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ONSOZ

TUBITAK MISAG 188 projesi gergevesinde ODTU Kimya Miihendisligi bélimiinde
gergeklesirilen ‘Emisyon kontroliinde kullanilan degerli metal katalizérler uzerinde CO
oksitlenmesi reaksiyonu yapisal duyarhlik (Structure sensitivity) gosterir mi?” baghkh
projede tek ve ¢ift metalli destekli katalizorler tizerinde CO oksitlenmesi reaksiyonunun
yapisal duyarliifn incelenmistir. Elde edilen sonuglar hem egzoz emisyon kontrolinde
kullamlan degerli metal katalizorlerin isleyigini yorumlamakta kullanilabilecek, hem de
proton takash membran yakit pillerinde kullamilan segici CO oksitlenmesi katalizorlerinin de

tasarimuna 151k tutacak niteliktedir.
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Karbon monoksitin karbon dioksite oksitlenmesi tepkimesi oksijen molekulinin ytzeyde
pargalanarak adsorplanmasi sonucunda olusan oksijen atomu ile adsoplanmug karbon
monoksit molekﬁiﬂnﬁnﬁeﬁdlesimi ile gerceklesir. Karbon monoksitin Pt iizerinde yol agtif
zehirleme etkisi yiiziinden oksijen adsoplanmasi daha da 6nem kazanir. Bu ¢aliymanin amaci
oksijen, hidrojen ve karbon monoksitin Pt/y-Al,O; tizerindeki adsorplanmasi ve yapisal
duyarhhigmi incelemektir. Metallerin pargacik buyuklugt kalsinasyon sicakhifi ve siiresini
yitkselterek artirilmig ve bu sekilde katalizorlerin yapisi defistirilmistir.  Bu sekilde aym
miktarda metal yiklenmis fakat farkli pargacik bityiikluginde dolays: ile farkh kenar, koge
ve diizlem atom oranlan igeren katalizorler hazirlanmugtir.  Temiz yiizey adsorplanma isilan
slguldugiinde karbon monoksit ve oksijenin yapiya duyarhilik gostemedikleri, ancak
hidrojenin temiz yiizey adsorplanma isismun parcacik biyiklaga ile ters orantih oldugu
belirlenmigtir. ~ Bu sonug hidrojenin CO veya Oz den daha fazla yapisal duyarhlik
gosterdiginin bir isareti olarak alinmugtir. CO oksitlenmesi tepkimesinin yapisal duyarliik
gosterdigi ise reaksiyon deneyleri ile agiga gikanilmugtir. Tepkimenin aktivasyon enerjisinin
artan pargacik biytukligu ile sistematik olarak azaldig1 ortaya gikanlmugtir.

Anahtar kelimeler: Katalizor, Destekli metal katalizor, ikili metaller, karbon monoksit
oksitlenmesi, segici karbon monoksit oksitlenmesi, platin , adsorplanma sis1, mikrokinetik
analiz.
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ABSTRACT

The oxidation of CO to form CO; reaction proceeds via the combination of a chemisorbed
CO molecule with a chemisorbed oxygen atom, the latter produced through the dissociative
adsorption of O; on the Pt surface. Due to the poisoning effect of the CO adsorption on the Pt
surface, amount of adsorbed oxygen on the surface gains more importance. The aim of the
study is to investigate the adsorption characteristics and the structure sensitivity of oxygen,
hydrogen and carbon monoxide adsorption on Pt/y-Al,Os catalysts. The surface structure of
the catalysts was manipulated by increasing the particle size of the metals by increasing the
calcination duration and temperature. As a result catalysts with the same metal loading but
different surface composition in terms of edge, corner and low index plane atoms could be
prepared. The zero coverage differential heat of adsorptions measured for CO and O, do not
show any change with the changing particle size. On the other hand, H, shows a sharp
decrease of zero coverage heat values as the average particle diameter of Pt increases. This
can be concluded as H; adéi)rption is more structure sensitive than the CO and O,
adsorptions. The structure sensitivity of the CO oxidation reaction was confirmed by reaction
experiments. In addition, it was observed that the reaction apparent activation energy

decreased sytematically with increasing particle size.

Key words: Catalysts, supported metal catalysts, bimetallics, carbon monoxide oxidation,

selective cabon monoxide oxidation, platinum, heats of adsorption, microkinetic analysis.
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1. GIiRiS

1.1. Konu ve amag¢

Cesitli  katalizorler tuzerinde gergeklesen karbon monoksit oksidasyonu reaksiyonu
reaksiyonun basitligi nedeni ile yiizey kimyacilan tarafindan yaygin olarak galigilmus bir
reaksiyondur. Egzoz emisyonlarinda agia ¢ikan karbon monoksit gazini karbon dioksit’e
dénugtirerek zehirsiz hale getirmek igin kullamilan Pt ve Pd gibi degerli metallerin yiiksek
fiyatlar nedeni ile (yaklagik 500 $/ons) en verimli sekilde kullaniimalari ger»:ekxtnuei<;<l:c:dir.‘= Bu
nedenle bu metaller tizerinde gergeklesen reaksiyonun gercek mekanizmasim algilamak ve
katalitik olarak metallerin en aktif olduklan yapida katalizorleri tasarlamak ve hazirlamak
gerekmektedir. Katalitik karbon monoksit oksidasyonu reaksiyonunun mekanizmasinmn
Langmuir-Hinshelwood veya Eley-Riedal olup olmadifi konusunda yogun galigmalar
yapilmis ve genel konsensus olarak reaksiyonun mekanizmasimn Langmuir-Hinshelwood
oldugu kabullenilmistir. Bu reaksiyon sirasinda Pt ve Pd gibi degerli metallerin yiizeyde
yeniden yapilandiklari belirlenmis (Ladas er al, 1993;Thiel et al, 1982; Eiswirth ve Ertl,
1986; Fink er al,1991) bu yeniden yapilanmadan kaynaklanan reaksiyon salimmlan
incelenmistir. Ayrica, digiik sicakliklarda yiizeyin agirlikla karbon monoksit kaplanmasindan
kaynaklanan bir zehirlenme, yiiksek sicakliklarda oksitlenebilir metallerde, rnegin Pd, kismi
oksit olusturma seklinde sicakhga bagh bir reaksiyon salmim da gerceklesebilmektedir
(Ozkan et al.,1997).

Gurubumuzda gergeklesen bir tez ¢alismasinda oksijen ve CO adsorplanmasi ve oksitlenme
reaksiyonu, yitksek karbon monoksit kismi basinglarmda PUTiO; Gzerinde termal ve
fotokatalitik olarak iki sekilde incelenmigtir (Ozen, 2001; Ozen ve Uner, 2001). Karbon
monoksitin bu tir katalizorler tizerinde oksitlenmesi reaksiyonuna iligkin aynintili bir literatir
taramas1 adi gegen tezde yer almaktadir. Yine gurubumuzda yapilan bir tez ¢aliymasinda CO
oksitlenmesi oksidan olarak NO’nun ortamda bulundugu durumlarda Rh katalizorleri
tizerinde mikrokinetik analiz kullamilarak ¢aligmustir(Emur, 1998; Ernur ve Uner, 2000).
400-500 K civanindaki sicakliklara kadar degerli metallerin yuizeyleri %100’e varan oranlarda
karbon monoksit ile kaphdir (Ernur, 1998; Ernur ve Uner, 2000 ve igindeki referanslar). Bu

sicakliklar karbon monoksit ve oksijenin adsorplanma isilanmin goreceli buyiikliklerinin
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karbon monoksitin yiizeyde kaplanmasim agitlikh - kalacak  sicakliklardir. Sicaklik
yitkseldikge karbon monoksit yiizeydeki yerini oksijene terketmekte ve reaksiyonun
mekanizmasi, mertebeleri ve aktivasyon enerjileri de buna bagli olarak degismektedir (Ernur,
1998 Ernur ve Uner, 2000). 400-500 K sicaklik aralifi ise otomobil egzozunun katalitik
konvertere ulastigi siradaki sicakin olmasi itiban ile onemli bir arahkur. Bu aralikta
yukarida da bahsedildigi gibi karbon monoksit yiizeyin %100’e yakin kismum kaplamakta,
karbon dioksit olusumu ise katalizériin yizeyinin agikta kalan yaklagik %0,1’lik kismmnda
gergeklesebilmektedir.

Karbon monoksit literatiirde yapisal duyarhilik gosteren bir reaksiyon olarak gegmez (Gates,
1992: Masel; 1996). Ancak oksijen adsorplanmasi toplam reaksiyon mekanizmasi iginde
yapisal duyarlilk gosteren bir basamaktir (Masel, 1996). Bunlara ek olarak literatirde yer
alan yogun g¢aligmalann 6zinde, karbon monoksit oksitlenmesi reaksiyonu sirasinda hiz
belirleyici basamagmn oksijen adsorplanmasi, yiizey oksidasyonu reaksiyonu veya karbon
dioksit desorplanmast (Nijhuis er al,1997) basamaf olabilecefi konusunda fikir birligine
varilamarmgtir.  Ancak oksijen adsorplanmasmm hiz belireyici basamak olmasi halinde
tepkimenin yapisal duyarhilik gostermesi beklenmelidir.

Literatiir’deki mevcut ¢alismalar, ve halihazirda surdirdugumiiz farkh oksit desteklerin CO -
oksitlenmesi reaksiyonu iizerindeki etkisi konusunda elde ettifimiz bulgular, metaller
tizerinde oksijen adsorplanmasmin yapisal duyarliik gosterdigi seklindedir. Ashnda bu
yapisal duyarhligin, pargalanarak adsorplanmayr gerektiren molekiller igin bir yayginhk
arzettigi distnulmektedir (Kumar et al.,2000; Savargaonkar et al ,1998; Vanderwiel ef
al 1999). Bu ¢ahgmada, CO oksitlenmesi reaksiyonunun yapisal duyarlilik gosterdigi
konusundaki literatardeki ipuglarina (Zafiris ve Gorte, 1993) destek olacak veya yadsiyacak
verileri toplamak ve bu verilerin yiizey reaksiyon modelleri ve mikrokinetik analiz yontemi
kullamlarak (Dumesic ef al.,1993) global kinetik modellere donugtirilmesi planlanmg ve bu
dogrultuda veriler toplanmig ve modeller kurulmustur.

1.2. incelenen Parametreler:

Bu calismada, y-AlO; uzerinde desteklenmis Pt ve Pd tek metalli ve Pt-Pd ikili metal
alagim katalizorleri iizerinde karbon monoksit ve oksijen adsorplanmalarmn ve karbon
monoksit oksitlenmesi tepkimesinin yapisal duyarlii@ incelenmistir. ~ Tek metalli Pt

katalizorler 1slaklik baslangici yontemi ile hazirlanmus, metal pargacik biytiklugu katalizor
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kalsinasyon sicaklig1 bir parametre olarak kullamilarak degistirilmigtir. Ikili metal katalizorler
ise kullanilan kataliz6r hammaddesine gore birlikte empregne -veya sirali empregne
yontemleri kullamlarak hazirlanmustir. Tek metalli Pt katalizorleri iizerinde yapisal duyarliik
bu katalizorler tizerindeki CO, H, ve O, gazlanmin diferansiyel ve integral adsorplanma isilan
dlcilerek  incelenmistir. - Tepkenlerin diferansiyel - adsorplanma 1silan laboratuvarimizda
bulunan Setaram C80°model Tian-Calvet tipi bir mikrokalorimetre kullanilarak 6lgtlmustiir.
Tepkimenin yapisal duyarlihn ise dolgulu yatak bir diferansiyel reaktorde tepkenlerin
reaksiyon mertebeleri ve tepkimenin aktivasyon enerjisi ve bunlarnn sicakhia bagh
degigimleri izlenerek incelenmigtir.  Ayrica karbon monoksitin hidrojen agisindan zengin
ortamlarda deperli metaller tzerinde gergeklesen segici oksidasyon reaksiyonunun yapisal
duyarlilik gosterip gostermedigi sorusuna modelleme yolu ile cevap aranmustir.  Bu nedenle
metal pargactk buyikliginin kontrol edilerek - degistirildigi - katalizorler kullanilarak
reaksiyon adsorplanma ve tepkime basamaklarinda ayn ayn incelenmis, ve metal yiizeyinde
bulunan diigiik koordinasyonlu metal atomlarinin konsantrasyonu ile adsorplanma ve tepkime
basamaklarinin hizlan ve enerjetik davramiglan izlenmigtir.

1.3 Projenin degerlendirilmesi:

Basvuru sirasinda bu projenin kapsaminda egzoz emisyon kontroliinde yaygin olarak
kullamlan iki oksidasyon Kkatalizorii, Pt ve Pd, ve yine aym amagla kullanilan oksit
malzemeler, y-ALOs, CeO; ve ZrO,, yam sira fotokatalitik etkinlifi ispatlanmig TiO;
althklan kullamilarak metaller farkh pargacik biyikluklerinde hazirlanmasi planlanmugtir.
Calismada ise esas olarak 7-ALO; althk kullamlmus, TiO, izerinde desteklenmis Pt
katalizorlerinin oksijen adsorplanma isilan olgiilmilg ancak bu katalizorlerde tepkime
deneyleri yapilmamgtir. TiO; destekli katalizorler izerinde yapilan adsorplanma 1sis1 Olgumi
calismalaninda katalizor ile destegin kalsinasyon sirasinda dogrudan elektronik etkilesime
gectigine yonelik bulgular bu destek malzemesi tzerindeki galigmalarin daha ileri fazda
yaptimasinin  yaniltict olabilecegi gerekgesi ile durdurulmugtur. Destek olarak CeO;
kullamlan ¢aligmada ise bu malzemenin hammadesinin igerdigi klordan kaynaklanan
etkilesim incelenmis, daha temiz bir hammmade olan ceryum asetat kullamlarak hazirlanan
CeO, tuzerinde desteklenen Pt katalizorleri iizerinde CO oksitlenmesi reaksiyonunun
mertebeleri ve aktivasyon enerjileri olgilebilmistir. Bu katalizér tizerinde oksijen sicaklik
programh desorplanma galigmalan ise halen devam etmektedir. Hedeflenen althklar arasmda
sadece ZrO, caligilamamustir. Laboratuvanimizda bulunan ZrO, yeterince yiksek yuzey

3



G

%

.

G

alamina sahip olmadigindan, énmaddesi (precursor) de proje butgesinde 6ngorilmediginden
bu althk ¢alistimamgtir.

Pargacik buyiikligini ayarlayabilmek igin metal yiikleme ortamunin pH’si, baslangig
maddeleri (precursor) ve metallestirme yoéntemleri (kalsinasyon ve indirgeme basamaklari)
degigtirilerek aym yukleme oramnda, yani aym metal/oksit althk stokiyometrisinde
katalizérler hazirlanmasi *planlanmugtir.  Ancak, kalsinasyon sicakhigmm degistirerek gerekli
kontroliin saglanabildigi gézlemlendiginden hazirlama kosullarmn kimyas: incelenmemugtir.
Bu katalizorlerin metal pargacik buyuliklerinin hidrojen adsorplanmast ve katt hal NMR
spektroskopisi yontemi ile olgulmesi planlannmgtir.  Hidrojen adsorplanmasi y6ntemi
kullanilabilmigtir. Ancak ODTU Kimya bolimiinde bulunan NMR spekrometresinin kati hal
izleyicisi (probe) ve diizenegi ile ilgili sorunlar yasandign ve bu ol¢iimiin yapilamayacaf
Ogrenilmigtir. ODTU Merkezi Laboratuvarlanina cihaz alimlannin  yaklagik ¢ il
gecikmesinden kaynaklanan sorundan 6turi  burada bulunmast planlanan NMR
spektrometresi de kullamlamadigindan NMR él¢iimleri yapilamamustir. Bu katalizorlerin
hidrojen, oksijen ve karbon monoksit adsorplanma kapasiteleri hacimsel yoéntemlerle
olgiilmiis, paralelinde gergeklesen mikrokalorimetre olgamleri ile de statik ortamda
diferansiyel adsorplanma 1s1 egrileri elde edilebilmistir. Karbon monoksit oksidasyonu
reaksiyonu light-off egrileri de tek ve ¢ift metalli katalizorlerde elde edilebilmigtir.  Elde
edilen bilgilerin mikrokinetik analiz yontemi ile modellenmesi hedeflenmistir(Dumesic et al.,
1993), ancak gerekli bilgisayar programlarinin yetersizligi nedeni ile (FEMLAB ve
CHEMKIN) ¢alisma global kinetik modelleme ile simrh kalmgtir.

Proje g¢ergevesinde ongorillen ancak desteklenemeyen kiitle akim kontrolori cihazlarinin
olmayisi nedeni ile dinamik adsorplanma yéntemi ile yapilacak kalorimetre olgtimleri yerine
statik 6lgiimler benimsenmigtir. Statik ortamda yapilan 6lgimlerle yiizey kaplanma oranina

kars1 gelen diferansiyel adsorplanma 1s1s1 grafigi ¢izilerek yapisal duyarlilik incelenmigtir.




2. GELISME

2.1 Teorik Esaslar

2.1.1 Yapisal duyarhhk:

Yapisal duyarlilik, destekli metal katalizorlerin islevsel mekanizmalanndan yalmzca birisidir.
Herhangi bir reakstyonun §yaplsal duyarlihik gosterip gostermedigini anlamak i¢in, toz
omeklerde katalitik reaksiyonun hizimn kiitle aktanmu ile sirlanmadifi  bolgede
gerceklesirken, kinetigin metal parcacik biyikligine baghh@ incelenmelidir.  Metal
parcacik biyiikliga, reaksiyonun hizim farkli sekillerde etkileyebilmektedir. Birincil olarak
yapisal duyarhlik nedeni ile dugik ¢aph paragaciklarda bulunan yiiksek miktardaki dusuk
koordinasyonlu atomlanin etkinlikleri reaksiyon hizim etkileyebilmektedir. Ikincist,
ensemble etkisi olarak adlandirilir ve bazi reakiyonlarin gergeklesebilmesi igin belli miktarda
ayni 6zelligi tastyan atomlarn belli bir geometride yiizeyde varolmasimu gerektirir. Ugiinciisii
ise metal/destek arayiiziiniin biytikliginin metal pargacik biuyuklugi ile etkilenmesi
sonucunda ve tasma olaylar veya arayiiz reaksiyonlarimin hizlan etkilenmektedir. Eger ince
filmlerde bu ¢alismanin yapiimast s6z konusu ise yapisal duyarlilik, metallerin farkl kristal
dizlemleri tizerinde reaksiyonun farkhi hizlarda gergeklesip ger¢eklesmedigi incelenerek
anlasilabilir. Bu projede hedeflenen konu, farkl oksit malzemeler tizerinde hazirlanacak olan
degerli metal katalizorlerin aktifliginin metal pargacik biyukligu ile olan iligkisini dolayisi
ile karbon monoksit oksitlenmesi tepkimesinin yapisal duyarhlik gosterip gostermedigi

sorusunun cevabi aramaktir.

2.1.2. CO adsorplanmasi:

Karbon monoksit, degerli metaller tzerinde karbon ucu metale baglh olmak uzere lineer, di-
karbonil (M-(CO),) multikarbonil (M-(CO),) ya da kopri bagh (MCO) olarak
adsorplanabilir. Bu baglanma sekilleri yizeye, yiizey kaplanma oranma ve adsorplandigi
metala gore degisiklik gosterir (Uner, 1994). Karbon monoksit, hem oksitlenme, hem
hidrojenleme tepkimelerinde kullamldifi igin adsorplanmasi yaygin olarak calistimug bir
molekiildir. Buna ek olarak yizey karakterizasyonu amaci ile karbon monoksit izleyici
molekiil olarak kullanilabilmektedir. Pt tizerine yapilmig CO adsorplanmasi galismalarini
burada oOzetlemek verine, galigmada kiyaslamak amaci ile Pt yiizeyleri tzerinde yapilan
karbon monoksit adsorplanmasi 1sis1 6lgimi degerlerinin kisa bir derlemesi Tablo 1°de

verilmektedir.




Tablo 1. Destekli Pt iizerinde karbon monoksit adsorplanma silar ile ilgili literatiir verileri

Yiizey %Pt  Sifir kaplama Integral Doygunluk Disperslenme =~ Kaynak
orani adsorplanma  ytizey (mol H

adsorplanma  1sis1 (kJ/mol)  kaplanma  ads/mol Pt)

1s1s1 (kJ/mol) orani oram
! (umol/g
kat)

Pt/Si0, 1.2 144 104 48.7 1.18 Cortright
ve
Dumesic,
1995

Pt= 1.2 140 101 26.7 1.31 Cortright

K/8i0, ve
Dumesic,
1995

Pt- 093 135 83 19.6 0.51 Cortright

Sn/Si0, : ve
Dumesic,
1995

Pt-Sn- 0.93 138 91 10.4 0.89 Cortright

K//Si0; ' ve
Dumesic,
1995

Pt/Si0, 4.0 140 105.1 130 0.51 Sharma et
al., 1994

Pt/S10, 7.0 140 113.8 162 0.63 Sharma ef

‘ al., 1994
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2.1.3. Oksijen adsorplanmasi:

Metaller uzerinde oksijen adsoplanmast oksijenin polar bir molekil olmasmn yarattig
sorunlardan 6tira karbon monoksit veya hidrojen kadar yagin ¢alisiimamis olmakla beraber,
literatiirde konu ile ilgili yapilmis yaymlardan derlenen bilgiler Tablo 2’de verilmigtir. Bu
yaymnlar incelendiginde oksijenin metaller {izerinde adsorplanmasmn agirhikla dagik Miller
endeksli duzlemler iizerinde gerceklestigi  gorilmektedir. Oksijenin  adsorplanirken
parcalanmasi veya molekiiler olarak adsorplanmasi ig¢in belirleyici faktor adsorplanacag:
yiizey ile olan etkilesimi adsorplanaca@ yizeyin yapisi olmaktadir.

Oksijen adsorplanmasimnin mekanizmalan, katalitik toplam oksidasyon ya da kismi
oksidasyon tepkimelerinde kisitlayici ve/veya segiciigi belirleyici basamak olabilir,
Oksitleyici molekiil olarak NO kullamildifn zaman, tepkimenin yapisal duyarhiliginmn, NO
molekiliiniin metal yizeyleri ile olan o6zel etkilesiminden kaynaklandigi bilinmektedir.
Suyun ya da karbon monoksitin oksitlenmesi sirasinda oksijen yerine NO kullamldiginda
farkli metal yiizeylari arasinda tepkimenin hiz oranlan 21 mertebe degisebilmektedir. Ancak
oksijen kullanildiginda bu farklilik ancak 6 mertebe diizeyindedir (Masel, 1996).

Oksijenin adsorplanmas: kinetigindeki yapisal duyarhilik, molekiliin izotop degis-
tokus dinamiginde belirgin bir bigimde gézlemlenmekle birlikte (Descorme ve Duprez, 2001)
adsorplanma 1si1s1 verilerinin destekli metal katalizorler tzerinde yaygin olarak ¢aligilmamig

olmasi bu konudaki kesin yargiy1 ertelemektedir.
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2.1.4. Hidrojen adsorplanmasi:

Hidrojen adsorplanmas: literatirde hem destekli metaller tzerinde hem de tek kristalli
metaller tzerinde yaygmn olarak caligiimigtir. Bunun gerekgesi hem hidrojenin yaygin bir
endistriyel hammadde olmasi hem de adsorplanmus hidrojenin metal karakterizasyonunda
yaygin olarak kullanilmagidir. Pt uzerinde hidrojen adsorplanmasinin mikrokalorimetrik
slgiimleri sonucunda elde edilen baglangi¢ adsorplanma silan ve integral adsorplanma isilar
Tablo 3’de, degisik metaller uzerinde hidrojen adsorplanmasi yapisma katsayilari da Tablo
4’te derlenmigtir. Hidrojen adsorplanmasmn yapisal duyarhhigi, yakin zamanda NMR
spektroskopisi kullanilarak incelenmistir (Savargaonkar et al., 1998, Savargaonkar er al.,
2002). Tek ve ¢ift metalli katalizorler wizerinde yapilan 6lgimlerde Ru iizerinde hidrojen
adsorplanmasimin baslangig 1silarnin degismedigi ancak orta ve dugik 1sih adsorplanma
merkezlerinin azaldig1 belirlenmigtir (Savargaonkar et al., 1998; Narayan ve King, 1998).
NMR spektroskopisi ile 6lgilen gaz fazi-yiizey arasindaki hidrojen degis tokug parametresi
kullanilarak hesaplanan adsorplanma ve desorplanma hiz sabitleri kullanilarak metal Gzerinde
hidrojenin gorinir yapisma katsayilari yiizey kaplanma oranlarmm bir fonksiyonu olarak
belirlenebilmistir. Bu sonuglarin gosterdigi en belirgin 6zellik tek metalli Ru pargaciklan
tizerinde hidrojenin ‘prekursor’ adsoplanmasi gerceklestirdigi zaman gosterecegi yapisma
katsayisinmn kaplanma oram ile degigmedigi durumdur. Buradan yola gikilarak olugturulan
bir modelde metal pargaciklan tizerinde adsorplanma portal’lanmn oldugu, bu portallarin
elektron fakiri kenar ve kose atomlarindan olustugu, adorplanmamn agirhikla bu portallara
aracihpy ile gergeklesirken desorplanmanin yiizey tzerinde hareket halinde olan molekillerin
herhangi bir noktada kargilasmalan sonucunda gergeklesecegi varsayimi denenmis ve NMR
sonuglarn ile uyumu gosterilmigtir (Kumar et al., 2000).

Bu cahsmalann 1iginda, hidrojen adsorplanmasi dinamiginin yapisal duyarlihg
varsayimumin gegerliligi dikkate alinarak bu ¢alismada katalizorlerin yapisal karakterisazyonu
hidrojen adsorplanmasi ve hidrojenin adsorplanma isilanmin yapisal farkliliklart belirlenmesi

amaci ile kullanilmasi kararlagtinlnugtir.

W
w

]

o

-
.
|
g&j
|
%
| |
.
[ |
| |
|
| |
]
|
F ]
o
%
.
&
|
| |
-
%
| |
%3
| |
| |
| |
| |
|
-
%
| |
|
|
|
P
|
°
|
v
.
|
[ |
|
| |
.
%’
|
|
| |
| |
E
|

| ]




. ]

Tablo 3. Pt Uzerinde hidrojen adsorplanma isilan ile ilgili literatiir verileri

Yizey % Sifir Integral Doygunluk Disperslenme Kaynak
| Pt kaplama adsorplanma wyiizey (mol H
orani 15151 kaplanma  ads/mol Pt)
adsorplanma (kJ/mol) oram orani
15181 ¥ (umol/g
(kJ/mol) kat)
Pt/Si0, 1.2 93 66 38.6 1.18 Cortright ve
% Dumesic, 1995
Pt- 12 95 67 46.0 131 Cortright  ve
K/810; Dumesic, 1995
Pt- 093 92 59 16.1 0.51 Cortright ve
Sn/S10, Dumesic, 1995
Pt-Sn- 093 97 52 26.0 0.89 Cortright ve
K//Si10, Dumesic, 1995
. Pt/Si0, 4.0 91 67 69 0.51 Sharma et al.,
% 1994
i PUSIO, 7.0 92 68 94 0.63 Sharma et al,
f 1994

.
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Tablo 4. Cesitli tek kristal metal yiizeylerinde hidrojen yapisma katsayilarn (Savargaonkar ez
al., 1998)

Yiizey Sicakhik Hidrojen Yapisma Kaynak
x) kaplanma katsayis1 |
* orani
Pt(111) 150 0.0 0.06 Seebauer et al.,
0.4 0.00 1988
- 0.0 0.016
Lu ve Rye, 1974
Pt (100) - 0.0 0.07 Lu ve Rye, 1974
Pt (211) i 0.0 0.14 Lu ve Rye, 1974
Pt (110) - 0.0 0.33 Lu veRye, 1974
Pt Filament 189 0.0 0.13 Norton ve Richards,
0.4 0.017 1974
Norton ve Richards,
350 0.0 0.06 1974
213 04 04 Norton ve Richards;
298 0.4 0.0 1974
- 0.0 0.0045 Lisowski, 1988
- 0.0 0.1-0.16 Lisowski, 1988
Procop ve Volter,
1972

Lisowski, 1988

2.1.5. Secici CO oksitlenmesi tepkimesi:

Secici karbon monoksit oksidasyonu reaksiyonu, yakit pilleri teknolojisi agismdan ¢ok
onemli bir reaksiyondur. Hidrojen, polimer elektrolit membran yakit pillerinde (PEMFC)
yakit olarak kullaniimaktadir. Hidrojen yaygn olarak hidrokarbonlarn kismi oksidasyon
veya oto-termal riformlama yontemleri ile elde edilmektedir. ~Riformlama sonucunda agifa
gikan gazda 6nemli 6lgiide karbon monoksit(CO) bulunmaktadir. CO molekiilleri yakit pilleri
anotlarndaki Pt katalizorlerle ¢ok gugla etkilesime girdiklerinden bir stre sonra elektrot
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katalizorlerinin yiizeyleri agirhikla CO kaplanmakta ve bu da elektrotlarin zehirlenmesi olarak
adlandinlmaktadir. Karbon monoksit’in yakit piline beslenecek gazdaki konsantrasyonunu
distirebilmek igin su gaz kaydirma (water gas shift) reaksiyonu kullanilmaktadir. Bu sayede
¢ikan gaz hidrojen agisindan daha da zenginlesirken, karbon monoksitin konsantrasyonu ise
toplam gazin hacminin 1%’ine kadar dugmektedir. Ancak, PEMFC vyakit pillerinin
anotlarinda platin metalinin kaldirabilecegi karbon monoksit derisiminin 10 ppm olmasi
nedeni ile hazirlanan gazlarnn ek bir reaktérde tercihan CO’yu oksitleyen bir katalizor
uzerinden gegirilmesi gerekmektedir. Bu gereksinimden o6tirt, hidrojen gazi varhiginda
segicl karbon monoksit oksidasyonu reaksiyonuna en uygun kataliz6riin aragtirilmasi giincel
bir problem olarak yaygin bir sekilde incelenmektedir. Bu konuda basarili bir katalizor
uretebilmek i¢in kataliz6riin saglamasi gereken kosullar: (1) karbon monoksit oksidasyonﬁ
reaksiyonu agisindan aktif olmasy; (it) istenmeyen hidrojen oksidasyonu reaksiyonuna karsi
olarak fazlasiyla segici olmasi(ideal olarak hidrojen oksidasyonuna aktif olmamasi) seklinde

siralanabilir.

2.2 Yontem:

Bu proje kapsaminda hem projenin basinda hedeflenen degerli metaller izerinde karbon
monoksit  oksidasyonu  reaksiyonunun yapisal duyarlihk gosterip  gOstermedigi
dogrultusundaki ¢aligma hipotezi hem de segici karbon monoksit oksidasyonu reaksiyonu
perspektifleri sianmugtir. Projenin daha once ongérilmeyen ikinci kisminin giindeme
almmas: oncelikle degerli metaller tzerindeki adsorplanma hizlanmin yapisal duyarlihf
ispatlanmig olan (Savargaonkar er al.1998; Kumar e al., 2000) hidrojen adsorplanmasinin
katalizorlerin yapisal degisikliginin bir 6lgegi olarak kullanilmas: karan ile baglamistir. Daha
sonra hidrojen ve karbon monoksitin bir arada bulundugu ve segici oksitlenme reaksiyonunun
guncel bir problem olmast nedeni ile elde edilen sonuglarin her iki amaca yonelik
kullanilabilmest i¢in g¢alisma metodolojisi  kismen proje bagvurusunda Ongoériilen

metodolojiden daha farkli bir seyir alacak sekilde degistirilmigtir.

2.2.1 Deney diizenekleri:

2.2.1.1 Kimyasal tepkime 6l¢iim diizenegi:

Orta Dogu Teknik Universitesi arasirma ve egitim fonlarindan saglanan kaynaklarla
kurulmus olan bu duzenekte en fazla 200 mil/dak debi ile 100 ila 1000 mg katalizériin
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sinanabildigi, 1200 °C sicakhga kadar gikabilen sicakhk programht bir finn ve tepkime
gazlanmin dogrudan ¢rneklenerek gaz analizine gonderilebildigi bir gaz kromatografi ve
omekleme sisteminden olugmaktadir. Bu sistemle ilgili aynntilar, gurubumuzda
gergeklestirilmis Yiiksek Lisans Tezeri (Demaika, 2001; Kaya, 2002; Demirkol,2002; Ozen,
2001; Oran, 2001) ve yaymnlarda (Ozen and Uner, 2001, Dernaika and Uner, 2003, Mbaraka
and Uner, 2003) bulunabilir. |

2.2.1.2. Kimyasal adsorplanma dl¢iim diizenegi:

Bu diizenek MISAG 96 kodlu TUBITAK projesinin sagladii kaynaklarla kurulmus, ve
gurubumuzda yapilan g¢ahigmalarda ana Katalizor karakterizasyonu cihazi olarak
kullamlagelmektedir. Bu cihazla ilgili detaylar MISAG 96 kodlu proje raporunda ve ilgiii
yiiksek lisans tezlerinde bulunmaktadir (Tapan, 1999; Ozen, 2001).

2.2.1.3 Adsorplama 1s11 8l¢iim diizenegi:

Bu deney diizenegi kismen Devlet Planlama Teskilati jleri arastirma projeleri destei
kullanilarak kismen de MISAG 188 aracilip: ile saflanan kaynaklardan almmugtir. = Cihazin
ana bileseni SETARAM C-80 Tian-Calvet Mikrokalorimetre DPT destegi ile almmus, cihazin
vakumlu ortamlarda calisabilmesini saglamak tzere ilgili basing Slger ve vakum pompalar
MISAG 188 kaynaklani kullamilarak tedarik edilmistir. Bu amagla ahnan soguk katot tipi
basing Slgerin tasanimi gerefi gaz degisikliginde kalibrasyona gereksinim duymasi nedeni ile
MISAG 96 6denegi ile alinan basing olgerlerden 10 mm Hg smunndaki basing 6lger kimyasal
adsorplanma diizeneginden bu diizenege aktanimugtir. Kimyasal adsorplanma diizeneginde
ise sadece 1000 mm Hg duyarhligindaki basmg dlgerle kullamlmaya devam edilmigtir. 2003
yilinda Orta Dogu Teknik Universitesi tarafindan saglanan kaynaklarla bu duzenege de
Baratron tipi basingolgerler = alnarak = cihazlar arasi basingolger paylasim ortadan
kaldinlmustir. Sekil 1°de bu dtizenegin sematik bir ¢izimi verilmektedir.
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Sekil 1. Adsorplanma kalorimetresi diizenegi

2.2.1.4 Sicakhik programh desorplanma diizenegi:

Bu inite devreye en ge¢ ahinabilen tnite olmugtur. Yasanilan sorunlar kaynak yetersizligi ile
tedarik edilemeyen bilgisayar ve kiitle akim kontrol cihazlanindan kaynaklanmigtr. Ven
akisini saplamak tizere kullanilan bilgisayar 2003 yilinda Orta Dogu Teknik Universitesi
kaynaklan kullamlarak tedarik edilmig, ancak kutle akim kontroli cihazlanmn tedariki
mimkiin olamamustir. Bu nedenle, 6l¢iimlerde gerekli hassasiyeti saglamak ancak tepkime
dizenegindeki kitle akim kontrol cihazlanimin donigimli  olarak kullamlmas: ile
gerceklesmistir.  Bu sistemde kullamlan sicaklik programli finrn MISAG 96 kaynaklan
kullanilarak tedarik edilmis olan finndir. Sistemin ilk devreye alinmasindan sonra yiiksek
basingli tepkime gazlannin RGA vakum sistemine verilmesi i¢in kullanilan adaptériin
tasannmumin birkag defa degistirilmesi gerekmustir.  Orjinal baglanti pargasi esas alinarak
yapilan tasanimda adaptér i¢ hacminin gok yiksek olmasi oreklemede ciddi 6l zamanlar
yaratmstir (Sekil 2.a). 20 dakikaya varan bu 6li zamanlann giderilmes! i¢in par¢anin hacmi
kiigiltilmis (Sekil 2.b) ancak sorun yine de giderilememistir. Bu nedenle 6rnegin girig ve
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cikis yonlerinin degistirilmesi kararlagtinlmig ve bakir ve piring pargalardan $ekil 3°de
gosterilen parga imal edilmigti. Bu sekilde cihazin 6mekleme tepki siiresi 30 saniye
mertebelerine indirilebilmigtir.

Sekil 2 a Ornekleme adaptdri: ilk tasarim

Sekil2.b Ornekleme adaptoril: ikinci tasanim
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Sekil 3. Ornekleme adaptorii: halen kullamilan tasarim

2.2.2. Katalizirler ve hazirlama yéntemleri:

Bu proje kapsamindaki deneysel galismada 2%Pt/y-Al,O; katalizorii 1slakhik baslangici
metoduyla tetraammine platinum (II) klorit Pt(NH;)sCl,.H,O (Johnson Matthey) tuzunun
gerekli miktarim1 saf suda ¢6zerek elde edilen ¢ozeltinin y-Al;O3 (Johnson Matthey) ile
kanstinlmasiyla hazirlanmigtir. Bu kangim Pt metalinin y-Al,O3; g6zeneklerine difiizyonu
i¢in oda sicaklifinda bir gece bekletilmigtir ve ardindan 400 K de iki saat bekletilerek kalan
suyunda ugmasi saglanmigtir. Hazirlanan katalizor dorde aynlmis ve her Omek farkls
sicaklikta kalsine edilmistir. Kalsinasyon sicaklhiklan 683K, 723K, 773K ve 873K dir. Elde
edilen katalizdrler farkli sicakliklarda kalsine edilerek metal pargacik biyikligii
degistirilmistir. Bu yapidaki kataliz6riin ortalama metal dagilim orani hacimsel hidrojen
adsorplama yOntemi kullanilarak belirlenmistir.

Ikili metal katalizorler Pt(NH3)4Cl,.H,O (Johnson Matthey), PdCl, (Johnson Matthey) ve
Pd(NOs), (Johnson Matthey) tuzlar kullanilarak hazirlanmistir.  PACl; (Johnson Matthey)
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tuzu kullanildiginda ikili metal katalizorler birlikte empregnasyon yontemi ile PA(NO;),
(Johnson Matthey) tuzu kullanihidiginda ise sirali  empregnasyon yontemi ile
hazirlanabilmistir. Ikinci durumda Pt ve Pd tuzlan empregransyon oncesi ¢okeldiklerinden
siralt empregnasyon yontemi tercih edilmistir. Bu katalizorler de 723 K’de dort saat kalsine
edildikten sonra kullanim oncest hidrojen ortaminda indirgenmislerdir.

CeO, destekli katalizérle;i hazirlamak i¢in  CeCl;. XH,O (Johnson Matthey) ve
Ce(CoH302)3.1.5H20 (Johnson Matthey) tuzlart kullamilmistir. Bu tuzlarin 873 K sicaklikta

dort saat kalsinasyonu sonucunda CeO, olusumu saglanmis ve XRD ile de teyit edilmistir.

2.2.3. Deneysel yontemler:

2.2.3.1. Tepkime deneyleri:

Tepkime deneyleri, fakir, zengin ve stokiyometrik CO ve O, karisimlari azot, kuru hava ve
karbon monoksit’in kiitle akim kontrol cihazlarindan gegirilerek karnistirtlmasindan sonra elde
edilen gaz kanigimlart kullanilarak kiitle ve 1s1 aktarim kisitlamalarinin olmadign test edilmis
kosullarda yapilmistir. Oncelikle hazirlanan katalizérler 100 mg katalizér 900 mg ALO; ile
kangtinlarak quartz cam tiipler iginde sicaklik kontrollii tiip firmimn igine yerlestirilmistir. Gaz
karigimimdaki oksijen CO orani stokiyometrik ayarlandiginda 5% CO ve 2.5% oksijen
meveuttur.  Gazin akig hizi 200 ml/dak olarak sabit tutulmustur.  Karbon monoksit, kuru
hava ve azottan olusan gaz karigimu tepken olarak kullanilmis ve CO oksidasyon reaksiyonu
sonucu ¢ikan iriinler gaz kromotografi yardimi ile 6lgilmiistir. RGA {initesinin devreye
alinmasmdan sonra bu deneylerin bir kismu yatiskin hal ortaminda RGA kullanilarak
gergeklestirilmistir.  Gaz kromatografinin hidrojen duyarlihiinin yetersiz olmasi nedeniyle

segici hidrojen oksitlenmesi deneyleri tamamen RGA sistemi kullanilarak ¢alisilmaktadir.

2.2.3.2 Adsorplanma 1s1s1 6l¢iim deneyleri:

Adsorplanma 1sis1 6l¢lim deneyleri Sekil 1°de gosterilen diizenekte yapilmistir. Bu diizenekte
erigilebilecek en yiiksek sicakligin 573 K olmasi nedeni ile dnceden indirgenmis 500 mg ila
I g arasinda tartilmig katalizorler 6rnek hiicresine yerlestirilmekte, referans hiicresi bog olarak
deney diizenegine monte edilmektedir. Bu diizenekte 573K sicaklikta hidrojen ortaminda
katalizorler yaklagik iki saat indirgendikten sonra basing 107 Torr’a ininceye kadar vakum
uygulanmaktadir. Yizeyde adsorplanmig maddelerin tamamen desorplandigi varsayilan bu

basing diizeyinde sistem 303 K sicakliga ¢ekilerek adsorplanma isilari ve miktarlan
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olcilmektedir.  Kalorimetre cihazi ile adsorplanma isilan 6lgiiliirken voliimetrik olarak
adsorplanmis gaz miktarlar1 belirlenmekte ve her bir olg¢iimde bu iki degerin orami
diferansiyel adsorplanma i1silarint vermektedir.

Adsorplanma 1sis1 dlglimii i¢in kullanilan diizenekte ilk olarak Full Range Cold Cathode
Gauge basing olger kullanilarak deneyler yapilmis fakat bu deneylerin bir ¢ogunda
adsorplanan gazin miktannd; tutarsizlik ve gazin tiirliine bagimh 6l¢iim yapmasindan dolayi
hatalar olugmustur. Bu sorunlardan kurtulmak i¢in kullanilmakta olan basing Slger (Cold
Cathode Gauge), gazin tiirine bagimli 6l¢iim yapmayan ve kalibrasyonsuz kullanilabilen
Baratron Gauge ile degistirilmistir. Boylelikle gaz basing 6l¢iimleri hatalardan arindirilmistir.
Sistemde kullanilan baglanti noktalarindaki sizdirmazlik pargalarmin  da  (O-ring)

yenilenmesiyle saghikli 6l¢iim alinmaya baslanmustir.

2.3. Bulgular ve Tartisma
2.3.1. Yapisal duyarhlik ¢calismalar:

2.3.1.1 Tepkime deneyleri:

Oncelikle karbon monoksit oksidasyonu reaksiyonun yapisal duyarliligi incelenmistir. Bu
nedenle Oncelikle dort degisik katalizor hazirlanmistir. 2% platinyum  katalizorii
hazirlandiktan sonra 410, 450, 500 ve 600°C derecelerde dért saat boyunca kalsine edilmis
dort katalizor elde edilmigtir. Bu katalizorlerin metal dagilim oranlari hacimsel hidrojen
adsorplama yontemi kullanilarak belirlenmistir. 450 °C sicaklikta kalsine olmus katalizdriin

hacimsel adsoprlanma sonuglart Sekil 4’te tiim katalizorlerin toplam, zayif ve giiglii hidrojen

adsorplanma oranlar ise Tablo 5’te verilmektedir.
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Sekil 4. 450°C de kalsine olmus 2%Pt/y-ALOs katalizori igin hidrojen adsorplanma isotermi

Tablo 5. Farkli sicakliklarda hazirlanmis 2%Pt/y-Al,Os katalzorlerinin toplam, zayif ve gigli

adsorplanma degerler
Kalsinasyon sicaklif Toplam
Zayif Adsorplanma | Gugli Adsorplanma
°O) Adsorplanma
(Wpttoplam) (H/Pttoplam)
(H/P-ttoplam)
410 0,83 0,20 0,63
450 0,47 0,18 0,29
500 0,26 0.06 0,20
600 0,09 0,05 0,04

SR r&ﬂ\%ﬁxﬂl%RW%W%WN\WWWW@W&&%WW@w@%?w»%wN@%‘%‘Wfb&\%%W&(@N%@W&WWM@%W@MWW%WWWWWWWWWWWW» 0

Dort degisik sicaklikta kalsine edilmig (410, 450, 500, 6000(3) 2% Pt/y-Al,O5 katalizorlen

katalitik performans testine tabi tutulmugstur. Sicaklik sabit araliklarla arttnlarak, sicakliga

bagl olarak karbon monoksitin yiizde dontsiimi elde edilmistir (Sekil 5). Yiizde donigiimiin

10%’a kadar olan kismu gdz ¢niine alinarak da reaksiyonun hiz degerleri elde edilebilmistir.

Reaktor aslinda bir dolgulu yatak reaktori olmasina ragmen 0-10% ytuzde donigim boluma

dikkate alnarak bu reaktorin diferansiyel reaktor gibi davrandign varsayimiyla reaksiyon




hizlart kolayca hesaplanabilmistir. Boylece her yiizde dintisim deferine gore reaksiyon hizi
hesaplanmstir.

Aktivasyon enerjisi degerleri, reaksiyon hizinin istel bir fonksiyon ve hiz sabitinin
Arrhenius denklemine uygun oldugu varsayimma gore hesaplanmustir. Denklemin iki
tarafinin dogal logaritmalan almarak, reaksiyon hizimn dogal logaritmasmin sicaklifa ters
orantih oldugu bir denklein elde edilmistir. Boylece In(uz)’a karsilik olarak 1/T grafigini
cizerek (Sekil 6), bu grafigin egiminden aktivasyon enerjisi heasaplanmaktadir. Dort farkli
katalizor i¢in elde edilen aktivasyon enerji degeri Tablo 6°te gosterilmistir.

Katalizérlerin devri-daim sikhiklan ise reaksiyon hizlari ve metal parg¢acifinin yuzey
dagilim oram kullanilarak hesaplanmustir. Oncelikle bir gram katalizérdeki metal agirhk
orani, platinyumun molekaler agirhg ve yizey dagihm oram kullanilarak bir gram metaldeki
aktif sitelerin sayis1 hesaplanmigtir. Daha sonra reaksiyon hizinin aktf site yogunluguna

orani almarak katalizérlerin devri-daim sikhiklani elde edilmistir (Sekil 7).
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Sekil 5. 410°C, 450°C, 500°C ve 600°C de kalsine edilmis 2%Pt/y-AlO3 tizerine CO
oksitlenmesi tepkimesinin sicaklikla ger¢eklesme oranimi degigimi.

20




! T T T T T 1
0.0019_0.00195 0.002 0.00205 0.0021 0.00215 0.0022 O nfmj” —
#® 450 C
5 & 600 C
% 500 C
y =-14457x +25.984 — — — ~ Linear (600 C)
’é‘:; gy . Linear (450 C)
g * %‘;\\-\ - = = «Linear (410 C)
24 B oy = Linear (500 C)
oz, Y =.12668x +22.502§
-5 ¥ 5
) y =-1z§172x+25.448
[1;6[)dL 1/T yﬁ—ll332x+li8.973
. ]

Sekil 6. 410°C, 450°C, 500°C ve 600°C de kalsine edilmig 2%Pt/y-Al,0; iizerinde CO
oksidasyon tepkime hizinin 1/T ye gore degigimu.

Tablo 6. Farkli sicakliklarda kalsine edilmis 2%Pt/y-AL,Os katalizorlerinin uzerinde

gergeklesen CO oksidasyonu tepkimesinin aktivasyon enerjileri.

Sicakhk (°C) Ea (kJ/molL.K)
410 1202
450 117,8
500 105,3
600 94,2
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Sekil 7. 410°C,450°C, 500°C ve 600°C’ de kalsine edilmis 2%Pt/y-Al,O3 tzerinde CO
oksidasyon tepkimesinin devir-daim sikliginin sicakliga gére degisimi.

Elde edilen tepkime deneyleri sonucunda karbon monoksit oksitlenmesi tepkimesinin
yiizeyin yapisina bagimh olarak degisim kaydettigi kesin olarak gorilmugstiir. Daha 6nce de
belirtildigi gibi aktif metal pargactk buytkluga kalsinasyon sicakhifimn arttinlmasiyla
depistirilmis ve yiizey metal dagihmuyla belirlenmistir. Metal pargacik biytkligundeki
depisim ise gazla etkilesimde olan yiizeylerinin oranimn degismesine neden olmaktadir.
Daha biuyik pargaciklarda diizlem yizeylerinde olan atomlarn, kenar ve kose atomlarina
gore orami artmaktadir. Toplam katalizor yizeyine bakildiginda ise metal pargaciklarmin
buyiimesi sonucunda gaz ile temas etmeyen ve pargacik yapisinin iginde kalan metal miktan
artarak yuzeydeki toplam aktif merkez sayisi azalmaktadir. Bu tespitler 11ginda elde edilen
deneysel sonuglar irdelenmeye ¢alisilacaktir.

a. Farkli sicakliklarda hazirlanmug Pt/y-AlOs katalizorleri tizerinde gergeklesen karbon
monoksit oksitlenmesi tepkimesinin sicaklik ile degisimi Sekil 5’te verilmistir. Bu grafikte
gorildipgin tzere karbon monoksit oksitlenmesi tepkimesi farkli katalizorlerde farkh
alevlenme (light-off) ve tamamlanma sicakhklari gostermektedir.

b. Bu tepkime testleri deneysel ¢alisma bolimiunde belirtildigi gibi mikro reaktor
analiziyle incelenmis ve bunun sonucunda aktivasyon enerjileri Tablo 6’te verilmistir.

Tabloda gorildiigi gibi kalsinasyon sicaklign arttikga aktivasyon enerjisi dismektedir.



¢. Tepkime testlerinin devir-daim sikhif incelemesi (Sekil 7) sonucunda gorilmustur ki
aktif metal pargacik buyiikliginiin artmastyla devir-daim siklign artrmugtir.

Yukandaki ii¢ sonug bir biriyle ilintili olarak agiklanabilir. Metal pargacik buytklugu
artik¢a devir-daim sikhigmin artmasi, aktiflesme enerjisindeki azalma ile agiklanabilir.
Bunun sonucu olarak mevcut olan sitelerin aktifliginin artmasi gozlemlenmistir. Aym
zamanda biyik metal pargaciklannmin daha yiksek sicakliklarda alevlenme gostermesi ise

toplam site sayisindaki azalmadan dolayidir.

2.3.1.2. Adsorplanma 1s1s1 dl¢iimleri:

Yiizeyde adsorplanan CO’nun adsorplanma 1sist ve bu ismin ylizeyin kaplanma
oramyla degisimi CO/metal sitemi hakkinda temel bilgiler verir. Adsorplanma 1sis1 yiizeyde
dengedeki absorplanma noktalarmn kaplanma oranlarinin niteligini belirler. Ama bu konu
destekli katalizorlerde deneysel zorluklardan 6tari ¢ok nadir olarak ¢aligilmigtir. Bu konuyu
inceleyebilecek metotlardan sicaklik-programli desorplanma (TPD) difizyon ve yuzeyde
tekrar adsorplanma gibi problemlerden dolayr kullanm bulamamugtir. Adsorption
mikrokalorimetresi, alternatif bir yontem olarak gazdaki kirliliklerden (safsizhk) yada
yiizeyde kalmis olabilecek diger maddelerle reaksiyonlardan etkilenebilir (Bianchi er al,
2001). Adsorplanma isisinin elde edilebildigi metotlar i¢inde sadece kalorimetre her hangi bir
varsaytma dayanmadan dogrudan 6lgiim yapmaktadir.

Literatirde bulunan adsorplanma 1sis1 verilerinin hemen hemen hepsi ya saf
metallerde yada metal kristal yizeylerinde olgulmustir. Bununla birlikte destekli
katalizorlerde genellikle metal pargalarmmn buytklugin 10 nm ile 1 nm arasinda
depismektedir. Katalizérdeki metallerin yiizey/yigin orant metal pargacik buyakluga
azaldikca artar ve boylelikle yizeydeki metallerin yigindakilerden farkli elektronik
ozelliklere sahip olmasi beklenir. Daha da onemlisi, metallerin 6zellikleri destek tarafindan
etkilenmektedir (Vannice ve Chu, 1987). Metal kristal yiizlerinde ¢6lgtlmis adsorplanma
isilan ok yitksek vakum ve dusik sicakhiklarda TPD metoduyla elde edilmistir. Bu deney
kosullan gergek hayat katalitik operasyon kosullanindan g¢ok farkhidir (Bianchi, ve Dulaurent,
2000). Literatirde yer alan siurh sayidaki destekli metal katalizorler uizerindeki adsorplanma
1s1s1 verileri (6megin Narayan ve King, 1998; Spiewak ve Dumesic,1996) katalizorlerin atom
olgepinde yapilan hakkinda yogun bilgiler verebilmektedir.

Bu calismada yapilan ilk 6lgiamler TiO; iizerinde desteklenmis Pt katalizorler uizerinde
oksijen adsorplanmast isilan uzerine idi. TUBITAK tarafindan desteklenen MISAG 96 kodlu
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projede baslanmis galismalann devamu niteliginde yapilan bu olgimlerde temiz yuzey
diferansiyel adsorplanma 1silan ve doygunluk yizey kaplanma oranlan incelendiginde metal
pargacik biyiiklugi ile diferansiyel adsorplanma isilarinin ters oranth oldugu gorilmektedir
(Tablo 7). Bu sonuglar ve detayl tartigmasi Uner ef al.(2003)’de ayrnintis1 ile bulunabilir.
Sekil 8’den de gorilecegi gibi diferansiyel oksijen adsorplanmasi isilan yiizey kaplanma
orani ile digmektedir. Ayrica metal pargacik buyukligu dustikee diferansiyel adsoplanma
isilant da yikselmektedir. Metal pagacik buyiikliikleri azaldik¢a dusik koordinasyon sayili
kenar ve koge atomlarmin oramnn artug bilindiginden, gézlemlenen bu degisiklik oksijen
adsorplanmasmnin yapisal duyarhhi@ olarak yorumlanabilir.  Ancak TiO2’nin katalizor
hazirlama sireci sirasinda kismen indirgenebildigi ve olusan TiOx yan indirgenmis
moitelerinin yitksek hareketlilige sahip olmalan nedeni ile metal pargaciklanm Uzerini
kapladiklani ve metallerle elektron alisverisinde bulunduklan bilinmektedir. Dolayist ile
Sekil 8 ve Tablo 7°da ayrintist ile gosterilen verilerden bir yargiya varmadan 6nce goreceli

olarak inert bir althk malzeme ile bu deneyleri tekrarlamak gerekmistir.

Tablo 7. TiO, destekli Pt katalizorleri tizerinde diferansiyel adsorplanma isilan ve bunun

metal pargacik buyuklugi ile iligkisi

Pt %  BET Pt Gugli H Gugli O, doygunluk Temiz  ylzey
Yizey yiklemesi  (umol H/Pt kaplanma diferansiyel
alam (m%g (umol Ptg H/g orant Pt adsoplanma
katalizor)  katalizor)  katalizor) (umol/g 15181

katalizor) (kJ/mol)
0.5 445 51.30 0.86 0.03 1.5 320
1.0 44.5 51.30 6.36 0.12 3.0 380
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Sekil 8. PYTiO; uizerinde oksijen adsorplanma 1s1s1 olgtimleri

Farkhi 151l islemlerle hazirlanmug katalizorlerin yizeyinde Ho, CO ve O, gazlan ayn ayn
adsorplanmig ve yuzey kaplanma oraninin depisimine gore adsorplanma isilarind aki
degisimler Sekil 9’da gosterilmektedir. Sekil 9°daki verilerden kolayca anlasilacag gibi
disik pargacik boyutlannda katalizor iizerinde yogun miktarda gerceklesen hidrojen
adsorplanmast metal pagacik biiyukligi arttk¢a diigmektedir. Ayrica hidrojen adsorplanmasi
enerjisi daglim da daha dar bir araliga ¢ekilmektedir. Aym sekilde yapilan karbon monoksit
ve oksijen adsorplanma 1silan dlgamlent de sirastyla Sekil 10 ve 11°de verilmektedir. Sekil
12°de temiz yizey adsorplanma isilani gosteriimektedir. Temiz yiizey adsoplanma 1silari
adsorban katalizor arasindaki ilk etkilesimin isareti oldugundan, yapidaki elektronik
degisimlerin de bir gostergesi olarak kullamlabilir. Bu veriler incelendiginde hidrojen’in
temiz yiizey diferansiyel adsoplanma isisinda artan kalsinasyon sicaklifi, yani artan pargactk
buyikligi ile bir disme oldugu, yine Sekil 9’dan da gorilebilecegi gibi doygunluk kaplanma
oranlan da kalsinasyon sicakligi ile belirgin bir sekilde diusmektedir.
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Hidrojen gazimin adsorplanmasimm yapisal duyarlihgi konusu literatiirde kabul goren bir

gercektir (van Der Viel et al. ,1999; Kumar ef al. ,2000; Savargaonkar ef al. ,1998). Bu

calismanin  sonuglari da bu bulgulan hem teyid etmis, hem de katalizordeki yapisal

degisiklikleri dolayli olarak 6lgme imkam olmugtur.
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Sekil 9. 410, 450, 500 ve 600°C’de kalsine olmus 2%Pty-AlO3 katalizora yiizeyinde

hidrojen gaz1 adsorplanma 1silan.
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Sekil 10. 410, 450, 500 ve 600°C’de kalsine olmus 2%Pt/y-Al,O3 katalizéri yiizeyinde

karbon monoksit gazi adsorplanma 1silar.
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Sekil 11.

oksijen gazi adsorplanma isilar.
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410, 450, 500 ve 600°C’de kalsine olmus 2%Pt/y-Al,Os katalizéri yuzeyinde
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Sekil 12. Temiz yiizey adsorplanma isilarinin kalsinasyon sicaklip ile degisimi
® H,
e CO
- B O,
. 200 -
B
E
2
-
= = = ¢
S
§ 150 o
a B
©
5 ® ¢
w
©
£ 100
g @
8
=
50 ® ® o
0 T H T
410 450 500 600

Calcination temperature (°C)

Sekil 13. Integral adsorplanma isilarimin kalsinasyon sicakhigr ile degisimi
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Hidrojen adsorplanma 1silar ile karbon monoksit ve oksijen adsorplanma 1silart grafiklerinde
410 °C sicaklikta kalsine edilmis katalizorin davramsinda bir degisiklik oldugu ve doygunluk
kaplanma oranlarmin 450 °C sicaklikta kalsine edilmig katalizériin doygunluk kaplanma
oranlarmin altina distiagi Sekil 11 ve 12°den de gorilebilir. Bu katalizor iizerinde hidrojen
adsorplanmasindan sonra gergeklesen bir bozunmadan oldugu dusuniilmekte, ancak yeterh
miktarda taze katalizor buluhmadigindan bu deneyler tekrarlanamamigtir. Bu ginlerde yeni

katalizor hazirlayarak bu olgtimlerin tekrarlanmasi planlanmaktadir.

Integral adsorplanma isilani diferansiyel adsorplanma isisi egrilerinin  boyutsuz yuizey
kaplanma oramna kars: ¢izildigi grafiklerin alundaki alanlar hesaplanarak bulunur. Integral
adsorplanma 1silarnin pargacik buyuklugine gore degisimi ilging bir sonug gostermektedir
(Sekil 13). Hidrojen gazinm integral adsorplanma 1sist pargactk buyiklugu arttikga dismesi
hidrojen adsorplanmasinn yapisal duyarhihgiu gostermektedir (Savargaonkar ef al., 1998).
Buna karsilik oksijen ve karbon monoksit’in integral adsorplanma 1silan, pargacik boyutu
arttikca yikselmektedir. Bu ters yondeki degisim karbon monoksit segici oksitlenmesi
tepkimesinde hidrojen ve karbon monoksitin pargacik buyiikligu arttikga tersine bir seyir
izleyeceginin kesin bir kaniti olmamakla beraber bir indikatoradiir. Buna ek olarak, 6lgilen
adsorplanma 1silart benzer katalizorler tizerinde yapilan adsorplanma isilan olgimleri ile
benzerlik gostermesi yaptigimuz Slgtimlerin tekrarlanabilirliginmn bir gostergesidir (Tablo 1,

2,ve3).

2.3.2. ikili metal katalizérlerde CO oksitlenmesi:

Bu ¢alisma kapsaminda Pt-Pd ikili metal katalizorler incelenmistir. Bu metaller egzoz
emisyon kontrolinde yaygm olarak kullamlbirlar.  Ayrica ikili metal ortamlaninda bu
katalizorlerin kikirte karst direnglerinin de arttifn bilinmektedir. ~ Dolayis1 ile petrol
rafinerilerinde hidrojenleme ve izomerleme tepkimelerinde kullamlmak tzere bu turden ikili
metal aday katalizorler gelistirilmektedir.

Bu ¢alismada incelenen birlikte emdirilmig toplam metal yitkleme orani agirhkga %1 olan Pt-
Pd ikili metal katalizorleri, bu katalizorlerin sicak su ile klor giderilmeden once (yikanmamis)
ve sonra (yikanmug) hidrojen adsorplanmasi yontemi ile olgtlmilg yuzey/yigin metal atom
oranlann ve her bir gram katalizérde bulunan ytzey metal atom miktarlari Tablo 8’de

gosterilmektedir.
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Tablo 8. Pt-Pd ikili metal katalizérleri ve yikanmadan 6nce ve sonra hidrojen adsorplanmasi

yontem ile olgiilen yizey/yigin atom oranlarn

Yizeydeki atom miktari, % pmol ylzey atomu/g katalizor
Katalizor Pd:Pt | (yikanmamus) | (yrkanmug) (yikanmug)
1 % Pt/y-AlL,Os 0:1 70.4 60.8 31.2
1 % Pd-Pt/y-AlL O3 1:3 57.8 39.6 18.3
1 % Pd-Pt/y-Al0O; 1:1 523 38.3 27.8
1 % Pd-Pt/y-AL O3 3:1 49.1 235 19.6
1 % Pd/y-Al,0O3 1:0 479 279 26.2

Bu katalizorler tzerinde yapilan karbon monoksit oksitlenmesi deneylerinde elde edilen

sonuglarin bir kismu Sekil 14°te gosterilmektedir.
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Sekil 14. Yikanmus Pt-Pd ikili metal katalizérlerinde karbon monoksit yanma (light-off)
egrileri.

Sekil 14’ten de gorilecegi gibi katalizorlerin kimyasal davramgi agirhkla Pd katalizériine

yakindir.
nedeni ile bu metallerin birbirleri ile alasim olusturmalandir. Dolayisi ile her bir katalior

Bunun temel nedeni Pt ve Pd metallerinin karnigma 1silarimn egzotermik olmasi

pargacigl Pt ve Pd igermektedir. Buna ek olarak Pd metalinin ergime noktasi ve siiblimlesme
1s1s1 Pt metalinden daha disik oldugundan, daha digiik serbest yizey enerjisine sahiptir ve
termodinamik olarak bu metal yizeyde daha fazla bulunmay: tercih etmektedir. Bu bilgilerin
dogrudan teyidi karbon monoksit oksitlenmesi tepkimesi sonucunda ortaya ¢ikmugtir. Bu
katalizorler tizerinde yapilan 1sitma ve soputma deneylerinde ise histeresis davrams1
gozlemlenmistir. Tam katalizorlerde gozelmlenen bu histeresis davramsimn 6mek grafigi

Sekil 15°te %1 Pd/y-AlLOs igin verilmektedir.
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Sekil 15. %1 Pd/y-ALOs Katalizorlerinin CO oksitlenmesi sirasimnda 1sitma ve sogutma
sireglerindeki davramglan. Tepkime zenkin, stokiyometrik ve fakir kangimlar i¢in ayri ayn

incelenmigtir.
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Histeresis davramginmn temel gerekgesi katalizor yiizeyinin diisiik sicakliklarda CO tarafindan
tamamen bloke edilerek oksijen adsorplanmasma yer birakmayisindandir. ~ Adsorplanma
isilarmin 6lgiimleri sonucunda (Sekil 13) ortaya ¢ikan bulgu oksijenin daha yiksek
adsorplanma 1silar1 verdigi dolayist ile rekabet ortaminda yuzeyi karbon monoksite birakmayi
tercih ettigidir. Ancak sicakliklar yitkseldikge karbon monoksit desorplanma egilimine girer
ve bu da oksijenin yizeyde daha fazla adsorplanmasina yol agar. Dolayisi ile yuzeyde
tepkimeye girebilecek atomsal oksijen oram arttikga donusim kolaylagir ve daha dusuk
sicakliklarda gergeklesebilir. Sopuma sirasinda egrinin daha digtk sicakliklarda daha yiiksek
dénisim vermesinin nedeni yuzeydeki karbon monoksit zehirlenmesinin heniiz olugmaya
baslamamasindandir.  Sekil 15 dikkatle incelendifinde dontstimin isitma sirasinda hizla
%100’e firladif1 ve sogutma sirasinda da birden bire sifira dustagu gorulur. Bu olaylarnn
gergeklestigi sicakliklar yiizeyde kinetik faz doniisimi olugan sicakhklardur.

Pd katalizorinan oksitlenmeye egiliminin Pt’den daha fazla oldugu bilindiginden, her iki
katalizorde gergeklesen tepkime hizlan karbon monoksit kismi basinci degistirilerek
incelenmigtir. ~ Sekil 16°da saf Pt ve Sekil 17°de ise saf Pd katalizoriinin davranigian
gosterilmektedir.  Saf Pt katalizorii tizerinde CO oksitlenmesi hizlar1 artan CO miktan ile
diizenli bir sekilde artmakta, CO/O, oram reaksiyon stokiyometrisine eristikten sonra da
diizenli bir sekilde azalmaktadir. Bu deneyler yiizeyin karbon monoksit ile zehirlenmedigi
sicakliklarda bu egilimi gosterirken, karbon monoksitin yiizeyi zehirledigi durumlarda hig bir
degisim olmadigr da Sekil 16’da gozlemlenmektedir.

Benzer deneyler Pd iceren katalizorler uzerinde tekrarlandiginda ise tepkimede CO kismu
basinct stokiyometrik oranin ustiine ¢iktiginda bile hizin digmedigi gozlemlenmigtir (Sekil
17). Bunun nedeni CO oksitlenmesinin Pd-O merkezler aracth@ ile gerceklesmesinden
sturadur. Gaz fazindan oksijen aligverisi Pd katalizorlerinde dolayl olarak gergeklesmekte,

ve katalizoriin yigin iginde depoladigi oksijen tepkime sirasinda kullanilabilmektedir.
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Sekil 16. Pt uizerinde CO oksitlenme hizimin CO kismi basinci ile degisimi.
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Sekil 17. Pd iizerinde CO oksitlenme hizimn CO kismi basinei ile degisimi.

2.3.3. CeO; destekli Pt tizerinde CO Oksitlenmesi:

CeO, destekli Pt tizeindeki CO oksitlenmesi ¢aligmalanndaki bulgular yukarida bahsi gecen
konularin genel bir tekran olacagindan burada yer almasi tercih edilmemistir. Ancak, bu
calisma sonucunda hazirlanan ve Applied Catalysis B: Environmental dergisine yayinlanmak
tizere sunulacak olan elyazmasi ekte verilmektedir. Caligmamn bu kisminda katalizor 6n
maddesinden kaynaklanan klorun katalizor Gzerindeki etkisinin  CO  oksitlenmesi
tepkimesinin yapisal duyarliligimi gosterir bulgular elde edilmigtir.  Ancak kesin kamtlar daha
sistemetik bir ¢alisma ile ortaya konulabileceginden detay: ile vurgulanmaktan bu agamada
uzak durulmaktadir.

2.3.4. Secici CO oksitlenmesi reaksiyon modeli:

RGA initesi devreye alindiktan sonra kisa bir sure g¢ahsilabilen segicit CO oksitlenmest
tepkimesinin 410 °C sicaklikta kalsine edilmig katalizor uzerinde yapilan 6n deney sonuglarn

Sekil 18°de gosterilmektedir.  Bu ilk deneylerde % 2 CO % 4 O,, % 10 H; ve %84 He
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karigimu kullantlimuistir.  Sekil 18°den de gorilecegi gibi oksijen dénistimler: hizla %100°e
varmakta ve katalizor tizerinde karbon monoksit déniisimii hidrojen donisumunden yiiksek
cikmaktadir.  Bu segigiligin  kalsinasyon sicakligr arttikga artmasi beklenmektedir. Bu
calisma halen devam etmektedir, ve yapisal duyarhlik boyutu tek ve ¢ift metalli katalizorler

incelenerek sturduriilmektedir.
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Sekil 18. RGA unitesi kullamlarak elde edilen segici CO oksitlenmesi tepkimesi sonuglari

Hidrojen bulunan ortamlarda karbon monoksit’in segici oksitlenmesi tepkimesi global kinetik

modelleme yontemi ile ¢aligimgtir. Modelde kullalan tepkime silsilesi asagida

venlmektedir.

O, + % — Oy [1]
OF + % - 20* [2]
CO+* « CO* [3]
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H, + 2% — Hp* [4]
O* + H* <~ OH* [5]
OH* + H* — H,0 + 2* [6]
CO* + O* — CO, + 2* [7] (hiz belirleyici adim)
Yizeydeki aktif merkez dengesi asagidaki gibidir:

Oy + Oz + Oo+BOco + On * Oon = 1

Denklemdeki ©;, i maddesinin yiizey kaplanma oramni ve ©, bos sitelerin yiizey kaplanma

(hiz belirleyici adim)

oranim  belirtmektedir. Hesaplamalar sirasinda, yiizeyin genel olarak CO tarafindan
kaplandig varsayillnugtir.
Bu nedenle aktif merkez dengesinin yeni hali:
Ocot+ Oy =1
O, = 1- Oco
Eger reaksiyon [3] 1 hatirlarsak;
CO + * - CO*

Bu reaksiyon igin hiz kanunu elde ederken reaksiyonun birincil mertebeden oldugu
varsayllmistir. Karbon monoksitin adsorblanma hizi, molekullerin yiizeye ¢arpma sayilanyla
dogru orantiidir. Bir bagka deyisle, molekiillerin belli bir oram adsorblanabilir. Bu nedenle,
garpisma hizt karbon momksitin kismi basinci ile dogru orantihdir. Ayrica, karbon monoksit
molekilleri sadece bos sitelere adsorblanabilecegi igin molekiillerin yuzeye yapisma hizi bos
sitelerin molar konsantrasyonlariyla dogru orantihdir. Bunlari géz o6niinde bulundurarak
karbon monoksitin yapisma hizi su sekilde yazilabilir:

yapisma hiz1 = ksPco®y
CO molekillerinin yizeyden desorplanma hizlari ise ®co miktani ile dogru orantiidir. Bu
nedenle;

Desorplanma hizt = k.30co
Net adsorplanma hizi, yapisan CO molekiillerinin sayisindan ytzeyden kurtulan molekillerin
sayisi gikartilarak elde edilebilir.

adsorplanma hizi = kaPco®y - k30co
Denge durumunda adsorplanma hizi sifira esittir.

Denklem [3]3(181’1 Oco = K}p(j()Gv

1- (’:')\- = K}PC()@V ve K; = 'l;L
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Eger yeni site denge denklemini ve [3]’den gelen denklemleri birlestirirsek;
1

= S 3a
1+ K,P, B3al
K. P
@CO_ 3 Co [3b]
1+ K,P,,
Aym sekilde asafidaki dehklemler elde edilmigtir:
Denklem [1]’den On= K, xFP,, x0,
K, xP,,
Oop = 1702 [1a]
1+ KPP,

Denklem [4] den Ou= (K, x Py, xO,

2_.,‘\/K4XPH2 [43}

TV K,

Eger oksijen atomlarimin sabit olarak uretildigi ve tuketildigi varsayilirsa,

17(C)
dto :O;kz(aoz@v -k0,06, —k O, — k0,0,
k® O
"
ksG)H -—’i’ﬁ”"ﬁ‘“’kv(a“
) k  +k0©,

[3a] ve [4a]’i [8]’in iginde yerine koyarsak;

k2®02
00 = 1+ K, P,
k. k VKL
‘\/K4PH2 _ ’ ~51+K3PCO + k. K3Peo
"1+ K, Py, . JK.P,, "1+ K,P.,
S 14 KPR,

[9]

JK P, .
k_ >>k, Y212 diye varsayilirsa;

+ 3 Co

Yeni denklem;
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|

.
°

k,®,,
— @O ~ 2oz
k’JKSPCO
ve [1a)’y1 [10] un iginde yerine koyarsak;

2@ = kZ e K]POZ
° T kK, Py 1+ K5P

&

Eger OH molekiillerinin sabit olarak iiretildigi ve tiketildigi varsayilirsa;

de
7%:0:;{56061‘1 ”k»SG)OH “k6®0H®H
=0, = k®,0,
k. +k®y

[10a] ve [4a]’y1 [11]’in iginde yerine koyarsak;

k, . Kb o« VKoL

—e,, - *kK.P, 1+K.P, 1+K/P, [11a]
k_,+k, W"/K“PH 2
’ 1+ K,FP.,

\fKAQPHQ

k sk diye varsayilirsa,
l 3*Co
Yeni denklem;
0, = kK , Kb JK.Py, (12]

kKP., 1+K.Fy, 1+ K, P,
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H,O’nun hiz1 [6]’ya gore su sekilde yazilabilir:
Mz =k®op0®y [6a]

[4a] ve [12]yi [6a] mun iginde yerine koyarsak;

kZKS . KIPO2 . \/K/—!PHZ R \/K4PH2
“k,K,P, 1+K,P, 1+K,P, 1+K,P,

hiz,., =k

_ kokoK K K ) Fo, . Py, [6b]
kK Foo I+ K3P)

KsPco>>1 diye varsiyilirsa, denklem [6b] nin yeni hali;

hiz o= klﬁ . P02PH2 k‘;’f - kzchxKaKs [13]
[ 4 L7 g
(Feo) b (K)'

Eal, = Ea, + Eag + AH, + AH  + AH  — Ea, — 4AH,

CO,’nun hizi [7]’ya gore su sekilde yazilabilir:
iz, =k,05,0, [7a]

[3b] ve [10a]’yi [7a] nin iginde yerine koyarsak:

KyPeo . k, . K\ £y, [7b]
1+ K, Py ki KiFoo 1+ K P

iz, =k,

KsPco>>1 diye varsiyilirsa, denklem [7b]’nin yeni hali:

hlZCo_-—_ki;_P..Q.g_{ ke{;f :’lﬁ:ﬁ; []4]
(Feo) (K5)”

Eag? =Fka, + AH, —2AH ,

Secicilik, CO’yu CO;’ye gevirmek i¢in kullalan oksijen miktarimin toplam oksijen
miktarina orami olarak tammlanabilir. CO’vu okside etmek i¢in kullanilmayan oksijenin
tamaminin hidrojeni okside etmek i¢in kullaruldipgy varsayilabilir. Sonug olarak segicilik su

sekilde vazilabilir;




hz .,

segicilik = 15
¢ Mz, +hiz,,, ]
kK, . Lo,
3 P 2
segicilik = &) Feo)
k,K, ¢ Py, + k kK K K, .Poz Py,
(K3)3 (Pco)2 k7(K3)4 (PCO)4
segicilik = l
+ ksKaKz . Py _
ki (K3)™ (Feo)
kKK ; . Py - >>] diye varsiyilirsa, segicilik denklemi;
k7 (K3) (PCO)‘
segicilik = k (Ky)” Peo) [16]
k6K4K5 PH2
2
k:gwk7(K3) ve Eaég, :Ea7+2M{3-Ea5-Eaﬁ—AH4
kK, K,

Son denklemdeki efektif aktivasyon enerjisinin artan CO adsorplanma 1silan ile artif, ancak
artan hidrojen adsorplanma isilart ile azaldig gorilmektedir.  Adsorplanma 1silan
olcimlerinde artan pargacik buyuklugii ile CO’nun integral adsorplanma isilanmn artug,
hidrojenin integral adsorplanma isilarmin ise azaldigi gorilmastar. Bu sonuglan dikkate
alarak model sonuglan yorumlandiginda ise artan pargacik biyukliklerinde efektif
aktivasyon enerjisinin artacafl, ve tepkimenin CO’ya yonelik segiciliginin yiiksek

sicakhklarda daha fazla olacag ortaya gikmaktadir.
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SONUCLAR VE ONERILER

Yapilan deneyler sonucunda karbon monoksit oksitlenmesi tepkimesinin yiizeyin yapisina
bagimh olarak degisim s kaydettigi kesin olarak gorilmistir. Deneyler sonrasmda karbon
monoksit oksidasyonu reaksiyonunun diizlemsel bolgelerde kose ve kenar bolgelerine nazaran
daha hizh bir reaksiyon oldugu goriilmistir. Bu asamadan itibaren hidrojeni de isin igine katarak
secici karbon monoksit oksidasyonu reaksiyonunun yapisal duyarhhgiyla ilgili bulgulara
ulasmamuz gerekmektedir. Bunu gozlemleyebilmek i¢in iki yontem takip edilecektir. Birincisi,
bu calismada kullanilan yontemle katalizor hazirlamirken kalsinasyon sicakhifim ve stiresini
degistirerek pargacik buyiklugini degistirmekiir. Ikinci yontem ise ¢ift metalli katalizorler
kullamlmasidir. Altn, bakir veya gimils Pt/y-Al,Os tzerine yiiklenecektir. Bu tir metallerin
hidrojen oksitlenmesi reaksiyonuna yetersiz oldugu bilinmektedir. Literatire gore hidrojen
oksitlenmesi reaksiyonu kose ve kenar bolgelerde daha hizli gergeklesir ve altin,bakir ve giimiis
tiri metaller platinpum katalizorlerin kose ve kenar bolgelerini tikadiklan bilinmektedir. Bu
sayede hidrojen oksitlenmesi reaksiyonunun ¢nemli ¢lgiide ortadan kaldirlmasi ve yiiksek CO
oksitlenmesi segicilik degerlerinin elde edilmesi amaglanmaktadir. Sonug olarak pargacik
buyuklugi degistirilerek ve ¢ift metalli katalizorler kullanlarak maksimum segicilik degen elde

edilebilinecektir.
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TESEKKUR

Bu ¢alismada katkilan tartigilmaz olan aragtirma gurubumuzun tim uyelerine ama ozellikle,
Pt-Pd ikili metal katalizor ¢aligmalarim yapan Sarp Kaya’ya, CeO, uzerinde g¢aliymalan
gergeklestiren Umut Oran’a, segici CO oksitlemesi konusundaki modelleme ¢aligmasini
dstlenen Berna Gengtan’a, RGA tnitesinin  kurulmast ve veri toplama siirecinin
standartlastiriimas: ¢alismalanndaki katkilari nedeni ile Cagn Savasan’a ve RGA ornekleme

{initesinin tasarimindaki degerli katkilari nedeni ile Can Sandikgioglu’na tesekkur ederiz.
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Abstract:

The first step of a catalytic reaction on the surface of a solid catalyst is the adsorption of one or all of the
reactants. The oxidation of CO to form COj, reaction proceeds via the combination of a chemisorbed CO
molecule with a chemisorbed oxygen atom, the latter produced through the dissociative adsorption of O, on the
Pt surface. Due to the poisoning effect of the CO adsorption on the Pt surface, amount of adsorbed oxygen on
the surface gains more importance. The aim of the study is to investigate the adsorption characteristics and the
structure sensitivity of oxygen adsorption on supported platinum catalysts.

The catalysts used in this study were prepared by incipient wetness impregnation of TiO; (Degussa P-25)or
gamma-Al,O; (Johnson Matthey) with a solution of tetra ammine platinum (ID) chloride(Johnson Matthey). The
resultant slurry was dried, calcined and reduced in hydrogen prior to the calorimetric measurements. Both of the
catalysts had a final metal loading of 1 wt% Pt. The dispersion of PUTIO, catalyst was measured as 14% and
that of Pt/gamma-Al,Oj catalyst was found to be 55% by volumetric hydrogen chemisorption. The catalysts
were reduced in static hydrogen in-situ, prior to calorimety measurements.

The differential heat of adsorption measurements were conducted on a homemade constant volume Pyrex
manifold coupled with Setaram C80 Tian-Calvet Calorimeter. Oxygen adsorption heats over Pt/gamma-Al;O4
was measured to be ~250 kJ/mol independent of coverage. Oxygen adsorption heats over PUTiO; were also
independent of coverage and ~ 300 kJ/mol. Both of these surfaces were saturated at ~0.7 monolayers.
Experiments for monometallic Pt and Pt-Cu bimetallic particles supported on alumina are in progress to
distinguish whether the difference in the measured adsorption heats are due to the particle size effects as
reflected from the dispersion data or due to an electronic or geometric effect induced by the TiO, fragments
migrated on the metal particles.
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The rate enhancement and improved resistance to poisoning due to the presence of Pt
in the TiO, assisted photo oxidation of organic materials has been very well established.
However, the mechanism of the Pt-TiO, interaction is still an open debate. In this study, the
kinetic effects of the presence of Pt were investigated.

A preliminary study on benzene photo-oxidation and subsequent modeling of the
kinetics revealed that benzene photooxidation over pure TiO, takes place via two major
reaction steps, and the final -most probably the rate limiting- oxidation step requires a single
carbon containing surface intermediate (1). A detailed study was then conducted for CO
oxidation reaction presuming that the single carbon containing intermediate was adsorbed
CO. It was oberved that the photooxidation rate of CO over TiO; (Degussa P25) increased in
the presence of 0.5, and 1 wt % Pt under both dark and illuminated conditions. Experimental
details and catalyst preparation methods and tratment procedures were described elsewhere
(2). The metal dispersion of 1 wt % catalyst was 3.5% while 0.5 wt% PUTiO; catalyst had
14% dispersion as measured by strong hydrogen chemisorption. There was a severe
temperature hysteresis effect during the thermal oxidation reaction experiments. This
hysteresis effect was interpreted to be due to the CO poisoning of Pt surface which implied
that the catalysis was taking place over Pt surface. However, the same hysteresis effect was
not observed during the illuminated experiments over the same catalysts indicating unique
contribution of Pt-TiO, interaction to the overall catalysis. The light-off behavior of 1 wt%
Pt containing catalyst was better than 0.5 wt% Pt containing catalyst in both thermal and
photo-oxidation experiments.

Gas phase oxygen adsorption experiments over these catalysts revealed oxygen
spillover from the metal to the support, which was more pronounced over 0.5 wt % Pt
containing catalyst. Differential heats of adsorption measured over these catalysts indicated
that oxygen adsorption heats over 0.5 wi% PUTiO, are systematically higher than that
measured over 1.0 wt% Pt/Ti02(3).
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The results of the catalyst performance tests and gas adsorption studies indicate that oxygen
spillover effect is not dominant during neither thermal nor photocatalytic oxidation of carbon
monoxide, however, the intrinsic catalytic activity of Pt towards the reaction increases the
reaction rate under both dark and illuminated conditions. Under UV illumination, oxidation
takes place over both oxide and metal surface. However, under dark conditions oxidation

predominantly takes place’over the metal surface.
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Selective oxidation of CO in hydrogen-rich mixtures is an important reaction in the
fuel cell technology. The hydrogen used as the feed in polymer electrolyte membrane fuel
cell (PEMFC) should be significantly free of CO to avoid poisoning of the Pt anode catalyst.
The aim of this study is to obtain the experimental data towards understanding the structure
sensitivity of the selective CO oxidation reaction in hydrogen rich atmospheres.

The surface structure of the catalysts was manipulated by increasing the particle size
of the metals by increasing the calcination duration and temperature. As a result catalysts
with the same metal loading but different surface composition in terms of edge, corner and
low index plane atoms could be prepared. The catalysts of 2% w/w of Pt on y-Al,O; were
prepared by using the incipient wetness method. Four different catalysts were obtained by
calcining each segment of the batch at 410, 450, 500 and 600°C for four hours in air. The
catalyst dispersions were measured by a modified hydrogen chemisorption technique (1).
The measured dispersion values were found to be decreasing with the increasing calcination
temperature as shown in Table 1. According to the carbon monoxide conversion versus
reactor temperature plots, it was found that the light-off temperatures (defined here as the
temperature at 50% conversion) were similar for catalysts which have dispersions of 62.5,
29.2 and 20.0% and lower than that of the catalyst with 3.7% dispersion. However, if the
turnover frequencies (the ratio of the reaction rate to active site density) of these catalysts
were considered, it was seen that the catalyst which has a dispersion value of 3.2% was the
best catalyst for the reaction. TOF values of catalyst calcined at 600°C were greater towards
the four catalysts. It was also found that the activation energy of the reaction performed on
catalyst calcined at 600°C was less than the other catalysts.

Calcination Dispersion (%) Ea (kJ/mol-K)
temperature(°C)
410 62.5 120.20
450 29.2 117.83
500 20.0 105.32
600 3.7 94.21

As the crystallite size increases, the fraction of Pt atoms at low coordination sites
(comer and edge sites) decrease while the fraction of atoms on flat plates increases
significantly. According to these results, it was concluded that flat surfaces have a
significantly higher CO oxidation activity compared to low coordination edge and corner
atoms, in accordance with the studies reported in the literature. The measured change in
reaction activation energies and reaction orders with respect to catalyst dispersion indicate
that the CO oxidation reaction proceeds with different mechanisms on different facets.
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The structure sensitivity of hydrogen adsorption is established based on differential
heat of adsorption data collected on a SETARAM C-80 Tian Calvet microcalorimeter. The
results obtained are in good agreement with the previous studies(2,3) indicating that in the
absence of sufficient number of edge and comner atoms the rate of adsorption of hydrogen
over precious metal surfaces is severely retarded. The CO adsorption heats measured on the
same catalysts exhibit a similar trend however, the saturation coverage of hydrogen as
measured via microcalorimetry is lower than that of CO on low dispersion catalysts. This
result can be extended to-state that the selectivity of CO oxidation reaction in hydrogen
containing atmospheres can be improved by using catalysts with fewer edge and comer
atoms. However, when precious metals are used, the metal economy can be an important
factor. In the ongoing part of this study, the ratio of planar surface metals to edge and corner
atoms is manipulated by doping the catalyst with an inert metal that is capable of populating
the edge and corner sites therefore production of high dispersion catalysts with a higher ratio
of low index plane atoms are possible.
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Many catalytic reactions are structure sensitive, the rate depends on the
detailed geometrical structure of the surface atoms of the catalyst. Structure.
sensitivity usually manifests itself as a dependence of the rate per surface atom on the
average size of the catalyst particles. The understanding is that the relative number of
corner and edge sites increases dramatically with decreasing particle diameter, and
these very low-coordinated surface atoms could have a substantially different ability
to interact with the gas phase molecules. The amount of heat evolved during the
adsorption process, called the heat of adsorption, is closely related to the adsorbate-
substrate bond strength. Furthermore, the differential heat of adsorption can be
dependent on the surface coverage of the adsorbate due to the lateral adsorbate-
adsorbate interactions or due to the surface heterogeneity.

The oxidation of CO to form CO, reaction proceeds via the combination of a
chemisorbed CO molecule with a chemisorbed oxygen atom, the latter produced
through the dissociative adsorption of Oz on the Pt surface. Due to the poisoning
effect of the CO adsorption on the Pt surface, amount of adsorbed oxygen on the
surface gains more importance. The aim of the study is to investigate the adsorption
characteristics and the structure sensitivity of oxygen adsorption on Pt/y-AlO;
catalysts. And also the selective CO oxidation is an important issue in the Ha
production for the fuel cells. Thus the first step. of a catalytic reaction on the surface
of a solid catalyst, adsorption of the reactants was under the investigation.

In the study. the structure sensitivity of adsorption was studied by changing
the metal particle size. All catalyst samples were prepared by incipient wetness
method and calcined in air at different temperatures as: 683K, 723K, 773K and 823K
in order to change the average metal particle size. The dispersion values for the

catalysts were measured as 0.62. 0.28, 0.20 and 0.03 respectively.
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Heat of adsorption measurements were conducted on Setaram C-80 Tian-
Calvet Calorimeter coupled to a home built multi-port high-vacuum Pyrex glass
manifold. The samples were reduced under atmospheric hydrogen and the differential
heats of adsorption were measured by introducing small increments of the gas.

For all gases the amount of the gas adsorbed up to saturation decreases as the
particle size increade. It is the case that is expected due to the number of the Pt atoms
in the surface decreases as the particle size increases. The zero coverage differential
heat of adsorptions for CO and O, does not show any change with the changing
particle diameter. On the other hand H; shows a sharp decrease of zero coverage heat
values as the average particle diameter of Pt increases. This can be concluded, as Hz
adsorption is more structure sensitive then the CO and O, adsorptions. The integral
heat of adsorption values generally shows a decreasing trend with the increasing
particle size.

The effect of the particle size on the site-energy distribution of CO, O, and H,
and the resultant effect on the selective CO oxidation reaction will be discussed.
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Mechanisms of CO Oxidation Reaction and Effect of Chlorine ions on the CO
Oxidation Reaction over Pt/CeQ, and Pt/CeQ,/y-ALO; Catalysts
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Chemical Engineering
" Middle East Technical Unviersity
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Abstract

The reaction orders and activation energies of CO oxidation reaction over Pt/y-
ALOs, PUCeO, and PUCeO,/y-Al,O; were investigated under stoichiometric gas -
mixtures. The effect of residual chlorine originating from catalyst precursors on the CO
oxidation activity of Pt/y-Al,03, P/CeO, and Pt/CeO,/y-Al, 03 was also studied. Indirect
evidence was collected indicating that platinum was selectively deposited on alumina
surface when Pt/CeO,/y-Al,O5 catalyst was prepared from the physical mixture of pure
oxides. The reaction orders of CO and O, was found approximately as —2.0 and +1.0
respectively over the Pt/y-AlLOs catalyst but as ~1.0 and 0.0 over the Pt/CeQ, and
Pt/CeO2/y-ALOs catalysts. The activation energy of CO oxidation reaction over Pt/y-
ALOj; catalyst under stoichiometric conditions was around 110.0 kJ/mol. On the other
hand over Pt/CeQ, catalysts activation energies were measured to be around 60 kJ/mol.

Surface reaction mechanisms were postulated to explain the differences in the reaction

orders and activation energies.

Key Words: CO oxidation, Platinum, Cerna, Alumina, Reaction mechanism, Chlorine

poisoning.
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1. Introeduction

Pt/y-ALOs;, P/CeO, and Pt/CeOy/y-ALO; are very well known oxidation
catalysts, especially used in automotive catalytic converter systems to eliminate the
unburned hydrocarbons ;nd CO. Ceria is used in catalytic converters since 1980’s and it
is an indispensable part of current catalytic converter technology. The reasons for so
much attention being paid to cerium oxides are multiple: First, ceria stabilizes the metal
dispersion, thus favoring the amount of active surface per weight of the catalyst and
alumina support [1,2]. Second, it promotes the water-gas shift and hydrocarbon
reforming reactions that play a fundamental role in the elimination of CO and
hydrocarbons under reducing conditions as well as CO oxidation under oxidizing
conditions [3-5]. Third and the most important one is the oxygen storage and releasing
capacity of CeQ, [6-10]. Part of the current literature on the effect of CeO2 on CO
oxidation reaction over P/ALOs catalysts were compiled in Table 1. The catalyst
activation procedures were also listed in the same table. The information presented on
this table indicates that in the presence of CeQO, the light-off and 50% conversion
temperatures are lower than that of Al,Os supported catalysts, with a few exceptions.

The change in the activity of the catalyst towards CO oxidation reaction in the
presence of CeQ, is attributed to the change in the reaction mechanism as mentioned
above. Each of the mechanistic steps, adsorption and desorption of the reactants, surface
reaction, and desorption of products of CO oxidation reaction has been probed
extensively with surface science techniques, as has the interaction between adsorbed O

atoms and CO molecules over supported platinum, rhodium and palladium catalysts.

Although the oxidation of CO over supported platinum, rhodium and palladium
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catalysts has been the subject of numerous studies, there is little agreement on reaction
orders in literature. The information on the reaction orders reported in the literature was
compiled in Table 2 for further reference.

The catalysts in the three way catalytic converters (TWC) may be used either as
pellets or as in the fgrm of monoliths, but the preparation methods of the active
materials do not differ too much. Wet impregnation is the most widely used catalyst
preparation technique, which involves the impregnation of the support with a solution of
the noble metal precursor with subsequent calcination and/or reduction steps [11]. Most
of the noble metal precursors used in wet impregnation contams high levels of chlorine.
Many studies have reported that the residual chlorine coming from the precursor
chloride salts can affect the physical and chemical properties of the catalysts. For
instance chlorine can improve the dispersion of supported metals and alter the activity
and selectivity. Moreover, chlorine can significantly reduce both the adsorption rate and
capacity of a metal surface and it can lead to a serious poisoning effect because of its
stronger electronegativity [12]. In this study, the CO oxidation reaction kinetics of the

Pt/y-Al,O; and P/CeO, powder catalysts and the effect of residual chlorine on the

performance of the catalysts were comparatively investigated.
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2. Experimental
2.1. Catalyst Preparation

In this study pu;e and mixed oxides of CeO, and y-Al,O; were used as catalyst
supports. Powders of y-Al>O3; and CeO; obtained from Johnson Matthey were used as
received. Two other pure CeO, supports were prepared by calcination of CeClz. XH;O
(Johnson Matthey) and Ce(C,H30,);.1.5H,0 (Johnson Matthey) at 600 °C for 4 hours.
CeO, powder obtained from Johnson Matthey will be referred to as CeO2(A) and CeO;
powders prepared from CeCl;. XH,0 and Ce(C,H30,)3.1.5H,0 will be referred to as
CeO2(B) and CeO(C) respectively. The mixed oxides were either obtained as
mechanical mixtures of these pure powders, or prepared via incipient wetness
impregnation of y-Al;O3 with an aqueous solution of ceria precursors mentioned above.
The mechanical mixture of oxides was obtained by wet mixing pure oxides with
subsequent drying and calcination at 600 C for 4 hours. The physical characterization of
this support, CeO,(A)/y-Al,0s, by X-ray Diffraction (XRD) analysis revealed little
difference from the original oxides. In order to prepare the mixed oxide from
CeCls.XH,0 or Ce(C2H30,)3.1.5H,0, an appropriate amount of precursor was dissolved
in 1-2 ml water/g y-Al,O3 and this solution was impregnated on y-Al,Os. The final
slurry was dried in air at 120 °C and calcined at 600 °C for four hours. In order to
increase the solubility CeCls. XH,O the precursor was dissolved in water in an ultrasonic
bath for 30 min before impregnating over y-Al,Os. The water stoichiometry of
CeCl;. XH,0 was determined via Thermo Gravimetric  Analysis (TGA). For

CeCl.XH,0, the weight loss at ~100 °C indicated that the original sample water
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stoichiometry was X = 0.72. Furthermore, it was observed that a significant amount of
precursor was evaporated and lost during the oxidative treatment before full calcination.
The calcination started at 275 °C and was completed at 442 °C. Thus the calcination
temperature to obtain pure and y-Al;Os supported CeOx(B) was selected as 600 °C.
Furthermore, the original precursor amounts for y-Al,Oz supported CeO, was adjusted
to account for the evaporative material loss to adjust the final CeOz/y-Al;Os
stoichiometry. No such weight loss was observed for Ce(C2H302)3.1.5H20. The final
structure of the oxide monitored by X-Ray Diffraction analysis revealed that the
CeO,(B) prepared from CeCl;. XH,0 had the pure CeO; crystal structure.

Platinum was incorporated to pure or mixed oxide supports by incipient wetness
technique. For this, an appropriate amount of the metal salt Pt(NH;)4Cl;.H,O
(tetraamine platinum-II-chloride, Johnson Mattey) was dissolved in 1-2 ml water/g
support to bring the samples to incipient wetness. The solution was impregnated onto
the support and the final mixture was dried overnight at room temperature and for 4
hours at 120 °C. Then the samples were ground and calcined at 450 °C for 4 hours.
After calcination, half of the prepared catalysts were washed with hot water to eliminate
chlorine contamination. Washing was continued until the filtered solution did not
contain any CI ions, which was tested by AgNO; solution. The other half was used
without further treatment to elucidate the effect of residual chlorine on the catalyst
activity.

The resulting powders were reduced in H; under static conditions. The reduction
was done in a home built Pyrex manifold of 160 ml volume, coupled with Baratron
gauges (Varian) and a Turbo-molecular pump backed up by a mechanical pump (Varian

Turbo V). The details of the manifold and the experimental procedure can be found
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elsewhere [26]. Prior to static reduction, the samples were dehydrated under 100 Torr
He at 150 °C for 15 min followed by evacuation. Subsequently, the sample was heated
up to 350 °C under vacuum and dehydrated under 100 Torr He for another 15 mun,
again followed by evacuation. During H; reduction at 350 °C, 750 Torr of H, was dosed
for 30 mun intervals eagh followed by evacuation, for a total duration of 2 hours. The
catalysts and their descriptions are given in Table 3. Pt loading in all of the catalysts
were maintained at 1 wt % level, and CeO; level was adjusted to be 10 % of the total

oxide weight in Pt/CeO,/y-AlLO5 catalysts.

2.2. Characterization of supports and catalysts

The oxidation behaviors and water contents of CeClk.XH,O and
Ce(C,H30,)3.1.5H,0 precursors were determined by Du Pont 951 Thermo Gravimetric
Analyzer (TGA). CeO,(B) obtained from CeCl;. XH,0O and CeO»(C) obtained from
Ce(CyH:02)3.1.5H,0 were analyzed by Philips PW 1840 X-Ray Diffractometer to
elucidate the final structure of the oxide. All of the supports were characterized by
measuring their surface area with N, adsorption in Micromeritics ASAP 2000 BET
equipment.

The metal dispersions of the finished catalysts were measured by a modified H
chemisorption experiment [17]. After reduction at 350 °C in H; under static conditions,
the catalysts were cooled to room temperature under vacuum. The total and weak
hydrogen adsorption isotherms were measured in the pressure range of 1 — 20 Torr at

room temperature. The difference between total and weak adsorption isotherms
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extrapolated to zero pressure was taken as strongly adsorbed H, and the dispersion of

the Pt was calculated by assuming a 1:1 stoichiometry of H:Pt.

2.3 Reactivity Toward CO + Q,, Light-Off Tests

The CO oxidation performances of the catalysts were tested in a home built
reactor system described in detail elsewhere [19]. For this purpose 0.1 g catalyst
(diluted with 0.9 g y-Al,O3) was placed in a quartz reactor inside of a temperature
controlled (UDC 2300 Umversal Digital Controller) tubular furnace (Protherm PTF
12/70/450). The bed temperature was increased from 300 K at 1.0 K/min heating rate
under the flow of feed gases. Temperature was measured by using a thermocouple
externally placed over the catalyst bed. 200 ml/min total flow rate was maintained for
the feed which was composed of 5 vol. % CO, 2.5 vol. % O, and the balance N, unless
otherwise indicated. The gas compositions were adjusted by using MKS type 1179A
mass—flow controllers. The exit gases were sampled every 6 minutes via a 6-port valve
and sent to a Gas Chromatograph (HP 4890) equipped with a CTR-I column and
analyzed via a TCD. The conversions were determined from produced CO, amounts.
Reproducibility of the light-off experiments was tested by performing at least two
separate experiments for the Pt/y-Al,O; catalyst under stoichiometric conditions. In
addition, the basic calculations for the mass transfer limitations showed that the external

film mass transfer coefficient was high (~10%) and effectiveness factor was approaching

to 1.0 because the particle sizes were low (< 10™ m).
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2.4. Isothermal CO Oxidation Reactions

The reaction orders were determined under isothermal conditions. The
temperatures were adjusted such that the CO conversions remained less than 20 % a
rough approximation for a differential reactor. While keeping the temperature and
composition of the one of the reactants constant, the composition of the other reactant
was changed. In order to keep reaction conditions consistent with the non-isothermal
experiments, the composition of the CO was changed from 3-6 % by volume while
keeping the O, at 2.5 % by volume. On the other hand, the composition of the O, was
changed from 2-3 % by volume while keeping the CO at 5 % by volume. As a result,
the reaction stoichiometry has spanned the whole range of lean-rich conditions.
Experimental conditions such as total feed flow rate and catalyst loading were kept

constant at 200 ml/min and 0.1 gram.

3. Results

3.1. Catalyst Characterization

The results of BET surface areas and platinum dispersion measurements via

hydrogen chemisorption are shown in Table 4. The BET results revealed that the surface

area of Pt/Ce0,(C) (64.6 mz/g) was much higher than that of Pt/CeO,(A) (2.7 m%/g) or

PU/Ce04(B) (16.2 m*/g). A general trend observed in this study is that the Pt dispersions

62



S

were higher when y-Al,Os was used as a support. However, it was not possible to
measure the metal dispersions by strong hydrogen chemisorption when the catalysts
were prepared from CeCl;. XH;O. This was attributed to the presence of residual
chlorine ions from both oxide and metal precursors. To understand the effects of
chlorine coming from ;recursors, all catalysts were washed for further dispersion

analyses. It was observed that, for all catalysts washing improved their metal dispersion

values.

3.2. Steady State Non — Isothermal CO Oxidation Reactions

The performances of the prepared catalysts on CO oxidation reaction were tested
under the conditions described in experimental part. In order to be sure that the supports
do not show any activity under the reaction conditions, pure supports were examined in
terms of their CO oxidation reaction performances under stoichiometric conditions.
The results are presented in Table 5 in terms of temperatures required to achieve 5%,
50% and 99% conversions (Ts, Tso, and Teo). It is clearly seen that pure supports
require much higher temperatures to light-off. Therefore their contribution to the
overall conversions could easily be neglected.

The light off curves of the 1 % Pty-ALO; 1 % PtCeO(A)/y-AL0;, 1 % Pt
/CeO2(B)/y-ALO; 1 % Pr/CeO4(C)/y-Al205 catalysts prior to hot water elutriation under
stoichiometric conditions are presented in Fig. 1. Similarly. the light off curves of the 1
% Pt/y-Al,O3, 1 % Pt /CeOx(B)/y-ALOs, and 1 % Pt/CeO,(C)/y-Al,O;5 catalysts after hot
water elutriation under stoichiometric conditions are presented in Fig. 2. On the other

hand, the performances of all the catalysts before and after hot water elutriation under
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storchiometric reaction conditions are given in terms of their light off, 50% conversion
and 99% conversion values in Table 6.

When comparing the catalysts prepared from pure oxides, it was observed that
P/Ce0,(A) is a better catalyst than Pt/y-ALOs in terms of CO oxidation temperatures.
When the catalyst changed from Pt/y-Al,O; to Pt/CeO,(A) the reaction onset
temperature decreased to from 477 to 423 K (see Table 6). On the other hand,
Pt/CeO,(A)/y-AL,O5 catalyst did not show any activity superior to the Pt/y-AlL, O3
catalyst as shown in Table 6. Actually, the reaction onset temperature of the
PY/CeO2(A)/y-Al,O5 catalyst was slightly higher than the Pt/y-Al;O5 catalyst. This was
attributed to a simple dilution effect of CeO,. The net effect observed on Pt/CeO,(A)-
YALO; was a right shift of the light-off curves, i.e. higher temperatures were required to
achieve the same conversion under the same reaction conditions. This effect was
interpreted as a dilution effect of ceria. When ceria weight was excluded, the net weight
of the catalyst was 10% lower than PUAl,Os thus the space-time of the reactive mixture
was respectively lower. When the light off curves were adjusted with respect to the
space times of Pt/y-ALOjs as described by Uner and Kaya [20], the light off curves were
shifted to left and the temperatures were similar to that of pure Pt/y-ALLOs (Table 6).
These results were interpreted as evidence for Pt selectively going on y-Al,O; and the
mixed oxide supported catalyst behaved as if it were pure Pt/y-ALOs; . This conclusion
was further supported by the measured orders and activation energies over this
particular catalyst. The reaction orders and activation energies resembled closely that of
pure Pt/y-AL Oz further indicating that the Pt selectively went on y-ALO; over the
mechanical mixture of the oxide catalysts. Another observation for these catalysts was

that, the residual chlorine coming from Platinum precursor did not have much effect on
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catalyst performances towards CO oxidation under the imposed reaction conditions,
although it had a negative effect on their metal dispersion values.

Before the mixed oxide catalyst supports prepared from CeCls. XH,O were
discussed, it 1s worthwhile to mention the performance of the pure oxide catalyst
prepared from CeCl XH,O. The light-off test results of washed and unwashed
Pt/CeO,(B) catalyst are shown in Table 6 in the form of Ts, Tsp, Teo values. For this
catalyst, the reaction onset temperature was measured as 486 K, a value higher than the
corresponding alumina supported catalyst. However, the metal dispersion value of
Pt/CeO2(B) catalyst improved from ~0% to ~50% and the reaction onset temperatures
and Tso values were decreased to 345 K and 358 K respectively after chlorine removal
by washing.

The mixed oxide catalysts were prepared by sonicating the aqueous mixture of
certum salt and alumina. The use of an ultrasonic bath during the support preparation
period increased the surface area and the activity of the Pt/CeO,(B)/y-AlLO; catalyst.
The reaction onset and Tsp values of the un-washed catalyst was 458 K and 498 K
respectively while on the washed catalysts these values decreased to 390 K and 415 K.
However, the activity of the washed Pt/CeQy(B)/y-Al,O5 catalyst was still worse than
activity of the P/CeO,(B) catalyst.

Among all the catalysts Pt/CeO,(C) showed the best performance. Both its
washed and un-washed reaction onset and Tso values were the lowest. Similarly
Pt/CeO,(C)/y-Al,O5 catalyst had the best performance towards CO oxidation reaction
among the catalysts containing y-AlL,O; (see Table 6). These catalysts were strongly

affected by the residual chlorine coming from platinum precursor as indicated by the

change in their dispersion values upon washing. The Tso value of the Pt/CeO(C)
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catalyst decreased around 15 K while that of the Pt/Ce0,(C) /y-Al,O;3 catalyst decreased

around 30 K upon chlorine removal by washing.

3.3. Steady Sta(e Isothermal CO Oxidation Reactions

Isothermal CO oxidation reactions experiments were conducted for all catalysts.
First, experiments were performed with the Pt/CeO(A) catalyst over a wide range of
CO and O, partial pressures. The gas phase composition of CO was changed from 2 to 6
% by volume while keeping the O at 3 % by volume level to determine the reaction
orders with respect to CO. Similarly, CO was kept at 3 % while the O, was changed
from 2 to 6 % by volume for determining the reaction orders with respect to oxygen. To
determine the reaction orders, In(rate) vs In(Pco) or In(Po2) plots were drawn. For the
simplicity of the calculations the reactor was operated at conversion levels less than 20
% and differential reactor assumptions were accepted. Because the reaction orders with
respect to Pco and Po, were remained constant over a wide pressure range over Pt/CeO;
catalyst, the range of Pco and Po, was narrowed for other catalysts. Thus, the CO
composition was changed from 3 to 6 % while the O, was kept at 2.5 % by volume and
the CO was kept at 5 % while the O, was changed from 2 to 3 % by volume. The
reaction orders and the order measurement temperatures (T,) were presented in Table
6.

The results shown in Table 6 exhibit the following general trends: First of all
over y-Al, O3 supported Pt catalysts the reaction orders were determined as almost first

order with respect to O; partial pressure and almost negative second order with respect
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to CO partial pressure. This trend was not influenced by the presence of residual
chlorine ions. Furthermore, when the mixed oxide support was prepared as a

mechanical mixture of Ce0,(A) and y-Al,Os the measured reaction orders were almost

similar to that of pure y-Al,O3 supported platinum catalyst. Second trend observed was
v

the consistency in the reaction orders of Pt supported over CeO; or CeOy/y-Al,O5

prepared via an incipient wetness technique. On these catalysts the reaction orders were

measured as approximately zeroth order with respect to O, partial pressure and negative

first order with respect to CO. Again, on these catalysts the reaction order did not

change upon chlorine elimination indicating that the presence of chlorine did not alter

the reaction mechanism.

3.4. Apparent Activation Energies

Apparent activation energies of the catalysts were calculated from by drawing
the In(rate) vs 1/T plots. The In(rate) vs 1/T data were directly obtained from the light -
off results of the catalysts. Again to assume the reactor as a differential reactor the
conversion values was kept below 25 %. The apparent activation energies determined as

such were shown in Table 6.
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4. Discussion
4.1. Reaction mechanisms

In this study thegperformances of the Pt/y-Al,03, Pt/CeO; and Pt/CeO,/y-Al,03
powder catalysts on CO oxidation reaction with and without chlorine were investigated.
It was observed that when the support changed from y-Al,0; to CeO; (A,B,C) both
reaction onset temperature and Tso decreased consistent with the literature. The main
reason of this change is due to a change in reaction mechanism, which is evident from
the reaction orders and activation energies: The reaction orders for oxygen and CO was
found as approximately +1 and -2 for Pty-ALOs catalyst while those for Pt/CeO;
catalyst were found as 0 and -1.

Given the reaction orders, a model was developed for Pt/y-Al,Oz with the following
assumptions:
1) The surface is poisoned by the adsorbed CO atoms, i.e., CO coverage is
nearly one.
i1) The rate limiting step is the dissociative adsorption of oxygen.
The surface reactions were depicted as follows:
1. CO+*>CO~
2. Oy+2%5 20«
3. CO++ 0+ COp+ 2%
As a result of the first assumption, the vacant site coverage could be written as
6.=1- Bco

and the second assumption leads to
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rate= kP00,

Given that the first step proceeds under pseudo-equilibrium conditions

Bco = KiPco/(1+K1Pco)

such that the reaction rate takes the following form:

rate=kPo/(1+K1Pco)’

here k; and K; are the rate and equilibrium constants of the i step, respectively. 6;

indicate the fractional surface coverage of the i species.
With these assumptions, and under the conditions that K;Pco >>1 a rate expression
which 1s negative second order in terms of CO partial pressures and first order in terms
of oxygen partial pressure could be obtaned.

On the other hand, over the Pt/CeO, catalysts, the experimental reaction orders
still indicated a CO poisoned mechanism while the reaction was almost zero order with
respect to O, partial pressures. Probably over the Pt/CeO; catalyst reaction proceeds
through the adsorbed CO and oxygen adatoms which are first dissociatively adsorbed
on ceria surface and than reverse spilled over the platinum surface where, the reverse
spill over oxygen adatom to platinum surface is the rate-determining step and CO is the
most abundant surface species. Generally it i1s accepted that the CO oxidation reaction
over platinum catalyst in the presence of ceria proceeded at the platinum-ceria interface
between the adsorbed CO on platinum surface and oxygen adatom from ceria[27].

Again if we examined these sequence of steps mechanistically the assumptions
1) The Pt surface is poisoned by the adsorbed CO atoms, i.e.., CO coverage over

Pt is nearly one.

11) The rate limiting step is the oxygen exchange at the ceria and Pt interface.
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1) even in the absence of gas phase oxygen, ceria surface is oxidized, therefore
the surface coverage of oxygen over ceria can be taken as independent of the

gas phase oxygen partial pressure.

The surface reactions wereédepicted as follows:
1. CO+*— CO-
2. 0;+280 —20¢
3. Og+*—> O« +®
4. COs + Ov—> COy + 2%
Where * denotes a catalytic site on the Pt surface and ® denotes a site over ceria
surface.
As a result of the first assumption, the vacant site coverage over Pt could be written
as
6.=1- 0co
and the second assumption leads to
rate= kx0oe Oy
The third assumption renders the surface coverage of oxygen over ceria almost
constant such that rate= k" 6., where k;” = k200s.
Given that the first step proceeds under pseudo equilibrium conditions
8co = KiPco/(1+K1Pco)
such that the reaction rate takes the following form:
rate=k,’ /(1+K,Pco)

thus substantiating the measured reaction orders in this study.
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4.2. Effect of chlorine on the catalytic activities

It was found that the presence of the chlorine greatly diminishes the activity of
catalysts except Pt/CeOx(A) and Pt/y-AlOs catalysts towards the CO oxidation reaction.
For these two catalysts, the dispersion measurements by hydrogen chemisorption reveal
not much difference between washed and unwashed catalysts. Therefore, it is fair to
conclude that the amount of residual chlorine on these catalysts 1s not significant to alter
the reaction. The chlorine originated from precursor was apparently removed during the
catalyst calcination[28]. The residual chlorine was removed by washing the catalysts
with a de-ionized water at temperatures around 95 °C as in the study of Wu et al. [13].
Wau et al. [13] reported that the residual chlorine could be removed completely from the
Ru/SiO; catalyst just by washing with distilled hot water. In a different study Cant et al.
[14] claimed that during the reduction or catalyst preparation period, steam is needed for
removal of chlorine deposited on alumina support. In fact, the activity improvement
observed on catalysts except Pt/CeOi(A) and PUy-ALO; catalysts after washing
indicated that the residual chlorine diminished the activity of the catalysts.

In this study it is also observed that washing had different effects on the metal
dispersion values of the catalysts. For example. although washing highly improved the
metal dispersion of the Pt/CeOy(B) and PUCeO,(C) catalysts. it had weaker effect on
Pt/CeOy(B)/y-Al,O; catalyst dispersions. Differences between the metal dispersion
values of catalysts might be due to different effects of presence of chlorine. Salasc [21]
suggested that because of the presence of the chlorine, on the PUCeO,/y-Al,O5 catalysts
there are less sites able to chemisorb hydrogen leading to the formation of hydroxyl

species on the surface and the hydrogen spillover is strongly inhibited. However, this

71



s

e

effect can be eliminated probably with hot water elutriation. On the other hand, the
interactions between the supported platinum and the chlorine might be stronger as stated
by Lieske et al. [15] and Zhou et al. [16]. They pointed out that chlorine can be strongly
bonded to the support and then the platinum oxide crystallites can interact with it to
form oxychloroplatinum éomplexes such as PtO,Cly, which have greater mobility. It is
possible that the highly mobile oxychloroplatinum complexes caused the segregation of
the platinum particles on y-Al,Oz surface (leading to less metal dispersion value) after
repeated treatments. For the Pt/CeO,(B)/y-AL,O5 catalyst most of the residual chlorine
was coming form CeCls XH,0O but the for PUCeOx(C)y-ALOs catalyst platinum
precursor was the only residual chlorine source. It is possible that the source and
amount of the residual chlorine can affect the catalysts in different ways.

As a result. it can be said that the presence of the chlorine in the catalysts
reduces both the adsorption rate and capacity of a metal surface, which could be
partially eliminated just by washing the catalysts with hot de-ionized water. Also,
presence of the chlorine greatly diminishes the activity of the catalysts except for
P/Ce0-(A) and Pt/y-Al,O5 catalysts.

Furthermore, the removal of chlorine did not seem to influence neither the
reaction orders nor the activation energies of the catalysts to an appreciable extent as
can be seen from Table 6. The largest difference in the measured activation energies
between washed and unwashed catalysts occurred (Pt/CeO, (C)/y-ALOs, PUCeO; (B)/y-
ALO;) when the measurement temperatures varied largely in order to maintain
isokinetic conditions. Although highly speculative at this stage. it is important to note
the fact that over the majority of the catalysts studied here the lack of change of the

orders and the activation energies in the presence of chlorine can be attributed to the
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fact that chlorine prefers to occupy the catalyst sites that are not directly important for
the CO oxidation reaction. The site blocking effect is still apparent, though, through the
dispersions measured via hydrogen chemisorption. The decrease in the reaction rates in
the presence of chlorine without an appreciable change in the activation energies or
reaction orders can beﬁattributed to a decrease in the Arrhenius pre-exponential factor.
On a fundamental level, the pre-exponential factor contains information about the
sticking coefficients, entropy changes due to adsorption, reaction or desorption and the
number and geometry of the surface sites. It seems that the presence of chlorine do not .
influence the reaction via electron transfer mechanisms, which should have reflected
itself in the apparent activation energies, but it influences the overall reaction via a site

blocking mechanism.

K. Conclusions

In this study the performances of the Pt/y-Al,Os, Pt/CeO, and Pt/CeO,/y-Al;03
powder catalysts on CO oxidation reaction were investigated. It was found that Pt/CeO,
was a better catalyst than Pt/y-AlL O3 in terms of CO oxidation reaction. It was observed
that when the support changed from y-Al,Os to CeO, reaction onset temperature, Tso
and apparent activation energies decreased in accordance with the literature. It was also
found that, while the activation energy of Pt/y-Al,Os catalyst under stoichiometric
conditions was around 110.0 kJ/mol that of Pt/CeO;catalysts were around 60 kJ/mol.
This was attributed to the change in reaction mechanism over Pt/CeO; catalyst, which
was proven by isothermal experiments. Reaction orders of CO and O, was found

approximately as -2.0 and +1.0 respectively over the Pt/y-AlL,O5 catalyst. However over
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the Pt/CeO, catalysts the orders of CO and O, was found as -1 and 0. It was observed
that presence of the residual chlorine decreased metal dispersion value of all catalysts
except Pt/y-Al,O;. Similarly, activities of the catalysts except Pt/y-Al,Os3 and
Pt/CeO,(A) towards the CO oxidation reaction was decreased in the presence of
chlorine. Those negativ:, effects of the residual chlorine could be partially removed by
just hot water elutriation. Pt/CeO,(C) was the best catalyst among all Pt/CeO, catalysts
and Pt/CeO,(C)/y-Al,O; showed the best performance among all Pt/CeO,/y-Al,O;

catalysts.
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Table 1.

Catalyst Activation Tso Ce0, | T range (K) | Ref.
(K) (wt
%)
Pt/Ce0-/y-Al,03 | Oxidizing 748 23
Reducing 493
Pt/Ce0,/y-Al,0O; | Oxidizing 618 20 423-773 [16]
Reducing 548
Pt/y-AlOs - 593 -
Pt/y-AlLOs 10% Oy/N, at 623 K 30 min | 473 - 423-523 [20]
- 443
- 440
Pt/y-AlL O3 - 448 N/A N/A [21]
- 468
- 495
Pt/y-Al,03 Reduction in 4% H; in Ar 473 -
Pt/CeQ,/y-Al,03 373 20 N/A [22]
Pt/CeO,/y-AlLO; | - 568
Lean 518 24
Rich 398
Pt/y-ALO:! - 555 - N/A [23]
Rich 518 -
P/CeO,’ - 628 100
Pt/y-AL O3 3% O,/N, at 673 K 1h 563 - N/A [24]
Pt/CeO,/y-AlL,O3 443 10
Pt/y-Al, O3 1.5 % CO/He at 973 K 476 -
5% Oy/He at 973 K 499 -
Pt/CeO,/y-AlLOs 1.5 % CO/He at 973 K 357 14.5 [25]
P/CeO,/y-ALO; | 5% Ox/He at 973 K 4717 N/A
Pt/y-ALOs 0.5% CO, 0.5% O 1In N, 483 -
1.0% CO, 0.25% 07 in Ny 5000 |-
PUCeO4/y-ALO; | 0.5% CO, 0.5% O, in Np 499 14.5
0.5% CO, 0.5% 0, in N, 487
1.0% CO, 0.25% O In Ny 426
1.0% CO, 0.25% 02 in N, 434

! Activity was measured in terms of Tos (Temperature required for the 25 %

conversion).
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Table 2.

Rate = k.Pcom,P()zn

Catalyst T range (K) | E, (kJ/mol) m n Ref.
Pt/y-ALO; 436-503 112 -1 1 [13]
Pv/ RhCeOz/ Y -A]zOg N/A -0.3 0.5

Pt/y-ALO; 373-433 -1 1 [14]
Pt (100) 425-725 138if T=500K | -1 1 [15]

54ifT<473K | -0.6t00 1

Pt-wire <473 126 -1 1 [16]
Pt/y-AlL,O5 92 -125 -06to-1 [07to1
Pt/CeOy/y-ALO3 50-117 -0.61t0 1 010 0.9
Pt(111) 323-430 69-36 0 1 [17]
Pt/a-Al,O3 (0001) 560-680 125-172 -1 1 [18]
Pt/y-AlbO3 <473 55.2 -1.5 1 [19]
Pt/y-ALOs 423-523 71 -0.4 0.8 [20]
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Table 3.

Catalyst

Descriptions

Pt/ y-Al,Os

v-AlOs powder obtained from Johnson-Matthey used as
recieved.

Pt/ CeO; (A)

Ce0,(A) powder obtained from Johnson-Matthey used as
recieved.

Pt/CeO, (A)/y-AlL O3

Ce02(A)/y-Al,O; support prepared from the mechanical
mixture of these pure powders. The mechanical mixture of
oxides was obtained by wet mixing pure oxides with
subsequent drying and calcination at 600 C for 4 hours.

PU CeO; (B)

Ce02(B) support obtained from the calcination of CeClz. XH,0O
at 600°C for four hours.

Pt/CeO, (B)/y-Al,03

Ce0,(B-2)/y-Al,O3 support prepared via an incipient wetness
impregnation of aqueous solution of CeCl3.XH,0 and y-ALO;
in an ultrasonic bath following drying at 120°C and calcination
at 600°C.

Pt/ CeO; (C)

Ce0Ox(C)  support  prepared by  calcination  of
Ce(C,H307)3.1.5H,0 at 600°C for four hours.

PUCBOZ (C)/ ’Y-A1203

Ce02(C)/y-Al,O; support prepared via an incipient wetness
impregnation of aqueous solution of Ce(C;H302)3.1.5H,0 and
y-Al, O3 following drying at 120°C and calcination at 600°C.
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Table 4.

Catalyst Surface area % Dispersion

(m*/g)

Before hot water | After hot water
elutriation elutriation

PV y-ALO: 66.2 50 55
| PY CeO, (A) ; 27 10 26
% Pt/Ce0; (A)/y-ALO; 43.5 70 NA
% Pt/ CeO, (B) 16.2 ~0 50
. Py/Ce0, (B)/y-AlO5 N/A ~0 10
. P/ CeO, (C) 64.6 17 59
. PY/Ce0, (C)/y-ALOs 525 7 54
% NA : Hot water elutriation did not applied.

; Table 5.

Catalyst Hot water Ts (K) Tso (K) Too (K)

% elutriation

z CeO,(A) No 600 628 677
CeO(B) Yes G40 710 743

% y-AlLOs No 600 650 673

Ts: The temperature at which 5% conversion is achieved
Tso: The temperature at which 50 % conversion is achieved

Too: The temperature at which 99 % conversion is achieved

R s s
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Abstract

CO oxidation reaction was studied over y-AlL,O; supported monometallic and
bimetallic palladium- platinum catalysts at Pd:Pt atomic ratios: 1:3, 1:1, 3:1. Two different
sets of catalysts were prepared by sequential and co-impregnation methods depending on the
palladium precursor used. The catalyst performance tests were done using a synthetic gas
mixture consisting of CO, Oy, and N in the temperature range 373 and 523 K. The light-off
experiments were performed in successive heating-cooling cycles. Severe temperature
hysteresis behavior was observed on all catalysts. This was attributed to the CO is]andk
formation on the metal surface At low temperatures (below 423 K), the reaction followed
Langmuir-Hinshelwood type of kinetics; negative order dependence in terms of CO and
positive order dependence in terms of O, were determined. Co-impregnated catalysts behaved

like monometallic Pd catalyst conforming that Pd atoms segregated to the surface.

Keywords: CO oxidation, bimetallic catalysts, palladium, platinum, surface segregation,

reaction hysteresis.
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1. Introduction

Bi-metallic catalysts are frequently used in industry due to their superior
performances. It is known that chemical properties of the metal catalysts such as activity,
selectivity, thermal stability, or resistance to poisoning could be modified by using a second
metal (1). Synergistic effect result when the compound catalysts performance exceeds the sum
of the performances of the individual components. For example, rather than individual Pd and
Pt catalysts, bimetallic Pd-Pt catalysts are used for some hydrogenation reactions in the
presence of sulfur due to improved sulfur resistance as a result of alloying (2-6).

The surface composition of alloys, and especially the composition of the outermost
surface layer, is generally different from the bulk due to segregation processes (1). The
surface composition of bimetallic alloys is generally considered to be determined by the
following parameters (7): (i) temperature, (i) metal surface free energies, (ii1) heat of mixing,
(iv) metal atomic sizes, and (v) presence of adsorbates. Formation of alloys can change
electronic structure of the metals. accompanied by a change in bond strength of adsorbed
species. Furthermore, alloying may suppress competitive reactions or prevent deposition of
non-reactive species on the surface by changing the active ensemble sizes (8). If the mixing 1s
exothermic the metals tend to form alloys. Depending on their extent of exothermic mixing
behavior, one can talk about strong or weak alloying. Park and Lee (9) estimated heat of
mixing of Pd and Pt as -0.03 eV/atom, supporting slightly exhothermic behavior upon mixing.
Therefore. it can be considered that Pd-Pt system may form weak alloys at all compositions or
individual components may preserve their identity. Surface tensions of pure components,
mixing properties of the systems (such as heat of mixing or free energy of mixing) and values
for the molar surface areas have helped researchers to predict surface fractions of the atoms.
Surface tension of a pure metal is correlated with its heat of sublimation. Thus, in any

mixture, the component that has the lowest pure component heat of vaporization or heat of
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sublimation will be enriched in the surface region (10). It is energetically favorable to break
the weakest bonds; hence the component that has the lowest bulk bond strength will segregate
to the surface (10).

The experimental values for the heat of vaporization of liquid Pd (see Table 1) are
lower than those of Pt (7, 11, and 12). In addition, experimental and theoretical evidence
pointed to surface enrichment of Pd in Pd-Pt bimetallics. Range of melting temperatures of
the metals that form the alloy can also give information about surface segregation process.
Generally, the metal with lower melting point segregates to the surface. In accordance with
these. 1t 1s expected that palladium should segregate to the surface because its melting
temperature and heat of vaporization values are lower compared to that of Pt. As a result, in
bimetallic catalyst systems, palladium should be lower coordinated than platinum. Harada er
al. (13) reported that in the case of the Pt-Pd clusters prepared under mitrogen, the

coordmation numbers of Pd and Pt atoms around a Pd atom were determined as 3.8+0.7 and

0.9+0.2, respectively. Because palladium was found as in oxide form in oxidizing atmosphere.
further decrease in coordination numbers of Pd around Pd atoms was also observed. Hansen e?
al. (14) measured surface concentration profile for the three low-index surfaces of Pt-Pd (1:1)
random alloys at 500, 1000, and 1500 K by EXAFS technique. The results showed that in all
cases Pd segregated to the surface. Therefore, at temperatures higher than 500 K, all of these
faces will be covered by Pd atoms.

Differences n the adsorption energies of CO and O; on palladium and platinum
surfaces can result in adsorption induced surface segregation. Van den Oetelaar er al. (7)
discussed the role of adsorbates/adsorbents, cluster size, and metal-support interaction in the
surface segregation process in supported nanoclusters in general and demonstrated the
influence of these parameters on surface segregation in the Pd-Pt catalysts in particular. The

Pd surface concentration increased with increasing temperature until above 973 K and
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eventually slightly decreased. Heats of O, and CO adsorption on supported and unsupported
palladium and platinum catalysts are given mn Table 2 and 3, respectively. The heat of
adsorption of O, and CO on supported and unsupported Pd and Pt are nearly the same so
chemisorption-induced surface segregation is not expected in the Pd-Pt system due to
adsorption of O, and CO, during a CO oxidation reaction.

The oxide-forming properties of the constituents are different for Pd and Pt which may
result in enhanced Pd surface segregation in Pd-Pt alloys. Meusel er al. (24) found that
starting at temperatures below 300 K the Pd particles rapidly incorporated large amounts of
oxygen, finally reaching stoichiometries of PdO>0.5. Their STM data showed that neither thé
overall particle shape nor the dispersion was affected by the oxygen and CO treatment.
Ciuparu er al. (25) stated that the most probable state was a metallic Pd superficial layer on a
PdO core. Only the surface layers of relatively large alumina supported PdO particles were
reduced by the flowing CO at room temperature, while small particles were completely
reduced. After CO adsorption at room temperature on the pre-oxidized alumina supported Pd
catalyst, there were two different populations of particles; small completely reduced Pd
particles and larger PdO particles covered by reduced metallic layers. When temperature was
increased, the mobility of bulk oxygen has increased, reached the surface and oxidized
adsorbed CO molecules. In another study done by Zheng and Altman (26) over Pd(111)
surface, Pd-O bond strength was measured to be between chemisorbed oxygen and bulk PdO.
Navarro ef al. (27) reported two TPR peaks at about 295 K and 356 K in Pd /Si0,-AL 03 one
due to reduction of PdO and the other due to desorption of hydrogen from the decomposition
of a bulk palladium hydride. respectively. Interaction between supported Pt surfaces and
oxygen was not important compared to palladium surfaces, however. interaction of oxygen

with Pt single crystal surfaces has been found as the reason of kinetic oscillations (28, 29).
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In this study, the objective was to investigate the performance of bimetallic Pd-Pt -
catalysts towards CO oxidation reaction. The measured reaction orders and activation

energies are used to propose a plausible mechanism for the same reaction.
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2. Experimental

2.1 Catalyst preparation

The incipient wetness technique was used to prepare alumina impregnated
monometallic and bimeta£lic palladium and platinum catalysts. 1 wt % of Pd, Pt or Pd-Pt were
loaded onto the gamma-alumina (y-AlO3) supports by impregnating the supports with
sufficient precious metal precursor solution to bring about incipient wetness (~1-2 ml
solution/g support). For bimetallic catalysts Pd-Pt atomic ratios were selected as 1:3, 1:1 and
3:1. Two series of bimetallic catalysts were prepared differing in their Pd precursor and metal
loading procedure. The first series was prepared via co-impregnation of Pd and Pt from
Pt(NH3)4Cl2.H,0 (Johnson Matthey) and PdCl, (Johnson Matthey). The second series were
prepared by sequential impregnation of Pt(NH;3)4Cl,.H,O (Johnson Matthey) Pd(NO3);
(Johnson Matthey) since mixed aqueous solutions of Pt(NH3),Cl>.H20 and Pd(NO3); salts
resulted in precipitation. The catalysts were dried at room temperature for 6 hours and at 393
K for 12 hours. Finally the catalysts were calcined at 723 K for 4 h. Part of these catalysts
were used as such, and the other part was washed with hot distilled water (~350 K) until it is

free of CI ions tested by AgNOs solution then again calcined at 673 K for 4 h (30).

2.2 Catalysts characterization

In this study active metal dispersions were determined by strong hydrogen amounts at
298 K measured by volumetric chemisorption methods (31). The adsorption experiments were
performed in a manifold described elsewhere (32). Prior to reduction, about 2 g of catalyst
was heated up to a temperature of 423 K and kept at that temperature for 30 min under
vacuum (10 Torr). The samples were reduced under stastic hydrogen at 623 K for 2 hours,

during this period, the surface was exposed to hydrogen three times and after each 20-25 min.
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exposure the gas in the manifold was replenished. The dispersions were calculated assuming a

strong hydrogen stoichiometry of H/Pd=1 or H/Pt=1.

2.3 Activity measurements

CO oxidation activities over the prepared catalysts were conducted in a horizontal
fixed-bed reactor made of quartz tube (13 mm ID) under atmospheric pressure. 100 mg
catalyst diluted with 900 mg y-Al,O: was placed in the reactor. The catalyst bed was
supported by quartz wool at both ends. A thermocouple was placed externally with one end
touching the catalyst zone, in order to measure the bed temperature. The quartz reactor was
placed inside a temperature controlled tubular oven. The temperature of the oven was
increased from room temperature to the reaction temperature (approximately 350 K) then the
catalysts were conditioned with a gas mixture 2.5 % CO, 5 % Oz and N, for 30 minutes. Inlet
gas compositions were controlled by MKS 1179A mass flow controllers and the analysis of
the product gases was carried out using on-line gas chromatograph (HP 4890) equipped with a
thermal conductivity detector (TCD). The total gas flow rate through the reactor was
maintained constant at 200 ml/min. Effect of bimetallic interaction on CO oxidation reaction
was first studied by dynamic light-off experiments. Two sets of data were collected which
will be denoted as heating mode and cooling mode experiments. During the heating mode
experiments, the catalyst bed was heated at a rate of 1 K/min and CO consumption and CO,
formation rates were monitored with the gas chromatograph until 100 % CO conversion was
obtained. At this stage the heating ramp was stopped and the tubular oven was cooled
naturally while the conversion of CO to CO, was followed as well. The second set of data
will be referred to as cooling mode. The reaction orders with respect to carbon monoxide and
oxygen were measured at the temperatures where CO conversion was below 5 % so that

differential reactor assumption was valid.
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3. Results and Discussion

3.1 Characterization of monometallic and bimetallic Pd and Pt catalysts

Active site characterizations of all catalysts were performed by volumetric hydrogen
chemisorption technique, at ambient temperature. It is well known that palladium and
hydrogen can form a B-hydride species so the dispersion measurements are based on the data
collected below 10-12 Torr hydrogen pressures. In this pressure range the spillover effect is
also minimized. Below 10 Torr, it was assumed that hydrogen molecules were only
chemisorbed to the metals. Active metal dispersions of monometallic and bimetallic catalysﬁ
were calculated assuming H/M (M: Pd or Pt) stoichiometry equal to one. For bimetallic
catalysts, calculated dispersions are based on weighed averages of the atomic masses of
palladium and platinum metals. The dispersion values of all monometallic and bimetallic
catalysts are given in Table 4 and 5. Total hydrogen adsorption isotherms of washed catalyst
samples prepared by both sequential and co-impregnation technique up to 100 Torr showed
that Pd:Pt (1:3) catalysts have the lowest hydrogen adsorption capacities. The decrease of
metal dispersions upon washing was observed especially for bimetallic catalysts. This

decrease was attributed to sintering of particles during the second calcination after washing.

3.2 Non-isothermal CO oxidation performances on alumina supported monometallic
and bimetallic palladium-platinum catalysts

CO oxidation reactions on both monometallic and bimetallic catalysts were
investigated in two parts. In the first part unwashed catalysts were tested under lean,
stoichiometric, and rich gas environment by increasing the reactor temperature. In the second
part, CO oxidation reaction performances were compared for the washed catalysts and the

reaction hysteresis during heating and cooling mode were studied.
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Unwashed catalysts

CO oxidation performances of bimetallic catalysts reside in between the monometallic
palladium and platinum catalysts for the sequentially impregnated series. As seen in Figure 1,
increasing palladium weight fraction from zero to one resulted in gradual increase in the
reaction performances. However, for co-impregnated catalyst group, reaction taking place on
the bimetallic catalysts showed similar performances with monometallic palladium (Figure 2).
The other important result to be mentioned 1s the difference in the light-off performances of
monometallic palladium prepared from two different palladium precursors. Light-off
temperature (Tso, the temperature at which 50 % CO conversion 1s attained) of 1 % Pd/AlLO;
catalyst prepared from Pd(NOs), precursor is 40 K lower than that of palladium catalyst
prepared from PdCl; precursor, which could be due to a poisoning effect of the CI' remained
on the surface from the catalyst precursor.

Bimetallic catalysts in co-impregnated catalyst group behaved like monometallic
palladium catalyst due to the segregation of palladium to the surface. According to the light
off behaviors up to 30 % conversion, 1t was obvious that all bimetallic Pd-Pt catalysts and
monometallic palladium followed the identical light-off trend in nearly the same temperature
interval. On the other hand, the results presented in Figure 1 indicate that palladium and
platinum metals in sequentially impregnated bimetallic catalysts can be found as separate

entities on the support surface.
Washed catalysts

CO oxidation performances of sequentially impregnated and co-impregnated catalysts

after washing under stoichiometric feed gas compositions are shown in Figure 3 and 4. In
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sequentially impregnated catalyst group, monometallic palladium catalyst showed the best
oxidation activity. Its Tso value is 40 K lower than that of monometallic platinum catalyst.
Performances of bimetallic catalysts did not change after washing and again resided between
monometallic catalysts depending on the palladium fraction. As seen in these figures, there
exists no synergistic catalyst performance of the bimetallic catalysts, towards CO oxidation
reaction.

In co-impregnated catalyst group, the light-off performances of all catalysts are almost
the same. More precisely, it can be said that after washing the performance gap between
monometallic catalysts became narrower and the performances of bimetallic Pd-Pt catalyst
were identical with monometallic palladium. For this group no synergy was observed either.
All co-impregnated catalysts showed similar light-off performances up to 20 % conversion.

Washing did not result in improvement in the light-off performance of the sequentially
impregnated catalyst group excluding monometallic platinum catalyst. Afier washing,
reaction onset temperature and Tso value on 1% Pt/y-ALO: catalyst decreased by 50 K and 25
K respectively. Despite reaction onset temperatures of the remaining bimetallic catalysts
enhanced at least 40 K, washing had no effect on sequentially impregnated catalysts. On the
contrary, for co-impregnated catalyst group. both reaction onset temperature and Tso values
enhanced after washing. With increasing palladium fraction, light-off temperatures of washed
and unwashed samples got closer. Since, both palladium and platinum catalysts were prepared
from chlorine containing metal salts, removal of residual chlorine apparently improved the
performance of the catalyst. Irregular behaviors of sequentially impregnated catalysts were
difficult to explain but we concluded that Pd-Pt interactions in this group seemed to be
different in comparison to co-impregnation method. Furthermore, the dispersions of the
catalysts have decreased upon washing indicating particle sintering. The irregularities in the

catalyst performances can also be attributed to the decrease in the particle dispersions as



measured by hydrogen chemisorption method.  There was 60 K improvement in the onset
performance of monometallic platinum and palladium (from palladium chloride) catalysts
after removing residual chlorine. Monteiro et al. (33) clearly demonstrated that the position of
IR CO absorption frequencies depended on the nature of Pd precursors. In addition to the two
infrared absorption peaks of CO (linear and bridged), there exists a third small peak related to
bridge-bonded CO on the catalyst prepared from Pd(NQO;), precursor. The authors suggested
that highly dispersed metal particles obtained by using palladium chloride precursor were the

most active sites in CO oxidation.

3.3 Temperature hysteresis

Oxidation performances of the catalysts were studied while increasing the reaction
temperature and the heating was stopped when 100 % CO conversion was attained. The
conversions were monitored during the reactor cooling, and a hysteresis behavior was
observed on all of the catalysts. This hysteresis behavior was studied under three different
feed gas compositions, namely oxygen excess, CO excess and stoichiometric gas mixtures. As
seen n Figure 5 (a) and (b), CO-rich feed gas composition gave the worst activity
performance. Similar results were obtained during cooling mode; especially on 1 % Pd/y-
Al,O; catalyst (from Pd(NOs); solution) 100 % conversion was sustained below 373 K. The
activities of the palladium were the same under CO-lean and stoichiometric feed gas
compositions. In addition, similar to the heating mode within a narrow temperature range
there exist sudden conversion change (drop) during cooling mode. Although the difference of
Tso values between heating and cooling mode under rich conditions was 70 K, it was almost
90 K under CO-lean conditions.

The evidence 1n this study supported the existence of CO islands on the surface of the

platinum and palladium that change in the hight-off behavior during in one heating-cooling
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cycle. Up to 30-40 % conversion, the reaction rate was slow and reaction might proceed at the
peripherals of the CO islands. An additional mechanism has been suggested in which CO
islands nucleate and grow in size until they reach a critical size (34) which is the 30-40 %
conversion level depending on the catalyst used. At this point, the adsorbed oxygen region
between the CO islands becomes compressed, which changes the kinetics of that layer and
provides feedback to return the system to the initial CO free state. These islands of CO block
a portion of the active sites and change in size during the reaction. Also, the sharp increase in
conversion value within a narrow temperature range can be another explanation of critical CO
level. Passing this level leads to a jump in the reaction rate. In addition to that, the size of thé
CO islands may be related to the amount of chlorine on the platinum and palladium particles.
The mechanism that drives the change in island size is still unclear due to the differences
between light-off behaviors up to 30-40 % conversion levels on washed and unwashed
catalysts.

It has to be pointed out that the sudden increase and decrease in the reaction rate
should indeed be related to a sudden change in the CO coverage. The effect i1s mainly
connected to decrease or increase in the CO coverage (during heating and cooling mode,
respectively). In both bimetallic catalyst groups, due to palladium surface segregation process
all cooling mode light of performances of bimetallic catalysts are similar to monometallic
palladium activity. Another interesting result was obtained when the bimetallic catalysts were
subjected to successive heating-cooling cycles. Narrowed hysteresis loop may also be
attributed to surface temperature assisted segregation of palladium because similar behavior
was not observed for monometallic samples. As seen in the Figure 6, a clear change in the
light-off behavior after first heating-cooling cycle can correspond to surface segregation of
Pd. This behavior did not repeat, second and third light-off curves (heating-cooling)

overlapped. In addition, it was obvious that the reaction proceeds with its exothermicity after
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all surface CO was burned out. When 40 % conversion levels were passed, externally
measured reactor temperature immediately increased 10-20 K above the furnace set point

temperature.

3.4 Reaction mechanisms, apparent activation energies and orders

Apparent activation energies of CO oxidation reaction on monometallic and bimetallic
palladium-platinum catalysts (washed) were calculated from the slope of the In (rate) vs. 1/T
graphs, rate was in terms of moles of CO reacted/site.s and T was in K. The In (rate) vs. 1/T
data was obtained directly from light-off curves below 10 % conversion.

For sequentially and co-impregnated impregnated catalyst groups apparent activation
energies and reaction orders with respect to CO and O, were presented in Table 6 and Table 7
respectively. Carbon monoxide and oxygen orders were estimated at constant temperature
over a narrow range of carbon monoxide and oxygen partial pressures assuming power law
type rate expression. CO orders were measured by changing CO amounts in the gas phase in
the 2-6 % range wile maintaining O, at 2.5% levels. On the other hand O, orders were
measured by keeping CO levels at 4% and changing O, values in 1-5% range. On sequentially
impregnated catalysts, CO orders estimated in isokinetic region on all catalysts were close to
~1, except for monometallic palladium catalysts. On mono-metallic palladium catalyst
(preparedfrom Pd(NOs), precursor) CO order was -0.47. In a previous study the abundance of
bridge bonded CO was noted(33). Following these lines, the coverage of a bridge bonded CO
can be estimated as(38)

6co=(KPco)“/(1+KPco)”

Under the condition that this CO is the poisoning species, one can estimate the vacant site
concentration as 6,=1/(1+KPco)” suggesting that the bridge bonded CO species is involved in

the reaction from the approximate negative half orders measured in this study.
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With increasing palladium weight fraction a decrease in oxygen order from 1.84 to 1.16 was
observed. Similar to the sequentially impregnated catalysts, on co-impregnated catalysts CO
orders were estimated as close to -1 indicating surface poisoning by CO. The reaction order
with respect to oxygen on monometallic platinum catalyst was quite higher than the other

catalysts in both catalyst groups.

Isothermal reaction rate change

Starting from O-rich conditions the steady-state reaction rate increases with increasing
CO fraction, until a critical CO/O, ratio is reached at which the system switches to a CO-rich
steady-state in both monometallic palladium and platinum surfaces (Figure 9 (a) and (b)).
This point at which the CO poisoning becomes dominant is connected with a steep drop in
reaction rate. Below the critical pressure, the surface 1s fairly covered by

oxygen0,, .0, becomes predominant above the critical pressure, and oxygen adatoms
decrease to negligible amounts, i.e., from 0,>0.,to 0,<<0., with increasing CO pressure.

This change was attributed to a change of the rate-determining step from CO adsorption to O,

adsorption. Thus, the former region of 6, >0, provides a stage suitable for the examination

of site preference, one in which oxygen is more reactive toward CO when different kinds of
oxygen are on the surface.

Similarities in the reaction rates at 423, 433, and 443 K on the Pd catalyst after the rate
maximum can be explained by Pd-O interaction (Figure 9 (b)). Ertl er al. (35) suggested that
starting from a low CO pressure value, the catalytic activity of the surface will first be low
due to filling of the subsurface oxygen reservoir, but as CO pressure is approaching the rate
maximum the depletion of subsurface oxygen will lead to an increase in the catalytic activity.
Beyond the rate maximum (stoichiometric point), the formation of CO ad-layer will lead to a

depletion of subsurface oxygen as oxygen atoms located in the near-surface region will
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segregate to the surface and react off with chemisorbed CO. At low CO pressures the
formation of subsurface oxygen will become dominant. Pfefferle er al. (36) stated that after
CO adsorption at room temperature on the pre-oxidized alumina supported Pd catalyst, there
were two different populations of particles; small completely reduced Pd particles and larger
PdO particles covered by? reduced metallic layers. When temperature was increased, the
mobility of bulk oxygen must have increased, which has reached the surface and oxidized
adsorbed CO molecules. Under the assumption that subsurface oxygen decreases adsorption
of CO, the reduced residence time on the surface will only lead to low CO coverages high
temperatures, where the desorption rate of CO is high. Beyond rate maximum O, adsorption\
becomes the limiting step as a CO ad-layer already exists on the surface. CO adsorption will

dominate over oxygen adsorption leading to the formation of a CO ad-layer on the surface.

4. Conclusions

CO oxidation reaction was studied over mono- and bi-metallic Pd-Pt catalysts. The
bimetallic catalysts were prepared by sequential impregnation and co-impregnation methods.
The reaction results indicate intimate contact between Pd and Pt for co-impregnated catalysts.
Furthermore, Pd segregated to the surface on these catalysts. On the other hand, intimate
interaction between Pd and Pt was not established for sequentially impregnated catalysts.
Measured reaction orders and activation energies did not indicate any significant synergy due

to the alloy formation neither for the sequentially nor for co-impregnated catalysts.
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Table 1

Property Palladium Platinum
Atomic number 46 78
Atomic weight (g/mole) 106.4 195.09
Melting point (K) 1825 2045
Boiling point (K) 3237 4100
Heat of vaporization (kJ/mol) 357 510
Heat of fusion (kJ/mol) 17.60 19.80
Table 2
Catalyst Method -AH,q (kJ/mole) | Ref.
2.9 % Pt/ ALLO3 IR ~30 15
Py(111) Calorimetric 308432 16
236.1
0.98 %Pd/S10,-Al,0;
231.1
1.80 %Pd/ALLO3 253.3+14.7
0.32 %Pd/ALO; 255.0
DSC 216.0 17
0.36 %Pd/Al,O3
336.2
0.54 %Pd/ALOsz 261.5
19934381
2.33 %Pd/AL O3
167.5+4.2
Pd(111) TPD 230.3 18
Pd(100) Isosteric'” 2512 19

' Maximum values based on work function change
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Table 3

Catalyst Method -AH,q (kJ/mole) Ref.
2.1 % Pt/m-ALOs TPD 99.242.9 20
Pt(111) LEED 135 21
Pt(111) Calorimetric | 180+19 (T=300K) | 16
1.80 %Pd/Al,O3 85.0
0.32 %Pd/ALO: 136.1

98.4
0.36 %Pd/ALO;

DSC 149.9 22

0.54 %Pd/ALO: 141.1

97.6
2.33 %Pd/ALO;

82.1
Pd(100) UHVYD 149.5 23

' Maximum values based on work function change

107




Table 4

Dispersion, % pmole of Surf atom/g cat.
Catalyst Pd:Pt | (unwashed) (washed) (washed)
1 % Pt/y-ALOs 0:1 70.4 60.8 312
1 % Pd-Pt/y-ALOs | 13 62 425 26.3
1 % Pd-Pt/y-AL O3 1:1 N/A 38.3 2738
1 % Pd-Pt/y-ALOs | 3:1 40.7 44.6 372
1 % Pd/y-Al,Os3 1:0 343 32.9 31.0
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Table 5

Dispersion. %

umole of Surf atom/g cat.

Catalyst Pd:Pt | (unwashed) (washed) (washed)
1 % Pt/y-ALOs 0:1 70.4 60.8 31.2
1 % Pd-Pt/y-Al;03 13 57.8 396 18.3
1 % Pd-Pt/y-ALLO; 1:1 523 38.3 27.8
1 % Pd-Pt/y-AlLOs 3:1 491 235 19.6
1 % Pd/y-ALO; 1:0 479 279 26.2
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Abstract

Oxygen adsorption over PUTIO; surfaces were investigated as a function of metal loading. Oxygen adsorption over pure TiO»
was molecular at all pressure ranges investigated. On the other hand. differential heats of adsorption measured by adsorption
calorimetry indicated that oxygen adsorption was dissociative over PUTIO» surfaces until the Pt surface was saturated with
oxygen. The saturation coverage of atomic oxygen on Pt was determined as approximately one from adsorption calorimetry.
The imtial heat of oxygen adsorption was determined as ~ 375 kJ/mol over 0.5 wt.% PUTiO,. The differential heats of oxygen
adsorption at coverages less than one monolayer of Pt surface was ~200 kJ/mol consistent with the oxygen adsorption heats
over Pt single crystals reported in the literature. As the pressure increased after the saturation of Pt surface, oxygen adsorption
continued tn a manner similar to oxygen adsorption over pure TiO-. Isosteric heats of oxygen adsorption over pure and PUTiO»
samples at coverages >5 pmol/g catalyst were determined to be around 10 kJ/mol. The amounts of oxygen adsorption over
PYTIO; surfaces depended strongly on the pretreatment conditions. Most favorable oxygen adsorption was observed over
calcined/reduced samples.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Oxygen adsomption: Spillover: Pt; TiO2; Heat of adsorption

1. Introduction nature of TiO> makes it a good alternative for the

solid-state gas sensor for oxygen, hydrogen, and some

PUTIO; systems are used both as catalysts and combustion gases. In both photo-catalysis and sensor

solid-state gas sensors. These systems are exploited applications_ interaction of TiO2 surface with oxygen

as photo-catalysts due to the proper band gap of 1s necessary, and in both systems, the presence of Pt

TiO: for excitation by electromagnetic radiation in is known to mmprove the performance. mostly argued
the UV frequencies. Furthermore. the semiconductor as due to the spitlover phenomenon.

Spillover is a widely recognized fact since the 60s
in the field of catalysis [ 1-3]. Spillover phenomenon is
also observed and exploited in the field of solid-state

* Corresponding author. Tel.: +90-312-210-4383;

fax: 490-312-210-264 vas sensors as well [4-7]. Among the many definitions
E-mail address: uner@meuredutr (D, Uner). of spillover, two are quoted here: “Spillover is the
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;‘8'(*”1"?;;”;‘ of Technology, 10 West 33rd Street. Chicago. 11 itis casily adsorbed onto another phase where it does
1980 AN DAL
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Faculty of Engineering and Natural Sciences (FENS). Sabancy or overflow of active species sorbed or formed on a
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Table 1

Surface Adsorption mode Sticking Ey des (kJ/mol) AHygs (k/mol) Reference
of oxygen coverage {ml) Coefficient (5p)
Pl Dissociative 0.064 339 4 32 [14]
Pyl 1oy Dissociative 0.35 0.34 332 £ 10 [15)
Pi1 by 0.25 0.06 21341757 {16]
PUS)I-[9(1 1Ty > (111 0.5 0.06 205, 1715 [17]
PUl 1 1) Molecular 0.6 37 42 [18]
Pyl h Dissociative 0.4 470 + 10 (18]
Pl 0.25 0.048 + 0.006 [19]
Pyl h 0.25 {20}
Puli o Molecular, peroxo 405 {211
Polycristalline Py 0.75 [221
Pyl Molecular 0.12 [23}
TiOz(1 1) Molecular 8 % 10 94 [24]
TiO2(1 10) Molecular 108 {25)

D. Uner et al./Applied Caralysis A General 251 (2003) 225-234

Saturation

the same conditions sorb or form the active species”
[3].

Most of the oxides are poor adsorbents for stable
molecules such as O, or Ho. However, when a metal
capable of braking O-O or H-H bond is present, the
dissociated molecules can migrate from the metal

to the support surface, and the sorption capacity of

the oxides towards these dissociated molecules are
almost proportional to the surface area of the oxide.
Therefore, the presence of a metal can improve the
sorption capacity of an oxide by orders of magni-
tude via the spillover mechanism. In the solid-state
gas sensors, the chemical sensation is based on the
capacity of the surface to interact with the adsorbate
and to the extent of the electron transfer processes
between the adsorbate and the primary conducting

phase. Therefore, if the surface concentration of

the adsorbate is higher at a given gas phase pres-
sure, the sensitivity of the material will improve,
In the field of catalysis, spilled-over species can in-
crease the reaction rate by several mechanisms. For
PUTIO, photo-catalysts, for example, oxygen spilled
over from Pt to TiO> may enhance the rate of the
photo-oxidation reaction taking place over the oxide
surface [9-13].

In Table 1. the adsorption heats, the desorption
activation energies. saturation coverages, and inital
sticking coefficients of OXygen over various surfaces
of PCand TiO; are reviewed. The data presented in
Table 1 indicate that over Pt surfaces. oxygen can

|
{

adsorb both molecularly and dissociatively, while
the dissociative adsorption yielding almost a factor
of 10 higher heats of adsorption. Over TiO» sur-
faces, it has been reported that dissociative oxygen
adsorption requires oxygen vacancy sites and the
coverage of oxygen is reported to be proportional to
the oxygen vacancy concentration, in the order of
10 sites/cm? [25]. There were no direct measure-
ment data on heat of adsorption of oxygen over pure
TiO; surfaces in the literature to the extend of the
authors” knowledge: the data presented in Table | for
the desorption activation energies of molecular oXy-
gen over TiO; surfaces were reported based on the
Redhead analysis of the Thermal Desorption Spectra
[24,25}. This method requires assumptions for the
desorption process order and desorption process fre-
quency factor for activation energy determinations,
and therefore the results are prone to errors of such
assumptions.

In this study, the objective was to determine oxygen
and hydrogen adsorption characteristics of pure and Pt
containing TiO; powders. This was accomplished by
measuring adsorption isotherms of powders at differ-
ent metal loadings which was subjected to numerous
catalyst pretreatment procedures. The differential ad-
sorption heats were measured directly for oxygen ad-
sorption on Pt sites. On the other hand, isosteric heats
of adsorption on TiO> were determined from the ad-
sorption isotherms measured al room temperature and
at0"C.
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2. Materials and methods
2.1. Sample preparation

All of the samples were prepated by incipient wet-
ness impregnation of Pt from a solution of tetraammine
platinum(ll) chlonde hydride (Johnson Matthey) on
dried Degussa P25 TiO support (50 m?/g BET surface
area). The impregnation solution was prepared by dis-
solving an appropriate amount of PtCL(NH3)4-H,0O
salt in distilled water. Approximately 2 ml of solution
per gram of support was needed to bring about incip-
ient wetness. The slurries obtained after impregnation
were dried overnight at room temperature and at 400 K
for 2h. The catalysts prepared as such were reduced
in hydrogen at 723 K prior to the adsorption measure-
ments. In order to eliminate the effect of residual chlo-
rine, the catalysts were either reduced or calcined in
air at 723 K, washed in hot water until all of the chlo-
rine ions were removed [28], dried and reduced for
adsorption tests. The hot water elutriation continued
until the filtrate solution did not show any turbidity
after the addition of AgNO;3 solution.

2.2. Adsorption measurements

Adsorption measurements were conducted on a
home built adsorption apparatus based on the de-
sign of Wu et al. [26]: a muluport high-vacuum
Pyrex glass manifold with a volume of 166cm” in
connection with a turbo molecular pump (Varian
Turbo V70D) backed by a mechanical pump (Varian
SD-40). In order to minimize hydrocarbon impurities
in the manifold, high-vacuum greaseless, bakeable
stopcocks with Teflon plugs and FETFE O-ring seals
(Ace Glass) were employed to manipulate gas stor-
age and/or dosage. The manifold was capable of a
vacuum better than 107%Torr (1 Torr = 133.3Pa)
after bake-out. A cold cathode gauge (Varian 524-2)
monitored pressures below 107 Torr. Pressures from
10°* 1o 10° Torr were measured by two capacitance
absolute pressure gauges (Varian CeramiCel). Cata-
lyst samples were held in a Pyrex cell, a small heating
mantle connected to a Variac was used to adjust the
temperature in the cell. The schematics of the adsorp-
tion manifold and peripherals 1s given in Fig. 1.

All catalyst samples were treated inside the Pyrex
cell. Approximately | g of sample was loaded into the

cell. which was then attached to one of the sample
ports of the manifold. The catalysts were reduced in
situ according to the following recipe. Approximately
100 Torr of helium was dosed in the manifold, the
temperature of the heating mantle surrounding the cell
was raised to 423 K for about 30 min to remove the
residual water on the sample. The sample was then
evacuated, 100 Torr of Hy was dosed on the sample
and the temperature was gradually raised to 623 K. At
this temperature the sample was evacuated, fresh hy-
drogen at 750 Torr was dosed for 30 min. Evacuation
and fresh hydrogen dose for 30 min was repeated until
the catalyst was exposed to hydrogen atmosphere at
623 K for at least 2 h. After the reduction process, the
catalyst was cooled down to room temperature during
final evacuation.

Pure hydrogen and oxygen gases (99.99%) were
used in the experiments. Hydrogen and oxygen ad-
sorption experiments were performed at room tem-
perature, 263, 273, and 330 K. The total oxygen and
hydrogen adsorption 1sotherms were measured in the
0-800 Torr pressure range.

2.3. Microcalorimetry

Heat of adsorption measurements were conducted
on Setaram C-80 Tian-Calvet calorimeter coupled to
the muluport high-vacuum Pyrex glass manifold, de-
seribed in Section 2.2, Home-made Pyrex sample and
the reference cells for the calorimeter are shown in
Fig. 1. The sample and the reference cells were con-
nected to each other and to the vacuum manifold by a
Pyrex tee. Stainless Steel bellows were used to connect
the sample and the reference cells to the tee. All of
the connections were made of stainless steel Cajon Ul-
tra Torr unions. Thermal insulation of the home-made
cells were followed from the original design of the
sample cells of Setaram: in order to avoid convective
currents surrounding the sample cells, three aluminum
rings were placed around the sample tube as shown in
Fig. 1. The aluminum rings were supported by con-
centric glass tubes placed outside the sample tbe.

Approximately 1 g of pre-reduced and pre-calcined
sample was loaded into the sample cell, which was
then attached to one end of the tee connection and
inserted into the sample port of the microcalorimeter.
The other end of the tee connection was attached
to an empty sample cell mserted into the reference
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Fig. 1. The schematic drawing of the adsorption manifold and the sample-reference cell configuration for the microcalorimeter.

port of the microcalorimeter. The reduction proce-
dure described above was followed except the high
pressure Hy dosing temperature reduced to 523K
" due to the maximum allowable temperature limit of
the microcalorimeter. After the reduction process the
catalyst was cooled down to 303 K during final evacu-
ation. Differential heats of adsorption were measured
- by introducing small amounts of gas into the sorption
chamber. The amount adsorbed and the heat evolu-
tion data were recorded up to the point where there
was no heat signal detected upon incremental gas
dosing.

3. Resuits and discussion
3.1. Dispersion measurements

The dispersion measurements were based on the
procedure described by Uner et al. [27]. The catalysts

were reduced in situ as described in Section 2. To-
tal and weak adsorption isotherms were measured up
o a maximum hydrogen pressure of ~30 Torr. The
strong hydrogen amounts were deduced from the dif-
ference between the zero pressure adsorption amounts.
The strong hydrogen adsorption amounts, and the dis-
persion values obtained for 1:1 H:Ptgyeface Sstoichiom-
etry for Pt loaded TiO; catalysts are presented in
Table 2. As seen in Table 2, percent dispersions were
anomalously high for the low loading ratios (0.001
and 0.01 wt.% Pu). This is suspected to be due to the
presence of an irreversible component of the spilled
over hydrogen over the support surface [27]. But ex-
cluding very low loading ratios it can be said that in-
crease in Pt loading from 0.1 to 1.83% increased the
active metal site density and dispersion. The increase
in dispersion with increasing metal loading may con-
tradict the general understanding of supported metal
catalysis. However, when the metals are supported on
TiO, one must consider the possibility of decoration
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The metal dispersions, 1sosteric heats of oxygen adsorption over pure and Pt containing TiO; as a function of metal loading
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Pt (wt.%) Pt loading Strong H Strong H/Pt O, coverage AHi, (KJ/moD)
(wmol Pt/g catalyst) (pmol H/g catalyst) (pmol/g catalyst)
0 0 N/A N/A 10 7.3
0 0 N/A N/A 20 13.7
0.001 0.05 033 6.43 5 9.7
0.01 0.51 118 2.31 18 112
0.1 5.12 0.20 0.03 10 7.3
0.5 25.60 0.01 0.00 5 13.3
1.83 93.80 11.53 0.12 5 6.9

The oxygen coverages indicate the coverage at which the isosteric heats are calculated.

of the metal particles by the TiO, moieties during the
catalyst preparation procedure. If TiO, moieties pre-
fer the low coordination edge and corner sites, they
can block a relatively higher fraction of adsorption
sites on smaller particles. Therefore, it is possible to
measure lower values of apparent dispersions for low
loading catalysts by hydrogen chemisorption. On the
other hand, this sort of decoration is not possible for
monodispersed catalysts, e.g. 0.001 or 0.01 wt.% cat-
alysts in this study, therefore the site blocking effects
were not observed on these catalysts.

3.2. Effect of metal loading on Hy adsorption

Due to the known spillover behavior of hydro-
gen, spillover characteristics of the samples were
investigated with respect to hydrogen gas. Hydro-
gen gas adsorption was studied in the pressure range
8-800 Torr. The adsorbed gas was allowed to reach
equilibrium for 30-150min before the adsorption
data were collected. The isotherms collected at room
temperature and at 273 K are shown in Fig. 2 as a
function of metal loading. The lowest loaded sample
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Fig. 2. Room temperature hydrogen adsorption studies over PUTiO; catalysts. The open symbols correspond to the isotherms measured at

273 K, the dark symbols correspond to the isotherms measured at room temperature.
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(0.001 wt.% Pt) did not exhibit much hydrogen ad-
sorption beyond the potential uptake of pure TiO,. As
the Pt loading increased, the hydrogen uptake has also
increased. The unique behaviqr observed in the disper-
sion data was also observed here. The hydrogen uptake
capacity of 0.01 wt.% catalyst was higher than that
of 0.1 wt.% catalyst at elevated pressures. This effect
could be attributed to the higher nominal dispersion of
the low loading (0.01 wt.% Pt) catalyst thereby causing
increased amounts of hydrogen spillover. One must
bear in mind that the spillover process is surface dif-
fusion limited [2] and the process may continue over
several hours at such a slow rate that may not be
observable within the sensitivity limits of pressure
measurements in our experiments. The data presented
in Fig. 2 contains the pseudo-equilibrium isotherm
information of hydrogen adsorption over the metal
surface, however, the equilibrium condition for the
spilled over hydrogen may not have been established
within that time frame. Thus, highly dispersed cat-
alysts, having higher metal-oxide interfacial areas,
can cause facile spillover process than their lower
dispersed conterparts.

As to the nature of the spilled over hydrogen is con-
cerned, the charge balance over the metal surface re-

D. Uner et al./Applied Catalysis A: General 251 (2003) 225-234

quires that atomic hydrogen must spillover to the sup-
port. The spilled over hydrogen may undergo chemical
interactions with the support to form H* and e~ pairs
[29] which may result in formation of Ti** jons [30].

3.3. Oxygen adsorption studies

In order to establish the oxygen adsorption capac-
ity of pure TiO», a series of adsorption measurements
were performed on (i) untreated TiOg, ie. TIO; was
used as received; (i1) TiO; evacuated at 393 K for 1 h;
and (1i1) TiOy being subjected to incipient wetness
treatment with distilled water, dried and evacuated. All
of the catalysts were evacuated for 1h before any ad-
sorption measurements were performed. Room tem-
perature oxygen adsorption isotherms of pure TiO;
subjected to pretreatment conditions mentioned above
are presented in Fig. 3. As seen in Fig. 3, incipient
wetness treatment of TiO, with distilled water caused
a decrease in the oxygen adsorption capacity of pure
support. On the other hand, there was no observable
difference between the oxygen adsorption isotherms
of untreated support and support evacuated at 393 K.
The loss of oxygen adsorption capacity as a result
of incipient wetness treatment can be attributed to
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Fig. 3. Oxygen adsorption isotherms over TiOs at room temperature treated under different conditions.
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Table 3

BET surface areas, strong hydrogen adsorption amounts, and zero coverage differential heats of adsorption of pure and Pt containing TiO;

Pt (wt.%) BET surface area Pt loading
(m*/g catalyst)

Strong H

(pmol PUg catalysty  (pmol H/g catalyst)  H/Pt

Strong O saturation coverage Zero coverage heat of

over Pt (umol/g catalyst) adsorption (kJ/mol)

0 459 0 . N/A
ob 452 0 N/A
0.5 445 51.30 0.86
1.0 445 51.30 6.36

N/A N/A N/A
N/A N/A N/A
0.03 1.5 320
0.12 3.0 380

*TiO, as received.

P Ti05 was subjected to incipient wetness treatment with pure water and dried at 300K,

hydroxilation of the oxygen adsorption sites which

could not be restored during the further treatment of

the sample. The highest amount of oxygen uptake
measured on these catalysts was ~110 pmol/g cata-
lyst over an untreated sample. The BET surface areas
of the untreated Ti0, and TiO, after an incipient wet-
ness treatment with pure water and drying are given
in Table 3. As can be seen from the data, there was

no observable difference between the surface areas of

either sample, a slight decrease in the surface area
occurred upon incipient wetness treatment, coherent

with a decrease in the oxygen adsorption capacity of

the catalyst.
Because the Pt containing catalysts were prepared
via incipient wetness impregnation, the adsorption ca-

pacities of all the catalysts investigated in this study
were compared to that of TiO,(IW). The effect of
calcination and the order of reduction and calcina-
tion on the oxygen adsorption isotherms over 0.5 wt.%
PUTIO, were investigated after the following steps:
(1) the fresh catalyst was first reduced and then cal-
cmed; (i1) the fresh catalyst was reduced, calcined,
and re-reduced; (111) the catalyst was calcined only:
(iv) the fresh catalyst was calcined and then reduced.
After each of the treatments listed here, the oxygen
adsorption capacities of the catalysts were measured
and plotted in Fig. 4. It was observed that the order
of reduction and calcination steps was important, the
oxygen adsorption capacity of a calcined/reduced sam-
ple was higher than that of reduced/calcined sample.
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Fig. 4. Effect of reductuon and/or calcination on room temperature oxygen adsorption isotherms over 0.5 wit.% PUTIO».
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Furthermore, all of the samples exhibited higher oxy-

gen coverages than TiO;(IW). The excess amounts of

adsorbed oxygen can be attributed to either spillover
or direct oxygen adsorption over support surface due
to the limited oxygen adsorption®capacity of the metal
particles. If the oxygen adsorption capacity of PUTiO»
is compared to that of the untreated TiO;, one may
conclude that the presence of Pt assisted the restora-
tion of oxygen adsorption sites, which were lost over
Ti0; surface during the incipient wetness treatment.
On the other hand, if the oxygen adsorption capacity
of PUTiO; is compared to TiO2(IW) sample, one may
conclude the presence of a spillover process. The ad-
sorption process orders can clarify whether the excess
oxygen is due to the direct adsorption of molecular
oxygen over TiO; sites or due to the spillover of dis-
sociated oxygen.

In order to determine the order of the oxygen ad-
sorption process over pure TiOy(IW), log(P) was
plotted against log(coverage) (not shown). Within the
pressure range covered in this study, the log-log plot
vielded straight lines with slopes equal to | indicating
molecular adsorption of oxygen at room tempera-
ture and below over pure and Pt containing TiO,
surfaces at pressures exceeding 10 Torr. Between the

D. Uner et al./Applied Catalysis A: General 251 (2003) 225-234

two hypotheses presented in the previous paragraph,
direct adsorption of molecular oxygen over TiO,
surface after the saturation of the metal particles
seems more realistic given that the adsorption pro-
cess order is one in that pressure zone. In order to
provide a firm judgement about which of these pro-
cesses prevail, surface spectroscopic evidence is still
required.

The effect of metal loading on oxygen adsorption
was monitored after reduction/calcination/re-reduction
steps. It was observed that low loading catalysts (0.1
and 0.5 wt.% Pt) behaved similarly with higher oxy-
gen uptakes while a high loading catalyst (1.0 wt.%)
exhibited a behavior similar to that of TiO,(IW) at
clevated pressures (Fig. 5). The heat of adsorption
data measured on these catalysts and low coverage
behavior will be discussed in the next section.

3.4. Heats of adsorption

3.4.1. Differential heats of adsorption

The direct measurement of the differential heats of
adsorption was performed by adsorption calorimetry
as described in the Section 2. There was no observ-
able heat of adsorption within the sensitivity limits
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-5, Comparison of room temperature oxygen adsorption isotherms with respect to Pt loading over reduced/calcined/re-reduced samples,
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of experimentation over pure TiO, surface. Similarly.
measurements on low metal loading (0.1% or less)
did not show any measurable adsorption heats. Due
to the limitations associated with the present design
of the gas manifold, the least amount of quantifi-
able adsorption was within 0.5 pmol range. There-
fore, events occurred at Jower coverages could not

be quantified in terms of coverage and in terms of

heat evolution per mole of gas adsorption. For low
metal loadings. 1t is most probable that the highest
heat evolving event, ie. the dissociative adsorption
of oxygen over Pt surface. occurred at this low cov-
erage limit and thus could not be measured. The
differential heats of oxygen adsorption on 0.5 and
F'wt.% PUTiO2 as a function of surface coverage
of Pt (mole O adsorbed/surtace Pt) are presented in
Fig. 6. The thermally tractable adsorption stopped
at approximately 3 pmol O2/g catalyst over 1 wt.%
PU/T10; while on 0.5 wt.% PY/TiO» the saturation oc-
curred at approximately half of this coverage. When
the adsorbed amounts were hased on per surface Pt
stte determined by strong hydrogen chemisorption. it
was observed that the surface of T wt.% catalyst is
saturated at approximately one monolaver of Pt. The

last experimental data point for surface saturation of
(0.5 wit.% catalyst 1s recorded at a surface coverage of
1.8 mol Ofsurface Pt. However, this point can not be
considered as the pont of saturation, rather, it is due
to the limitations of dosing smaller volumes of gas
into the chamber. The saturation coverage of oxygen
on both surfaces can be taken as approximately one,
which s shighty higher than the reported oxygen
saturation coverage for polyerystalline Pt [22]. It is
important to note that while there was no measur-
able adsorption heat beyond the noise level of the
mnstrument  after this coverage, oxygen adsorption
amounts could be quantified volumetnically up to
800 Torr.

The adsorption heats measured for the 0.5 wt.%
catalyst were systematically higher than those over
I'wt.% catalyst. Lower Pt loading catalyst also has a
Jower dispersion (3.4%) as measured by volumetric
hydrogen chemisorption. which indicated larger crys-
tallites and therefore the presence of more low index
planes than 1 wt.% Pt catalyst. The heats of adsorption
data reported in the literature. compiled in Table 1,
are for (11 1) or (1 10y planes of Pt, no data could be
found for (1 00) planes. The difference in the heats of
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adsorption on 0.5 and 1 wt.% catalysts may be due to
the structure dependence of oxygen adsorption on dif-
ferent crystallographic planes [31]. However, the data
presented here 1s not sufficient tosprovide conclusive
evidence.

3.4.2. Isosteric hear of adsorption of oxvgen

Isosteric heats of adsorption of oxygen were de-
termined from oxygen adsorption isotherms measured
at 07C and at room temperature. The isosteric heats
were calculated at constant oxygen coverage by using
Clastus-Clapeyron equation.

In P ) A Hio ( 1 I ) o
n —— e e e e
2 R \T» 71,

Isosteric heats of adsorption thus calculated are pre-
sented n Table 20 The coverage values are presented
on the same table to indicate at which coverage the
heat of adsorptions were calculated. It is important to
note here that the 1sosteric heats of adsorption caleu-
lated as such are determined at coverages higher than
the saturation coverage of Pt The heat of adsorption
data indicate that the high-energy sites (those of Py are
saturated before 3 pmol/g catalyst for 1 wi.% PYTIO.
All of the 1sosteric heats were calculated at coverages
much higher than this value. therefore belong to oxy-
een adsorption over TiO, surface. The isosteric heats
thus calculated are very low in comparison to the dis-
sociative oxygen adsorption over TiO» surfaces. as
presented in Table 1. The isosteric heats determined
indicate that at the coverages studied here, oxygen in-
teraction with 110> surface 1s much weaker than its
mteraction with Pt surface.

4. Conclusions

Oxygen adsorption over pure and Pt containing
TiO> samples indicated that oxygen adsorption at
room temperature over pure TiO» 15 molecular while
oxygen adsorption over PUTiO; 15 dissociative up o
O Pleface Stoichiometry of approximately one. While
the experimental data collected in this study indicated
that large amounts of atomic hyvdrogen spillover, no
iircct evidence could be found for oxygen spillover

rom Ptto 1Oy 7
I /TiO: samples could be attributed to direct adsorp-

I'he excess oxygen adsorbed over

tion of molecular oxygen over TiO» surfaces.
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Abstract:

In this study, the structure sensitivity of hydrogen, oxygen and carbon monoxide
adsorption was investigated by changing the metal particle size of Pt/Al,Os catalysts. 2 %
Pt/AL,O; catalysts were prepared by incipient wetness method; the particle size of the
catalysts was manipulated by calcining at different temperatures. The dispersion values for
the catalysts calcined in air at 683K, 723K, 773K and 823K were measured as 0.62, 0.28,
0.20 and 0.03 respectively.  The differential heats of adsorption of hydrogen, carbon
monoxide and oxygen were measured using a SETARAM C80 Tian-Calvet calorimeter. No
structure dependency was observed for hydrogen, carbon monoxide or oxygen initial heats of
adsorption. The adsorbate:metal stoichiometries at saturation systematically decreased with
increasing particle size. Hydrogen chemisoiption sites with low and intermediate heats were
lost when the particle size increased. On the other hand, oxygen and carbon monoxide initial
heats and adsorption site energy distributions did not change appreciably with the metal
particle size.

Introduction:

Many catalytic reactions are structure sensitive, the rate depends on the detailed

geometrical structure of the surface atoms of the catalyst. Structure sensitivity usually



manifests itself as a dependence of the rate per surface atom on the average size of the
catalyst particles. The understanding is that the relative number of corner and edge sites
increases dramatically with decreasing particle diameter, and these very low-coordinated
surface atoms could have a substantially different ability to interact with the gas phase
molecules. Norskov et al. {1) have demonstrated that the heat of adsorption of a species is
directly related to the local structure of the catalysts, the step sites are more active unless
poisoned, and they bind the adsorbates more strongly. The amount of heat evolved during
the adsorption process, called the heat of adsorption, is closely related to the adsorbate-
substrate bond strength. Furthermore, the differential heat of adsorption can be dependent on
the surface coverage of the adsorbate due to the lateral adsorbate-adsorbate interactions or
due to the surface heterogeneity.

The structure sensitivity of CO oxidation reaction is observed for gas phase catalytic
reactions (2, 3) as well as in anodic oxidation studies (4). Both Zafiris and Gorte (2) and
Gracia et. al (3) have measured lower activation energies for CO oxidation at lower
dispersions. Zafiris and Gorte (2) have attributed the structure sensitivity of CO oxidation to
higher desorption rates over larger particles promoted by the repulsive interactions due to the
higher CO coverages on larger planes. The oxidation of CO to form CO; reaction proceeds
via the combination of a chemisorbed CO molecule with a chemisorbed oxygen atom, the
latter produced through the dissociative adsorption of O; on the Pt surface. Due to the
poisoning effect of the CO adsorption on the Pt surface, amount of and bond strength of
adsorbed oxygen on the surface gains more importance. The limited amount of data on
oxygen adsorption compiled in a previous publication (5) is quoted in Table 1 for reference.
The adsorption heats strongly depend on whether the adsorption is molecular or dissociative.
Once dissociated, oxygen forms strong bonds with the surface exceeding 250 kJ/mol.

However, the adsorption of oxygen over metal surfaces is hampered by the low sticking



coefficients on the surface. The dissociative sticking coefficient of oxygen was shown to
increase exponentially with step concentration, adsorbed species at the steps are bound on the
step edges, and dissociation almost exclusively takes place at the step sites (16 and references
therein). The existence of the step sites was demonstrated to enhance the adsorption and
dissociation of oxygen (I6f 17).

NMR studies combined with heat of adsorption measurements indicated that hydrogen
adsorption over mono and bi-metallic Ru/SiO, catalysts is structure sensitive: hydrogen
chemisorption is more facile over low coordination edge and corner sites (18-22). The
structure sensitivity of hydrogen adsorption was reflected in the calorimetry data in terms of
loss of sites with low and intermediate heats in the presence of Ag or Cu atoms. However,
initial heats of adsorption were not influenced in the presence of Ag or Cu. The initial and
integral heats of adsorption data presented in Table 2 for hydrogen over Pt do not change
much with the particle size.

Structure sensitivity of CO adsorption was theoretically investigated by Hammer et
al.(26). Their predictions on well-defined crystal planes indicated strong structure sensitivity
in the adsorption energy from one structure to the other. The existence of the step sites is
being demonstrated to enhance the adsorption of CO (25-27). Initial heats of CO adsorption
on two different orientations of Pt single crystal surfaces are different beyond experimental
errors (Table 3). But, the structure dependency of CO chemisorption is difficult to elucidate
from the literature data collected over supported metal catalysts (Table 3).

Therefore, the objective of this study was to measure oxygen, hydrogen and
CO adsorption heats to elucidate the energetic component of structure sensitivity of
adsorption over 2%Pt/Al,O3 by changing the particle size. Calcination temperature was
selected as the parameter to manipulate the particle size in order to avoid complications that

may arise due to the preparative chemistry.



2. Materials and Methods:
2. 1. Sample preparation: All of the samples were prepared by incipient wetness
impregnation of Pt from a solution of tetraammine platinam(Il) chloride hydride (Johnson
Matthey) on dried y~Ale§ (Johnson Matthey, 65 m*/g BET surface area). The impregnation
solution was prepared by dissolving an appropriate amount of PtCl,(NH3)..H,O salt in
distilled water. Approximately 2 ml of solution per gram of support was needed to bring
about incipient wetness. The slurries obtained after impregnation were dried overnight at
room temperature and at 400 K for two hours. The catalyst prepared as such was divided
into four portions and each portion was calcined in air at a different temperature for four
hours. The calcination temperatures were selected as 410, 450, 500 and 600 °C.
2. 2. Adsorption Measurements: Adsorption measurements were conducted on a home built
adsorption apparatus explained in detail in a previous publication (5): a multi-port high-
vacuum Pyrex glass manifold with a volume of 166 cm® in connection with a turbo molecular
pump (Varian Turbo V70D) backed by a mechanical pump (Varian SD-40). In order to
minimize hydrocarbon impurities in the manifold, high-vacuum greaseless, bakeable
stopcocks with Teflon plugs and FETFE O-ring seals (Ace Glass) were employed to
manipulate gas storage and/or dosage. The manifold was capable of a vacuum better than 10
Torr after bake-out. A cold cathode gauge (Varian 524-2) monitored pressures below 107
Torr. Pressures from 10 to 10° Torr were measured by two capacitance absolute pressure
gauges (Varian CeramiCel). Catalyst samples were held in a Pyrex cell, a small heating
mantle connected to a Variac was used to adjust the temperature in the cell.

All catalyst samples were treated inside the Pyrex cell. Approximately 1 g of sample was
loaded into the cell, which was then attached to one of the sample ports of the manifold. The

catalysts were reduced in-situ according to the following recepie: Approximately 100 Torr of



helium was dosed in the manifold, the temperature of the heating mantle surrounding the cell
was raised to 423 K for about 30 min to remove the residual water on the sample. The
sample was then evacuated, 100 Torr of H, was dosed on the sample and the temperature was
gradually raised to 623 K. At this temperature the sample was evacuated, fresh hydrogen at
750 Torr was dosed for 30 min. Evacuation and fresh hydrogen dose for 30 min was repeated
until the catalyst was exposed to hydrogen atmosphere at 623 K for at least 2 hours. After the
reduction process, the catalyst was cooled down to room temperature during final evacuation.
The dispersion measurements were performed according to the method described by Uner et
al (28). After collecting the total and weak hydrogen adsorption isotherms, the zero pressure
values were obtained by extrapolating the data, the difference between the total and weak
1sotherm zero pressure values were reported as the strong hydrogen amounts. This value was
used as the metal dispersions by assuming 1H:1Pt stoichiometry for the strongly bound

hydrogen.

2. 3. Microcalorimetry: Heat of adsorption measurements were conducted on Setaram C-80
Tian-Calvet Calorimeter coupled to the multi-port high-vacuum Pyrex glass manifold, similar
in design to the manifold described in section 2.2. In this manifold a Pfeifer turbo molecular
pump station backed by a diaphragm pump was used. The pressure measurements was done
by a Baratron gauge(Varian CeramiCel) in the range of 10™*-10 Torr. The details of the home
made Pyrex sample and the reference cells for the calorimeter and the schematics of the set
up are given in a previous publication (5). The sample and the reference cells were
connected to each other and to the vacuum manifold by a Pyrex Tee. Stainless Steel bellows
were used to connect the sample and the reference cells to the Tee. All of the connections
were made of stainless steel Cajon Ultra Torr unions. Thermal insulation of the home made

cells were followed from the original design of the sample cells of Setaram: in order to avoid




convective currents surrounding the sample cells, three aluminum rings were placed around
the sample tube. The aluminum rings were supported by concentric glass tubes placed
outside the sample tube.

Approximately 1 gr of pre-reduced and pre-calcined sample was loaded into the sample
cell, which was then attached to one end of the tee connection and inserted into the sample
port of the microcalorimeter. The other end of the tee connection was attached to an empty
sample cell inserted into the reference port of the microcalorimeter. The reduction procedure
described above was followed except the high pressure H;, dosing temperature reduced to 543
K due to the maximum allowable temperature limit of the microcalorimeter. After the
reduction process the catalyst was cooled down to 303 K during final evacuation. Differential
heats of adsorption were measured by introducing small amounts of gas into the sorption
chamber. The amount adsorbed and heat evolution data were recorded up to the point where
there was no heat signal detected upon incremental gas dosing to the limit of the pressure
measurement (10 Torr).

4. Results and discussion
The hydrogen adsorption amounts as measured by volumetric chemisorption are

presented in Table 4 as a function of calcination temperature. It can be seen from the data
presented in Table 4 that the catalyst particle sizes could be manipulated by changing the
calcination temperature as measured by the strongly adsorbed hydrogen stiochiometries. On
the same table the saturation coverages of all adsorbates as measured by calorimetry are also
presented for comparison.

Hydrogen heat of adsorption data was plotted against hydrogen coverage Figure 1.
The coverages were determined as the ratio of the hydrogen adsorption amounts to the total
hydrogen amounts measured from chemisorption experiments. The heat of adsorption data

was evaluated as per mol of atomic hydrogen adsorbed. The structure sensitivity of hydrogen




adsorption is evident from the data presented in Figure 1. As observed by Narayan and King
(18) and Savargoankar ef al. (19) over bimetallic catalysts, our catalysts have lost hydrogen
adsorption sites with low and intermediate energies as the particle size increased, for the
catalysts calcined at 450 and 500 °C. On the other hand, the heat of adsorption data of
hydrogen over the catalyst calcined at 600 °C fall on the same curve as the data of the catalyst
calcined at 410 °C. For the catalyst calcined at 600 °C, due to the low number of surface sites
available for chemisorption, the sites with high initial heats could not be sampled. Narayan
and King(18) and Savargoankar e al. (19) have attributed the sites with low and intermediate
heats to planar surfaces over the catalyst particles. Our expectations of a catalyst calcined at
600 °C is to have mostly planar surfaces and the heats of adsorption of hydrogen values
measured over these surfaces indicate that planar surfaces dominate over the catalyst calcined
at 600 °C.

Oxygen adsorption data was also plotted in terms of dissociated oxygen coverages and heats
per mol of atomic oxygen. The coverages were based on the saturation coverage over the
catalyst as measured by calorimetry. It is important to note here that the differential heat of
adsorption curve of oxygen over the catalyst calcined at 600 °C lies systematically above the
differential heat of adsorption curve of the other catalysts. This can be interpreted as a
particle size effect, over larger particles our group has measured higher heats over PU/TiO;
particles(5). CO adsorption heats shown in Figure 3 were also plotted against the fractional
coverage, the coverage values were normalized to the saturation values as measured by
calorimetry. Carbon monoxide adsorption heats do not exhibit any structure sensitivity; the
heat of adsorption data for all catalysts fell on the same curve. The initial heats of adsorption
and adsorption heats at saturation agree well with the literature data (Table 3) as well as the

isosteric heats of adsorption measured by Dulaurent and Bianchi(29).



The number of moles of gas adsorbed at saturation per gram catalyst is plotted against the
calcination temperature in Figure 4. The decrease in the adsorbed gas amounts is consistent
with the decrease in metal dispersions (Table 4). The data in Figure 4 has some general
characteristic trends. First of all, adsorbed oxygen amounts are consistently lower than that
of carbon monoxide and hydrogen. Second, the decrease in adsorbed oxygen amounts with
dispersion is not as pronounced as observed in hydrogen or carbon monoxide. Finally, on the
catalyst calcined at 600 °C, the amount of hydrogen, oxygen and CO adsorbed approaches to
similar values. Adsorbed hydrogen amounts are about twice as much as adsorbed CO or even
larger for adsorbed oxygen amounts. This is believed to be due to a weakly bound hydrogen
that exists on the metal surfaces at H:M stoichiometries greater than 1 (18).

In order to compare adsorption energetics, initial (open symbols) and integral (dark symbols)
adsorption heats of oxygen, hydrogen and carbon monoxide were plotted in Figure 5 as a
function of the amount of gas adsorbed at saturation. From Figure 5, one can deduce that
neither initial nor integral heats of adsorption do not show a trend with changing metal
particle size. It is important to note here that the oxygen adsorption heat data show a
systematic decrease with decreasing particle size and the data point pertinent to the smallest
particle size distribution catalyst show an increase in both initial and integral heats.

Finally, in order to demonstrate the relative change in the adsorbent-adsorbate
relationships with the metal particle size, data in Figures 1-3 were replotted in figure 6 a and
b. In Figure 6a the heats of adsorption of oxygen, carbon monoxide and hydrogen were
plotted for the catalyst calcined at 410 °C, while in Figure 6 b the heats of adsorption of
oxygen, carbon monoxide and hydrogen were plotted for the catalyst calcined at 600 °C.
From Figure 6-a one can easily deduce that hydrogen adsorption sites have a broader site
energy distribution, the intermediate and low adsorption sites are not observed for carbon

monoxide and oxygen. Carbon monoxide and oxygen adsorption energetics follow similar



trends, which are not influenced by the metal particle size, while hydrogen adsorption site
energy distribution is significantly altered by the particle size. On the other hand, over
catalyst calcined at 600 °C CO and O heat of adsorption curves follow similar trends,
energetically and for the coverages at which they saturate the surface, while hydrogen
adsorption heats exhibit a drastic decrease from high initial heats of adsorption to a very low

heats of adsorption, indicating that sites with intermediate heats are completely lost.

5. Conclusions:

The structure sensitivity of hydrogen, oxygen and carbon monoxide was studied by
adsorption calorimetry. The structure sensitivity of hydrogen chemisorption was observed
consistent with the previous studies. On the other hand, the changes in the metal particle
size did not reflect itself consistently to the initial and integral heats of adsorption of CO and
oxygen adsorption heats. CO and oxygen adsorption isotherms and heat of adsorption data
resembled each other closely indicating that these molecules compete for the same kind of
sites. The site energy distributions measured by adsorption calorimetry indicated that as the
particle size decreased the site density of intermediate heats decreased.
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Table 2.

Catalyst % Initial heat  Integral heat Saturation  Dispersion Reference
Pt of of coverage (mol H
adsorption adsorption (umol/g ads/mol Pt)
(kJ/mol) (kJ/mol) catalyst)
Pt/Si0, 1.2 93 T66 38.6 1.18 (23)
Pt- 1.2 95 67 46.0 1.31 (23)
K/Si0,
Pt- 093 92 59 16.1 0.51 (23)
Sn/Si0;
Pt-Sn- 093 97 52 26.0 0.89 (23)
K//Si0,
Pt/Si0, 4.0 91 67 69 0.51 (24)
Pt/Si0, 7.0 92 68 94 0.63 (24)
Table 3.
Catalyst % Pt Initial heat of Integral heat  Saturation  Dispersion Reference
adsorption of adsorption coverage (mol H
(kJ/mol) (kJ/mol) (umol/g ads/mol Pt)
catalyst)
Pt/S10, 1.2 144 104 48.7 1.18 (23)
Pt- 1.2 140 101 26.7 1.31 (23)
K/Si0,
Pt- 0.93 135 83 19.6 0.51 (23)
Sn/Si0;
Pt-Sn- 0.93 138 91 10.4 0.89 (23)
K//Si0,
Pt/Si0; 4.0 140 105.1 130 0.51 (24)
Pt/SiO; 7.0 140 113.8 162 0.63 (24)
Pt(221) - 185 170 1.5 ML - (25)
Pt(111) - 1808 119.5 1 ML - (6)

' ML: Monolayer
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.

[ O
o 2
o A H
400 - # n CcoO
5
x
s .
O 300 - °
sl
g
o] L] PN
7
k]
© A
S 200
= . 0
@ . o
X [ A
A FAY
u
n
100 » )
A
A
0 T i T T T T ; T
0.00e0 1.00e-5 2.00e-5 3.00e-5 4.00e-5

Moles adsorbed at saturation/g cat




Figure 6-a
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Figure 6-b
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UYGULAMA NOTU
TUBITAK tarafindan MISAG 188 kodu ile desteklenen ‘Emisyon kontroliinde
kullanilan degerli metal katalizorler tizerinde CO oksitlenmesi reaksiyonu yapisal duyarlilik
(Structure sensitivity) gosterir mi?” bashikli projenin sonuglarimin hayta gegirilebilmesi igin
gerekli asamalar agagida 6zetlenmistir.

Bu ¢alismada destekli metal katalizorler tizerinde elde edilen kokten bulgular katalizér
tasarimi agisindan son derece 6nemlidir. CO oksitlenmesi tepkimesinin yapisal
duyarlih konusunda agik ve net bulgular elde edilmistir. Bu sonuglar hem emisyon
kontrolu katalizorlerinde kullanilabilecek hem de PEM yakat pillerinde kullamlabilecek
segici CO oksitlenmesi tepkimesinin gergeklesebilecegi katalizorleri tasarlamak amaci ile
kullanilabilecektir. Ancak uygulamaya gegilebilmesi igin pilot 6lgek deneylerinin
yapilabilmesi gerekmektedir. Buna ek olarak iilkemizde heniiz ticari anlamda katalizér -
ureten bir kurulug olmadigindan elde edilen sonuglarin ulusal katma degere
donistirialmesi hentiz mimkan degildir.

TUBITAK 1n koordinasyonunu tistlendigi VIZYON 2023 projesinde Kimya panelinin
bulgulari, kimya endistrisinin geligebilmesi igin kendi teknolojisini ve kendi kataliz6rini
iiretebilmesi konusuna parmak basmaktadir. Bu konuda TUBITAK tarafindan
ustlenilmesi gereken goérev gudiimlii projeler kanali ile halen dagimik bir bigimde
gergeklesen kataliz6r aragtirmalarim daha odakli ve daha surekli hale getirebilmek
olmalidir. Bu konuda simdiye kadar vyiiritilmiis ve yiritilmekte olan katalizor
alismalarinda gorev alan aragtirmacilarin endustri kurulug temsilcileri ile bir araya
getirilerek yapilan ¢aligmalarin uygulanabilirlifi ve uygulamaya gecirebilmek amaci ile
alinmasi gereken tedbirler agisindan ortak goruglerin olusturuldugu bir ¢alisma kigisel
gorislerden ¢ok daha verimli sonuglar dogurabilecektir.
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