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Abstract

Synthetic exchanged zeolites have proved to be active catalystsfor the selective catalytic
reduction (SCR) NO, by hydrocarbons as reductors in the presence of O, The abundance
and potentiality of argentine zeolite mineral resources encouraged us to analyze the
possibitity of taking advantage of these minerals as starting materials for catalyts
preparation. Inthis sense, clinoptilolite-rich tuffaceous material was selected. Clinoptilolite
(named CLLI), belonging to the heulandite-type zeolite (HEU), was treated with Co(l1) and
Co(11)-Rh(I11) solutionsto obtain the monometallic and bimetallic zeolite systems, precursors
of the catalysts. The mineral, the precursors and the catalysts were characterized by means
of several techniques such as XRD, XRF, FTIR and DRS spectroscopies, thermal studies
(DTGA, TPR), SEM-EDAX microscopy and textural analysis. The steps of the chemical
treatment were carried out, in part, in solution, involving the mineral transformation into
the NH,-CLI, Co(I1)-CLI and Co-Rh-CLI precursor phases. Catalysts were obtained by
thermal treatment at 500°C. TPR measurements provided information about the interactions
and characteristics of the active metal s with the aluminosilicate framework of the catalysts.

J. Arg. Chem. Soc. 2004, 92 (1/3), 139 - 153



140 Botto, I.L. et al.

Two types of catalysts were evaluated for the NO, reduction reaction using propane in O,
presence: 0.5%(w/w)Co-CLI and 0.25%(w/w)Rh—0.5%(w/w)Co-CLI respectively. The
performance of catalysts obtained from natural zeolites revealed that they were active for
the reaction, despite the very low metallic content.

Resumen

Las zeolitas sintéticas intercambiadas con metales han demostrado ser activos
catalizadores para la reduccion catalitica selectiva (SCR) de oxidos de nitrogeno (NO,)
mediante el uso de hidrocarburos como reductores, en presencia de O,. La abundancia'y
potencialidad de los recursos naturales argentinos en zeolitas, nos impulsd a analizar la
posibilidad de aprovechamiento de esos minerales para su uso como materiales de partida
en la preparacion de catalizadores. En tal sentido, se seleccion6 material tobaceo, rico en
clinoptilolita. La clinoptilolita (denominada CLI) fue tratada con soluciones de Co(ll) y
de Co(l1)-Rh(l11) para obtener sistemas zeoliticos mono- y bimetélicos, precursores de los
catalizadores. El mineral, losprecursoresy los catalizadoresfueron caracterizados mediante
distintas técnicas, tales como XRD, XRF, espectroscopias FTIR y de reflectancia difusa,
estudiostérmicos (DTGA, TPR), microscopia electrénica de barrido (SEM-EDAX) y andlisis
texturales. Lasetapasdel proceso quimico fueron, enparte, en soluciénacuosa, implicando
la transformacion del mineral en las fases precursoras NH,-CLI, Co-CLI y Rh-Co-CLI. Los
catalizadores fueron obtenidos por tratamiento térmico a 500°C. Las medidas de TPR
permitieron obtener informacion acerca delainteracciony caracteristicas del metal activo
en el esgueleto aluminosilicico delos catalizadores. Se evaluaron dostipos de catalizadores
para lareaccion de reduccion de NO, a N, mediante el empleo de propano, en presencia de
0O, 0,5% (en peso) Co-CLI y 0,25 % (en peso) Rh- 0,5 % Co-CLI. El comportamiento delos
catalizadores obtenidos a partir de zeolita natural revel6 que ellos son activos para la
reaccion, no obstante el muy bajo contenido metalico.

Introduction

Natural zeolitesareauminosilicateswitha3D framework, building from TO, tetrahedra
(T=Al, Si), delimiting channelsand cagesof different dimensions. Molecular sizesof 6, 8, 10and
12 member ring openingsareranged between 3to 7.5 A [1].

Zeolites can be distinguishesfrom some other tectosilicates by the framework density
(FD) expressed asnumber of T atomsper 1000 A 3[1,2]. This parameter (ranged between 12
and 20 for zeolitesand higher than 20 for non-zeolitic framework structures) isrelated to the
pore volume but it does not reflect the size of the pore openings. Hence, the application of
zeolitesin adsorption andion exchange processesisderived from thisstructural feature[2].

Thesecond half of 20" century wastranscendent in the zeolites devel opment. From the
geologica point of view, enormous deposits of zeolite bearing rockswere discovered in many
partsof theworld. Likewise, theinterest ininorganicion exchangerswas connected with the
growthinthenuclear industry and the need of suitableion exchangersfor processing radionuclide-
contai ning waters. Thestimulated fundamental research oninorganicion exchangers pointsout
the selectivity and specificity for certainions, opening theway for gpplicationsin thetrestment of
industrial exhausted solutions, in wastewater trestmentsand pollution control [3-5].

Ontheother hand, the synthesisof zeolite-ana oguesand the preparation of new materids
from the bare mineral species have been topicsof considerableinterest. So, the exceptional
phys cochemicd propertiesof thesemicroporousmeaterid soffered new andinteresting perspectives
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for basic and applied studiesin the chemistry field. Hence, at the present time, awiderange of
applicationsin petrochemistry, fine chemistry, environmental protection, agronomy and more
recently inthe pharmaceutical industry and medicineare based on thefunctionalization of these
materias[2,6-8]. Inall cases, inorganic chemistry playsacrucial roleinthe scopeof thezeolite
development: not only in designing and discovering new zeolite-likematerials, but alsointhe
chemistry routesto transform natural speciesin useful compoundsaswell asinthe study of
structural, thermal and spectroscopic properties.

Althoughthenatura microporousauminoglicateswereextensvely usedinenvironmenta
protection (waste managements) from processesrel ated toion-exchangein solution, theusefulness
of zeolitetuffsin catalysisislimited and recent [9-12]. In thisfield the pioneering workswere
directed by the synthetic zeolites.

Theincreasing of toxic NO, emissionsfrom anthropogenic activitiesand theinterestin
improving theenvironmental control promoted theformulation of novel materidsasactive/sdective
catalystsfor the nitrogen oxidesreduction. Inthis sense, severa synthetic exchanged Metal-
zeolites (M= transition element) showed to be attractive catalytic materialsfor the selective
catalytic reduction (SCR) of NO_by hydrocarbonsin oxygen presence[13,14].

Theaim of thiswork isto study applicationsof argentinezeolitic tuffstaking into account
the abundance, availability and low cost of these natural resourcesin our country. Thestructural,
thermal and chemical characterization of natural zeoliteswas madewith the purpose of using
theminthepreparation of monometdlic (Co) and bimetdlic (Co/Rh)-zeolitecataysts. Thecataytic
performance of these materialsfor the model reaction of NO, - reductionto N,, by means of
propane (SCR) in presence of O, wasevaluated. Clinoptilolite-richtuff was selected for the
transformation in catalytic materias. Bare and treated minera sby means of inorganic methods
(ion-exchange precursors) were analyzed by SEM-EDAX microscopy, FTIR and DRS
spectroscopical techniques, XRD analysisand thermal and textural methods. The catalytic
performance of theNO -SCR reaction resulted from the comparison with the Co/ALO, catalytic
testing data providing supplementary evidencefor the potentiality of mineral speciesinthe
preparation of useful materias.

Experimental

Samplesof clinoptilolitefrom different depositsof our country were characterized by
means of X-ray diffraction (XRD), atomic absorption spectroscopy and X -ray fluorescence
analysis (XRF) (University of Geneve), SEM-EDAX microscopy and thermal (DTGA) and
textural studies. The surface datawere obtained by N2 adsorption-desorption at 77 K using a
MicromeriticsASAP 2010 analyzer. The sampleswere preheated under vacuumin two steps of
1hat 100°C and 1 h at 200°C. BET specific surface area, were obtained from adsorption data
intherelative pressurerange 0.05-0.2. BJH pore sizedistribution [ 15], were obtained from data
of the desorption branch of theisotherm micropore anaysisby t-test [16], adopting the Harkins
& Jurareference curve[17] and total pore volume by Gurvitsch rule[18]. Original sample
showed a specific area of ~10 m?/g whereas the specific areas of exchanged sampleswere
between 11 and 14 m?/g, depending on thetreatment.

Thethermal stability wasaso andlyzed by meansof “instu” XRD andysis(inairandin
water vapour atmospheres) up to ~700°C.
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Fromthe preliminary study, aclinoptilolite-rich samplewith the chemical composition
givenintable 1 was selected to use as parent tuffaceous material in the preparation of the
precursor phases|eading tothe catalystsby therma activation. A small proportionof SO, (quartz
form) was observed in all samplesasasubordinated mineral. The presence of vitrous phase
(rhyolitic glass) was observed by petrographical mycroscopy. Vol caniclastic material isthe
precursor of sedimentary zeolite from reaction in an open hydrological system. From the
geochemical point of view, thegenera hydration sequence: Glass+H,O— clinoptilolite+ions,
leftasmall proportionof SO, that crystalized asalate ateration product.

Table 1:Chemical analysis of bare clinoptilolite by XRF analysis
Majority elements (as % oxides)

S0, | TiO, | ALO, |Fe,0, | FeO | MnO | MgO | CaO | Na,O| K,0 | P,O, | H,0

66.99 | 0.16 | 13.39 | 0.87 | 000 | 0.01 | 0.99 | 254 353 | 148 | 0.04 |10.08

Minority elements (in ppm )

Nb Zr Y Sr U Rb Th Pb Ga | Zn Cu Ni

25 79 28 | 1421 | <2 | 3 10 10 1 22 13 <2

Co | Cr \Y Ce |Nd | Ba La S Hf Sc As

<2 9 16 | 43 |16 | 381 21 5768 6 7 <3

Although clinoptiloliteis characterized by aK>Nacontent, the studied sample showed
an inverse trend, which can be explained by the zeolite genesis from the hydrolysis of the
volcaniclasticmaterial inaNa-rich salinesolution.

Inafirst step, CLI wastreated with ammonium chloride solution to exchangeakali and
akdine-earth elementsby NH,. Treatmentswere done at different experimental conditions: i)
fromRT upto 120°C, ii) from 24 to 240 h., iii) at different ammonium concentrationiv) with and
without stirring. These preliminary treatments permitted to select the conditionsto obtain NH -
CLI. So, 10g of (Na,K)CLI were treated with excess of NH,CI 0.5 M at RT for 24 h. with
congtant stirring. Thesamplewas heated up to 300°C for 24 hto eiminate partidly theNH,. The
completeevolution of NH, occurred at ~500°C to give the acid zeolite, (named H-CL1).

Themonometallic Co-CL I precursor of catalystswas obtained by treating NH -CL I with
cobalt acetate sol utions (variable concentration). Selected conditionsto obtain Co-CL | wereas
follows: 5gof NH,-CLI (after thermal treatment at 300°C) weretreated with solution of cobalt
acatate0.01M a RT for 12h (withgtirring). Theprofileof theionexchangeisothermintheexperimenta
conditionsledtoa0.5% (w/w) Co. Theisotherm reportsthe equivaent fraction of theincoming
cation, present at equilibriumintheliquid phasevstheeguivaent fraction of thecationinthezeolite.
Thechemicd andyssof cobdt wasmadeby AASconsderingtheinitia andfind concentration of
the cobalt acetate solution used in thetreatment. Standards of cobalt acetatewere used.
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Thebimetallic Rh-Co-CL 1 precursor was obtained fromtreating 2 g of Co/CL1 (0.5%
Co) withaRh(I11) chloridesolution (10 M) until dryness( final content of Rh=0.25% (w/w)).

Thecatdystswereobtained fromthe precursorshy treetment at 500°Cinflowingair for 3h.

FTIR spectroscopy wasparticularly usedto andyzethe NH, exchanging anditselimination
by heating. Measurementswerecarried out inaBruker (IFS-66) Spectrophotometer with the
KBr pellet technique.

The DRS spectrawereregistered in aBeckman DK 1 spectrophotometer between 2500
and 210 nm, by using MgO asreference.

DTGA wereregistered on a Shimadzu 50 equipment under inert atmosphere.

Thermal studiesin areducing aimosphere (H,/N,=10/90) were madein ahome-made
temperature programmed reduction equipment (TPR). Thistechnique enablesthe determination
of interactions of the cobalt specieswiththe zeolitic framework.

Catalytic reactionswere evaluated in afixed bed reactor, heated electrically and the
temperature measured by means of athermocoupl e of the K typein contact with the catalytic
bed. Thereaction mixturewas obtained from four feed lines: NO-He, methane or propane/He,
O,/Heand He asbalance. Before reaction the catalysts were activated at 500°C for 1 h.. The
reaction was carried out between 250 and 700°C. The reactant mixture had a composition
1500ppm of NO, variable concentration of O, (0.8-2.5 %), 2000ppm of C_H, and space
velocity (GHSV) of 8600 hr. The catalyst mass used was 0.400 g and thetotal flow ratewas50
ml/min. Reaction productswere analyzed by using agas chromatograph, Shimadzu GC-8a,
provided withathermal conductivity detector. The separation of productswas performed witha
concentriccolumn CTRI (Altech).

CatalyticNO-N, conversioniscalculated as X ,= 2[N,]/[[NO] whereas the propane
conversion (to give CO,), asthe secondary reaction of combustion, isexpressedas X .= 1/3
[COJ/[CH,].

Results And Discussion

Clinoptilolite (CLI) is a sedimentary zeolite with atypical chemical composition
(NaK)(Al S,,0,,).20H,0. Thisisthe most abundant of natural zeolitesand can beclassified
asasdlicarrichmember ((S/Al) ratio ~5and FD=17). Theframework topology ischaracterized
by atwo dimensional pore systemwith the presence of 8-ring channelsthat intersect two paralel
10-ring and 8-ring channelsrespectively ([100] 8 2.6 x 4.%— —{[001 10 3.0x 7.6 +8 3.3x4.6})
[2,19]. Thiszeolite presents good adsorption propertiesfor CO,, SO,, NH, and NO, gases[2].
Therelatively open structure of heulandite-type zeolites enhancesthe sorption properties. The
chemica composition of the aluminosilicate framework, modul atestheion exchange property.
Thisisexpressed as cation exchange capacity (CEC) and it can theoretically reach 330 meg/
100g[20].

CLIishighly sdlectivefor theammonium cation. Thesdlectivity sequencea RT isNH,~K
>Na>Ca>Mg. According tothesedata, itisexpected alow incorporation of Co. However, this
ismuch moreeffectivewhenthe CLI wasprevioudy exchanged withNH,. TheNH, exchangeis



144 Botto, I.L. et al.

anindirect method to obtainthe H-CL 1 that avoidsthe use of an acid treatment. Likewise, the
protonic acid Steseemsto play asynergistic roleinteracting with the metallic specieinthe metal
modified synthetic zeolite cataysts[9].

Therearedifferent sorption mechanismsincluding the so-cdledionexchange. Thesorption
of metallic ions seems to be affected by a combination of factors, corresponding to the
phys cochemical characteristicsof both, the solution and the solid. on exchange dependson the
temperature, the pH and concentration of the solution and particularly on thehydrated ionic radii
of theionsas correlated to the zealitic channels. The temperature enhancestheion exchange
whilethepH isaso critical [21]. So, themost optimum conditionsfor successful metal loading
should berelated to exchange cations of low valence and large size (small hydrated radious) by
using increased temperature and rather high pH (in order to minimize the effect of mobile H*
ions). Thehigh specific surfaceareaaswell asthelong treatment time (by a stepwise process)
favour theionexchange[21] In HEU-type zeolitestheion exchangeiseasy for acai and alcaine
earthelementsbut itisnot so clear for trangtionion eements. Inthiscase, the processisstrongly
dependent on theagueous chemistry of the* d” speciesand thusthe hydrolisisreactionscangive
solubleand/or insoluble productsthat interact with the microporous zeolite. Asaconsequence,
the sorption mechanismsdo not only comprise theion exchange process (absorption into the
channd sintheauminosilicateframework) al so adsorption (pecific and/or non-specific regarding
inner-sphere and/or outer-sphere surface complexation) and surface precipitation and co-
precipitation processes. Thislast reactions can generate non-stoichiometric phases, composite
materials, metal ionssupported onthe surface, etc) [22,23].

The synthesisof HEU-type zeolitesmodified by Cowasreportedintheliterature[21],
although controversid opinionswere expressed respect to the Co-content. The highest reported
value was 7.5%(w/w). With this concentration the simultaneous presence of Co speciesas
supported phases, segregated oxides and exchanged zeolitewere suggested by SEM-EDAX as
well as X PSresults[21]. Thepresenceof Co(lll) intheform of composite materia sor segregated
phases are strongly dependent on the Co loading. Another information about Co-HEU type
zeoliteswasavailableby Kim et al. [24]. They reported the synthesis of aexchanged Co-CL I
zeolitewith the Co, H, Al .Si, ,O,, composition (Si/Al ~5.8) [24]. However even at the
highest surface areaof synthetic zeolite (114 n?/g) and under drastic experimentd conditions, the
full exchange by cobalt wasnot reached. Thereported exchange correspondsto acobalt content
of ~5 % (w/w) [24].

Itiscommon that natura zeolites present avery low surfacearea. Thischaracteristic can
be particularly attributed to aporeblockage of the crystalline zeolite phase by thevitreous zeolite-
precursor. Because of agreat affinity for theammoniaion, itispossibleto get, by ionexchange,
themonoionicammoniaform of CLI. Thus, we have observed by EDAX that al ions, except a
part of potassium were exchanged by NH,. However, amild conditionsemployed for the Co
exchange (RT) ledtothevery low content of thismeta (only 0.5 % (w/w)).
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Figure 1. Nitrogen adsorption-desorption isotherms at 77 K for Clinoptinolite (CLI) and
Co-containing Clinoptinolite (Co-CLI)

Fig 1 showsthe nitrogen adsorption-desorptionisothermsat 77 K for CLI and Co-CLI
respectively. Inorder to evauatethetota porevolume, the Gurvitsch rule hasbeen appliedtothe
adsorption data at P/Po = 0.99 (instead of the usual value of P/Po = 0.95 adopted when a
definite plateau ispresent). Thehysteresisloop of the desorption branch reved stheexistence of
large pores (meso and macroporous) and alimited amount of microporesinthesamples. Itis
evident that the two samplesdo not possessthetypical porous structure expected for synthetic
zeolitesasdlicaiteand ZSM-5, which giveriseto another type of adsorption isothermsaccording
totheclassification of Brunauer, Deming, Demingand Teller (BDDT) [25].

Resultsgivenin Table2 indicatethat the preparation method tointroduce cobalt doesnot
significantly modify thetextural parametersof the host structure. However, itisknown that an
increase of micropore and external/macropore areaisclearly observed after ion exchange of
natutral HEU withammonium [9]. That is, the preparative method for theincorporation of Cobalt
restored part of the original mesoporosity of the host matrix.

Table 2. Textural features of CLI and Co-CLI precursor

SAMPLES | BET aream? g* VML g1l | S m>g?! vV, mL g-1 DpA

CLI 1.0 0.043 8.4 0.001 n.d.
Co-CLI 14.5 0.052 118 0.001 n.d.

TheDTGA plotsof CLI, NH,-CL1 and Co-CLI, showninFig 2, reveal thewater loss
up to ~250°C.



146 Botto, I.L. et al.

0.004
3

0.003 i S
.’é\ I| s o R" /
S
o) V.~ b
E 0002 | W e
B 1 A s
0 o001 | o E

1 -~

0 200 400 600 800

T(O
Figure 2. DTGA plots of: a) NH,-CLI, b) Co-CLI, c) CLI

TheNH, lossfromtheNH,-CLI (curvea) isobserved at ~380°C, asituation that |eads
totheformation of Bronsted acid sites(H-CL1). The Co-CLI (curveb) obtained fromNH,-CL |
partially transformedintheacid format 300°C, clearly revealsthe presence of NH, ions. Inthis
casetheNH, evolution occursat higher temperature than that observed for theNH ,-CL I (420°C).
The temperature shifting can be attributed to the sel ective adsorption of thisgasaswell asthe
interaction between Co(I1) and NH,,. Thisisnot unexpected becausetheintrazeolitic or surface
cobdtionsareLewisacid centresthat can retain easily the NH, L ewisbase.

Figure 3 showsthe FTIR spectraof NH,-CLI. The splitting of the NH, bending-mode
(~1400cm) isattributed tothelowering of the T, symmetry by interactionwith theauminosilicate
framework. A higher intensity of the band at 1640 cn(in comparison with the band of water of
theuntreated CL ), correspondsto the overlapping of the bending mode of water with some
component of the NH, splitting. The presence of aductsbetweentheion andtheacid sitesof the
zeolite can be suggested [ 26].

Theinteraction between the zeoliteframework and NH, ionsand thefurther dteration by

heating canbedrawn as.

ik |
O O O O O O
Al S — Al S
O O O O O O
O HO O
although the formation of Al S entities isalso possible.
O O O
O O o O O
Finally, the presence of Al S and Al *Si
O O O O O O O

speciescan beobserved at temperatures higher than 650°C [2].



Environmental Application Of Natural... 147

70
60

50

40 / b
30— _ M

T (%)

20

10

Y I P P P P B PR
4000 3500 3000 2500 2000 1500 1000 500

vem?!

Figure 3: FTIR spectrum of NH,-CLI ( between 4000 and 450 cm?)

X-ray diffractionlinesof theparent CLI remainedintact duringtheNH, or Co(ll) ionexchange,
revealing thelow effect of the extra-framework ions. Likewise, the structure of Co-CLI was
preserved by heating upto ~700°C. Fig. 4 showsthe Co-CLI “insitu” X-ray diffraction pattern
by heating up to 800°C.
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Figure 4: (in situ) XRD patterns of CoCLI (air atmosphere)
It isinteresting to notethat the thermal treatment isuseful to differentiate clinoptilolitefrom

heulandite[2]. Although heulandite and clinoptilolite areisotypic, thedifferent stability can be
related to thelower Si/Al ratio of theformer. Thisisreliablefor adifferent distribution of the
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extraframework cations and consequently heulandite show acomplete structural collapse at
~450°C[27]. Theidentity of thezeoliteand thethermal stability of exchanged clinoptilolitewas
SO corroborated.

Thethermd behaviour inwater vapour amosphereisshowninFig5. Thecrysa structure
remainswithout changesand only adight lossof crystalinity isobserved by heating up to ~700
°C. Noclear signa of dealumination wasregistered by EDAX anaysis.

Fig 6 showsthe DRS spectraof Co-CL | precursor heated at 300°C. Although the Co
content islow, weak signalsof Co- d-d transitions are observed. Thetwo broad bandsin the
700 and 1400 nm seem to berelated to the presence of Co(I1) and Co(l11) species, whereasthe
band at ~410 nm can be attributed to Co(l11)-Co(l1) CT [28]. Inthissense, are-arrangement of
theoriginal siteof cobalt (associated to O atomsand water mol ecul es) isobserved by heating.
Theedimination of water suggestsalowering of local
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Figure 5:(in situ) XRD patterns of Figure 6: DRS of Co-CLI precursor
CoCLI (water vapour atmosphere) (heated at 300°C)

symmetry of themetd ste. A strong interaction effect isgoverned by the Co redox chemistry and
by diffusional aspects. So, theredox propertiesand the metal site-symmetry arefactorsused to
explain the efficient enzimatic catalysistrough the pre-formation of atransition state so called
“entatic state” [29]. It isexpected that the redox chemistry of Co(I1)-Co(l11) isenergetically
favoured by ad’ Co(l1) distorted tetrahedral environment (with completely filled bonding e,
orbitals) and by d® low spin Co(l11) in octahedral coordination (withthecompletely filled bondi ng
by orbitals). Thesefacts, aswell asthelow content of Cointhe precursor and the chemistry of
thiselement in solid state decrease, till more, the resol ution of the DRS spectrum of catalysts
(500°C). So, the TPR technique, described bel ow, will helpto analyzethe possible Co-interaction
and/or segregation from thea uminoslicateframework.

Itisevident that the zeoliteframework (inthe presence or absence of water) functionsas
ahugeligand to coordinate and stabilizethemetal cations. The nature and extent of interactions
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between the cationsand zeolite framework, depending on the size and shape of the poreswhere
themetalscan belocated, are useful to analyzethe catalytic propertiesfor the SCR reaction of
NOx by hydrocarbons. In general, it was suggested that the Co(I1) sitesin 8-ring channelsare
thermodynamically more stable than thosein 10-ring channelsfor thisreaction and consequently
the CLI , withtwo typesof 8-ring channelsmay play animportant rolein achieving the activity
for NOx reduction by CH, [24]. On the other hand, the migration of Co(l1) ionstotheinternal
sitesof zeolite by temperature effect can be considered in the activation of the precursor to give
the cataysts, without causing diffusional problemswith thereactivemolecules[24].

Itisgenerally accepted that the reduction of NOx by hydrocarbonsin oxygen excess
proceedsthrough aseriesof steps. Soit isexpected that adegquate combination of metal species
(redox properties) may givemoreactivecataysts. Inthissense, bifunctional catalystscontaining
trangtion metalsof thefirst series” d” and someedement of the Pt group may improvethecataytic
activity and the tolerance of water vapour, preventing severe dealumination process after
hydrothermal aging. Hence, the acid-base, redox and structural propertiesarerelated to the
potentidity of H-Zeol, the synergetic effect and thetopol ogy of thea uminosilicate matrix toward
the geometry and characteristics of reductor hydrocarbon. Inthisway, wedirect the attentionto
theRh-Co-CL 1 system. The presence of Rh doesnot affect the structural festure of clinoptilolite,
accordingto XRD analysis.

An adequateform to anayzetheinteraction of metal swith the aluminosilicateframework
seemsto bethe temperature programmed technique (TPR). Thismethod allowsto identify the
presenceof segregated phases, intrazeolitic metal cationsaswell asmeta ionssupported onthe
surface. Itispossibleto know about the activation of the catalyst from theavailability of metals
for their reduction by H,, [30]. Thethermal behaviour under reduction conditionsisobservedin
Fig. 7. The TPR pattern of zeolite parent clinoptil olite doesnot show signasof reducible species
up to 950°C. In thissensg, it isinteresting to denote that only one weak signal of reduction
gppearsat 980°C. Thisissubsequent tothed uminosilicateframework collgpse, which I eft available
iron species. Thisfact isvery interesting because the TPR techniqueisreveal ed asauseful
techniqueto show theexistence of structura Fe(l11) (by isomorphousreplacement of Al(111)). In
thissense, weareanayzing thereducing behaviour of different natura auminoslicates(claysand
zeolites), inwhichitisusual the presence of two typesof iron species, according to the mineral
genes's. those speciesre ated to the associ ated mineral sasimpurities (amorphousor crystalline
Fe(I11)-oxide-hydroxide such asgoethite, limonite, haematite, etc) and the structural Fe(l11),in
the covalent framework.

The TPR pattern of the Co-CL 1 catalyst ischaracterized by two signds: thefirst oneat
~580°C and the second one at ~900°C. Thislast showsahigher intensity than that observedin
thebare CLI pattern and also appearsat lower temperature. It iswell known that binary cobalt
oxides(CoO and Co,0,) ashulk present TPR signasinthe 400 °C region, correspondingtothe
Co(I11)-Co(1l) and Co(l1)-Co reduction processes [30]. The reducibility of cobalt species
decreaseswhenitissupported [30]. From thedifferent Co-speciesin activated Co-Zeol systems
thereductiontemperature of extraframework cobdt (including free oxidesand surfacecations) is
lower than that of intrazeolitic type. It can be established thefollowing order: free Co-oxides(
~400°C), surface cobalt (500-600°C) intrazeolitc and deeply anchored cobalt (temperature higher
than 700°C) [31].
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Figure 7: TPR patterns of : a) CLI, b) Co-CLI, ¢) Rh-Co-CLI

Hence, it can be clearly observed the presence of Co(l1) and Co(lll) of intermediate
interaction and Co(l1) specieswith astrong interaction but it can be disregarded the presence of
freebinary Co-O oxides (from segregated crystalline oxides or amorphous composites). These
phases have been observedin related systems by heating the precursorsat temperature higher
than 650°C [30,32].

Theincorporation of Rh(111) affectsthe Co(ll) reducibility. FreeRh(I11) oxidereducesat
very low temperature (~135°C), according to experimental conditions[30]. It isalso knownthat
thereducibility of thismeta can beaffectedin asupported system. Rh(I11) supportedon SO, or
TiO, reduces at lower temperature whereas when it is supported on more basic oxides, the
reductiontemperatureisincreased up to 250°C[30]. Therefore, wearein conditionsto analyze
the TPR pattern of the bimetallic catalyst Co(0.5%)-Rh(0.25%)-CL . Thefirst reduction zone,
located between 50 and 300°C, can be associated to the Rh(111) —Rh process. Fromthisreaction,
theH,—2H activation favourstheintrazeolitic/surface Co(l 1) reduction, showing differences
with themonometallic system. A continuous reduction process between 300 and ~650°C can be
assignedto Co(ll) speciesof differentinteraction. Likewise, the strong and asymmetric signal
between 780 and 900°C isattributed to the Rh activation effect on thereducibility of Co(ll) inthe
oxidematrix after the zeolite collapseand aso onthat of thestructurd iron.

Fig 7 givestheNO-N, conversion for the Co-CL | and Rh-Co-CL I catalysts measured
asafunction of reaction temperatureat aGHSV of 8600 h*, according to the experimental
conditions. Although the bare clinoptilolite (activated at 500° C) isdightly activefor the studied
reaction (conversion of 17% at 600°C), the Co-CL | catalyst shows an activity increase by
metallic effect (maximun of conversion closeto 31 % at 600°C). The Rh-Co-CLI catalyst does
not involve anincrease of the activity (conversion of 40 %) but the reaction occursat lower
temperature (400°C).
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Figure 8: NO-N, conversion of CLI (A), Co-CLI (M) and Rh-Co-CLI (@).
Corresponding data forthe C;H.~CO, conversion are indicated by empty simbols.

Table 3 sumsup dataof NO-N,, and of propane-CO, conversionsby using the prepared
Co-CLI and Rh-Co-CLI catalysts. Catalytic data of the Co(1.5%)/Al. O, reference system,
previoudy treated at 1000°C (in smilar experimental testing conditiong 33]) and those of natura
CLI activated at 500 C areincluded asreference. The propane-CO, reaction is associated to
thetotal processwherethe hydrocarbon reducesthe NO but also reactswith O, asasecondary
process, delimiting the selectivity of the catalysts. Inthissense, the catalyst promoted with Rh
favoursthe secondary reaction to the detriment of the primary process. Thus, the diminution of
theactivity for theNO-N, reaction by theuse of bimetallic catalyst isattributed to the competency

between the primary and secondary reactions. The selectivity isthusvery low for the assayed
NO, reduction process.

Table 3: Catalytic performance of studied catalysts (as conversion %) for NO-N,
reduction (principal reaction) and C,H_,-CO, oxidation (secondary reaction). Data of
Co(1.5%)/Al 0, catalyst and activated CLI, in similar testing conditions, are included for

comparison
Co(1.5%)/Al203 | Co0.5%CLI Activated-CL I Rh-Co-CLI
Conversion T ,=650C T ,=620°C at 500°C T _,=400°C
reaction T ,=650C
NO-N2 60 35 17 40
Propane-CO2 23 30 100 82
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Conclusions

Onthebasisof structural, thermal and spectroscopic properties, thestudied mineral isa
good raw material to beusedin cataysis. However, it ispossibleto improvethe performance of
thesedternative catdytic materids, profiting, moreadequatdly theminera clinoptiloliteasstarting
material. The Co-CLI catalyst showsgood activity, in spite of thevery low metallic content.

Likewise, an appreciable decrease of thereaction temperatureisobserved by using the
Rh-Co-CLI catalyst, dthough the activity issimilar to that of amonometallic system. These
resultsare promising for the studied process and open up new perspectivesfor theindustrial
application of naturd zeolites.
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