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Summary

Copper ion-exchanged zeolites were thoroughly ingated in last 20 years due to
their interesting catalytic activity in deN@rocesses and other environment protecting
process in view. Many experimental and theoreticiidies of Cu-zeolites
characterization and application have appearedhdkstmonitored the interaction of
many varied probe molecules (e. g. NO, CO,sNiHd N) with copper ions by several
experimental techniques. Combination of experimeatal theoretical access could
bring satisfactory correlation between structurel @moperties of the active sites in
zeolites with the copper content at atomic scalelle

Aim of this work is, considering previous recogaitj evaluate the possibility of the
application of several experimental methods (Temtipee Programmed Reduction by
Hydrogen, Infrared Spectroscopy of adsorbed CO @&edhperature Programmed
Desorption of CO) for characterization of Caites in FER zeolites. Other aim is try to
reach up the relation between the results of teeperimental methods and specific
physical or chemical properties of Tsites which can bear the information about the
detail local structure of the active sites in hgijica zeolites.

Samples of Cu-FER zeolites with various copper @untSi/Al molar ratio and
different copper co-cation (HNa and K') were prepared by means of ion-exchange in
water solutions of cupric salts (CyGir Cu(CHCOOY)). Redox properties of copper
particles coordinated to the FER framework wereestigated by HTPR. Spectral
characteristics of Ce(CO), adsorption complexes in the Cu-FER zeolites werdied
by FTIR spectroscopy. And thermodynamic properie€O adsorption on Cuons in
Cu-FER zeolites were investigated my means of COD Té&xperiments. All
experimental data were evaluated and analyzeceineflationship to the various sample
parameters.

Two dominant low temperature peaks in HPR curves of all measured samples
were ascribed to two-step reduction process 6f @i/ to Cu and Cii to metal Cf).
Peak at the highest temperature range (up to 800/M@3 assigned to the
dehydroxylation of the samples. Both reduction steyp isolated copper ions are
affected by the sample properties (Cu content, ISi&%o and co-cations). But the
second step, reduction of Cto CW, depends more on varying sample parameters
probably due to its complex (autocatalytic) meckamiPresence of Hcations in Cu-

FER samples causes higher stability of monovalepper.



All measured FTIR spectra of monocarbonyls formedCu-FER zeolites exhibit
one dominant absorption peak with maximum at 21%6.cThis band is ascribed to
vibration of carbon monoxide bound to ‘Cons, which are characterized by trigonal-
planar coordination with two zeolite oxygens ance anolecule CO. With increasing
diameter of copper co-cation {4 Na" < K*) new absorption band of monocarbonyls
appears at relatively lower wavenumber. The charetic band position and its
behaviour during carbon monoxide desorption frommgample suggested, that it can be
associated with new kind of carbonyl species formedheterogeneous dual cation sites
(Cu™-CO...M" complexes (Mis Na or K").

Two types of Cu centers in Cu-FER zeolites differing in the akilio form
dicarbonyl species were distinguished by meansi®HTIR spectroscopy of adsorbed
CO at RT and at increasing CO coverage. Residualonaybonyls, represented by
absorption band at 2156 &mwere observed in all measured Cu-FER samplesh8y
correlation of experimental data with the resultsrf quantum chemistry calculations it
was suggested, that this fraction of'Gons should be located in P6/T1 site (baré Cu
ion is located in the plane of six-member ring iaergendicular channel of FER
framework).

By means of the application of the model based ommé#l kinetics of CO
desorption, three or four types of Tsites were distinguished from CO TPD curves.
Each site is characterized by own value of CO ge&or energy and equilibrium
change of entropy of CO adsorption. Different valuef these thermodynamic
parameters of CO adsorption are given by the d@iffestructural change of each type of
Cu" center (Cu coordination change and framework relaxation) raff®© release.
Thanks to very good agreement with the results ftheoretical quantum chemical
calculations with our experimental data, eacH Ggpe was described at atomic scale

level. CU site type distribution in all measured Cu-FER s@swvas suggested.
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Souhrn

Zeolity s obsahem &dli byly v poslednich 20-ti letechikladns studovany diky své
vysoké katalytické aktivit pri reakcich rozkladu oxid dusiku a dalSich procesech
souvisejicich s ochranou Zzivotniho piesii. Svoji pozornost na tyto systémy
soustedilo mnoho vyzkumnych, experimentélnich teoretickych skupin. Aut®
sledovali interakce mnoha driutkestovacich molekul (nailad NO, CO, NHa N,) s
kationty nedi prostednictvim tiznych experimentalnich technik. Slibnou cestou k
nalezeni vztahu mezi vlastnostmi a strukturou alitiv center zeolits obsahem udi
na atomarni arovni by mohlo byt propojeni experitdbrich a teoretickychifstupi.

Cilem této disertmi prace je, s ohledem naepchozi pedpoklad, rozhodnout o
moznostech vyuziti dkterych experimentalnich metod (TepldtrProgramovana
Redukce vodikem, Infe@rvena spektroskopie adsorbovaného CO a Teplotn
Programované Desorpce CO) pro charakterizaci Katyoh Cu center ve FER
zeolitech. Pokusit se nalézt vztah mezi vysleddghto experimentalnich metod a
specifickymi chemicko fyzikalnimi vlastnostmi Cwenter, které mohou sekundérn
obsahovat informaci o detailni lokélni struidwaktivnich center ve vysokosilikatovych
zeolitech.

Vzorky Cu-FER zeolit byly piipraveny iontovou vyrnou ve vodnych roztocich
méd’natych soli (CuGl¢i Cu(CH;COOQO),). Fripravené vzorky Cu-FER zealitse liSi
koncentraci radi ve vzorku, Si/Al pordrem matrice a druhem kokationtué&dn
Redoxni vlastnostiastic nédi koordinovanych ke skeletu zeolitu FER byly studiay
prostednictvim H TPR. Spektralni vlastnosti karbonylovych komgile®u" ionti ve
FER zeolitech byly studovany preéstinictvim FTIR spektroskopie. A termodynamicke
vlastnosti adsorpce CO na Ciontech ve FER zeolitech byly studovany pomoci CO
TPD experimerit. Vysledky byly zpracovavany a vyhodnocovany v gksti na
vybranych parametrechdfenych vzork.

Naméiené H TPR profily vzorkKi Cu-FER zeolit obsahuji v rozmezi teplot RT —
1000°C dva azétyri redukeni pasy (I, I, Il a V). Pasy | a lll byly ipfazeny
dvoustupiové redukci izolovanych katiohimedi (Cu** na Cd a Cu na kovovou nsd).
Pasy Il a IV byly pifazeny vedlejSim doprovodnym proges H, TPR experimentu
(dehydratace a dehydroxylace). Oba kroky redukoéovanych kationt meédi jsou
ovliviiovany vlastnostmi vzotk Cu-FER zeolii (koncentrace &di, Si/Al poner, druh

kokationtu). Druhy redulni krok, redukce Cuna CU, je vlastnostmi vzorku vice



ovlivnén, protoze se jedna o slozity (autokatalyticky)ge® Ritomnost H ionti v Cu-
FER zeolitech znan¢ stabilizuje jednomocenstvi ianmedi.

VSechna FTIR spektra monokarbainyla Cu-FER zeolitech obsahuji dominantni
absorgni pas s maximemip2156 cmt, ktery byl gitazen Cii iontim koordinovanym
v trigonalnim planarnim uspédani ke déma zeolitovym kyslikm a jedné molekule
CO. S rostouci velikosti kokationtu édi (H" < Na” < K) se v L spektrech
monokarbonyl na Cu-FER objevuji v nizkovIdtové oblasti spektra nové absemp
pasy. Diky své nizsi stab#itpti desorpcich a diky poloze maximéhto pad pri
nizsich vingtech byl absorni pas pi 2142 cm® ve spektrech CuNa-FER zedlia
pasy 2138 ci, 2128 cmt a 2115 crit ve spektrech CuK-FER zedlitpiitazeny
adsorgnim komplexim Cu’-CO...M" (M je N& nebo K).

Dva typy CuU ionti lidici se schopnosti tyio dikarbonyl byly rozliseny
prostednictvim FTIR spektroskopie adsorbovaného CO nd&ER zeolitech  RT a
rostoucim rovnovazném tlaku plynného CO¢ityr podil zbytkovych monokarbonyl
zastoupenych ve spektrech absafm pasem i 2156 cn byl zaznamenan na kazdém
meéreném vzorku Cu-FER zeolitu. Ve vztahu k vyshketkkvantové chemie byl tento
podil Cu iontf interpretovan jako Cukoordinovany v blizkosti Al atomu v Sesttném
kruhu ve vedlejSim kanaluifiiky zeolitu FER (P6/T1 lokalizace).

Aplikaci modelu formalni kinetiky desorpce CO ngesmentalni CO TPDikvky
Cu-FER zeolit Ize rozlisit i, respektivestyii typy Cu’ center. Kazdy typ Cucentra je
charakterizovan vlastnimi hodnotami desmiph energii CO a zén entropie adsorpce
CO. Rozdilné hodnoty termodynamickych parafettesorpce CO jsou dany
rozdilnymi strukturnimi znami Cu center (znina koordinace Cua relaxace ifizky)
po uvolréni molekuly CO. Diky velmi dobré shé&dexperimentélnich dat s vysledky
teoretickych metod kvantové chemie byldama struktura jednotlivych typCu’ center
na atomarni Grovni. Dale byla navrzena distribuedngtlivych tyfi Cu® center

v kazdém niteném Cu-FER zeolitu.
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