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ABSTRACT

Pure silica and a series of MoO,/SIO, catalysts with different MoO, load-
ings(2-16wt%) were prepared using the standard incipient wetness tech-
nigue. The catalysts were characterized using XRD and FTIR techniques.
The textural properties were determined from nitrogen adsorption at 77K.
the acidic properties of these catalysts were measured by the aminetitration
method. The cracking of cumene was investigated over these catalysts.
XRD datarevea ed the amorphous nature of the catalyst up to 6 wt % MoO,
loading and the formation of crystalline MoO, phase on amorphous silica
support were detected only for the catalyst with higher MoO, loading. Load-
ing SO, with higher MoO, (>9wt%) leadsto asignificant changein texture,
surface acidity and catalytic activity of the prepared catalysts. Catalysts
with higher MoO, loading show much higher acid strength compared to the
catalystswith lower MoO, loading(<6 wt%). The cracking activity has been
related to the strength of the acid sites presented on the catalyst surface.
Cracking of cumene over the investigated catalyst necessitates the pres-
ence of strong acid sites. These sites are evidently Bronsted acid sites on
which the cracking process probably proceeds via a carbonium ion mecha
nism.  © 2008 Trade Sciencelnc. - INDIA

KEYWORDS

MoO/SiO,,
Characterization;
Acidity and acid strength;
Cracking of cumene.

INTRODUCTION

Over the past years agreat deal of fundamental
and applied research was focused on supported
molybdenacataysts because of their numerous appli-
cationsin petroleum refining, chemica production and
pollution control industries*?. Presently oxidation re-
actionsareplaying anincreasingly important role both
in the production of materials needed and in the de-
struction of undesired products by total catalytic oxi-
dation. MoO, isaprincipa component in catalystsfor,
alylicand acohol oxidation and minority componentin

many other oxidation catalysts such asthose used for
a kenes dehydrogenation*® and for aromaticsand al -
kaneoxidation®®. A renewed interest aroserecently in
the supported molybdenacatalystsowingto their po-
tentid useinthepartid oxidation of methanetoforma-
dehyde®™. However supported molybdenacatalysts
also used as a catalytic material for awide range of
acid -catayzed reaction®9, Different characterization
techniques have been applied to investigatethe acid
properties of these cataysts. It has beenfound that the
acidic propertiesand hencethecatayticactivity of these
catalyst systemsare strongly dependent on the method
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of preparation, thetherma treatment, the presence of
dopingionsand MoO,/metal oxideweight ratioi**3,

Inthisstudy we examined theinfluenceof chemica
composition onthestructurd, acidic andtextural prop-
ertiesof SIO, and MoO,-SIO, catalyst. The cracking
activity wasrelated to some of the surface properties
of theinvestigated catalyds.

EXPERIMENTAL

Catalyst preparation

Puresilicacatayst was precipitated by the solead-
ditionof 1 M H_SO,solution to an agueous solution of
sodium silicateat 333K with continuous stirring.

Thetrangparent whitegdl thusobta ned waswashed
thoroughly till freefrom SO, andthendriedfor 10ha
383K and cacinedinamufflefurnaceat 773K for 6h.

A seriesof MoO,-S O, catdystswith varying com-
positionswereprepared by impregnation usingthe stan-
dard incipient wetnesstechnique. Thus, at apH vaue
of 9, 69 of SIO, was added to 40cm? of an agueous
sol ution contai ning the appropriate amount of ammo-
nium heptamolybdateto givethe desired MoO, | oad-
ing. Excesswater wasremoved by drying the sample
for 10h at 383K. Thecataystswerecalcinedinan air
circulation furnacefor 8hat 773K.

The catalysts thus obtained were pure SiO, and
MoO,-SiO, containing 2,6,9,12, and 16 wt% MoO,
and were designated as S, SM1, SM2, SM3, SM4
and SM5 respectively.

Catalyst characterization

XRD patternsof the calcined catalystswere made
using a Siemens apparatus equipped with a Rigaku
Geiger flux detector with Ni-filtered 1.=1.5405 A at
40KV and 100mA withascanning rate of 8 minfrom
20=10t0 20=80. Theinfrared spectrawere recorded
at room temperature by means of aMattson 5000 FT-
IR spectrophotometer at 2cm™ resolutionsusing KBr
pressed disks contai ning 5W1t% catalyst powder. The
textural propertiesof the prepared catalystswere mea-
sured from nitrogen adsorption studiesat 77K usinga
conventiona volumetric gpparatus.

Theacidamountsand acid strength of sampleswere
measured by titrating of 100-200 mesh powder, sus-
pended in dry benzenewith n-butyl aminesolutionin
dry benzene employing a series of Hammett indica-
torg*. Theindicatorsused are methyl red (pK =+4.8),

Dimethyl yellow(pK _=+3.3), Crysta violet(pK =+0.8),
Dicinnamylideneacetone(pK =-3.0), Benzylidene
acetophenone(pK =-5.6), and Anthraguinone(pK =-
8.2)

The catal ytic cracking of cumenewascarried out
usingapulsemicrocatd ytic system connectedto aflame
ioni zation detector(Hewlett- Packard 5890, gas chro-
matograph). Prior to any catalytic run, the
cadyst(75mg) wasactivated by heatingindry air(40ml/
min) for 2h at 773K and theninacurrent of nitrogen
(60 ml/min) for 30min at the desired reactiontempera:
ture. Nitrogen was used asthecarrier gasin al cata-
lytic measurementsand 2x10*ml sampleof cumenewas
injected onto the catalyst intheform of apulseusinga

micrasyringe.
RESULTSAND DISCUSSION

The XRD patternsof MoO,/SIO, cataystsca cined
at 773 K areshowninfigure 1. For comparison, the
XRD pattern of puresilica(Ssample) isasoincluded
infigurel. Figurelrevedsthat slicacacineda 773K
is an amorphous precursor with only a broad back
ground peak, associated with SIO,. Figure 1 shows
dsotheamorphousnatureof thecatayst at lower MoO,
loading. Nodiffractionlinescharacteristic of theMoO,
phase were observed for the SM1 and SM 2 catalysts
(i.e. M0oO,<6wt%). Thismay beattributed tothehigh
surfaceareaof SiO, (337.2m?/g) which allowed the
high dispersion of the M oO, speciesand inhibited the
formation of MoO, crystallites.

Diffraction lines corresponding to MoO, were
clearly observed for the SM 3 catalyst (MoO_>9wt%),
theintensity of thislinesincreasingwithanincreasein

SM5

Relative intenisity (a.u)
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Figurel: XRD patternsfor investigated catalysts
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Figure 3: V, —t plots for nitrogen adsorption on some
selected catalysts

TABLE 1: Textural propertiesof MoO,-S O, catalysts

SgeT S Ve r

Ayt mig) (Mg (mifg) (&)
S 337.2 343.0 0.393 23.0
SM1 330.0 339.0 0.386 25.0
SM2 307.4 308.0 0.350 26.0
SM3 263.0 272.0 0.340 28.0
SM4 233.0 237.0 0.334 29.0
SM5 204.0 211.0 0.300 30.0

the MoO, content up to 16wt%.

INnMoO,-S O, catayststheMo(V1) could befixed
on SO, by theinteraction of molybdic acid with the
surface OH groups of SIO, onthe basis of an acid -
base interaction accompanied by the elimination of
water. Thiswould giveMo(VI) adsorbedon SO, ina
monolayer intetrahedral coordination structure®®. At
higher surface densities of thesemonomeric species, a
two dimens ona condensation with creation of Mo-O-
Mo linkages and eventually the formation of surface
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polymolybdate structureareresults. Itisinteresting to
note that even though the MoO, isin the crystalline
form at higher MoQ, loading, thesilicasupport till re-
tainsitsamorphousnature, leadingtotherdatively high
surface areaof the catalysts. The FTIR spectraof pure
SO, and the catalysts with MoO, content less than
Owt% (not illustrated) weresimilar(i.e. characteristic of
silica). Thusabroad intense band at ~1100cm?, aless
intense band at 818cn and stronger band at 467cm?
were obtained for thissample. All thesebandsin ac-
cordancewiththeliterature’® areduetothevibrations
of Si-O-S and Si-O band of thesilica. Noindications
of any absorption bands characterizing crystallineMoQ,
were observed. Catalystswith 12 and 16wt% MoO,
loading show additional absorption bands at 995, 895
and 820cm* which may ascribed to freely isolated
MoQO,*". Theseresultsarein agood agreement with
XRD observations quoted above.

Figure 2 shows the adsorption —desorption iso-
thermsof nitrogen at 77K obtained for some selected
catalysts. Theseisothermsarein shape between types
[I'and IV of the classification adopted by Sing et a .[*91,
The specific surface areas are estimated by applying
the BET equation™® adopting avalue of 0.162nm?for
the cross-sectional areaof thenitrogenmolecule. The
total pore volume of each catalyst Vp(ml/g) was esti-
mated from the uptake of nitrogen at the saturation va-
por pressure. Another r-(A) important textural param-
eter, i.e. themean poreradiuswasa so cal culated from
nitrogen adsorption datausing therelationship:

o 2V, (ml/g)x10*

Sger(m?/g)

Thetexturd parametersS,_, V andr arelisted in
TABLE 1. To differentiate between the types of pores
exigting, theV -t method of deBoer and coworkerswas
used®. The surface areas S(m?/g) have been calcu-
|ated fromtheslopeof thelinear part of V|-t plotswhich
passesthroughtheorigin. TheV -t plotsof sdected cata-
lystsareshowninfigure 3 and the cal cul ated areas(m?/q)
aecomparedwiththeS,_ areasinTABLE 1.

The V-t plots indicate the predominance of a
microporestructurein al catalystsinvestigated.

Inspection of thetextural datalistedin TABLE 1
revedsthefollowing:

1. Thevaluesof S areasarein fair agreement with
thoseof theS,_, areasindicating that the correct
choiceof thereferencet-curvewasmade.

e, P pterioly Science

Hn Tndéan g%wumé



20 Characterization and cracking activity of MoO,-SiO, catalysts

MSAIJ, 4(1) January 2008

Full Paper ==

TABLE 2: Acidicand catalytic parameter sof catalystsinves
tigated

Acid amount (mequiv/g) at  Cracking AE

Catalyst different PK S % calimole
+4.8+3.3+0.8-3.0-5.6-8.2 at 723K

S 0.42 0.28 0.18 0.00 0.00 0.00 Nil
SM1 0.60 0.40 0.34 0.00 0.00 0.00 Nil
SM2 0.64 0.54 0.38 0.00 0.00 0.00 Nil --
SM3 0.58 0.44 0.50 0.08 0.06 0.00 18 24.0
SM4  0.44 0.40 0.68 0.20 0.08 0.00 26 18.6
SM5 0.34 0.30 0.40 0.28 0.14 0.00 31 12.5

2. Pure SO, and SiO, containing 2wt% of MoO,
(samples Sand SM1) exhibited ailmost the same
textura parameters.

3. A dlight decrease in both surface area and total
porevolumewas found onincreasing the MoO,
content up to 6wt%. However, gppreci able changes
occurred on increasing the degree of loading with
MoO, e.g. a20%, 31% and 40% decreasein sur-
facearearespectively occurred for catalysts SM 3,
SM4, and SM5 relativeto the surfacearea of pure
SIO,. Thedight variationinthetextura properties
of the catalysts containing not more than 6wt%
MoO, may beattributed to high dispersion of the
small molybdenaspeciesonthesilicasurface. At
highMoO, loading (MoO >9w1t%), thecrystalline
molybdenum oxide clustersareformed that cover
theamorphoussilicasupport, reducing the surface
areaandthetota porevolumeof the catalyst.

4. A changeinmean poreradiuswith chemica com-
positionislesspronounced.

Aminetitrate experimentswere carried out usnga
seriesof Hammett indicatorsto determinetheacidity
and acid strength of the catalysts. Theresultsaregiven
INTABLE 2. The puresilicacatayst showsthelowest
acidity. Theacidity increased gradualy upon the addi-
tion of MoQ, to SO, reaching amaximum at SMS
catalyst. Weak acid siteswith PK_vauesof <+4.8to
<+0.8wereexhibited by pureslicacadyst. Theamount
of acid sitesin this PK _ range was found to increase
withincreasing MoO, |oading up to 6wt%.

Strong acid siteswith PK_valuesof <-3.0t0<-5.6
were observed for the catal ysts containing morethan 6
wt % MoO,, indicating theformation of new acid sites
stronger than those of the catal ysts had MoO, content
<6wt%. Thecatalyst with 16 wt %M oO, loading shows
maximum acidity aswd| asthe highest acid strength. At
low MoQ, content(<6.0 wt%) the molybdenum spe-
ciesmay interact with neighboring hydroxyl groupson

the SO, surfaceto form undetectable molybdate spe-
cies, which may represent an additiona source of weak
acid sites. Anincreasein theamount of thewesk acid
sitesin that rangewould be expected inthiscase. On
increasingtheMoQ, loadingtoahigher level (>6.0nm%),
the MoQ, crystallitesformed may generate stronger
acid sitesand more acidity as compared with the other
catalysts containinglow MoO Jevel (<6.0wt%)!2.

The activities of the catalysts towards cumene
crackingat 723K and at N, flow rateof 30ml /minas
afunction of MoO, content are listed in TABLE 2.
Formation of benzeneastheonly liquid product, while
toluene and ethyl benzene are dways absent, isstrong
evidenceof thefact that cumene crackingontheinves-
tigated catalysts proceeds through a carbonium ion
mechanism. Onthisbasisit isinteresting to compare
cracking activities of the cata ystswith the results of
surface acidity measurements. Puresilica, SM1 and
SM2 cataystsexhibited no cracking activity (TABLE
2) whichmay beduetotheir law acid strength and low
acid amount valuesrespectively relative to the other
caayds.

Only those catal ysts had strong acid sitesin PK _
range<-3.0to<-5.6 exhibited cracking activitieswhich
found to increase with theincrease of the amount of
acidity inthisparticular PK  range.

Cumene creaking takesplace onrelatively strong
acid sites of the catalyst§?. Onthe other hand it ap-
pearsthat the extent of the surface wasnot animpor-
tant parameter in the cracking process. Moreover the
cracking ability wasfound to increasewith adecrease
inthesurfacearea.

Thekinetic dataobtai ned for thecumene cracking
over SM 3, SM4 and SM5 catalystsat different reac-
tiontemperatures(713-735K) at N, flow ratesvarying
from 20 to 60 ml/min werefound to obey the Bassett-
Habgood equation'?. Liner plots(not illustrated) were
obtained indicating that the cracking processover these
cataystsfollowsafirst order reaction. Theactivation
energieswere calculated fromArrheniusplotsand are
listedin TABLE 2. it evident that the activation energy
of cracking process decreased with increasing amount
of acid siteswith PK <-3.0t0<-5.6.

Theseresultsindicatethat the cracking of cumene
necessitates the presence of strong acid sites. These
sites are evidently Bronsted acid sites on which the
cracking probably proceeds via a carbonium ion
mechanism?4, The detection of benzene astheonly
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cracking product supported thisfact. Inthismecha
nism, the cumene moleculeisinitially adsorbed at a
Bronsted acid site on the catalyst surface to give the
corresponding carboniumion. Thiscarboniumion can
ether regeneratetheinitia proton and the cumenemol-
eculeor crack to give benzenein the gas phase plusa
propyl carbonium ion which remainsadsorbed onthe
catayst surface. The propyl cation then desorbed giv-
ing propyleneand regenerating the Brensted acid site
asshownin SCHEME 1.

H
|
ch_C_CHg CH
_ e /s
§|_OH + —— 5—O-H —H
- CH,
o _ £ CH,
/

CH,=CH—CH; * 5 —OH

SCHEME1
CONCLUSION

Thecharacteristicsof MoO,/SIO, catal ysts under
our operational conditionsmay be briefly described as
follows
1. MoQ,ishighly dispersed onthe SO, surfaceand

causes no significance changein thetexture prop-

ertiesof silicasupport up to 6wt % of MoO,

2. Thecataystswithlower MoO Joading (<6wt%)
do not possess any activity for cumene cracking
probably duetothelack of acid siteswith sufficient
Srength.

3. Caadysswithhigher MoO, loading (=9wt%) have
significant activity for cumene crackingwhichis
strongly dependent on MoO, content. The crack-
ing activity seemsto beclosay related to the pres-
ence of strong acid sites. The activation energy of
thecracking processdecreased with increasngthe
amount of acidsiteswith pK _valuesof <-3.0to <-
5.6.

= Pyl Paper
REFERENCES

[11 R.Prins, V.H.J.de-Beer, GA.Somorjai; Catal.Rev.
Sec.Eng., 31, 1 (1989).

[2] K.Bruckman, B.Grzybowska, M.Che, J.M.
Tatibouet; Appl.Catal.A., General, 96, 279 (1993).

[3] A.V.Birdar, S.B.Umbarkar, M.K.Dongare; Appl.
Catal.A, General, 285, 190 (2005).

[4] H.Hu,, I.Wachs; J.Phys.Chem., 99, 10911 (1995).

[5] J.C.Yori, C.L.Pieck, JM.Parera; Catal.Letter, 64,
141 (2000).

[6] T.J.Hal, J.SJ.Hargreave, GJ.Hutchings, R.W.
Joyner S.H.Taylor; Fuel Proc.Techol., 42, 151
(1995).

[71 N.D.Spencer; J.Catal., 109, 187 (1998).

[8] M.R.Smith, L.Zhang, S.A.Driscoll, U.S.Ozkan;
Catal.Lett., 19, 1 (1993).

[91 K.R.PSabu,V.C.Rao, C.GR.Nair; Bull.Chem.Soc.

Jpn., 64, 1926 (1991).

M.R.Mustafa; Adsorp.Sci.& Techn., 16(1), 11

(1998).

J.Gong, X.Ma, X.Yang, S.Wang, N.Geo D.Wang;

Catal.Lett., 99(3-4), 187 (2005).

B.M. Reddy, B.Chowdhury; J.Catal., 179, 413

(1998).

U.Usman, M.Takaki, T.Kubota Y.Okamoto; Appl.

Catal.A., General, 286, 148 (2005).

K.Tanabe; ‘Solid Acids Bases’, Kodansha, Tokyo,

Academic Press, New York (1970).

[15] H.Jeziorowski, H.Konzinger; J.Phys.Chem., 83, 116
(1979).

[16] W.Skupinski, M.Malesa; Appl.Catal.A., General,
256, 223 (2002).

[17] T.Ono, H.Miyata, Y.Kubokawa; J.Chem.Soc.Fara
day Trans., 183, 1761 (1987).

[18] K.SW.Sing, D.H.Everett, R.A.W.Haul, L.Moscou,
R.A.L.Pierotti, J.Rouquerol, T.Simieniewska;
Pure.Appl.Chem., 57, 603 (1938).

[19] S.Brunauer, P.H.Emmett, E.Teller; JAmM.
Chem.Soc., 60, 309, (1938).

[20] J.H.de-Boer; ‘The Structure, Properties of Porous
Materials’, Butterworth, London, 68 (1958).

[21] K.Bruckmen, R.Grabowski, J.Haber
A.Mazurkiewicz, J.Slozynski, T.Wiltowski; J.Catal .,
104, 71 (1987).

[22] O.Johnson; J.Phys.Chem., 59, 827 (1955).

[23] D.W.Bassetl, H.W.Habgood; J.Phys.Chem., 64,
769 (1960).

[24] H.Matsumoto, J.I.Take, Y.Yaneda; J.Catal ., 11, 211
(1968).

[10]
[11]
[12]
[13]

[14]

— P plericly Science
ﬂuVWMW



