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Abstract

The removal of nitrogenoxides from mobile and stationarysourcesremainsan importantenvironmental
problem. TransitionmetalexchangedMFI zeoliteswereproven to be active in catalyticreductionof NO and�����

by ammoniaor hydrocarbonsaswell as in the direct decompositionof NO to nitrogenandoxygen. In
the presentwork the role of iron containingcatalystswasinvestigatedin the decompositionof NOx andin the
reductionof NO by CO in connectionwith the methodof preparationandreduction/oxidationcharacteristics.
The sampleswere preparedby liquid phase,and solid stateion-exchangemethods. The IR spectra,the X-
ray diffraction patternsandthe BET measurementsdemonstratedthat therewasno changein the MFI zeolite
structureduringtheion-exchange.Theiron contentdeterminedin thesamplesprovedthehigherefficiency of the
solid statemethodin theion uptake of thezeolite.Acidity measurementsshowedthattheliquid phasemethodis
not favourablefor formationof Broenstedacidicsites.Thesamplepreparedby thesolid statemethodwasmore
active in themajorityof catalyticreactions,however, it canbecomeoxidizedanddeactivatedeasierthantheother
one.In addition,theinvestigationshowed,thatthedecompositionof

�����
- in contrastto theotherNO and

�����
reactions- occursover theoxidizedcatalysttoo,but thereactionis slower.

1 Introduction

Thenitrogenoxidecontaminationof air is a seriousenvironmentalproblemnowadays.Thenaturalformationof
the �
	�� (e. g., volcanicactivity, lightning) is negligible in comparisonwith thehumansources.Theseemissions
canbe industrialprocesses,(e. g., producingof nitric acid), but mainly the combustionof fossil fuel (internal
combustionengines,jet engines,heaterinstrumentsandpower plants),becausethereactionbetweenthenitrogen
andoxygentakesplaceat thehigh temperatureof theflame.Moreoverin total �	 � emissionfrom theratiomobil
sources(traffic) is alsoincreasing,andthepresentengineconstructionsresultin closelyperfectburningof thefuel,
thereforethereis no possibility for theformationof reducingagent(CO or hydrocarbons)necessaryfor catalytic
reductionof �
	 � . In this field thediversityof conditionscausesdifficultiesin thedecompositionof NOx. There
is no adequatesolutionsofar for thelean-burnengines.

The mostpractical,and thermodynamicallyviable way of neutralizing �	 � is the direct decompositionto
nitrogenandoxygen.Accordingto theliteratureit canbecarriedoutovertransitionmetalexchangedMFI zeolites
ascatalysts.Thesezeoliteswereproven to be active in catalytic reductionof NO and �
	�� by ammonia[?] or
hydrocarbons[?] aswell asin thedirectdecompositionof NO[?].

Althoughmucheffort wasdevotedsofar to understandthemechanismof thesereactions,thereis hardlyany
informationavailableon therole of themetalin forming theactive sites.In thepresentwork iron containingcat-
alystswereinvestigatedin thereactionsanddecompositionof �
	�� in connectionwith themethodof preparation
andreduction/oxidationcharacteristics.
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2 Experimental

Zeolitesarecrystallinealuminosilicates.Thezeoliteframework structureshave threedimensionalarrangementof��� 	�� and ����	�� tetrahedraassembledtogetherthroughsharingof oxygenatoms.Thepresenceof ������� generates
negativechargesin theframework, which canbecompensatedby thepresenceof cationicspeciesin thevoidsof
theframework, this generatingcation-exchangeproperties.[?]

TheNa-ZSM-5startingmaterialwassynthesisedin ourlaboratoryutilizing themethoddescribedelsewhere.[?]
Theratio of Si/Al in our basiczeolitewascloseto 40, andthe ����� ionscompensatingthenegative chargeswas
exchangedfor � � � � and � �!�"� ions. The iron containingZSM-5 sampleswerepreparedeitherby thesolid state
ion-exchangeproceduredescribedby Karge andBeyer[?], andby liquid phasemethodsuggestedby Hall and
Feng.[?]

Thefirs stepof thesolid statemethodwasa 24 hourstirring of 10 g Na-ZSM-5zeolitein #%$'&)(+*,� solutionof
NH4Cl at #%$'&-*,.-��/)(0* � concentration.After filtration andwashingstirring wasrepeated.Thesamplewasfiltered
off, washed,driedandheatedat 10#0#3254 for 4 hoursto decomposethe ��6 �� ions into gasphase�
6 � and 6�� .
TheproductwasH-ZSM-5 form, which wasmixedwith 5 % Fe-equivalent � �!47� ��8 &)6��9	 , heatedat 10#+#+254 for
4 hours.Thissampleis referredto as”S”.

The liquid phaseion-exchangemethodin thecaseof � � � � needsnitrogenatmospherefree from oxygen,so
we hadto usea specialapparatusdescribedby Hall. It consistedof two sealedflasksjoinedat thebottomthrough
a fritted disksealedinto theconnectingtube.Thisallowedionsto passfreely, but preventedthepassageof solids.
The vesselswerefilled with distilled water, oneof themcontainedthe zeolite,the othercontainediron oxalate.
The nitrogenatmosphereandthe presenceof 4 � 	 �;:� ions prevent � � � �=< � � ��� oxidationand formationof
Broenstedacidicsitesduringtheprocedure.Thesamplepreparedby thismethodis referredto as”H”.

3 Methods

To determinetheiron contentthesamplesweremeltedwith carbonate,followedby dissolutionof thesolid formal,
andthesolutionsweretitratedby complexometricmethod.Theion-exchangelevel wascalculatedfrom theresults
of themeasurement.

The X-ray diffraction methodandthe IR spectraareessentialto describethe crystalstructure,becausethey
canrevealchangesduring the ion exchange.Thesampleswereanalysedon a DRON3 X-ray diffractometerand
the IR-spectraof about0.5 mg zeolitehomogenizedin 200 mg KBr were taken with a Mattson-GenesisFTIR
spectrometer.

BET surfacemeasurementshowed whetherany changeshappenedin the porosityof the zeoliteduring the
exchange. To determinethe surfaceareaof the samplesa volumetric adsorptionapparatuswas applied. The
adsorptionisothermsweretakenat77 K, afterpretreatmentof thesamplesin vacuumat 723K .

To describethe acidity of sampleswe usedthe pyridine adsorptionmethod. The feedingof pyridine was
followedby temperatureprogrammeddesorptionfollowedby derivatographicmethod.Thehighertemperatureof
desorptionrefersto higheracidity.

The investigationof catalytic activity wascarriedout in a recirculatoryflow reactor. The massof applied
catalystswas1 g with 0.35-0.5mm particlesizefractionof granules.After feedingthereactantgasesthereaction
wasfollowedby avolumetricmeasurementsusingDATAMETRICSequipment.

4 Results

Theiron contents,theion-exchangelevelsandtheBET surface-areasof thesamplesareshown in theTable1. The
resultsthrow light onthehigherefficiency of solidstatemethodin ion uptakeof zeolite.Thesamplecontainsmore
iron thencalculatedfrom thetheoreticalion exchangecapacityis calledas”overexchanged”sample.Thehighion-
exchangelevel of the”S” samplecanbeexplainedby thefact,that thepolyvalentiron ionscompensateonly one
negative charge,andiron occupiesnot only ion-exchangepositions,but alsothe voids of zeoliteasiron-oxides.
Theresultsof BET-measurementsindicateno changesin porosity.

Table1.: Thecharacteristicsof thecatalysts

iron-content(%) exchangelevel (%) BET-surface( * � /9> )
sampleS 2.23 316 339
sampleH 0.499 47 319
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TheX-ray diffractogramscomparedwith theliterature[?] (Fig. 1) show no changesin thecrystalstructureof
the zeolite. Theexaminationof the IR spectra(Fig. 2) givesthesameresult. The ratio of theextinctionsof the
13&)#@?A&0&)#+BC* :ED and F3G0#@?HF0F+#+BC* :ED bands(higherthan0.72)confirmsthatthezeolitestructureis intact.[?]

The pyridine thermodesorptionmeasurements(Fig. 3) show low amountof adsorbedpyridine, thereforethe
amountof acidicsitesis low in ZSM-5structure.In thecaseof sample”H” noBroenstedacidsitesweredetected.

Thefirst reactionin theinvestigationof catalyticactivity wasthereductionof oxidizedsamplesby hydrogen.
Beforethemeasurementsthesampleswerepretreatedin oxygenat F+#0# 2 4 for onehour. Thechangein thepressure
of thereactorsystemin thecaseof I)#+#+2;4 and J+&0#+2;4 reductionsareshown in Fig. 4. For sample”H” thereis no
considerablechangein thepressureat any temperature,thefirst little fall hasnot beencontinued.Thesample”S”
hasbeenreducedat J+&0#+2K4 .

Figure1: TheX-Raydiffractogramsof Na-ZSM-5[8], sample”H” andsample”S”

Figure2: TheIR-spectraof H-ZSM-5 (upper),sample”S” (middle)andsample”H” (lower)

Beforethedecompositionof �L�K	 thesampleswerepretreatedin hydrogenat J+&0#+254 for anhour. Thechanging
in thepressureof thegasphaseof reactorfor reactionscarriedout at F+#0# 2 4 and F3&0# 2 4 areshown in Fig. 5. The
assumedreactionis: I0�L�5	NMOI)�P�RQS	�� , which causesincreasein pressure,hasbeendetected.Thecurvesshow,
thathighertemperaturecausesfasterreaction.Thesample”S” givesfasterreactionatbothtemperature.

The role of the catalystswasinvestigatedin 4 	TQU�	 reactiontoo. Beforethe reaction,the sampleswere
pretreatedin hydrogenat J+&0#+254 for onehour. Thechangesin thepressureof the reactorareshown in Fig. 6 in
the caseof I+&)#3254 and J3&)#+254 reactions.Theassumedreactionis: I+4 	OQVI)�
	WM=I04 	 � QU� � , which causes
decreasein pressure,ashasbeendetected.Thesample”S” is moreactive at I0&0#+2K4 , but after thefirst reactionit
losesits activity. Thereis no changein pressureat J+&0#+2;4 . However, the sample”H” preservesits activity, and
giveshigheractivity at highertemperature.The 4 	XQY�
	 reactionwascarriedout over thereduced”S” sample
afterCO-pretreatmenttoo,andwe foundthatthecatalystpreservedits activity. Consequentlydeactivationcanbe
explainedby theresultof oxidationby NO or O2.

Thedecompositionof N2O wascarriedout over thedeactivated,probablyoxidizedsample”S” aswell. The
resultcomparedto the reactionover reducedsample”S” is shown in Fig. 7. In the decompositionof �P�K	 , at
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Figure3: DTG curvesof thetemperatureprogrammeddesorptionof pyridineoverNa-ZSM-5(marked1) H-ZSM-
5 (marked2), sample”H” andsample”S”

Figure4: Reductionby 6��

Figure5: Decompositionof �L�9	

Figure6: The 4 	UQZ�	 reaction

the sametemperature,both the reducedandoxidizedcatalystsareactive, but the reducedsampleshowed faster
reaction.

Finally the 4 	[Q�	 I reactionwascarriedoutoverthesamples.Beforethereactionthesampleswerepretreated
in hydrogenat J3&)#3254 for onehour. The changein the pressureof the systemareshown in Fig. 8 for reactions
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Figure7: Decompositionof � � 	 oversample”S”

Figure8: The 4 	UQY	 I reaction

I+&)#3254 and J+&0#+254 . Theassumedreactionis: I04 	ZQ\	 I]MXI+4 	 � , which resultsin decreasein thepressureof the
system.Thesample”S” hashigheractivity at I+&)#3254 , but afterthefirst reactionit losestheactivity, andthereis no
changehasbeenfoundin thepressureat J3&)#32;4 . However, thesample”H” preservesits activity, andgivesfaster
reactionat highertemperature.

5 Conclusions

The resultsof the investigationsproved, that both ion-exchangemethodsareapplicablefor catalystpreparation,
but the solid stateproceduregivesmoreeffective catalyst,than the other. The differentbehaviours of samples
duringthereductionmaybecausedby thedifferentoxidationstatesof iron, mainly Fe(II) in thesample”H”, and
Fe(III) in thesample”S”.

Thecatalyticactivity of thesample”S” in mostcasesis higher, which is dueto thehigheriron content,but the
sampleeasilybecomesoxidized,leadingto the lossof activity in the 4 	TQV	 I and 4 	^QX�
	 reactions.The
sample”H” preservestheactivity in thesecasestoo.

Thecatalyticdecompositionof N2Ooccursprobablyin differentway thantheotherreactions,becauseit takes
placeoveroxidizedsample”S” too,althoughthereactionis slower.
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