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Abstract

Ce(Q—Zn0O composite catalysts prepared by amorphous citrate method have been investigated for cyclohexanol dehydrogenation and hydrog
transfer reactions. The precursors and catalysts have been characterized by TGA, CHN analysis, XRD, UV-vis—NIR diffuse reflectance, SEM an
acid—base measurements. The amorphous precursors in citrate process contain one molecule of citric 4tior @@?Oens. Structural studies
of composite oxides indicate the presence of individual oxide phases along with non-equilibrium solid solutions in a limited composition range.
The composite oxides contain low coordinatior?Cand Cé* sites. Cyclohexanone was obtained as main product for cyclohexanol transformation
reaction carried out over these mixed oxide catalysts due to dehydrogenation on basic sites. The presence of ceria in the composite oxide enhan
the surface area and acid—base properties facilitating the dehydrogenation process. At low ceria content-Ee3Cednposite oxide catalysts
show higher catalytic activity for both cyclohexanol dehydrogenation and hydrogen transfer reactions due to higher basicity, surface area an
smaller crystallite sizes. Hydrogen transfer activity is found to be higher on,(@8@)—-ZnO catalyst prepared by citrate method compared to
the catalyst prepared by decomposition from acetate precursor. This study demonstrates the promoting effect of ceridmO@etalysts for
reactions involving acid—base sites.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Ceria-based composite oxides have been increasingly studied
for their role as acid—base catalyst/promoter for various
Ceria and ceria-based composite oxide systems have beegactions. The promoting/catalyzing effect of ceria in pure or in
extensively investigated for catalytic applications such aghe form of composite oxide is attributed to the combination of
three-way catalysis, catalytic wet oxidation, water—gas-shifacid—base and redox properties of ceria. Addition of ceria into
reaction, oxidation/combustion catalysis and solid oxide fueMgO has been found to increase the number of effective weak
cells[1-7]. The redox property of ceria plays a prominent rolebase sites responsible for alkylation reac{io®,16] Similarly,
in all these catalyzed reactions. The number of effective redoin the case of Ce®-CaO composite system, the surface
sites and their ability to exchange oxygen can be manipulatedcid—base property is found to increase at low ceria content and
by incorporating transition metal ions into the ceria latticethe effectis more prominent on acidic sifég]. The acid—base
and promoted by noble metals dispersed on cgtj@a—10] property of ceria and ceria-based composite oxide materials
Zirconia-incorporated ceria is a good example which show$ave been studied by microcalorimefiy,19], in situ IR study
enhanced reducibility in the presence of noble metals sucbf adsorbed pyridine and GQ20] and model reactiong1].
as Rh, Pt and P{lL1-14] While the role of ceria has been These studies generally agree that the surface acidic property is
well established as a redox promoter, there is much scope tue to surface C& and OH* species while the basic property
investigate the acid—base properties of ceria-based materials. related to surface © and OH~ ions [20]. The relative
amounts of surface unsaturated cations and the hydroxyl groups
contributing to acid—base sites depend on the method of prepa-
* Corresponding author. Tel.: +91 44 2257 4226; fax: +91 44 2257 4202.  fation. Sato et a[15] showed that ceria samples prepared from
E-mail address: grrao@iitm.ac.in (G.R. Rao). different precursor salts show different surface areas, acid—base
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properties and catalytic activity for alkylation of phenol. Martin prepared by this method are designated in the text as ZnO-dec
and Duprez[21] have shown the presence of strong basicand CeQ(10%)—ZnO-dec.
sites on ceria and correlated them with oxygen mob[R].
Microcalorimetric measurements on ceria surface indicate th2.2. Catalyst characterization
presence of strong basic sites which are not homogenously dis-
tributed. Doping small amount of zirconium in the ceria lattice ~ All samples were analysed by X-ray diffraction employing
remarkably modifies the basic character of the solid solutionShimadzu XD-D1 diffractometer using Cu oK radiation
The Ce .gZro 202 phase is reported to exhibit high heat of £O (A = 1.5418&). The UV-vis spectroscopic studies were carried
adsorption and homogeneous basic s[ted. It is therefore out in diffuse reflectance mode. UV—vis—NIR spectra were
clear that the surface properties and catalytic activity of ceria carecorded on a Varian Cary 5E spectrometer equipped with an
be improved by synthesizing appropriate ceria-based compositetegrating sphere coated with polytetrafluoroethylene (PTFE)
oxides. in the spectral range of 200-2500 nm. The powder samples were
The Ca_,Zn,0,_, (x=0-0.56) solid solutions prepared by made into self-supported pellets of 13 mm diameter and 2 mm
soft chemical route at 40C and pH 6 using KO, as oxidant thick for measurements. Thermogravimetry analysis of the
have shown excellent UV-shielding properties and decreaseshmples were preformed on Perkin-Elmer TGA-7 apparatus in
catalytic oxidation activityj23—25] In these studies, the incor- air (30 ml/min) with linear heating rate (2€/min) from room
poration of Zn into Ce@ lattice is influenced by bD,. We  temperature to 800C. The CHN analysis of the amorphous
have reported earlier that the presence of small amount of CeQitrate precursor was carried out on a Heraeus-CHN-rapid ana-
(10wt.%) in ZnO lattice enhances hydrogen transfer activitylyzer. Scanning electron microscopy pictures were taken using
of CeQ-Zn0O materials for cyclohexanone using 2-propanol as)EOL JSM-5300 microscope (acceleration voltage 15kV).
hydrogen donof26]. These studies show that the formation of The sample powders were deposited on a carbon tape before
Ce_,Zn,02_, solid solutions and their catalytic activity are mounting on a sample holder. The surface acidity and basicity
strongly influenced by method preparat{@3—-26] In continu-  of the composite oxide catalysts were determined by employing
ation of our work, we report here the detailed characterization ofitration method27]. Prior to the acid—base measurement, the
CeG—Zn0O samples in the whole composition range and discussatalyst samples were calcined at 5@0in high pure nitrogen
their catalytic activity for both cyclohexanol transformation andand cooled to room temperature. The standard solutions of
hydrogen transfer reactions. The pure components and mixedbutylamine and trichloroacetic acid were prepared in double
oxides with different compositions were prepared by amorphoudistilled dry benzene. 0.5g of oxide catalyst was kept for
citrate process. The composite oxides are found to have bettequilibration separately with 0.025M ot-butylamine and
physicochemical properties and catalytic activities comparedrichloroacetic acid solutions for 24 h. The acid—base property
to individual oxide components. A good correlation has beerof the catalysts was evaluated by mutual titration employing
observed between surface properties and catalytic activity afeutral red as indicator. The acidity and basicity of catalyst
the composite oxide catalysts for cyclohexanol dehydrogenatiosamples were obtained in mmolly from the respective
and hydrogen transfer reactions. The catalytic studies clearlgquivalent volumes ofi-butylamine and trichloroacetic acid
demonstrate the ability of ceria in promoting organic reactionconsumed.
on acid—base sites.
2.3. Catalytic activity studies
2. Experimental
The vapour phase cyclohexanol dehydrogenation and hydro-
2.1. Catalyst preparation gen transfer reactions of cyclohexanone with 2-propanol were
carried out using 0.4-1.0 g catalyst packed in a fixed bed flow
Ce(NGs)3-6H,O  (CDH  Chemicals, India, 99.9%), glass reactor. The reaction temperature was continuously mon-
Zn(NO3)2-6H,0 and citric acid monohydrate (S.D. Fine itored by a thermocouple placed in the middle of the cata-
Chemicals, India, 99.9%) were used to prepare £eO lyst bed. Prior to the reaction, the catalysts were activated
mol%)—ZnO mixed oxides. A solid mixture of cerium and zinc in oxygen flow (25 ml/min) for 3h at 450C and brought to
nitrates of desired molar ratio was mixed with an equimolarthe reaction temperature. The reactants were fed through the
amount of citric acid and heated at 8D to form uniform  top of the reactor by means of a motor driven infusion pump
melt which was evacuated to obtain an expanded spongy soli®&P2S-MC model, Electronic Corporation, India). Pure nitro-
material. This material is transferred to hot air oven at60 gen was used as a carrier gas at a flow rate of 30 ml/min.
for 2 h to obtain amorphous citrate precursor. The calcinatiomhe liquid products were collected in an ice trap and ana-
of citrate precursor at 55@ for 3 h produced fine powder of lyzed by gas chromatograph (AIMIL-Nucon 5765, India) using
CeQ-Zn0O mixed oxide. Pure ZnO and Cg@0%)-ZnO were flame ionization detector and 20% carbowax column. The
also prepared from the decomposition of corresponding acetatmlumn temperature was controlled from 70 to 2@0at a
salts. For preparing Cef1l0%)—ZnO composite, zinc acetate linear heating rate of 10C/min. Each reaction run contin-
and cerium acetate salts were dissolved in minimum amounted for 1h and at the end of the each run catalysts were
of water to form a thick paste which was dried and calcined ateactivated at 450C in oxygen for 3h for a subsequent
500°C in air for 3h. The ZnO and Ceff10%)-Zn0O catalysts run.
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molten mixture at 60C in vacuum. Subsequent heat treatment
at 160°C results in the decomposition of nitrate ions as evi-
80 dent from the low nitrogen content of the precurstatfle J).
Assuming that the precursor at this stage contairts &ed Zrf*

ions along with citric acid, the carbon and hydrogen content of
Ce((40%)—Zn0O precursor is calculated to be 25.6 and 2.8%,
respectively. These values are in good agreement with the experi-
mental values presentedTable 1 The CHN data suggests that

in the microscopic scale the amorphous precursor is well dis-
persed with no local agglomeration and contains one molecule
of citric acid for each C& or Zré* ions.
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Temperature (°C) 3.2. Characterization of CeO2—ZnO composite oxide
Fig. 1. TGA profile of the amorphous citrate precursor for @¢@%)-Zn0O catalysts
catalyst.
3.2.1. XRD patterns
The X-ray diffraction patterns of Ce9ZnO and Ce@-ZnO
3. Results and discussion mixed oxide phases are showrHig. 2 The XRD peaks for pure
ceria are observed af 2 28.8, 33.4, 47.7 and 56.7 correspond-
3.1. Characterization of amorphous citrate precursor ing to (111), (200), (220) and (311) planes, respectively.

The diffraction peaks are characteristic of cubic ceria phase
The CeQ, ZnO and Ce@-ZnO mixed phases containing with fluorite structure (JCPDS card number 34-394). Similarly
10, 20, 40, 60 and 80 mol% of CeQ@vere prepared by amor- XRD peaks for ZnO are observed #=232.0, 34.6, 36.5, 47.7
phous citrate process. In this process, the mixed metal oxidend 56.8 corresponding to (100), (002), (101), (102) and
precursor is an amorphous solid containing all required metgll 1 0) planes, respectively. The diffraction patterns indicate that
ions mixed intimately with an organic polyfunctional acid. The pure CeQ@ and ZnO samples are more crystalline compared to
citrate process has been proved to be an effective method for
the preparation of well dispersed composite oxides and solid
solutions[16,28,29] Fig. 1 shows the TGA curve of a typical ain
amorphous precursor of Ce(@0%)—-ZnO material in air atmo-
sphere. In TG analysis, the decomposition of citrate precursor to
corresponding mixed oxides occurs in a wide temperature range
with major weight loss observed between 350 and®50The (h) Jk A
total weight loss in TG analysis is44.6% which corresponds 1
to the loss of one molecule of citric acid for each*Cer Zr?* (2)
ions. All the mixed oxide materials show similar weight loss 1
behavior in TG analysis. During the preparation of compos- o A
ite oxides by amorphous citrate process, it is reported that all
citric acid molecules are retained and distributed evenly in the
amorphous precurs28]. This is verified further by CHN anal-
ysis performed on amorphous precursor samples selected from
three different locations of the expanded solid. The CHN data (d A A
in Table 1shows good homogeneity of Ce@0%)—-ZnO amor-
phous precursor before calcination at 580 The percentage ©
values of C, Hand N of all precursor samples are similar within e A
the experimental error. In amorphous citrate process water of
‘ (b) fk x1/3 L

(i)

(e)

Intensity (a.u.)

crystallization of individual salts is removed rapidly from the

Table 1
CHN analysis of the Ce£§40%)-ZnO amorphous citrate precursor samples
selected from three different locations of the expanded solid (a) A x1/3 A

Amorphous precursor (Ce0%)—Zn0) ) .

A 1 .
20 30 40 50 60
20 (degrees)

Sample 1 Sample 2 Sample 3

%C 24.50 25.20 24.80 ) . .
%H 02.90 02.90 03.00 Fig. 2. X-ray diffraction patterns for (a) ZnO; (b) ZnO-dec; (c) G€M%)—

%N 01.55 01.60 01.70 Zn0O; (d) CeQ(10%)-ZnO-dec; (e) Ce@ZO%)—.ZnO; (f) CeQ(40%)—Zn0O;
(9) Ce(60%)—-Zn0O; (h) Ce@(80%)—Zn0O and (i) Ce@
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CeG—-Zn0O mixed phase materials. The XRD profile of ZnO possibility of forming interstitial ZpCe;_»,**Ce»,3*0> solid

has been affected significantly by the addition of 10% €80  solutions at the grain boundary region due to the diffusion of
both the preparative methodsig. 2(c and d)). The diffraction some amount Z&t ions into ceria lattice.

patterns also show the formation of mixed oxide materials con- The CeQ (111) peak at 2=28.8 has been used for X-

taining well-dispersed phases of semi-crystalline nature fromay line broadening analysis to calculate the crystallite size of
both the constituent oxides. When ceria content is increasegeria by Scherrer's equation. The data summarizetaisie 2
from 20 to 80 mol% in the mixed oxide, the intensity of ZnO show that the particle size of ceria is not affected up to 40 mol%
reflections at (100), (002) and (1 01) decreased quite rapidlgf ceria content in Ce®-ZnO composite oxide. The ceria
while that of the Ce®@ (111) peak is increased. This is due particles are well dispersed with an average particle size of
to the higher scattering factor of €eions compared to i ~5nm. However, the particle size increases beyond 40% of
ions in the Ce@-ZnO composite oxide catalysts. The scatter-ceria reaching maximum of22nm for pure ceria crystal-
ing factorf of an atom depends on €ifi (¢ =scattering angle |ites. In summary the Cef2Zn0O composite oxides prepared by

and A =wavelength of X-ray) and atomic numb&r Hence  amorphous citrate process contain well dispersed nanosize ceria
in a crystal structure, it is difficult to detect lighter atoms particles.

in presence of heavier atoms due to weak diffraction of the
former. 3.2.2. UV-vis diffuse reflectance study

It is observed irFig. 2 that the individual peak positions of The UV-vis-diffuse reflectance spectra of Ge@nO mixed
CeG and ZnO remain unaltered in the composite oxides. This isxides along with pure Cefand ZnO phases are presented in
anindication thatthe composite oxides containindividual phasesigs. 3 and 4Pure ZnO shows a broad absorption feature in
of ceria and ZnO although the dissolution of small amount ofFig. 3(a) with an absorption edge around 400 nm. This absorp-
ZnO in ceria and vice versa cannot be ruled out completely. Fluckion feature is the characteristic of semiconducting ZnO particles
rite type substitutional solid solutions are known for systems likewith a band gap of-3.4 eV[32]. Pure CeQ prepared by amor-
CeO—Zr0p, CeG—Mnp03, CeQ—CuO due to the structural phous citrate process shows two intense bands along with a broad
similarities of the constituen{42,30,31] However, the present absorption feature in the UV-region of the spectrurfig. 3(f).
study on ZnO-Ce@system does not show clear evidence ofCrystalline cerium dioxide has a band gap of 3.1 eV and absorbs
the formation of solid solution. If C¥ ions in the fluorite lattice ~ strongly in the UV region with the absorption threshold near
were to be substituted by Zhions, there should be a change in 400 nm. The distinct absorption bands at 256 and 296 nm are
the @ values of the diffraction peaks Fig. 2affecting the lattice  assigned to & — Ce** and &~ — Cé&** charge transfer tran-
constant which is normally observed in the substitutional solicsitions [33]. Addition of ceria to ZnO changes the absorption
solutions like Ce@-ZrO, [12]. The insertion of smaller cations features showing new narrow bands at 230, 250-265, 280—295
such as M§* (0.72,&), which is comparable to that of 2h  and 330—345 nm in the UV region of the spectra due to localized
(0.68A), into the interstitial positions of CeQlattice forming  transitions Eig. 3(b—e)). Such narrow bands have been observed
a non-equilibrium solid solution has been reported in the casearlier for ultrafine ceria particles dispersed in silica and alumina
of CeQ—-MgO systen(16]. However, the formation of such a matrices[34,35] The nano-size ceria particles are reported to
substitutional solid solution is of limited nature and may notshow localized G- Ce charge transfer transitions involving a
occur in the entire composition range. In the present case, theumber of surface & ions with variety of coordination num-
formation of composition limited solid solution is elusive due bers[33—35] The coordination number of surfaceCéns can
to the method of preparation. The formation ohCe&n,O,_,  vary between 4 and 8, the later being the coordination number
(x=0-0.56) solid solutions have been reported usin®Has  of bulk C&" in the fluorite structur¢34]. The narrow absorp-
oxidant in the reaction mixture where oxidation of Ce(lll) to tion bands in the UV region observed in the case of £eADO
Ce(lV) occurg23-25] In this work the amorphous citrate pre- catalysts indicate that Ce@omponent is dispersed in the form
cursor is a polymerized citric acid matrix acting as a dispersin@f nano-size crystallites in the composite oxide. In the visible
agent for C&" and Zrf* ions. Upon calcination, mostly the region of the spectrum iRig. 4, the CeQ containing compos-
formation of individual oxide phases are favoured. There is dte oxides show two broad bands of very low intensity between

Table 2
Physicochemical characteristics of Ge@nO oxide catalysts tested for cyclohexanol dehydrogenation activity &G350
Sample Crystallite sizea()a Surface area (g 1) Conversion (mol%) Selectivity (%)

Cyclohexanone Cyclohexene
ZnO - 23.4 13.2 96.6 3.4
Ce»(20%)-Zn0O 51 40.0 25.8 92.0 8.0
Ce(40%)-Zn0O 53 35.7 29.9 90.2 9.8
Ce((60%)-Zn0O 99 321 18.6 87.8 12.2
Ce»(80%)-Zn0O 184 30.6 13.3 85.6 14.4
CeQy 218 34.2 5.3 70.5 29.5

@ For ceria phase.
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Fig. 4. The UV-vis—-DRS spectra of catalysts prepared by amorphous cit-
rate process (a) ZnO; (b) Ce(0%)-ZnO; (c) Ce®20%)-Zn0O; (d)
Fig. 3. The UV-vis—-DRS spectra of catalysts prepared by amorphous citC€:(40%)-ZnO; (e) Ce@(60%)-Zn0 and (f) Ce@
rate process (a) ZnO; (b) Ce@0%)-ZnO; (c) Ce®(20%)-Zn0O; (d)
Ce(40%)-Zn0; (e) Ceg(60%)-Zn0 and (f) Ce@

pure cerium dioxide shows intense NIR peaks while &ehO
550 and 650 nm. The twin absorption features observed at 580ixed oxides have lesser intense peaks in this region. The inten-
and 620 nm for Ce®-ZnO composite oxides are completely Sity of the peaks in NIR region depends strongly on water and
absent for ZnO particles. These absorption features are attributétirface hydroxyl conteri87]. In case of pure ceria, the intense
to reduced Ce@®sites on the surface (€e— Ce*") of the  NIR bands observed are the overtone and combination bands
crystallites[36]. The UV-vis-diffuse reflectance study demon- traced to the surface hydroxyl groups present on ceria particles
strates the availability of low coordinated surface*Cand  Wwith IR bands at 3772 and 3668 cth[36].
Cée** ions in CeQ-ZnO composite oxides produced by citrate

method. 3.2.4. SEM study
The scanning electron micrographs of Ge@nO and
3.2.3. Near IR study CeQ-ZnO mixed oxides are presented fiig. 6. The SEM

The near IR spectra of Ce©ZnO mixed oxides in the range Pictures of ZnO powder shows polycrystalline agglomerated
of 1200-2500 nm are shown Fig. 5. The near infrared por- Particles Fig. §a)). Pure Ce®@ shows particles of uniform
tion of the diffuse reflectance spectrum covers the overtoneSize and shape compared to pure Zi@( 6(b)). Addition of
and combination bands of the fundamental stretching frequerf€ria to ZnO seems to influence the morphology and size of
cies of surface molecular groups such aggHand —OH[37]. composite oxide particles. The citrate process leads to the for-
The overtone and combination bands are smaller in intensitynation of homogeneous particles of regular shdpg. (6(c)).
and excellently measured in diffuse reflectance mode than ihhe SEM picturesifrig. 6(c and d) indicate different textures for
transmission mode because of large scattering involved in the€—ZnO catalysts prepared by citrate process and decomposi-
NIR region. The NIR-DRS spectra shownfiy. 5indicate the  tion of acetate salts. In citrate process, the amorphous precursors
presence of water and hydroxyl groups in Ge@nO compos- are prepared by rapid evacuation of the molten mixture of cor-
ite materials. The three prominent bands observed at 1440, 193§sponding salts and citric acid. Considerable swelling of the
and 2215 nm in the DR-NIR spectra of Ge@nO samples are  Citrate precursor takes place in the presence of cerium salts con-
attributed to the first overtone of hydroxyl groups¢2y), com-  tributing to the mutual dispersion of oxide components. This
bination band corresponding to hydroxyl stretching and bendin§itrate process enhances the surface arabl¢ 2 and uniform
(VoH + 8n,0) and combination band obp + Ssurface of) Vibra- textural properties in Ce£2ZnO materials compared to acetate
tional modes, respectively. Among all the spectraFig. 5,  Precursor route.
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ceria rich phases. Pure ceria shows minimum catalytic activity
and selectivity for cyclohexanone. It is therefore suggestive that
smaller amounts of CefQup to 40 mol% can be added as pro-
moter for cyclohexanol dehydrogenation using ZnO catalysts.
The cyclohexanol transformation reaction has been studied
on transition, alkali and alkaline earth metal oxides and sup-
ported bimetallic catalysts to evaluate the surface acid—base and
catalytic properties of these materigisl,38—-40] The oxide
catalysts show stable catalytic activity for this reaction com-
pared to the metallic catalysts and selectivity depends on the
acid—base property of oxide surface. Itis observed that dehydra-
tion of cyclohexanol to cyclohexene occurs on surface Brgnsted
acid sites while dehydrogenation to cyclohexanone is facilitated
by basic sites originating from lattice oxygen idas8]. Table 3
shows the acid—base property of the composite oxides along with
that of pure oxides. It is seen that Ce€bntains nearly equal
distribution of both acidic and basic sites while ZnO exposes
90% of strong basic sites on the surface. ZnO is a known solid
base with some acidic nature while Ces2ems to exhibit weak
basic and acidic propertig$8,41] In the case of Ce&-ZnO
composite oxides, the number of basic sites is found to increase
up to 40% Ce@and then there is a gradual decrease with further
increase in Ce@content. However, the density of the basic sites
in CeGQ—Zn0O composite remains same up to 40 mol% of ceria
and decreases further with increased ceria content. However, the
acidity of the composite oxide increases linearly with addition
of ceria content. The number of acidic sites per unit surface
Fig. 5. NIR-diffuse reflectance spectra of catalysts prepared by amorphougrea is directly related to the percentage of ceria present in the
citrate process (a) CeQ (b) CeQ(80%)-Zn0O; (c) Ce@60%)-Zn0O; (d)  composite oxide. Sato and co-workers reported similar reactiv-
Ce0,(40%)-2n0; (¢) Ce@(20%)-2n0O and (7) ZnO. ity trend for phenol alkylation on Ce2MgO catalysts where
alkylation activity has been correlated with number of basic sites
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3.3. Catalytic reaction studies on the catalysf16]. The presence of ceria in the Ce@gO
catalyst is found to increase the total number of weak basic
3.3.1. Cyclohexanol transformation sites. In this study, the presence of*Céons in ZnO matrix

Cyclohexanol transformation reaction was carried out ovecan modify the physicochemical properties of composite oxide
CeQ-ZnO catalysts in vapour phase in the temperature rangeatalyst exposing low coordinated €eand Zrf* ions which
325-375C. Table 2summarizes the catalytic activity data for can function as Lewis acid sites at the surface. The UV-DRS
various CeG-ZnO catalysts after 1 h of the reaction at 380  study provides evidence for existence of such low coordinated
and WHSV of 19.0 . Pure ZnO catalyst shows 13.2 mol% cerium ions on the surface of these particles. The charge/radius
conversion and 96.6% selectivity to cyclohexanone. Addition ofatio for Cé* is 4.26 CA—1 which is greater than the value of
CeO to ZnO enhances the activity and conversion reaches max.70 CA-1 observed for ZA". Due to higher charge to radius
imum value at 40% Ce&content. However, there is a marginal ratio, Cé" ions are expected to be more Lewis acidic compared
decrease in selectivity to cyclohexanone compared to pure Zn@ Zn2+ ions under identical conditions. Accordingly, Cewill
The ZnO rich phases show better catalytic activity compared thave more acidic sites compared to ZnO. The ZnO, on the other

Table 3

Activity of CeO,—ZnO composite oxide catalysts for cyclohexanol dehydrogenation reaction

Catalyst Basic sites Acid sites Basic sites Acid sites Reaction rate Turnover frequency

mmolg? mmolgt mol m2 mol m—2 h-1)2

( g) ( g) (o ) (m ) Mmol h—1 m-2 Mmol h,lg,l (h™)

ZnO 0.35 0.03 14.2 1.0 0.42 245 28

Ce(20%)-Zn0O 0.45 0.10 11.2 25 0.48 48.0 44

Ce(40%)-Zn0O 0.49 0.13 13.7 3.6 0.63 56.2 56

Ce((60%)-Zn0O 0.32 0.14 9.9 4.3 0.43 345 45

Ce(80%)—Zn0O 0.22 0.16 7.1 5.2 0.32 24.4 39

CeQ 0.17 0.19 4.9 5.5 0.11 9.4 21

2 On basic sites.
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Fig. 6. Scanning electron micrographs of (a) ZnO; (b) €0 CeQ(40%)-Zn0O; (d) Ce@(10%)-Zn0O-dec (a, b and ¢ are prepared by amorphous citrate process).

hand, is more ionic and contains stronger basic sites comparédr ceria rich phases:ig. 7 shows the effect of reaction time on
to ceria. Therefore, Ce2Zn0O composite oxide is likely to have catalytic activity of Ce@ ZnO and Ce@-ZnO composite oxide
more acidic sites compared to pure ZnO which is reported hereatalysts studied for 5h at 37&. The oxide catalysts contain-
The increase in the total number of basic sites per gram ahg CeQ as a major phase show a marginal decrease of about
the composite catalysts at lower Ce€bntent is attributable to 3% in the conversion activity at the end of the fifth hour of the
Lewis basic sites present as low coordinatéd @ns. However,  study. The time on stream study shows slow deactivation pattern
itis noted fromTable 2that the density of the basic sites remainsthrough the entire period investigated and the deactivation being
same up to 40 mol% of ceria. This is due to the fact that thdaster in the first part of the reaction. For example the TOF is
change in basic property of the composite oxide is not due to thfound to decrease from 21 to 18 after 5 h of reaction on £eO
modification of oxide lattices rather it is due to external factorscatalyst.
such as exposure of low coordinate#Gons on surface and for-
mation of small crystallites, predominantly related to the metho.3.2. Hydrogen transfer reaction of cyclohexanone with
of preparation. Ceria and ceria added ZnO composite oxides pre-propanol
pared by amorphous citrate process also show improved surface The catalytic activity of ZnO and Cef10%)-ZnO catalysts
area when compared to ZnQaple 2. A good correlation is  prepared by both amorphous citrate process and decomposition
seen inTables 2 and ®etween the surface properties and cat-of acetate precursor have been tested for vapour phase hydro-
alytic activity of CeQ—ZnO catalystsTable 3shows the rate of gen transfer reaction of cyclohexanone using 2-propanol as
the reaction and turnover frequency for the GeZnO catalysts. hydrogen donor at 278C. Cyclohexanol is the only product
The reaction data shows that presence of ceria in the ZnO matrdbserved in this reaction with selectivity greater than 98%.
clearly promotes the catalytic activity up to 40 mol%. However,There is no appreciable conversion of pure cyclohexanol on
the rate of reaction and turnover frequency are found to be lowhe catalyst surface under identical reaction conditions. This



B.G. Mishra, G.R. Rao / Journal of Molecular Catalysis A: Chemical 243 (2006) 204-213 211

50 50

CeO,(10%)-ZnO
v

<4
<
<
_
=

451

40~ I \
O,

£ 40
~ © -
O—0—n,
: © O———0—— 0 (¢) 8 u
=
2
5
—_ = 35
& 30 z 3
= A
S TTra—a \
z A—A— o . A ) 0F -
>
= |:|.._‘_‘_‘_
S 20F *\E“!}——u o O— 0 (©
o e —— & ) 25 : 1 . 1 . 1 . ] . ]
1:1 1:3 14 15 1:7 1:9  1:10
L Mole ratio
& Fig. 8. Effectof mole ratio (cyclohexanone:2-propanol) onthe hydrogentransfer
0 Y™~ activity at 275°C on CeQ(10%)—ZnO catalyst prepared by amorphous citrate
(a) process.
co-adsorbed on the surface during the reaction is governed by
0 6'0 ' 1'20 — q(;“ the Langmuir—Hinshelwood type surface reaction mechanism

Process time (min) which has been reported earlier for hydrogen transfer reactions
[42]. Hydrogen transfer reactions have been studied on variety

Fig. 7. Cyclohexanol conversion with process time over catalysts preparegf catalyst materials under homogeneous and heterogeneous
by amorphous citrate process studied for 5h at €75and WHSV of

19.0h %, (a) CeQ; (b) CeQx(80%)-ZnO; (c) ZnO; (d) Cegl60%)-ZnO; (e) conditions. Vapour-phase transfer hydrogenation i; reported on
Ce0y(20%)-zn0 and (f) Ce§40%)-ZnO. ZrOz, MgO/B, 03 [43], Zro.g(M)0.202 (M=Fe, Co, Ni, Cu, Cr

and Mn)[44], CeQ—ZrO, [23] and hydrous zirconig?2]. These

oxide systems show basic or amphoteric characters. The reac-
excludes the possibility of further reaction of cyclohexanoltion mechanism is similar to the Meerwein—Ponndorf-Verley
via dehydrogenation or dehydration steps. However, therépe reduction and proceeds in a concerted manner on an oxide
is a possibility that cyclohexanone can react further on thesurface. The hydrogen accepter and donor are adsorbed on
catalyst surface producing condensation products such aaljacent acidic and basic sites facilitating hydrogen transfer
cyclohexyldencyclohexanone. These products being stronglseaction. The transfer of hydride ion from donor to acceptor has
adsorbed on the catalyst surface, may not be detected Imeen found to be the rate-limiting step for such react[d2%
the reaction mixture. This may also partially responsible for Table 4shows the surface area, acid—base properties and cat-
deactivation of the catalysts as described later in this sectiomlytic activity in terms of average conversion for 1 h of reaction
Fig. 8 shows the effect of mole ratio of the reactants on theat 275°C for ZnO and Ce@(10%)-ZnO catalysts prepared by
catalytic activity of Ce@(10%)-ZnO catalyst. The catalytic both citrate process and acetate precursor decomposition. The
activity peaks at cyclohexanone to 2-propanol molar ratio of 1:4preparative method is found to be crucial for physicochemical
Similar trend has also been observed for all catalyst samplesharacteristics of final catalysts. In citrate process, addition of
This observation indicates that both the reactant species aperiato ZnO increases the surface area. The composite catalysts
simultaneously adsorbed on the surface during the reactioshow a considerable increase in acidity and a moderate increase
Such a phenomenon where both the reactants are simultaneoustythe basicity. Addition of smaller amounts of ceria to ZnO,

Table 4
Hydrogen transfer activity of Ce2ZnO catalysts at 278C and WHSV=9.9ht
Catalyst Surface area  Acidity Basicity Acidity Basicity Conversion Reaction rate

m?g-1 mmol gt mmol g~! mol m—2 mol m—2 mol%

(m?g™) (mmolg®)  (mmolg™)  (umolm?)  (umolm)  (mol%) MmO him?  Mmoln gt
Entry 1 10.2 0.03 0.19 0.0029 0.0156 9.7 0.48 9.7
Entry 2 23.4 0.04 0.35 0.0025 0.0149 16.8 0.36 16.8
Entry 3 18.5 0.08 0.26 0.0043 0.0140 24.3 0.67 24.8
Entry 4 42.1 0.12 0.43 0.0028 0.0102 44.3 0.55 46.3

@ Entry 1=2Zn0O-dec; entry 2=2n0; entry 3=CgQ0%)-ZnO-dec and entry 4 = Ce(20%)-ZnO. Entries 2 and 4 are prepared by amorphous citrate process.



212 B.G. Mishra, G.R. Rao / Journal of Molecular Catalysis A: Chemical 243 (2006) 204-213

60 content. New acidic sites are generated in mixed oxides along
with increased number of basic sites which correlates well with
sob @A catalytic activities observed for both cyclohexanol dehydrogena-
‘\ tion and hydrogen transfer reactions. This study demonstrates
— the promoting effect of ceria for cyclohexanol dehydrogenation

or \ and hydrogen transfer reactions over GeZnO mixed phases

[ prepared by amorphous citrate process. Hydrogen transfer activ-
ity is found to be higher on Cef10%)—ZnO catalyst prepared

by citrate method.
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