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ABSTRACT

Sulfated zirconia pillared clay (SZ-PILC) was prepared by adding sulfates
to zirconium speciesbefore the pillaring process. Theintercalated clay was
then characterized by DTA, FTIR, X-ray diffractionand N,-adsorption tech-
niques. It was found that, pillaring process using sulfated zirconia asinter-
calating agent gaveriseto good thermal stability, significant increasein the
main d-spacing values characterizing the bentonite clay from 12 A to 15,
17and 19A, and created dominant microporosity feature. The catalytic con-
version of n-hexane was examined by both sulfated zirconia catalyst and
sulfated zirconia pillared clay, using a flow system operating under atmo-
spheric pressure and at reaction temperature range 180-300°C. Resultsindi-
cated that, SZ-PIL C ismore active than sulfated zirconia (SZ) catalyst in n-
hexane transformation. The major primary reaction wasisomerization, giv-
ing monobranched and dibranched isomers. Small amounts of cracked, cy-
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clic and aromatic products were also observed.
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1.INTRODUCTION

In order to protect the environment, severa setsof
regul ations have been established. Owingtothislegis
lation, great interest has been devoted to the substitu-
tion of unfriendly and corrosiveliquids, usedin chemi-
ca and petrochemical industriesby solid cataysts. On
thisbasis, claysmay constitute very promising substi-
tutes.

When inorganic species are introduced into the
interlayersof theclay, theresulting nanocompositecan
be used asacatalyst for specific reactions. Theinter-

calated speciesare ableto prevent the collapse of the
interlayer spacesgivingriseto two-dimensiona porous
materias ‘pillared clay materials™*2.

Thepillared claysareusudly used ascracking cata
lysts because they devel op agood acidity and good
thermal stability. Besidetheacidity of theclay layers,
themetal oxide pillarsalso show an acidic character.
However, themodification of themeta oxidepillarsby
electronegativeionslike sulfates, resultsinthe produc-
tion of strongly acid components®4, wheretheinduc-
tiveeffect of the S=O groupincreasesthechargeinthe
neighbor meta cation (M ™).
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Faran-Torresand Grangeand othersmodified the
adidity of ZrOCl, montmorilloniteby adding (NH,),SO,
during theinterca ation reaction>9. Theintercalation of
zirconium sulfate hydroxyl complex in Na-montmoril-
lonite using zirconium acetate asaprecursor wasal so
studied*¥,

Inthepresent investigation, the effect of sulfatepre-
cursorson thetextural propertiesand catal ytic activity
of the prepared sulfated zirconiapillared clay cataysts
isstudied.

2.EXPERIMENTAL

2.1 Preparation method
2.1.1. Preparation of sulfated zirconia (S2) catalyst

Ammonium sulfatewas addedto 0.1 mole ZrOCl,,
solution freshly prepared with SO,: Zr molar ratio equa
t0 0.15. Thesolution wasthen subjected to reflux for
4h, then evaporated and dried at 120°C for 4h, fol-
lowed by calcination at 450°C in the presence of puri-
fiedairfor 6h.

2.1.2. Preparation of sulfated zir coniapillared clay
(SZ-PILC)

Thegarting clay materia (bentonitefromAlexan-
driadistrict) wasdispersed infresnly prepared 1M so-
lution of NH,OH (10g/L) for 24 hours, and then aged
indistilled water for at least threedays. The suspended
part then centrifuged, washed by distilled water, and
dried at room temperature. The solid sampleobtained
was sieved to 200 meshes. The chemical analysis of
thisclay presentedin TABLE 1.

Theintercalated clay was prepared by adding the
freshly refluxed sulfated zirconiasolution drop wiseto
109/l clay suspension. Thedurry wasrefluxed e 100C
for 4h, washed by distilled water and | eft to dry at room
temperatur®. Thesamplewasthen calcinedin aflow
of purified air at 450°C.

2.2.Characterization of the prepared pillared clay
The structure of the prepared interlayered clay

TABLE 1: Chemical analysisof theclay

SiOz A|203 FeO; Na,O MgO K,O I.L*
5691 1695 6.53 5.85 0.87 132 1155

*|gnition loss is determined by burning one gram sample at
1000°C till constant weight.

Wateriolsy Science  mm——

sampleswas studied by varioustechniques,

Differential thermal andyses(DTA) werecarried
out in temperature range from room temperature to
1000°C onthe prepared catalyst samplesunder aflow
of Arusing SETARAM LabsysTG-DSC16totracethe
structure changesaccompanying thethermal trestment.

Infrared spectroscopic analysis (FTIR) was car-
ried out using ATl Matt son 1001 inthe IR region of
400-4000cn?, to characterizethe main constitutes of
the prepared samples. All samplesweregrinding with
potassium bromide (KBr) powder and then pressed
into adisk beforeanalysis.

X-Ray diffraction anayses (XRD) werecarried out
by a Shimadzu XD-1 diffractometer using Cu-target
Ni-filtered to study the different phases accompani ed
theintercalation process.

Thetextural propertieswere determined fromthe
adsorption-desorption isothermsmeasured at liquid ni-
trogen temperature using NOVA 3200e sorption, the
specific surfaceareawaseva uated by the BET method,
pore size and pore volume datawere obtained by the
BJH method. All samplesweredegassed at 200°C for
17hinnitrogen atmosphere prior to adsorption.

2.3. Catalyticactivity

Catdytictransformation of n-hexane over thepre-
pared pillared interlayer clay catalystswas performed
inaflow system operated under atmospheric pressure,
at the temperature range 180-300°C, hydrogen flow
rate 35ml/min, catalyst volume 5ml and liquid hourly
spacevelocity (LHSV) 0.6 hr.

Theproduct anaysiswas performed using Perkin-
Elmer gaschromatograph with hydrogen flameioniza-
tion detector; capillary columnwas usedto anadyzethe
reaction productsthroughout thisinvestigation.

3.RESULTSAND DISCUSSION

3.1 Sructural characterization
3.1.1 Thermal analysis

Fgurel(a) illustratesthedifferentia thermd andy-
ss(DTA) profilesfor SZ sample, parent bentoniteclay,
and the prepared SZ-PILC.

DTA profilefor SZ (Fgure 18) catdyst exhibitsfour
endothermic features. Three endotherms occur below
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Temperature, "C
Figure 1 : Differential thermal profilesfor; a-Sulfated
Zirconia, b- Parent bentoniteclay, c-SZ-PILC (dried)
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Figure3: XRD pattren for; a-Sulfated zir conia, b- Raw
clay, c-SZ-PIL C (dried) d- SZ-PIL C(calc. 450°C)

Montmorillonite (12-0204)

TABLE 2: Textural propertiesof the prepared samples

Sample Seer, Mg V,, cc/g Porewidth, A
Parent clay 71.188 0.225 63.43
SZ-PILC (calc.450°C) 78 0.08 22,28

—== Pyl Paper

400°C that can beidentified as,

At~110°C: evolution of water molecules|oosely
adsorbed ontheexternd surface, At=200°C: evolution
of water molecul es strongly associated with hydroxyl
zirconium cationg™ and At~300°C: dehyroxylationand
crystallization of bulk Zr(OH), into tetragonal ZrO,
[V.Parvulescu, S.coman, PGrange, V.1.Parvulescu:
Applied catalysis, 176, 27-43 (1999). Thefourth en-
dothermic feature at~700°C isattributed to thel oss of
SO,/*4. Oneexothermic pesk at~900°C isdueto phase
transformation of ZrO, from metastable tetragonal
phaseto stable monoclinic phasg®.

TheDTA curvefor thestarting bentonite clay shows
three main endothermic processes, the endotherm
a~100°C correspondsto thel oss of physically adsorbed
water ontheexterna surface, and the presence of shoul-
der near to 200°C indicates that this raw material is
ca cium-montmorillonitetype™. Very small endother-
mic feature at ~280°C referred to escape of interlayer
water. Higher temperature endotherm at ~550°C cor-
respondsto thebeginning of theinterlayer collapseasa
result of thedecomposition of thesilicatestructurewith
loss of awater molecule per formulaunit by dehydroxy
lation*s, The exothermic peak that appearsat 930°C
isastructural one, which attributed to the destruction
of montmorilloniteand formation of new phase.

TheDTA profilefor the prepared SZ-PILC exhib-
itsthree endothermsin therange 100-300°C, thefirst
oneresultsfromtheloss of water, isbroader than that
for the parent clay dueto strong sol vation power of Zr-
cationic species. Meanwhile, the second endotherm at
300°C can beattributed to the dehydroxyl ation of bulk
Zr(OH), to ZrQ, or thesubstitution of terminal Zr-OH
group by SO,#1* to form sulfated zirconiastructure
(Figure2).

Itisworth noting that, the observed diminish of the
endothermic feature at ~550°C (the dehydroxylation
of thesllicatestructure) may attributed to the crosslink-
ing of sulfated zirconiaintercal ated speciesinto the
interlayer hydroxyl group keepingthelayer apart thereby
preventingitscollapse.

3.1.2X-rayAnalysis

X-ray diffraction patternsof al investigated samples,
sulfated zirconia(SZ), bentoniteclay, dried SZ-PILC
and SZ-PILCrespectivey, areillustrated infigure 3(a

— P gt iy Science
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Figure5: IR spectrum for; a-sulfated zir conia, b-Parent
clay, c-SZ-PILC (dried), d-SZ-PILC (calc. 450°C).

d) and presented in TABLE 2.

Thediffractogramfor SZ (Figure 3a) revedshighly
crystalline phase corresponds to zirconium sulfate
(ASTM 24-1498), in addition to, themain characteris-
ticlinesfor ZrOS (ASTM 04-0897).

Thediffraction pattern for the parent clay (Figure
3-b) exhibitsthe main d-spacingi dentifying montmoril -
lonite at: 12.99, 4.53 and1.49A (ASTM 12-0204),
with somebasdl reflectionsfor kaolinitemineral at d-
values near, 7.2 and 3.33A, in addition to quartz at,
3.36, 3.49 A together with traces of feldspars.

For dried SZ-PILC (Figure 3c), the pattern reved's
new basal reflectiong15.28, 16.75, and 19.97A] at 20
lower than 7, in addition to, themain basal reflections
for montmorillonitewhich may indicatesthe penetra-
tion of the sulfated pol ycationic zirconiaspeciesinto
theinterlamellar region, probing gpart theinterl ayer struc-
ture and resulting in an observed expansion in the
interlayer distance. However, the creation of various
high d-va ues (Figure 3c) at 20<7 may beattributed to
the orientation of the polycationic zirconium speciesin

Wotoriolsy Science ( mm—

theinter layer region, either asadoublelayer of flat-
lying complexes(Figure4), or asasinglelayer of com-
plexes standing normal to theinterlayer regionisrea
sonably taking into account asstated by S. Yamanaka
andW. Brindley™*",

Furthermore, the pattern (Figure 3-c) exhibitsa so
different characteristiclinesfor Zr(SO,), [ASTM 24-
1492 and ASTM 24-1498] which may indicatesthe
existence of isolated and poly-nucl eated sulfated spe-
cies, inadditionto, themain linesfor ZrOS[ASTM
04-0897] and the basal reflection for tetragond zirco-
nia[ASTM 79-1796].

Thediffractogramfor cacined SZ-PILC (figure 3-
d) indicateslittle compactionintheinterlayer spacing
to~17.9A instead of 19.97A, may be due to the partial
remova of theinterlayer coordinated water upon heat-
ing at 450°C. Anincreaseinthelineintensitiescorre-
sponding to Zr(SO,),, ZrOS and ZrO,, (due to the
decomposition of the poly-nucleated intercal ated spe-
cies) area so observed.

3.1.3FTIR spectroscopy

Figure5 (a-d) showsrepresentative IR spectrafor
SZ, parent bentonitic clay, SZ-PILC and SZ-PILC re-
Spectively.

The spectrum for the prepared SZ (Figure 5-a)
catayst showstwo typesof isolated Zr-OH groupsthat
areinthefundamental OH stretching regionlocatedin
the range 3846-3710cm*. However, the OH bands
between 3800-3700cm* are actually assigned to the
terminal OH group!*®. The spectrum exhibitsalso a
broad band between 3600-2850 cnrt with amaximum
centered at 3415 cmrt whichisattributed to acidic OH
groups. Furthermore, characteristic sulfate bands at
1515 and 1490 cm* are assigned to asymmetric and
symmetric stretching modes of sulfate groups bound
viatwo oxygen atomsto the zirconiumion. Bandsat
1092, 1154 and 1239 cm'* are assigned to asymmetric
and symmetric stretching modes of oxygen bound to
thesulfur of sulfate®9.

However, themechanism of formation of covalent
sulfatesand poly sulfatesallow usto ascribe?;

e The bands concentrated at ' <1400 cm to iso-
lated surface SO,* groups and are postul ated to be
bonded to the oxide network by morethan two S-
O-Zr bridges®.
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e Thebandsat ' >1400 cm* to poly-nuclear surface
sulfates probably of thetype pyrosulfates[S,0,].

e Stretching band located at v >1350 cm™ are as-
cribedto highly covalent sulfates (v’ o ).

e Severa low frequency bandsat v <1150 cm*are
dueto (v’ ) Stretching modes®-#.,

The spectrum for bentonite clay (figure 5-b) re-
vedsalarge and relatively broad absorption band at
OH-stretching region ranging from 3750-3400 cn?
givingrisetothreeclear pesksat 3692, 3619 and 3414
cnt that can be assigned to the bonded and unbounded
OH of the clay mineral.. Theabsorption band at~3692
cmrtisascribed to those hydroxyl groups constituting
oneside of the sheet, sometimesreferred to asinner
surface hydroxylg%3. The absorption band at 3619
cmrtisassigned to hydroxyl groupslocated insidethe
sheet being situated at the middlelayer between the
tetrahedral and octahedrd that congtitute the bentonitic
structure?!, Thelarge broad band centered at ~3415
cm?ischaracterized for the vibration frequencies of
OH groupsontheclay surface and/or ontheinside of
thedlicatesheet structure,

Theband centered at 1630 cn isassigned to the
OH vibration of theinterlayer molecular water wheress,
the strong band at therange 1150-920 cm* isbelieved
to characterize bentonite being rel ated to the OH-Al
group.

Severa minor absorption bandsin therange of 690-
920cm* may be ascribed to the (Si-O) group of ka-
olinite and bentonite minerals. The two bands at the
lower vibration regionintherange 460-530 cn! may
correspond to thevibration of Si-O groupsand Si-O-
Al group of kaoliniterespectively.

Furthermore, the spectrum of dried SZ-PILC
(figure 5-c) digplaysthe main constituent bands of ben-
tonite clay, in addition to the appearance of relatively
sharp band at~1398 cm that is attributed to ahighly
covaent and/or poly-nuclear sulfate species(2) inter-
cdatedintotheinter-lamellar region of theclay. Mean-
while, thesmall broad band at~1550 cm* may also be
attributed to the existence of some isolated sulfate
groups. However, an observed broadeningin the OH-
stretching band at~3600-3000cn might be attributed
to either the partia substitution of some OH groups of
theinterlayer structure by SO,* groups or the cross-

= Fyf] Paper

linking of sulfated polycationic gpeciestothe OH groups
congtitutingtheslica-slicatetrahedra sheetsof bento-
nite

The spectrum of calcined SZ-PILC exhibitsgener-
aly; relative broadening of most bandsascribed to the
bentonite structure 1043, 1110 and 3700-3400cm* as
well asthedisappearance of the characteristic band for
polynuclested sulfate speciesa 1398cm'™. Thisbehav-
ior can bereferred to the dight compactionin theinter
layer spacing accompany the partial removal of the
interlayer water [ broadening of the band at 1630cm’]
aswell asthe probable decompostion of poly-nucleated
sulfated speciesto smaller sulfated zirconium species.

3.1.4Textural characteristics

Surface propertiesfor the prepared materialswere
determined from nitrogen adsorption isotherms con-
ducted at-196°C.

Thedataobtained including, specific surfacearea
(S;), total porevolume (Vp), and mean poreradius
(r,) arepresentedin TABLE 2.

Theadsorption isothermsrepresented infigure 6-1
belongtotypelV of Brunauer classification®! and ex-
hibited H, hysteresisloop (according to IUPAC classi-
fication), closing at P/P°~0.4 denoting the presence of
aggregate of platelikeparticlesgiving riseto dit-shaped
pore(2e),

TheS, vauesof studied materialscomputed from
linear plotsof the S, equation revea ed an observed
increasein surfaceareaof the parent clay from (71m?/
g) to (78 m?/g) for thepillared one, meanwhile, thetota
pore volume and average pore radius decreased sig-
nificantly.

The noticeableincreasein the surface areaof the
calcined sulfated zirconiapillared clay aremost prob-
ably arisefrom the creation of microporosity feature
through thedispersion of smaler zirconiaspecies(pil-
lars) intheinterlamellar region . However, thedecrease
ineither total porevolume or average poreradiusmay
indicatethemigration of somezirconiaspeciesinto the
interlamellaporesand their occupation to aportion of
them.

The porousstructure of the prepared materid swas
asoidentified by t-method of deBoer et d., (J.H.De
Boer, B.GLinen, T.J.Osniga, Metallurgia4, (1965)
319). V-t plot for the parent clay which lead to straight
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Figure8: Effect of temperatureon the selectivity of SZ
tower ed n-hexaneconverted products

lines passing through the origin with upward deviation
(figure 6-11) retaining the mesoporoustexture of bento-
niteclay. However, high-adsorbed volumeisactually  catayst isexamined through n-hexanetransformation

Au Tudian Yournal

dueto capillary condensation resulted from adsorbate-
adsorbate interaction in meso-pores. Meanwhile, v-t
plot for thecalcined sulfated zirconiapillared claysrep-
resented downward deviation indicates the micro
porosity feature.

Moreover, pore size distribution data (PSD) for
studied samplesisinvestigated using N, physisorption
techniquefrom the desorption curveandillustrated in
figure6-111.

PSD for parent clay revealed abimodal contribu-
tion by poreswith an average diameter of 21and 63A..
Meanwhile, calc sulfated zirconiapillared clay (figure
6-111) exhibited amgjor contribution for microporeswith
an average porediameter 12.1A and minor contribu-
tion for wider pores of diameter (50A). The created
micropores (12A) are most probably raised from the
homogenousdistribution of smdler zirconiaspecies (pil-
lars) which may d sointruded to someof theoriginaly
existed mesopores, agglomerated and widening them
t0 50 A [as indicated by smaller pore fraction (dV/dD)
~0.1 and in agreement with the data of pore volume
and poreradiusg].

3.2. Catalyticactivity
Catdyticactivity of the prepared SZ and SZ-PILC
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reaction at temperaturesvarying between 180-300°C.
Dataareillustrated in Figures 7-10.

Thedataindicatesthetypica dependenceof n-hex-
ane conversion on the reaction temperature over both
catalysts, thus, total conversionincreaseswithraising
thereactiontemperature (Figure 7).

On SZ catalyst the product distribution of n-hex-
ane conversion reved ed that methyl-pentane (iso-hex-
ane) isthemajor isomeric product, its selectivity de-
creasesgradually with theincreasein thetota conver-
son (figure8).

Ontheother hand iso-butaneis considered asthe
predominant product at al reaction temperatures, its

= Fyl] Peper

sdlectivity increaseswith thetotd conversion. Consid-
erable amount of isopentaneisa so obtained within-
crementa sdectivity withtheincreaseinthetota con-
version (figure 8). Propane, ethane and methanewere
within detectionlimits. Skeletal isomers (i-C7 and -
C8) wereamong theminor productswith sdectivity<5%
at thehighest total conversion.

Conversion of n-hexaneover calcined SZ-PILC
seemed tofollow the sametrend as SZ. Product distri-
bution of n-hexane conversion over SZ-PILC(Figure
9) reveal ed two isomeric productsfor n-hexane, mono-
branchedisomer (methyl pentane) and dibranchediso-
mer (dimethyl butane) that decreased withtheincrease
inreaction temperature. Their selectivity exhibited a
gradud decreasewith theincreaseinthetotal conver-
son (Figure 10). Thesharp decrease of theseisomeric
products at reaction temperatures over 200°C ismost
probably resulted from the consecutive cracking reac-
tionsand isaccompanied by amarkedincreaseinthe
yield of iso-pentane and i so-butane.

Moreover, thesignificant increasein C,* products
(C,andC,) withthetotal conversion may beresulted
from disproportionation reaction(?82, Methyl-
cyclopentane, cyclohexane, benzeneand tolueneare
also formed. Theformation of these cyclic products
may take placeviaether aselectiveor anon-selective
dehydrocyclization process of n-hexane and corre-
sponded to thereversereaction of aselective or non-
sel ective cyclic mechanismi®3U, Furthermore, cyclo-
hexane may undergo dehydrogenation leading to the
production of benzene and 1-5 ring contraction that
giving riseto methyl cyclopentane®.

From the previous exploration for the products of
n-hexanetrandormation over theinvestigated SZ-PILC,
thereaction network in SCHEMEL can be suggested.

Thereactions shown inthe SCHEME are gener-
aly bdievedto proceed viacarbeniumion mechanism=;
however, the high abundance of i so-pentaneand iso-
butane may indicatethe high preference of bimolecular
reactiong***, One of the possible routes would in-
volve splitting at the center of n-hexane moleculeto
giveasurface C, entity. Thismay not desorb as pro-
pane but seemsto react with another C, unittoforma
C, intermediate that produces iso-pentane and iso-
putane’®6:37,

Consistent with this pattern, one would specul ate
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theisomerization processto proceed viamonomol ecu-
lar mechanism that predominatesinitialy followed by
bimolecular mechanismthat attributedtoresultindis-
proportionation processes.

4. CONCLUSION

Theresults presented in thiswork show that sul-
fated zirconium modified pillared clay can beobtained
with good thermal stability, modified structurd and tex-
turd properties. Theresultsa soindicated that SZ-PILC
showsinferior performancein n-hexanetrangformation
viaisomerization, disproportionationand cracking re-
actions. The n-hexaneisomerization takes place pre-
dominantly at thelower temperatures, whereas, dis-
proporti oneti on becomes predominant at the higher tem-
peratures. Thehigher isomerization activity and selec-
tivity of themodified sulfated zirconiapillared clay at
lower temperatures, may inferred to acidity enhance-
ment by the effect of sulfategroups. SZ-PILC catalyst
isalso activefor theformation of dibranched product
under the present experimental conditions, whichim-
pliesthat they can meet the demanding criteriafor pro-
duction of higher octane number a kanes.
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