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Abstract

M,05-TiO, (M = Ga, In and La) composite oxides were prepared by a co-precipitation method with in situ generated ammonium hydroxide
and were impregnated with 12 wt.%8s. The M,Os-TiO, and V,0s/M,03-TiO, (M = Ga, In and La) 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 dispersed vanadium oxide species and temperature stability of these
catalysts. Characterization results suggest that the co-precipitat®e-ViO, composite oxides are in X-ray amorphous state and exhibit
reasonably high specific surface area at 773 K calcination. T}@MiO, mixed oxide supports also accommodate a monolayer equivalent
of V,05 (12 wt.%) in a highly dispersed state. The®4/M,05-TiO, catalysts are thermally stable up to 873—-973 K calcination temperature.
When subjected to thermal treatments beyond 873—973 K, the dispersed vanadium oxide selectively interag@;vaith.BaO5 portions
of the respective mixed oxides and forms InM@ LaVO, compounds. The remaining Ti@ppears in the form of anatase or rutile phase. In
the case of YOs/G&03-TiO, sample, no such surface vanadate compound formation was observed. All samples were evaluated for one step
synthesis of 2,6-dimethylphenol from cyclohexanone and methanol mixtures in the vapour phase at normal atmospheric pressure. The 12%
V,0s/La,03-TiO; catalyst exhibited good conversion and product selectivity among various samples investigated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction alytic reduction (SCR) of nitrogen oxides, selective ox-
idation of various hydrocarbons, and ammoxidation of
Titanium oxide is a widely used material in the produc- N-heteroaromatic compoundd-7]. In particular, titania-
tion of pigments, catalysts, photocatalysts, solar cells, optical anatase has been extensively used for several photocatalytic
thin film filters, etc. Titania, as a catalyst, exhibits a num- reactions for the elimination of many organic pollutants from
ber of attractive characteristics such as chemical stability, waste-waterd8,9]. Titania-based catalysts were also em-
non-toxicity, low cost and the highest oxidation rate of the ployedfor HCN and COS hydrolysis, olefin epoxidatj@],
many active metal oxides investigated. The unique physic- and precious metal (Pt, Rh or Ru) or Ni impregnated titania
ochemical properties of Tipalso offer an exciting spec- for Fischer—Tropsch synthedikl]. The TiO, has also been
trum of applications having the additional advantage of being used as an oxygen sensor to monitor automobile engine per-
biocompatible, environmentally friendly, and readily avail- formance[1]. Numerous other reactions such as oxidation
able materia[1-3]. The vanadium-titanium oxides are the of HyS to SQ, dehydration of alcohols, isomerization, and
basic components of industrial catalysts for selective cat- alkylation have also been studied by employing Jitata-
lysts[1,2,12] However, there are some disadvantages asso-
msponding author. Fax: +91 40 2716 0921 ciated with TiQ, \{\{hich include |OW. specific surface area,
E-mail addressbmreddy@iict.res.in (B.M. Reddy). poor thermal stability, poor mechanical strength, and lack of
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abrasion resistance. Sintering of Bi@sults from several  grade) was also added to this mixture solution for better con-
processes, one of them is phase transformation from anataséol of pH and heated to 368 K with vigorous stirring. After

to thermodynamically stable rutile form. Therefore, much about 6 h of heating a white precipitate was gradually formed
effort has been made in recent years to overcome this prob-in the solution as the urea decomposition progressed to a cer-
lem by making new catalyst formulations, which can enhance tain extent. The precipitate was heated for 6 h more to fa-
the thermal (textural) stability of Ti©(A) without loosing cilitate aging. The precipitate thus obtained was thoroughly
its unique physicochemical properties. Formation of com- washed with deionized water until no chloride ions could be
pounds or solid solutions with many rare earth elements anddetected with AgN@ in the filtrate. The obtained cake was
other transition metals has been attempted in order to im-ovendried at 393 K for 16 handthen calcined at 773 Kfor5h.
prove the thermal stability, mechanical strength and specific Some portions of the finished support were further calcined at

surface area of titania-anatgdel13—-24] 873,973 and 1073 K for 5 h. To impregnate® (12 wt.%),
Recently, Ga-based zeolites are being extensively em-the required amount of ammonium metavanadate was dis-
ployed for light paraffin aromatization in Cyclar proc¢2s]. solved in 1 M oxalic acid solution, and the finely powdered
Also gallium-based oxides find utility in dehydrocyclodimer- calcined (773 K) support material was added to this solution.
ization of isobutene/isobutane into xyleng]. Kikuchi Excess water was evaporated on a water bath with continu-

and co-worker$27] introduced indium into various zeolites  ous stirring. The resultant solid was oven dried at 383K for
and reported high activity and selectivity for N@duction. 12 h and calcined at 773K for 5 h in a flow of oxygen. Some
Lanthanum-based composite oxides are employed for variousportions of the finished catalyst were once again heated at
purposes, such as oxidation of chlorodifluoromethane, ox- 873, 973 and 1073 K for 5h in air atmosphere. The rate of
idative coupling of methane, automobile catalytic converter, heating was always maintained at 10 K min
ceramic membrane top layer, and adsortj28+32] In view
of their significance, a comprehensive investigation was un- 2.2. Catalyst characterization
dertaken by the authors to fully understand the evolution and
physicochemical characteristics obMs-TiO2 (M = Ga, In The X-ray powder diffraction patterns have been recorded
and La) complex oxide systems. The primary objective of on a Siemens D-5000 diffractometer by using Cu kadi-
this study was to provide basic insights into the structure of ation source and Scintillation Counter detector. The XRD
M203-TiO, and V,05/M03-TiO catalysts, shedding light  phases presentin the samples were identified with the help of
on the influence of thermal treatments, oxide loading, and ASTM Powder Data Files. The crystallite size of Bi@natase
preparation method on both thermal stability and physic- and rutile were estimated with the help of Debye—Scherrer
ochemical characteristics of these materials. In this study, equation using the XRD data of anatase (010) and rutile
Ga, In, and La incorporated titanium-based composite oxides(1 1 0) reflection$33]. The FTIR spectra were recorded on a
were prepared by a homogeneous co-precipitation methodNicolet 740 FTIR spectrometer at ambient conditions, using
with in situ generated ammonium hydroxide and were im- KBr disks, with a normal resolution of 4 cm and averaging
pregnated with a monolayer equivalent of vanadium pentox- 100 spectra. A conventional all glass volumetric high vacuum
ide. The MpO3-TiO, mixed oxides and ¥Os/M2>03-TiO2 (up to 1x 10~ Torr) system was used for BET surface area
catalysts were subjected to thermal treatments from 773 tomeasurements. The BET surface area was measured by ni-
1073 K and were investigated by TGA-DTA, XRD, FTIR, trogen physisorption at liquid nitrogen temperature (77 K) by
and BET surface area methods. The catalytic properties oftaking 0.162 nrias the area of cross section of Molecule.
these oxides were evaluated for one step synthesis of 2,6-
dimethylphenol from methanol and cyclohexanone mixtures 2.3. Catalyst evaluation
in the vapor phase.
The one step synthesis of 2,6-dimethylphenol from
methanol and cyclohexanone was investigated in vapour

2. Experimental methods phase under normal atmospheric pressure, in a down flow
fixed bed differential micro-reactor, at different temperatures.
2.1. Catalyst preparation In a typical experiment ca. 0.5-2.0 g of catalyst sample was

secured between two plugs of Pyrex glass wool inside the
All composite oxides studied in this investigation were glass reactor (Pyrex glass tube i.d. 0.8 cm) and above the
prepared by a homogeneous co-precipitation method usingcatalyst bed filled with glass chips in order to act as preheat-
urea as hydrolyzing agent. An appropriate amount of 4iCl ing zone. The reactor was placed vertically inside a tubular
(Fluka, AR grade) was initially digested in cold concentrated furnace, which can be heated electrically. The reactor tem-
HCl and then diluted with doubly distilled water. To thisaque- perature was monitored by a thermocouple with its tip lo-
ous solution the required quantity of Ga(d)@(Aldrich, GR cated near the catalyst bed and connected to a temperature
grade) or La(N@)3 (Aldrich, GR grade) or InG (Aldrich, indicator—controller. The catalyst was heated in a flow of air
GR grade), dissolved separately in deionized water, wasat 723 Kfor5 h, priorto the reaction. The mixture of methanol
added. An excess amount of urea solid (Loba Chemie, GRand cyclohexanone was fed from a motorized syringe pump
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(Perfusor Secura FT, Germany) into the vaporizer where it thereby narrowing its pore diameter, blocking some of the
was allowed to mix uniformly with air or nitrogen before pores, and solid-state reactions between the dispersed vana-
entering the preheating zone of the reactor. The liquid prod- dium oxide and the suppof6,21,22] The XRD measure-
ucts collected through spiral condensers in ice cooled freez-ments described in the subsequent paragraphs strongly sup-
ing traps were analyzed by a gas chromatograph. The lig-port the latter possibility. From the above discussion it can
uid products were quantified by FID with a 10% Carbowax be inferred that the pure supports are quite thermally stable
20M (length, 2m) column. The main products observed when compared to that of vanadia-impregnated samples.
were 2,6-dimethylphenol, 2,6-dimethylcyclohexanone, 2- The various MO3-TiO2 and 12% \4Os/M203-TiO2 sam-
methylcyclohexanone, 1-methoxycyclohexene and someplescalcined from773to 1073 Kwere characterized by X-ray
unidentified products. At higher temperatures some small powder diffraction technique. The XRD patterns op@%-
amounts of CO and Cfwere also noticed. The activity data TiO, samples calcined at 773 and 1073 K are depicted in
were collected under steady-state conditions. The conversionFig. 1. As can be observed frofig. 1, all supports calcined
selectivity, and yield were calculated as per the procedure de-at 773 K exhibit broad diffraction patterns due to poor crys-
scribed elsewherg4]. talline state. The XRD patterns of @az-TiO2 support reveal

the presence of lines due to Ti@natase (JCPDS Files no.

21-1272) andx-Gag O3 (JCPDS File no. 6-503) phases, re-
3. Results and discussion spectively. The intensity of lines pertaining to these phases

increased with increasing calcination temperature due to bet-

The BET surface areas of varioug®s-TiO2 (M =Ga, In ter crystallization at higher calcination temperatures. There

and La) composite oxides and their corresponding vanadia-is no evidence about the formation of any compounds be-
impregnated samples are shownTable 1 Surface mono-  tween gallium and titanium oxides in the present study. How-
layer coverage of vanadia on various oxide supports could ever, Rozdin et al. reported the formation of three differ-
be estimated from structural calculatiofi$]. The mono- ent gallium titanates: metatitanate (&a-TiO>2), dititanate
layer surface coverage is defined as the maximum amount of(Ga03-2TiO,) and tritanate (GgD3-3TiO,) designated as
amorphous or two-dimensional vanadium oxide over-layer 8 phase[36,37] The non-appearance of these compounds
in contact with the surface of the oxide support. FromQ/ could be attributed due to a different preparative analogy and
bond lengths of crystalline 305 the monolayer surface cov-  thermal treatment procedure adopted in the present study to
erage is estimated to be 0.145 wt.%04/m? of the support. make these composite oxides. An interesting observation to
However, in reality the maximum amount of vanadium ox- be noted fromFig. 1is that even up to 1073 K calcination
ide that can be formed as two-dimensional vanadium oxide there is no evidence about the formation of Zifbtile phase,
over-layer, i.e. monolayer coverage depends not only on thewhich is usually observed in impurity free TiGamples at
support surface area but also on the concentration of reactiveB73 K and above calcination temperatures. The XRD pat-
surface hydroxyl groups apart from other preparative vari- terns of InO3-TiO2 support calcined at 773 K exhibit broad
ables[6,13,35] In view of these reasons a nominal 12wt.% diffraction lines due to Ti@ (A). As the calcination tem-
V205 loading was selected in the present investigation. As perature increases some additional lines are obsenad at
can be observed fromable 1, the surface area of vanadia- 2.92, 1.79 and 2.58 due to crystalline 1pO3 (JCPDS Files
impregnated samples is lower than that of pure supports. Theno. 6-416). Here too, the intensity of the lines due to4liO
decrease in the specific surface area after impregnating with(A) and Inb,O3 increased with increasing calcination tem-
V205 could be due to various factors such as penetration of perature. Even at 1073 K, formation of no new compounds
the dispersed vanadium oxide into the pores of the supportbetween indium and titanium oxides were observed. The

Table 1
BET surface area and Tirystallite size Dxgrp) measurements of pD3-TiO, and V,0s/M,0s-TiO, catalysts (M = Ga, In and La) calcined at different
temperatures

Calcination temperature (K) G@&3-TiO2 (1:5) I O3-TiO2 (1:13) LaO3-TiO2 (1:5)
BET SA (nfg~1) Dxrp (nm) BET SA (nfg~?1) Dxgrp (NM) BET SA (nfg™1) Dxgrp (nm)
773 122 61 (A) 132 94 (A) 123 Q4 (A)
873 96 71 (A) 98 104 (A) 84 56 (A)
973 73 129 (A) 65 110 (A) 77 68 (A)
1073 51 1% (A) 33 267 (A) 38 91 (A)
V205/G3203-Ti02 V205/In203-Ti02 V205/L3203-Ti02
773 96 87 (A) 62 115 (A) 64 98 (A)
873 77 212 (R) 24 256 (A) 62 112 (A)
973 22 287 (R) 18 282 (R) 25 144 (A)
1073 7 1% (R) 1 254 (R) 15 140 (A)

The TiO, anatase (10 1) and rutile (1 1 0) reflections were used for crystallite size measurements.
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Fig. 1. X-ray powder diffraction patterns of varioug@-TiO, (M = Ga®*,

In3t and L&*) binary oxides calcined at 773 and 1073 K temperatures: (A)
lines due to TiQ anatase; (G) lines due teGaOg; (1) lines due to 1nO3;
(C1) lines due to LgTi,07; (C2) lines due to LgTigOz4.
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Fig. 2. X-ray powder diffraction patterns of various®s/M203-TiO2 (M
=Ga", In®* and L&") catalysts calcined at 773 and 1073 K temperatures:
(A) lines due to TiQ anatase; (G) lines due toG&0s3; (1) lines due to
In203; (C) lines due to InVQ; (C3) lines due to Lav@.

of Ti-O—RE bonds by Lin and Y{39]. Anderson and Bard
[40], offered a similar explanation for TgSiO, catalyst
system. On those lines a similar analogy can be extended to
the present catalyst systems for non-appearance of (R

at 773 K reveal broad background diffraction patterns due to phase.

poorly crystalline TiQ (A) phase. As calcination tempera-
ture increases additional linesdt 2.99, 2.71 and 3.28

The XRD patterns of the ¥05/M203-TiO2 (M = Ga, In
and La) samples calcinedat773and 1073 K are represented in

were observed, which could be attributed due to the forma- Fig. 2 As can be noted frorkig. 2, the XRD profile of 12%

tion of LapTioO7 (JCPDS Files no. 28-517) compound. On

V205/Ga03-TiO, sample calcined at 773 K exhibits lines

further increase of calcination temperature (973-1073 K) an due to poorly crystalline Ti@ (A) and a-Ga0O3 (JCPDS

additional set of lines appeareddt 3.36, 3.28 and 2.54
dueto LaTigO24 (JCPDS Files no. 15-324) compound at the
expense of Lali,O7. Similar observations were reported by
Gopalan and Lif38]. As mentioned earlier, in this case also
there was no evidence about the presence of TR) phase.

A similar non-appearance of TgJR) phase in the case of
RE;O3-TiO; (where RE = La, Y and Ce) mixed oxides was

File no. 6-503) phases. As the calcination temperature in-
creases, additional lines @t 2.816, 2.547 and 2.924due

to B-Ga O3 (JCPDS File no. 11-370) and T}@R) were ob-
served. Interestingly, the transformationcofGa O3 — B-

Ga 03 and anatase> rutile is complete at 873 K and above
calcination temperatures. The intensity of the lines pertain-
ing to the latter phases increased with increasing calcina-

reported and attributed to the stabilization of anatase phaseion temperature. There are no lines either due to crystalline
by the surrounding rare earth oxides through the formation vanadia or to a compound between vanadia and mixed oxide
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components. Probably during the anatase to rutile phaseoxide retained the smallest crystallites among other samples.
transformation some of the dispersed vanadia must have re-The non-formation of TiQ (R) even up to 1073 K calcina-
duced and gotincorporated into the pilattice thereby form- tion is an interesting observation in the present sfiél/7].
ing V. Ti1—x)O2 rutile solid solution, a well documented fact  As shown inTable 1, the crystallite size of Ti@ (A or R)
in the literaturg2,6]. The XRD profiles of 12% YOs/In,O0s- in V205/M»03-TiO2 samples increased with increasing cal-
TiO, sample calcined at 773 K exhibit lines due to 7i@) cination temperature. The 773K calcined samples retained
and InOs3 (JCPDS Files no. 6-416). As the calcination tem- anatase modification, whereas rutile dominates at higher cal-
perature increases, additional set of lineslat 2.70, 2.53 cinations Table J) in the case of YOs5/M>03-TiO2 samples
and 1.51A could be seen due tg-InVO,4 (JCPDS Filesno. (M = Ga and In). Retention of anatase modification up to
31-605) compound formation. At 973 K, a partial transforma- 1073 K calcination, even in the presence of dispersed vana-
tion of anatase to rutile is noted and complete rutile phase isdia species in the case obWs/La,03-TiO2 sample, is an
observed at 1073 K. The XRD profiles of 12%®s/LayOs- interesting observation from this study. It is a general phe-
TiO, sample calcined at 773 KF{g. 2) reveal lines due to  nomenon that the catalysts with smaller particle size exhibit
TiO2 (A) and poorly crystalline LavV@ (JCPDS Files no.  better catalytic properties. In particular, the®/GaOs-
25-427) phase. The intensity of these lines increased with in- TiO, combination catalysts exhibited better catalytic prop-
creasing calcination temperature. Very interestingly, there is erties for selective oxidation of 4-methylanisole to anisalde-
no evidence for the formation of T{JR) or crystallinevana-  hyde[22].
dia phase. Retention of TYJA) beyond 1073 K even in the The FTIR spectra of MO3-TiO2 and VoOs/M203-TiO2
presence of monolayer equivalent of vanadia is highly benefi- (M = Ga, In and La) samples calcined at various temperatures
cial for several thermal/photo catalytic applications and also were recorded in the range of 400—4000¢mAll supports
in the area of material science. It is evident from the presentin general exhibited strong absorption bands at 3400-3600
study that addition of lanthanum oxide to HQA) retards and 1625 cm. Additionally, a new band at650-830 cm't
the thermodynamically feasible anatase to rutile phase trans+was also observedinthe case of 1073 K calcined samples. The
formation. absorption bands between 3400 and 3600twoould be at-
The formation of MVQ (M = In and La) phase can be tributed to the presence of surface hydroxyl groups, which
explained by taking into account the charge to radius ratio gradually decrease with increasing calcination temperature
of the mixed oxides as envisaged by Bond and Tésiir [41]. The band at 1625 cm, due to the deformation vibra-
Formation of surface compounds or uni-dimensional layers tions of adsorbed water, was also gradually decreased after
of vanadium oxide on various oxide supports has been relatedcalcination at higher temperaturg®2]. Anatase and rutile
to the ratio of the charge of the support cation to the sum phases of titania exhibit strong absorption bands in the re-
of radii of cation and oxide iong{r). Normally, lowerg/r gion of 850-650 and 800—650 crh respectively[43]. A
ratios favor surface compound formation. Tdje ratios for gradual improvement in the region 850—650¢nwith in-
vanadia-M (M = In and La) combinations are lower than creasing calcination temperature was noted suggesting that
the ratios for vanadia-Ti combination, as the ionic radii of the titania is gradually transforming from an amorphous to
In3*t and L&t (0.81 and 1.08, respectively) are greater a crystalline anatase phase in line with XRD observations.
than T (0.68,&). Therefore, the dispersed vanadium oxide Further, there was no evidence for the presence o$ (i)
is expected to interact selectively with the india or lanthana phase in concurrence with the XRD analysis.
portions of the mixed oxides thereby leading to the formation ~ The FTIR spectra of various)0s/M203-TiO2 (M = Ga,
of crystalline MVQ; (M = In and La) surface compounds. In  In and La) catalysts calcined at different temperatures were
the case of YOs5/GayOs-TiO» sample, no such compound recorded in the range 400-1800chwhere those bands due
formation was observed, since theXGaonic radius (0.623\) to vy=o are expected to be observed. Normally, the IR spec-
is less than that of fi. trum of pure crystalline YOs5 shows sharp absorption bands
To understand the influence of various additives on the at 1020 and another at 820 chdue to =0 stretching and
crystallite growth of titania, the crystallite size of anatase V—O-V deformation modes, respective]g]. The spectra
and rutile phases in various 4@s-TiO> (M = Ga, In and of the various MOs/M203-TiO> catalysts calcined at 773K
La) samples were estimated using the line broadening tech-are mostly identical to those of pure supports. However, with
nigue and shown iffable 1 The TiG, anatase (101) and increase in calcination temperature from 773 to 1073K a
rutile (1 10) reflections were used for crystallite size mea- gradual improvement in the absorption region between 670
surements in various samples. All;&s—TiO, composite and 540 crm! was observed indicating the formation of crys-
oxides in general retained anatase modification and its crys-talline TiO, (A) phase. Additionally, two weak absorption
tallite size increased with increasing calcination temperature. bands were also observed at 960 and 910%nwhich can
It is known that incorporation of an appropriate additive to be attributed to the presence of tetrahedral,\g@®ups. This
TiO,, retards the phase transformation of anatase to rutile andparticular band in the range of 990-960¢hhas been re-
its crystallite size due to the formation of-MD—Ti bonds. ported frequently for vanadia-titania catalysts having vana-
In the present study, the degree of retardation varied from dium content close to the monolayer coverfgleNakagawa
additive to additive. Specifically, the k@s—TiO, composite et al. [44], reported that the ¥O stretching frequency is
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sensitive to the vanadium oxide loading and shifts from 1020
(pure V»Os) to 980 cnt ! thus indicating that vanadium oxide
is present as an amorphous V@t low coverages, and both
amorphous and crystalline;®s at high surface coverages.
The disappearance of absorption band at 990-960 evas
observed in the case of;®@s/M203-TiO2 (M = In and La)
samples at higher calcination temperatures. The formation of
crystalline MVQy (M =Inand La) phase may be the reason for
the disappearance of the absorption band at 990-966 cm
of the dispersed VQ species. Thus, FTIR measurements
corroborate well with the XRD findings up to certain
extent.

The samples of MOs3-TiO2 and Vo,0s5/M203-TiO2 (M =
Ga and La) calcined at different temperatures were investi-
gated by XPS technique. The photoelectron peaks of O 1s,
Ti 2p, Ga 3d and La 3d pertaining to the above samples are
depicted inFigs. 3—6 respectively. Binding energies for O
1s, Ti 2p, Ga 3d, La 3d and V 2p core level peaks are shown
in Table 2 All these figures andable 2clearly indicate that

the XPS bands depend on calcination temperature and on the
coverage of vanadium oxide on the support surface, in agree-

ment with the earlier literature repof$5,46] As presented
in Fig. 3 the O 1s peak is, in general, broad and compli-
cated due to non-equivalence of surface oxygen ions. The

peak shape suggests that it is composed of more than one

peak arising due to overlapping contributions of oxide ions
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Fig. 3. O 1s XPS spectra of variougM3-TiO2 and V,05/M03-TiO, (M
= G&t and L&") catalysts calcined at 773 and 1073 K temperatures.
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Fig. 4. Ti2p XPS spectra of variousd®s-TiO, and V,05/M2053-TiO, (M
=Gat and L&) catalysts calcined at 773 and 1073 K temperatures.

from various components. The binding energy of the most
intense O 1s peakéble 2, in the case of G#D3-TiOz sam-

ple (Fig. 3, is almost constant with increasing calcination
temperature. A slight shift towards higher binding energy
and a clear broadening of the peak after impregnating with
vanadia can be noted, due to strong interaction between the
dispersed vanadia and titania portion of the composite ox-
ide. Vanadia is known to accelerate the crystallization and
transformation of anatase to rutile and also the formation of
V. Ti—x)O2 rutile solid solution at higher calcination tem-
perature$6]. The increase in the intensity of the O 1s peak, in

Ga 3d
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GIE 3d GT
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Binding energy (eV)
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Binding energy (eV)
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Fig. 5. Ga 3d XPS spectra of gaz-TiO2 and \VbOs/GaO3-TiO> catalysts
calcined at 773 and 1073 K temperatures.



B.M. Reddy et al. / Journal of Molecular Catalysis A: Chemical 223 (2004) 295-304

Intensity (a.u.)
Intensity (a.u.)

773 K

773K

850 840 830
Binding energy (eV)

860 850 840 830 860

Binding energy (eV)

Fig. 6. La 3d XPS spectra of b@®3-TiO2 and V,0s/LapO3-TiO, catalysts
calcined at 773 and 1073 K temperatures.

the case of vanadia-impregnated samples could be attribute
to the above reasonBig. 3 also represents the O 1s spec-
tra of the LaO3-TiO2 composite oxide, comprising of two
distinct oxygen peaks. The intense peak at lower binding
energy (530.1 eV) can be attributed to the oxide ions of tita-
nia and the one at higher binding energy (530.6 eV) belongs
to lanthanum oxide ions, judging from the difference in the
electronegativity of the elements involved and from literature
[45,46] The binding energy of the O 1s peak of pure compos-
ite oxide is constant, indicating no substantial change in the
oxidation state of the elements involved. The O 1s spectra of

the vanadia-impregnated samples are broad, which can be at

tributed to the selective interaction of the dispersed vanadium

Table 2
Electron binding energy (eV) values ofJ@s-TiO, and V,Os/M,03-TiO2
catalysts (M = Ga and La) calcined at different temperatures

Calcination
temperature (K)

Binding energy (eV)

O 1s Ti ZQ/z Ga 3(1;/2 \Y 2p3/2

Ga03-TiO2

773 5299 4585 204 -

873 5298 4585 200 -

973 5299 4585 197 -
1073 529 4585 195 -
V205/Ga03-TiO2

773 5302 4585 199 5173

873 5301 4585 200 5171

973 5300 4585 202 5170
1073 5299 4585 204 5168

O 1s Ti 2,2 La 3d;)2 V 2p32

LapO3-TiO;

773 5301 4586 8349 -

873 5301 4586 8349 -

973 5302 4586 8349 -
1073 5302 4586 8349 —
V205/Lay03-TiO2

773 5307 4589 8354 5159

873 5307 4589 8353 5158

973 5306 4588 8352 5159
1073 5306 4588 8352 5160
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oxide with lanthana portion of the composite oxide leading
to the formation of LaVvQ.

Fig. 4represents the Ti 2p photoelectron peaks of@za
TiO2, V205/Ga03-TiO2, Lax03-TiO2 and VxOs/LayO3-
TiO, samples. As observed frofable 2 the binding energy
of the Ti 23> photoelectron peak ranged between 458.5 and
459.0 eV, which agree well with the values reported in the
literature[20,45-47] The intensity of the Ti 2p photoelec-
tron peak of gallia-titania sample&i¢. 4) increased with
increasing calcination temperature. The Ts2minding en-
ergy values are almost constant (458.5eV) for all samples
indicating that the Ti exists in +4 oxidation state. The inten-
sity of the Ti 2p photoelectron peak of @s-TiO2 samples
(Fig. 4) decreased with increasing calcination temperature
and the decrease being prominent in the case of vanadia con-
taining samples. Redistribution of various component oxide

pecies could be responsible for the observed decrease in the
ntensity of the Ti 2p peaks. The highly feasible acid—base in-
teraction between vanadia and lanthana to form stable ,laVO
compound leads to a total redistribution of the surface species
thereby accounting for the substantial decrease in the inten-
sity of the Ti 2p peak in the case of vanadia-impregnated
samples.

The Ga 3d core level spectra of £&—TiO> compos-
ite oxide and the corresponding vanadia-impregnated sam-
ple calcined at different temperatures are showfrign 5.

As can be observed froifable 2 the Ga 3d binding energy
for gallia-titania samples decreased and for vanadia contain-
ing samples increased with increasing calcination tempera-
ture. The decrease in the BE with increasing calcination tem-
perature, in the case of pure support, could be attributed to
partial reduction of gallia under the conditions of XPS anal-
ysis [48]. The corresponding increase in the intensity sug-
gests that the crystallization of gallia is taking place at higher
calcination temperatures in line with XRD observations. In
the case of vanadia-impregnated samples, an increase in the
binding energy and corresponding decrease in the intensity
of Ga 3d peak could be attributed to surface segregation
of gallia species under the influence of dispersed vanadia
due to V,Tia_x)O; rutile solid solution formationFig. 6
shows the La 3d spectra of $@3-TiO2 and V,Os/LayOs3-

TiO2 samples calcined at different temperatures. The elec-
tron binding energy values observed at 834.9 and 851.8¢eV,
corresponding to La 3¢h and La 3d,,, respectively, agree
well with earlier literature report$45,46,49] In the case

of LapO3-TiO2 support, the intensity and binding energy
of the La 3d line remained constant irrespective of calcina-
tion temperature, which indicates that the chemical state of
lanthana is non-variant and corresponds to La(lll) oxidation
state. The increase in both intensity and binding energy of
the La 3d XPS peaks observed in the case of vanadia con-
taining samples are mainly due to the formation of LavVO
as observed at higher calcination temperatures from XRD
measurements.

The V 2p XP spectra (not shown) 0f,@s/Ga03-TiO>2
and \WL0Os/Lay03-TiO, samples were in general broad. The



302 B.M. Reddy et al. / Journal of Molecular Catalysis A: Chemical 223 (2004) 295-304

broadening can be attributed to various factors including: Table 3 N . _

(i) the presence of more than one type of"\Wwith differ- Q-CWL?( |ar?d Sle'zeg“l‘;'aprisu'ts Pﬁ:ta'”'lng dto ”I‘eh sy”thles'_stOf 2,6-

ent chemical characteristics, which cannot be discerned bydmethyiphenol (2,6-DMP) from methanol and cyclohexanol mixture over
. . various MyOs3-TiO2 and V,05/M203-TiO; catalysts (M = Ga, In and La) at

ESCA, and (i) electron transfer between the active compo- 73k and under normal atmospheric pressure

nent and the support (metal oxide—support oxide interaction) Catalyst

Ce . Conversion  2,6-DMP 2,6-DMP

[50-55] The binding energy of the V 2p peak in the case of (%) selectivity (%) yield

V205/G:3903-T|02_ se_lmple c_alcmed_at 7_73 K was observed Ga05TI0; o1 28 25

to be 517.3 eV. With increasing calcination temperature from .0, Ti0, 64 19 12

773 to 1073 K the binding energy decreased from 517.3 t0 La,05-TiO, 91 28 25

516.8 eV. The decrease in binding energy with increasing cal- V20s/G&03-TiO2 90 65 59

cination temperature indicates that some part of vanadium ox- V20s/120s-TiO; 88 66 58
V,05/Lap03-TiO2 96 84 81

ide is stablized in the lower oxidation (tetravalent) state. This
may be due to the formation of\li(;_ ) O, rutile solid solu-
tion between vanadia and titania, wherein the vanadium is in was also studied on various catalysts. A decrease in the con-
less than +5 oxidation state. The intensity of the V 2p spec- version of cyclohexanone during the initial reaction period
tra of V2O5/LayO3-TiO2 samples increased with increasing was observed for all the catalysts used, but stable activity
calcination temperature. The V 2p BE values as presentedwas obtained within a few hours. The conversion and se-
in Table 2indicate that vanadium is predominantly in V(V) lectivity are calculated on cyclohexanone basis and almost
oxidation state. The BE of the V 2p reported for V(V) oxi- all the excess methanol was recovered after the reaction.
dation state ranges between 517.4 and 516 ./56V55] The The conversion and selectivity results pertaining to synthe-
BE values as presented Tiable 2and an increase in the in-  sis of 2,6-dimethylphenol at 673 K temperature and normal
tensity with increasing calcination temperature also support atmospheric pressure over various samples prepared in the
the formation of LaVQ wherein both the constituent met- present study are shown ifable 3 An increase in the con-

als are in their highest oxidation state i.e. La(lll) and V(V). version of cyclohexanone was noted as the reaction temper-
Thus, the XPS results fairly support the conclusions drawn ature increases over all the catalysts studied in the present

from XRD measurements. investigation. On all MOs-TiO2 (M = Ga, In and La) com-
2,6-Dimethylphenol is an important chemical intermedi- posite oxides, at low reaction temperatures the formation of
ate in the polymer industry for engineering plas{8]. The 1-methoxycyclohexene, methyl formate, and dimethyl ether

commercial synthetic method was based on a liquid phasein large amounts was noted in addition to small amounts
process, where phenol is methylated with methanol using anof 2-methylcyclohexanone, 2,6-dimethylcyclohexanone, and
alumina catalyst. However, this process not only requires high 2,6-dimethylphenol. When the reaction temperature was
pressure and temperature, but also produces wide range ofaised to 648K and above, the selectivity towards 2-
byproducts, including various isomers of xylefl]. There- methylcyclohexanone and 2,6-dimethylcyclohexanone was
fore, there are several advantages like continuous productionmore than the selectivity towards 2,6-dimethylphenol.
simplified product recovery, catalyst regenerability, etc. for However, at all these temperatures the formation of
carrying out this reaction in the vapor phase from cyclohex- methyl formate, dimethyl ether, and GGn small quan-
anone and methanol. Wang et @8] reported the synthe-  tities was also noted. In the case 0H®/M203-TiO2
sis of 2,6-dimethylphenol from methanol and cyclohexanone catalysts, 2,6-dimethylphenol, 2,6-dimethylcyclohexanone,
over vanadia-titania catalysts. However, the conversion and2-methylcyclohexanone and 1-methoxycyclohexene were
product selectivities reported are limited on this catalyst. Re- the main products. In general, the selectivity of 2,6-
cently, mixed oxide supports have attracted much attentiondimethylphenol increased with increasing reaction tem-
because of their better performance than their constituent sin-perature and at the same time the selectivity towards
gle oxides for various reactiorf21,59,60] Therefore, this  2,6-dimethylcyclohexanone, 2-methylcyclohexanone and 1-
particular reaction was selected in the present investigationmethoxycyclohexene were decreased drastically. The selec-
to study the catalytic properties of various®k-TiO2 (M tivity towards 2,6-dimethylphenol was high for all vanadia-
= Ga, In and La) composite oxides and their corresponding impregnated samples when compared to that of pure support.
V205/M203-TiO; catalysts. The activity results suggest that 12 wt.%Q®%/LayOs-TiO2

The activity and selectivity for the single step synthesis catalyst exhibits more 2,6-dimethylphenol yield (81%) and
of 2,6-dimethyl phenol was investigated between 573 and seem to be a promising catalyst for this reacti6bh—65]
698 K. The activity and selectivity trends on various cata- To the best of our knowledge, there are only a few reports
lysts followed the same pattern with temperature. In general, in the open literature on the synthesis of 2,6-dimethylphenol
an increase in the conversion with an increase in tempera-from cyclohexanone and methanol in the vapour phase. In
ture was observed. The formation of some additional side particular, Wang and Tsai investigated the synthesis of 2,6-
products with traces of CO and G@vere also occasionally  dimethylphenol from methanol and cyclohexanol or a mix-
noted at higher temperatures. The change in conversion adure of cyclohexanol and cyclohexanone (KA-oil) over a
a function of contact time at a fixed temperature of 673K Cr/MgO catalyst and reported about 54% vyield at 673K
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[62—64] A slightimprovement in the activity of Cr/MgO cat-  as rutile phases. (iv) Interestingly, the 12%Q4/LayO3-
alystwas also noted up on addition of Pt promoter to Cr/MgO TiO2 mixed oxide catalyst exhibits better catalytic properties
catalyst[65]. The better activity of 12 wt.% ¥Os/LayOs3- for the vapour phase synthesis of 2,6-dimethylphenol from
TiO catalyst in the present study could be due to various methanol and cyclohexanone mixtures. A high activity of this
factors such as a reasonably high specific surface area ofatalyst could be related to more quantity ¢i3% in a highly
the sample, a reasonably large quantity @O¢ in a highly dispersed state apart from acid—base and redox properties of
dispersed state, and combined acid—base and redox propetthe catalyst. Further studies are essential to understand the
ties together in this complex catalyst system. However, fur- mechanism of this reaction and commercial viability of these
ther studies are required to understand the nature and surfaceatalysts.
structure of these catalysts and their potential application. Of
course, the formation of 2,6-dimethylphenol from methanol
and cyclohexanone is a complex reaction and proceeds in aAcknowledgments
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