi et al.[25] introduced indium into
various zeolites and reported a high activity and se-
lectivity for NO, reduction. Hamada et g26] used
indium oxide-doped sol-gel alumina catalysts for
various other applications. Recently, indium oxide
promoted titanium oxides have been applied for dif-

separately in deionized water, were mixed together
(pH 2). An excess amount of solid urea with a metal to
urea molar ratio of 1:2.5 was also added to this mix-
ture solution. To make TiGlsolution, the cold con-
centrated TiCG4 was first digested in cold concentrated
HCI and then diluted with doubly distilled water. The
indium chloride was dissolved in ethanol before mix-
ing with titanium chloride solution. The mixture so-
lution was heated slowly to 363—368 K on a hot plate
with vigorous stirring. In about 6 h of heating, as de-
composition of urea progressed to certain extent, the

ferent purposes such as photoelectrodes, transparenformation of precipitate gradually occurred and pH of

and conductive thin films in electronic and opto-
electronic applications, and hydrogen production by
photoassisted electrolysis of,8 [27,28] In view

of their significance, a comprehensive investigation
was undertaken by the authors to fully understand
the evolution and physicochemical characteristics of
In,O3-TiO2 complex oxide systems. The primary
objective of the present investigation was to provide
basic insights into the structure of.l@3-TiO2 and
V205/In203-TiO, catalysts, shedding light on the
influence of thermal treatments, oxide loading, and
preparation method on both thermal stability and
physicochemical characteristics of these materials.
In this study, an indium-titanium mixed oxide was

the solution increased to 7-8. In order to make to-
tal precipitation of the constituent metals sure, the pH
of the solution was increased to 8.5 by adding dilute
ammonia solution. The precipitate was heated for 6 h
more to facilitate aging. The resulting precipitate was
filtered off, washed several times with deionized wa-
ter until no chlorides could be detected in the filtrate.
The resulting cake was oven dried at 393K for 16 h
and finally calcined at 773 K for 6 h in a closed electri-
cal furnace. Some portions of the calcined®s-TiO>»
were once again heated at 873, 973, and 1073K for
6 h in a closed electrical furnace in air atmosphere.
The V»0s5/In203-TiO> catalyst, containing various
amounts of MOs (4—12 wt.%) was prepared by a stan-

prepared by a homogeneous co-precipitation method dard wet impregnation method. The requisite quantity

with in situ generated ammonium hydroxide and was
impregnated with various amounts of vanadium pen-
toxide. The In0O3-TiO2 and V,Os/InoO3-TiO» sam-

of ammonium metavanadate (Fluka, AR grade) was
dissolved in aqueous oxalic acid (2 M) solution. To
this clear solution, finely powdered calcined (773 K)

ples were subjected to thermal treatments from 773 to support was added. The excess water was evaporated

1073 K and were investigated by TGA-DTA, XRD,
FTIR, and BET surface area methods. The catalytic

on a water bath and the resulting material was oven
dried at 383K for 12 h and subsequently calcined at

properties of these composite oxides were evaluated 773 K for 6 h under the flow of dry oxygen. Some por-

for one step synthesis of 2,6-dimethylphenol from

methanol and cyclohexanone mixtures in vapor phase.

2. Experimental section
2.1. Catalyst preparation

The Inp,Os-doped TiQ (1:13 molar ratio based on

oxides) was prepared by a homogeneous co-precipi-

tation method with in situ generated ammonium hy-

tions of the finished catalyst were once again heated
at 873, 973, and 1073K for 6 h in a closed electrical
furnace in air atmosphere.

2.2. Catalyst characterization

The X-ray powder diffraction patterns have been
recorded on a Siemens D-5000 diffractometer by us-
ing Cu Ka radiation source and Scintillation Counter
detector. The XRD phases present in the samples were
identified with the help of ASTM Powder Data Files.
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The crystallite size of TiQ anatase and rutile were
estimated with the help of Debye—Scherrer equation
using the XRD data of anatase (0 1 0) and rutile (11 0)
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heated in a flow of air at 723K for 5h, prior to the
reaction. The mixture of methanol and cyclohexanone
was fed from a motorised syringe pump (Perfusor Se-

reflections[29]. The FTIR spectra were recorded on
a Nicolet 740 FTIR spectrometer at ambient condi-
tions, using KBr disks, with a normal resolution of

cura FT, Germany) into the vaporizer where it was
allowed to mix uniformly with air or nitrogen before
entering the preheating zone of the reactor. The lig-
4cm ! and averaging 100 spectra. A conventional all uid products collected through spiral condensers in
glass volumetric high vacuum (up tox110-% Torr) ice-cooled freezing traps, were analysed by a gas chro-
system was used for BET surface area measurementsmatograph. The liquid products were quantified by
The BET surface area was measured by nitrogen ph- FID with a 10% Carbowax 20 M (length 2 m) column.
ysisorption at liquid nitrogen temperature (77 K) by The main products observed were 2,6-dimethylphenol,
taking 0.162 nrf as the area of cross-section op N 2,6-dimethylcyclohexanone, 2-methylcyclohexanone,
molecule. 1-methoxycyclohexene and some unidentified prod-
ucts. At higher temperatures some small amounts of
CO and CQ were also noticed. The activity data were
collected under steady-state conditions. The conver-
The one step synthesis of 2,6-dimethylphenol was sion, selectivity, and yield were calculated as per the
investigated in vapor phase under normal atmospheric procedure described elsewh¢se)].
pressure, in a down flow fixed bed differential micro-
reactor, at different temperatures. In a typical experi-
ment, ca. 0.5-2.0g of a catalyst sample was secured3. Results and discussion
between two plugs of Pyrex glass wool inside the glass
reactor (Pyrex glass tubei.d. 0.8 cm) and above the cat- The co-precipitated WO3-TiO2 sample was sub-
alyst bed filled with glass chips in order to act as pre- jected to DTA-TGA analysis before calcination. The
heating zone. The reactor was placed vertically inside obtained thermogram as presentedrig. 1 reveals a
atubular furnace, which can be heated electrically. The major and a minor weight loss peak. The major low
reactor temperature was monitored by a thermocouple temperature peak in the range 309-393 K is primarily
with its tip located near the catalyst bed and connected due to loss of non-dissociate adsorbed water as well as
to a temperature indicator—controller. The catalyst was water held on the surface by hydrogen bonding. Rapid

2.3. Catalyst evaluation
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Fig. 1. TGA and DTA profile of 1nO3-TiO, sample before calcination.
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loss of water occurs around 498-548 K due to dehy- is more in the case of vanadia-impregnated samples
droxylation of the surface. The percentage weight loss than pure support. The decrease in the specific surface
between ambient and 773K is about 48.2%, which area with increase in )Os loading at a given temper-
suggests that dehydration of hydroxyl groups could be ature is primarily due to narrowing of the pore diame-
responsible for this weight loss. However, in the tem- ter of the support by the dispersed vanadium oxide as
perature range between 773 and 1173 K the weight well as solid-state reactions between the active com-
loss is only about 5.6%. It suggests that over this tem- ponent and the supporting oxides20,21] The XRD
perature range the 3®3-doped TiQ support is quite results presented in the subsequent paragraphs support
thermally stable. the later possibility.

The BET surface area of 403-TiO> and \V,Os/ X-ray powder diffraction patterns of $0s-TiO2
In,O3-TiO2 samples calcined at different temperatures sample calcined at various temperatures are shown
is depicted inFig. 2 The necessary quantity of vana- in Fig. 3. As can be noted from this figure, the
dia to cover the support surface as a two-dimensional In,Os-TiO, support calcined at 773K is in a poorly
monomolecular layer can be estimated from structural crystalline state exhibiting broad diffraction lines due
calculations[15]. From V—-O bond lengths of crys- to TiO, anatase phase (JCPDS Files No. 21-1272).
talline V205, the monolayer surface coverage is es- With increase in calcination temperature from 773
timated to be 0.145wt.% 30sm~2 of the support. to 973K, in addition to an increase in the inten-
However, the monolayer coverage depends not only on sity of the lines due to anatase phase, presence of
the support surface area but also on the concentrationnew broad peaks at = 2.92, 1.79, and 2.53A can
of reactive surface hydroxyl groups apart from other be seen, which can be attributed to@3 (JCPDS
preparative variablegl,12,31] Therefore, a range of  Files No. 6-416). On further increase of calcination
V705 contents from 4 to 12wt.% were selected in temperature from 973 to 1073K an increase in the
the present investigation. As can be seen ffem 2, intensity of the lines due to both anatase angOs
there is a considerable decrease in the specific surfacecan be seen. Very interestingly, no diffraction lines
area of the samples with increasing calcination tem- due to TiQ rutile phase (JCPDS Files No. 21-1276)
perature, which can be due to sintering of the samples or compounds between Tiand InpO3 are observed.
at higher calcination temperatures. Another interest- Thus, InOs-doped TiQ appears to contain mainly
ing point to be noted fronfrig. 2is that the decrease the anatase phase along with@ and is quite stable
up to the calcination temperature of 1073 K.

The XRD profiles of 4 and 12% 30s/In203-TiO2

B0, TO, catalysts calcined at different temperatures from 773
1201 & g:: ngj::zgﬂ:gz to 1073K are shown irFigs. 4 and 5respectively.
_ . (T 12% ¥,0,n,0TiO, Similar results were also noted in the case of 8%
o100 & V,05/In,03-TiO-, catalysts. As can be observed from
E_ Fig. 4, there are no lines either due t@®5s or to a
8 801 § compound between the vanadia andQp or TiO,
o § S up to a calcination temperature of 873 K, except some
::‘g 801 % g broad diffraction lines due to anatase as well a2
2 § 3 The XRD results thus indicate that vanadium oxide is
H 401 \ in a highly dispersed or amorphous state on the surface
0 \ of the support up to 873K calcination temperature.
201 § On further increase of calcination temperature from
873 to 973K, in addition to sharp lines due to both
0 773 87”3 973 1073 anatase and O3, some new peaks with less inten-

sity can be seen at= 2.70, 2.53, and 1.51 A. These
lines could be attributed to the formation¢finVO,4

Fig. 2. Effect of calcination temperature on the BET surface area (JCPDS Files No. 31-605). On further increase of
of In,03-TiO, and V»O0s/In,03-TiO, samples. calcination temperature from 973 to 1073 K, a further

Temperature (K)
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Fig. 3. X-ray powder diffraction patterns of J@3-TiO, calcined at different temperatures: (A) lines due to anatase; (1) lines due@a.In

improvement in the intensity of the lines due to of monolayer coverage will have microcrystalline
anatase, Is03, andy-InVO4 can be observed. Inter- V05 particles in addition to the surface vanadium
estingly, few new lines pertaining to TiQutile phase oxide overlayer. An interesting observation to be
can be seen at 1073 K due to partial phase transfor-noted fromFig. 4 is that crystallisation ofy-InVOy4
mation of TiG, anatase into rutile~10%). It is an compound at 973 K, which is expected to be formed
established fact in the literature that for®5 con- at the expense of the dispersed vanadium oxide on
tents of less than monolayer coverage the dispersedthe In,O3-TiO2 surface.

vanadium oxide will be present as a two-dimensional In the case of 8% %Os/In203-TiO2 catalyst (not
overlayer on the suppof4,5,31] Quantities in excess  shown), the presence of weak lines dueyttnVOy,
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Fig. 4. X-ray powder diffraction patterns of 4 wt.%®s/In,03-TiO, calcined at different temperatures: (A) lines due to anatase; (R) lines
due to rutile; (I) lines due to kOs; (C) lines due to INVQ.

were observed at the calcination temperature of 873 K, ther increase of calcination temperature from 873 to
along with intense lines due to anatase arngDi A 1073 K, an appreciable improvement in the intensity
significant improvement in the intensity of the lines of lines due toy-InVO4 along with anatase can be
due to anatase andinVO4 phases were noted within-  noted.

creasing calcination temperature from 873 to 1073 K.  To understand the influence of indium oxide on the
In the case of 12% ¥Os/In,O3-TiO3 catalyst Fig. 5), phase transformation and crystallite growth of anatase,
the presence of intense lines dueytdnVO4 can be the crystallite size in various samples was estimated
seen even at the calcination temperature of 873K, in using X-ray line broadening method and presented in
addition to the lines of anatase ancb@. On fur- Table 1 The InpO3-TiO2 mixed oxide support contains
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Fig. 5. X-ray powder diffraction patterns of 12 wt.%,®s/In,03-TiO, calcined at different temperatures: (A) lines due to anatase; (R)
lines due to rutile; (1) lines due to $#®3; (C) lines due to InVQ.

only anatase phase and whose crystallite size increase$ncrease progressively. Frofable 1 it is clear that
with increasing calcination temperature. In the case addition of indium oxide retards the anatase to ru-
of V,0s-containing catalysts, both anatase and rutile tile phase transformation which is normally expected
phases are present. As the vanadia loading increasesto occur at 823 K and above calcination temperatures
the crystallite size of both anatase and rutile phasesin impurity-free TiQ sampled4,16]. It can be noted
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Table 1
Crystallite size (hnm) measurements of }i@natase (A) and rutile (R) phases in@-TiO, and V,0s/In,03-TiO, samples calcined at
different temperatures

Temperature (K) |§O3-Ti02 4% V205/In203-Ti02 8%V205/In203-Ti02 12%V205/In203-Ti02
A R A R A R A R
773 9.3 - 9.7 - 9.2 - 115 —
873 104 - 114 — 12.7 — 25.6 -
973 11.0 - 21.6 — 20.0 — 28.3 25.4
1073 26.7 - 26.4 28.1 - 38.4 - 28.2

from Table 1that impregnated vanadia accelerates the equation:
grain growth of anatase and its subsequent phase trans-

formation into rutile. IN203-TiO2 + V205

A closer examination offigs. 3-5reveals that — 2y-InVO4 + TiO; (anatase and rutije 1)
thermal treatments and impregnation 0$Q45 have
major influence on the properties of 2[B3-TiO2 It is an established fact in the literatujé,14,15,32]
support: that highly dispersed vanadia on Ti®upport acceler-

ates the anatase-to-rutile phase transformation by low-
ering the activation temperature of this phenomenon
[16]. During this phase transformation some of the
dispersed vanadia is normally reduced and gets incor-
porated into the rutile structure as,WM—y)O2 (ru-

tile solid solution)[4,14,15,32] However, in the case

of In03-TiO2 mixed oxide, the reactivity of vanadia
towards 1r03-TiO2 appears to be quite different. It
interacts preferably with the 3 portion of the sup-
port to formy-InVO4 as shown inEq. (1) A simi-

lar preferential interaction of vanadia with &2z or
LapyO3 portions of the GgO3-TiO2 and LaOs3-TiO2
mixed oxides was also noted earl[@d,22]

The FTIR spectra of O3-TiO, mixed oxide
support calcined from 773 to 1073K revealed the
presence of strong absorption bands between 3400
and 3600cm! and at 1625cm!. In addition, a
new peak at 650-830cmh was also observed in

(3) Very interestingly, the anatase phase of titania is theealgsst?eg:/elgr?ssﬁo%algnn ded:*.gg m: p’] Iei(r;l'gvsna:)osobrgtion
stable up to 973 K even in the presence of vanadia b

(Fig. 4 due to the presence of surface hydroxyl groups, were
e gradually decreased with increasing calcination tem-
The XRD observations described above reveal an perature[33]. The peak at 1625cm, due to the

interesting information about the reactivity of vana- deformation vibrations of adsorbed water, was also
dia towards 1nO3-TiO2 mixed oxide. It appears from  gradually decreased after calcination at high tempera-
XRD results that vanadia reacts preferentially with tures[34]. Anatase and rutile phases of titania exhibit
In203 portion of the IRO3-TiO, to form INnVO, thus strong absorption bands in the region of 850-650
liberating TiG,. The portion of TiQ released from  and 800-650 cmt, respectively{35]. A gradual im-
Ino03-TiO, composite oxide appears as crystalline provement in the region between 850 and 650¢tm
anatase or rutile phases as shown in the following with increasing calcination temperature was noted

(1) The InOs-TiO, mixed oxide support prepared
by a homogeneous co-precipitation method is
quite stable in terms of phases and chemical com-
position up to 1073 K calcination temperature in
the absence of ¥0s. This is evidenced by the
absence of Ti@rutile, which can be expected at
823K and above temperatures in impurity-free
TiO, samples[16]. Hence, it can be inferred
that presence of indium oxide retards the phase
transformation of anatase to rutile ino[@3-TiO2
samples.

(2) Absence of crystalline 05 phase and appear-
ance of InVQ compound accompanied by TiO
anatase or rutile phases for calcination tempera-
tures beyond 773 K. Further, the intensity of the
lines due to both InV@and TiG (anatase and/or
rutile) phases also increase with increasing calci-
nation temperature.
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suggesting that the titania is gradually transforming based on a liquid phase process, where phenol is
from an amorphous to a crystalline anatase phase inmethylated with methanol using an alumina catalyst.

line with XRD observations.
The FTIR spectra of various XDs/InyO0s3-TiO2

However, this process not only requires high pres-
sure and temperature, but also produces wide range

catalysts calcined at different temperatures were of byproducts, including various isomers of xylenol

recorded in the range 400-1800ch where those
bands due tovy=p are expected to be observed.
Normally, the IR spectrum of pure crystalline,®s

[38]. Therefore, there are several advantages like
continuous production, simplified product recovery,
catalyst regenerability, etc. for carrying out this re-

shows sharp absorption bands at 1020 and anotheraction in the vapour phase from cyclohexanone and

at 820cnT! due to \FO stretching and V-0O-V de-
formation modes, respective[¢]. The spectrum of
4wt.% V,05/In203-TiO2 sample calcined at 773K

methanol. Wang et al[39] reported the synthesis
of 2,6-dimethylphenol from methanol and cyclohex-
anone over vanadia-titania catalysts. However, the

was identical to that of pure support, in agreement conversion and product selectivities reported are lim-
with the XRD observations, where only the anatase ited on this catalyst. Recently, mixed oxide supports
phase of TiQ was noted. With increase in calcination have attracted much attention because of their better
temperature from 773 to 1073 K, a gradual change performance than their constituent single oxides for

from amorphous to a crystalline anatase formation was various reaction$20,40,41] Therefore, this particu-

noted from FTIR in line with XRD results. A weaker
band at around 980 cm was noted in the spectrum

lar reaction was selected in the present investigation
to study the catalytic properties of J@s-TiO2 and

of the sample calcined at 873 K. On further increase V,0s5/In2O3-TiO2 oxides.

of calcination temperature from 873 to 1073K, the
absorption band in the region 990-960¢mcom-

The activity and selectivity of various samples was
investigated between 573 and 698 K. The activity and

pletely diminished suggesting that the dispersed vana- selectivity trends on various catalysts followed the

dium oxide is transformed from amorphous Y@

same pattern with temperature. In general, an increase

a different form. However, no absorption bands at in the conversion with an increase in temperature was

1020 and 820cm! due to \=O stretching and de-
formation modes of crystalline 205 were seen. The
band in the range 990-960 cth has been reported

observed. Formation of some additional side products
with traces of CO and C®were also occasionally
noted at higher reaction temperatures. The change in

for vanadia-titania catalysts having vanadium content conversion as a function of contact time at a fixed

close to monolayer coveragd]. Nakagawa et al.
[36] reported that the YO stretching frequency is

temperature of 673 K was also studied on various cat-
alysts. A decrease in the conversion of cyclohexanone

sensitive to vanadium oxide loading and found a shift during the initial reaction period was noted for all the
from 1020 (pure ¥Os) to 980 cnt?! thus indicating catalysts used, but stable activity was obtained within
that vanadium oxide is present as an amorphoug VO few hours. The conversion and selectivity were calcu-
at low coverages, and both amorphous and crystalline lated on cyclohexanone basis and almost all the ex-
V205 at high surface coverages. The disappear- cess methanol was recovered after the reaction. The

ance of absorption band at 990-960¢nwas also
noted in the case of 8 and 12%Us/In,03-TiO»

conversion and selectivity results as a function of tem-
perature over I5O3-TiO2 and 12% \bOs/In>03-TiO2

samples at 873K and above calcination tempera- samples calcined at 773K are presented-igs. 6

tures. The formation of crystalline InVOmay be

and 7 respectively. Similar trends were also noted on

the reason for the disappearance of the absorp-4 and 8% catalysts. However, these samples exhib-

tion band at 990-960cnt of the dispersed VQ
species[36]. Thus, all the observations made from
FTIR were in agreement with the findings of XRD
study.

2,6-Dimethylphenol is an important chemical in-
termediate in the polymer industry for engineering
plastics[37]. The commercial synthetic method was

ited less product yield than the 12%®5/In,0s3-TiO>
sample.

As can be noted ifrig. 6, the conversion of cyclo-
hexanone increases with increasing reaction tempera-
ture over the IpO3-TiO2 sample. At low reaction tem-
peratures the formation of 1-methoxycyclohexene in
large amounts is noted in addition to small amounts of
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2-methylcyclohexanone, 2,6-dimethylcyclohexanone,
and 2,6-dimethylphenol. The selectivity towards
2-methylcyclohexanone, 2,6-dimethylcyclohexanone
and 2,6-dimethylphenol increased with increasing re-
action temperature and at the same time selectivity
towards 1-methoxycyclohexene decreased drastically.
As reaction temperature increases the selectivity to-
wards 2,6-dimethylphenol increased slightly. How-
ever, at all temperatures the formation of methyl
formate, dimethylether, and GOin small quan-
tities was noted. Upon impregnating the support
with V205 a major change in the product distribu-
tion was noticed. Over vanadia-containing catalysts
the maximum selectivity of 2,6-dimethylphenol was
noted at 673K Fig. 7). In general, the selectivity
of 2,6-dimethylphenol was found to increase with
increasing reaction temperature at the same time
the selectivity towards 2,6-dimethylcyclohexanone,
2-methylcyclohexanone, and 1-methoxycyclohexene
decreased. The selectivity towards 2,6-dimethylphenol
was high in all vanadia-impregnated samples when
compared to that of pure support. The activity re-
sults suggest that 12% ,@s/In,O3-TiO, catalyst
exhibits more 2,6-dimethylphenol yield (58%) and
seem to be a promising catalyst for this reaction
[42-46] To the best of our knowledge, there are
only a few reports in the open literature on the syn-
thesis of 2,6-dimethylphenol from cyclohexanone
and methanol in vapour phase. In particular, Wang
and coworkerd43—45] investigated the synthesis of
2,6-dimethylphenol from methanol and cyclohexanol
or a mixture of cyclohexanol and cyclohexanone
(KA-oil) over a Cr/MgO catalyst and reported about
54% yield at 673 K. A slight improvement in the activ-
ity of Cr/MgO catalyst was also noted up on addition
of Pt promoter to Cr/MgO catalyg46]. The bet-

ter activity of 12% \,Os/IN,O3-TiO2 catalyst in the
present study could be due to various factors such as a
high specific surface area of the sample, a reasonably
large quantity of MOs in a highly dispersed state, and
combined acid—base and redox properties together
in this complex catalyst system. However, further
studies are required to understand the nature and sur-
face structure of these catalysts and their potential
use. Of course, the formation of 2,6-dimethylphenol
from methanol and cyclohexanone is a complex reac-
tion and proceeds in a different manner from that of
normal methylation of aromatic compoun@®,47].
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As envisaged earlier, in the first step of reaction the 873 K. The liberated Ti@ appears in the form of
cyclohexanone condenses with a methanol molecule, anatase as well as rutile phases.
in its another isomeric form enol, and produces (4) Interestingly, the 12% »Os/In,O3-TiO2 mixed
1-methoxycyclohexene, which is observed as one of oxide catalyst exhibits better catalytic properties

the side product§20]. Thus, 1-methoxycyclohexene for the vapour phase synthesis of 2,6-dimethyl-
formed over isomerisation produces 2-methylcyclohe- phenol from methanol and cyclohexanone mix-
xanone. Thus, 2-methylcyclohexanone formed by tures. A high activity of this catalyst could be
condensing with another molecule of methanol pro- related to more quantity of 305 in a highly dis-
duces 2,6-dimethylcyclohexanone. The formed 2,6- persed state apart from acid—base and redox prop-
dimethylcyclohexanone by oxidative dehydrogenation erties of the catalyst.

probably produces the 2,6-dimethylphenol. However, Further studies are essential to understand the mecha-

detailed studies are highly essential to establish the . . . T
. . : : nism of this reaction and commercial viability of these
mechanism of this complex reaction. It is an es- catalysts

tablished fact in the literature that transition metal
oxides, such as 305, MoQOsg, etc. are very active for
the oxidative dehydrogenation of organic molecules
[31,48] The mixed oxide supports when doped with
a redox metal oxide are expected to show better cat-
alytic propertie§20,31,49] Recently, Deo and Wachs
[50] investigated methanol oxidation on a number
of supported vanadium oxide catalysts. They found
that the activity of the alcohol oxidation correlates
with the extent of reduction and strength of® and
V-O-M bonds. However, it is difficult to establish
such a direct correlation in the present study because ;) ;. jadjivanov, D.G. Klissurski, Chem. Soc. Rev. 25 (1996)
of the complexity of the reaction mechanism. 61, and references therein.

[2] J.C. Vedrine (Ed.), Eurocat oxide, Catal. Today 20 (1994) 1,

and references therein.

[3] H. Bosh, F. Janssen, Catal. Today 2 (1988) 369.

4. Conclusions [4] G.C. Bond, S.F. Tahir, Appl. Catal. 71 (1991) 1, and
references therein.
[5] G. Deo, I.E. Wachs, J. Haber, Crit. Rev. Surf. Chem. 4 (1994)
141, and references therein.

[6] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnenann,

(1) The InOs-TiO> binary oxide is an interesting sup- Chem. Rev. 69 (1995) 95.
[7] M. Apno, Res. Chem. Intermed. 11 (1989) 67.

port for the d|'sper5|on of Var_]adlum, oxide. . [8] M. Taramasso, G. Perego, B. Notari, US Patent 4,410,501
(2) The co-precipitated hD3-TiO2> mixed oxide (1983).

when calcined at 773K is in X-ray amorphous [9] M.A. Vannice, R.L. Garten, J. Catal. 56 (1979) 236.

state and exhibits reasonably high specific surface [10] J. Whitehead, Titanium compounds, inorganic, in: M. Grayson
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