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THESIS OF THE DOCTORAL (Ph.D.) DISSERTATION

SURFACE CHEMISTRY STUDIES of SnO,-Pt/A1,03 CATALYST FOR
ENVIRONMENTALLY IMPROVED CATALYTIC OXIDATION OF CARBON
MONOXIDE, PROPYLENE AND FOR CYCLOPROPANE ISOMERIZATION

ABSTRACT

The knowledge on the chemical nature of the surface of supported metals and
metal oxides is crucial for understanding their catalytic behaviour. Tin containing
catalysts having acidic properties can be effectively used for catalytic oxidation of
carbon monoxide to carbon dioxide, for propylene oxidation as well as for cyclopropane
isomerization. Tin oxide supported on alumina oxide was dopped with platinum (<1%)
using mechanical mixing in order to enhance the catalytic activity of sample in
oxidation, isomerization reactions.

The investigation of the surface properties of samples by different methods
(BET, ICP, XRD, XPS, FTIR, TPR, microcalorimetry and electrical conductivity) and
catalytic reactions were correlated in order to detect the source of catalytic activity and
the nature of the active sites formed during the activation procedure.

The work consists of two main parts:

I. The surface chemistry of the newly prepared Sn0,(2.94%)-Pt(0.28%)/Al,0;
catalyst and Pt(0.28%)/Al,03; Sn0,(2.83%)/A1,03; Sn01(3.10%)/Al,05; Al,O3; SnO;
catalyst samples, which were used for comparison purposes.

II. The catalytic activity on cyclopropane isomerization and carbon monoxide
oxidation of oxygen and hydrogen treated catalyst samples and in propylene oxidation
of oxygen treated catalysts.

The catalytic activity of supported catalysts stems from interactions between the
physico-chemical, acidic and electronic properties of supported tin or/ and platinum
oxide and the support. SnO,, known as n-type semiconductor, changed the electronic
density in the bulk by transmitting electrons to the PtO (p-type semiconductor) and
Al O3 (weak n-type semiconductor), and thus decreases the acidic strength of some of
the corresponding Lewis sites.

Catalytic activities for cyclopropane isomerization, CO and propylene oxidation

were higher for platinum containing samples among oxidized samples. The catalyst



combining both platinum and tin oxides was found to be promising catalyst for total
oxidation of CO, hydrocarbons since it showed high selectivity for CO, formation and
was recommended for using at industrial level.

Cyclopropane isomerization was additionally studied over samples pretreated in
hydrogen. Pt(0.28%)/Al1,03 was only active catalyst among of reduced samples.

From cyclopropane isomerization studies can be concluded that tin can exists in
different forms in Sn0,(2.94%)-Pt(0.28%)/Al1,03, depending on the pretreatment
conditions of the catalyst (i) in oxidized form, Sn** (SnO,), resulting in promoting
effect; (i1) in reduced form, tin resulting in poisoning effect “ligand-effect” due to

blocking of the sites responsible for cyclopropane isomerization by formation an alloy.
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DOKTORI (PH.D.) ERTEKEZES TEZISEI

SZEN-MONOXID ES POLIPROPILEN KORNYEZETVEDELMI
SZEMPONTBOL JAVITOTT OXIDACIOJARA, VALAMINT CIKLOPROPAN
IZOMERIZACIOJARA HASZNALT SnO,-Pt/AL,O; KATALIZATOR
FELULETKEMIAI VIZSGALATA

KIVONAT

A hordozéra felvitt fémek és fémoxidok kémidjanak ismerete katalitikus
viselkedésiik megértése szempontjabdl kulcsfontossdgd. A savas tulajdonsagu,
Ontartalmu katalizatorok hatékonyan felhaszndlhatok a szén-monoxid szén-dioxidda
valé oxidalasdra, a propilén oxidadldsara, valamint a ciklopropan izomerizacidjara. A
korund hordozéra felvitt On-oxidot mechanikus keveréssel 1 %-ndl kisebb
mennyiségben platindval adalékoltuk az oxidécids, izomerizaciés reakciokban mutatott
katalitikus aktivitds fokozdsa érdekében.

A Kkatalitikus aktivitas forrdsdnak és az aktivaldsi folyamat alatt képzodott aktiv
helyek jellegének felderitése érdekében a mintdk feliileti tulajdonsdgainak vizsgalatara
alkalmazott kiilonféle moddszerek (BET, ICP, XRD, XPS, FTIR, TPR,
mikrokalorimetria és elektromos vezetOképesség-mérés) eredményeit Osszevetettilk a
katalitikus reakciok eredményeivel.

A munka két f6 részbdl all:

I. Az dtjonnan készitett Sn0,(2.94%)-Pt(0.28%)/Al,05 katalizator és az
o0sszehasonlitas céljara hasznalt Sn0,(2.83%)/Al,03, Sn0,(3.10%)/A1,03,
Pt(0.28%)/A1,03, Al,O3, SnO; katalizitor mintédk feliileti kémidja

II. Az oxigénnel és hidrogénnel kezelt katalizitor mintdk ciklopropan
izomerizacioval és szén-monoxid oxidaciéval mutatott katalitikus aktivitasa, valamint
az oxigénnel kezelt katalizatorok propilén oxiddcioval mutatott aktivitasa.

A hordozoéra felvitt katalizatorok katalitikus aktivitdsa a hordozé és a hordozéra
felvitt 6n- vagy/és platina-oxid fizikai, kémiai és elektronos tulajdonsdgai kozotti
kolcsonhatdsokbdl ered. Az n tipusu félvezetdként ismert SnO, a szilird anyagban
megvaltoztatta az elektronstriiséget azaltal, hogy elektronokat adott 4t a PtO (p tipusu
félvezetd) és az AlOs (gyenge n tipusu félvezet®) szdmdra, igy csokkentette a

megfeleld Lewis helyek koziil néhdnynak a savas er0sségét.
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A ciklopropdn izomerizicigjdban, a CO és a propilén oxid4cigjdban az oxidalt
mintdk kozott a platina tartalmdak nagyobb aktivitast mutattak. A platina- és 6n-oxidot
kombindl6 katalizdtor igéretesnek mutatkozott a szén-monoxid és a szénhidrogének
teljes oxiddlasaban, mivel a CO, képzddésében nagy szelektivitasi. Ez a katalizator
ipari 1éptékii alkalmazasra ajdnlhato.

Kiegészitésképpen megvizsgaltuk a ciklopropan izomerizaciéjat hidrogénben
el0kezelt mintdkon. A redukalt mintdk koziil egyediil a Pt(0.28%)/Al,05 volt aktiv
katalizator.

A ciklopropan izomerizéicidjdnak vizsgdlatabol arra a kovetkeztetésre jutottunk,
hogy az Sn0,(2.94%)-Pt(0.28%)/Al1,03 rendszerben az 6n a katalizdtor elOkezelési
koriilményeitdl fiiggden kiilonb6zé formédkban fordul elé: (i) oxidalt, Sn** (Sn0O»)
formaban, ami a folyamatot eldsegitd hatdsu, valamint (ii) redukélt formdban, fém 6n
formdjdban, ami az 6tvozetképzodés révén mérgezd hatast, ,ligandum hatést” fejt ki

azaltal, hogy blokkolja a ciklopropdn izomerizacidért felelOs helyeket.
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TE3UC JOKTOPCKOM (Ph.D.) ITUCCEPTAIIAU

HCCJEIOBAHUA XUMHUYECKHUX CBOMCTB MIOBEPXHOCTH SnO,-
Pt/A1,O3 KATAJIN3ATOPA JJIs1 U3OMEPU3ALIIUU LHUKJIOIIPOITIAHA 1
JJIA SKOJIOTHYECKOI'O YJIYYHIEHUSA KATAJIMTHYECKOI'O
OKHCJIIEHUA MOHOOKCHUIA YIJIEPOJA, ITPOIIUJIEHA

AHHOTAIMS

3HaHUE O XHMMHYECKHUX CBOMCTBaX IOBEPXHOCTH HAHECEHHBIX METAJNIOB U
METAJIMYECKUX OKCHIOB SIBJISIETCS BAXXHBIM B OINPEIACICHUH HMX KATAIUTUYECKOTO
noseneHusi. KatanuzaTopsl, cofaepkaniyue OKCU 0JI0Ba, UMEIOT KUCIOTHBIE CBOMCTBA U
MOTyT 3(()EKTHBHO HCIOJIB30BATHCA JUISI KAaTAIUTUYECKOTO OKHCICHHS MOHOOKCHA
yriepojia, Al OKUCJICHUSl MPOMUJIEHA, a TaK K€ JJisi M30MEpPHU3alMK LUKIIOMPOIaHAa.
Jnst Toro, 94roOBl YBEIMYHUTHh KATAIUTHUECKYIO aKTUBHOCTh B PEAKIUSAX OKHCIICHUS,
n3oMepusaiuu, HaHeceHHbIM Ha Al,O3 oOpaser; okcuja oJioBa ObUT MEXaHUYECKU
CcMeIIaH ¢ miaTuHoi (<1%).

Pe3ynbpTaThl MCCIenOBaHWN MOBEPXHOCTHBIX CBOWCTB OOPA3lOB pPa3IMYHBIMU
merogamu (MCII, P, PO®IC, UKC, TIIB, MUKpOKAJIOPUMETPUH U HIEKTPUUECKOMN
MIPOBOJIMMOCTH) U PE3yJbTaThl KATATUTUYECKUX PEaKIMi ObUIM MpOaHaTU3UPOBAHBI U
COIIOCTaBUMHU MEXIy cO00# Ui TOro, 4ToObl MACHTU(UIIUPOBATH XapakTep M THII
MOBEPXHOCTHIX AaKTUBHBIX YYacTKOB, C(HOPMHPOBAHHBIX TIPU MPEABAPUTEIBHON
TPEHUPOBKE 0OPA3IIOB.

Pabota cocrosiia U3 IByX OCHOBHBIX YacCTEH:

I. HccnenoBanne mnOBEpXHOCTHBIX CBOUCTB Sn0,(2.94%)-Pt(0.28%)/Al,0;
HoBOro obpasua u Pt(0.28%)/Al,03; Sn0,(2.83%)/Al,03; Sn0,(3.10%)/Al,03; Al,O3;
SnO; 06pa3110B UCIIOTB30BAHHBIX JIJISI CPABHEHUS,

II. MccnenoBanre KaTaIUTHYECKOW aKTUBHOCTH OOpa3lloB, OTPEHUPOBAHHBIX B
KHCJIOPOJIE U BOJIOPOJIe, B M30MEpPHU3AIMU LIUKJIONPONaHa U B OKUCIEHUM MOHOOKCH]IA
yraepo/a, Tak ke 00pasioB, OTPCHUPOBAHHBIX B KUCIOPOE, B OKUCICHUU IIPOMUIICHA.

BzanmoneiicTue MEKIY (UBUKO-XUMHUYECKUMU, KHCJIOTHBIMU u
3JIEKTPOHHBIMU CBOMCTBAMHM OKCHOB OJI0BA WU / Y TUIATUHBI U HOCUTEIISI OIIPEACITHIIO

KaTaJIUTHYECKYI0 aKTUBHOCTh KaTanuzaropa. SnO,, U3BECTEH Kak IMOJIYIPOBOJHUK N-



TUMA, TOBJIHUI HA JIEKTPOHHYIO TIOTHOCTH Sn0,(2.94%)-Pt(0.28%)/Al,03 obpa3ia
nyTeM IMepeaadu cBouX 3eKTpoHoB K PtO (momynpoBoanuk p-tumna) u Al,Os (crmaObrii
MOJIYIPOBOJHUK N-TUIIA), U TAKUM 00Opa3OoM YMEHBUIWJI KHUCIOTHYIO CHUIy HEKOTOPBIX
JIbIOMCOBCKUX Y4aCTKOB Ha IIOBEPXHOCTH 00pasiia.

Karanutudeckas axkTUBHOCTh TIPH HM30MEpHU3ALMM  [HMKJIONpPONAaHa, TMpU
okucienne CO u mpommiieHa ObUTAa BBINIE JJISI OKHCIEHHBIX 00pa3IoB, COACpKAIIUX
miatuHy. O6pazern;r Sn0,(2.94%)-Pt(0.28%)/Al,03, conepkanuii 1 OKCHU TIJIATUHBI U
OKCHJ O0JIOBa, MOKa3al ceOsi 00emaloluM KaTalu3aTopoM Ui MOJIHOTO OKHCIEHUS
yraeBonopoaoB, CO, Tak Kak OH MPOSIBUI BBICOKYIO CEIEKTUBHOCTh B (JOPMUpPOBAHUE
CO; u O6bUT pEKOMEHIOBAH JIJIsl HCTIOJIH30BAHUS B IIPOMBIIIUICHHOCTH.

W3omepuszanusi UUKIONponaHa Obula  JOMOJHUTENBHO — HCCIIEOBaHA B
IPUCYTCTBUU 0o0pa310B, OTPEHUPOBAHHBIX B Bojopone. Ilpm 3TOM TOJBKO
Pt(0.28%)/A1,03 ObLT aKTUBHBIM KaTaJIU3aTOPOM CPEIU BOCCTAHOBIEHHBIX 00pa3IOB.

HccnenoBanust n3oMepHu3aiuyl MUKIOMPOIIaHa TIOKA3aJIH, YTO B 3aBUCUMOCTH OT
YCJIOBHM TPEHUPOBKHU KaTaJIM3aTOPa, 0JIO0BO OBLIIO OOHAPYKEHO B Pa3IuYHBIX opMax B
Sn0,(2.94%)-Pt(0.28%)/Al,05 obpasne, a umeHHO: (i) B OKHCIEHHOW (opme, Sn**
(SnO;), omoBo aelcTBOBaNO Kak mpomotop; (ii) B BOccTaHOBIEHHOU (opme, 0I0BO
JeCTBOBAIO KaK HMHTHOUTOp, 00pa3ys CIUIaB C IJIAaTMHOM U OJOKHUPYS aKkTHUBHBIE

YYaCTKH y4acTBYIOUIME B M30MEPHU3aLUMU [IUKIOMPOIaHa.
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I. INTRODUCTION

The catalytic approach for hydrocarbon oxidation is a subject of special attention
during the last years due to the improved efficiency of catalysts and reduced emissions
of pollutants like CO, hydrocarbons. A catalytically enhanced combustion system
operates at much lower temperatures than an open flame burner, and lower temperature
also means reduced emission of CO and NO.

Semiconductor oxides (SnO,, V,0s) are known to exhibit oxidizing activity and can
be considered as potential catalysts for isomerization and total or selective oxidation of
Ci-C;3 hydrocarbons and for CO oxidation to CO,. The application of pure
semiconductor catalysts is very limited due to their low surface area (10-20 m?*/g) and
poor thermal stability. Supported semiconductor oxides and particularly those doped
with platinum exhibit improved catalytic properties, since noble metals are the most
active catalysts for hydrocarbons or CO oxidation (Baldwin et al., 1990).

The physico-chemical properties and catalytic activity of the solid sample
containing several oxides are generally different from that of composed oxides alone.
This is due to the fact that the activity of the ,,mixed oxides” could be the result of
various interactions. In case of sample containing different types of metal oxides,
electronic effect should also be considered. According to the electronic theory of
catalysis, the rate and activation energy of reaction depend upon the a Fermi level of the
catalyst, and thus it can be expected that electronic interaction between metal oxides or
metal and the support can modify the Fermi level of the catalyst. Therefore this
interaction can influence the catalytic activity of sample.

At the same time the acid-base properties of the catalysts are also important for
activation of the reactants. The strong or weak Lewis acid or basic sites of the catalyst
will determine the strength of interaction of the reactants with the active sites of the
catalysts and interaction of the reaction (oxidation, isomerization) products with the
solid surface (Ai and lkawa, 1975), which in turn determines whether a reactant and/or
reaction products can readily be adsorbed (and presumably activated) or the products

can readily be desorbed (preventing its further transformations).



1.1. Acid-Base Properties of Supported Catalysts on Alumina

Pure alumina is widely used as catalyst for several reactions where it activates
hydrogen-hydrogen, carbon-hydrogen and carbon-carbon bonds. The C-H bond
activation in isomerization reaction happens near to room temperature and C-C bond
activation in skeletal isomerization occurs at 600 K on alumina (Knbzinger and
Rantnasamy, 1978). The alumina surface contains basic and acidic OH groups as well
as Lewis acid sites. The Lewis acid sites are provided by multiple defects sites: A13+tet
or Al**.. Basic OH groups are coordinated end-on to an AI’* jon (HO-Aly, HO-
Alie¢). The protons acidic OH groups are bonded to bridging oxygen atoms. Their
acidity depends on how and how many AI** jons the bridging oxygen atoms
interconnect: Alyc-HO-Aler, Aloci-HO-Aloer, HO-(Alyr)z (for more details see 3.2.1
p.36). The removal of water and/or hydroxyl groups from alumina surfaces is
important for the development of it catalytic activity. As a consequence of the
removal of water and/or hydroxyl groups (surface ligands), coordinatively unsaturated
anions (oxygen ions) and cations (Al3+) are created (Kirszenszejn et al., 1993). Those
sites are participating in catalytic transformations. Hence active sites of alumina can
be directly involved in catalytic process in presence of supported metal / metal oxides
attaining not total monolayer coverage.

Tin (IV) oxide surface is rather complex containing different surface sites: hydroxyl
groups, oxide species (which may be ever terminal or bridging) and Lewis acid Sn**
species. The relative ratio of these particular sites depends on the thermal pretreatment.
Surface properties of SnO, make tin oxide containing materials to be able to act as
catalysts in quite a wide range of different reactions including oxidation of CO, sulphur
dioxide, saturated and unsaturated hydrocarbons and other volatile organic compounds;
tin oxide is also used in composition of the catalysts for ammoxidation and
isomerization of alkenes or for dehydroxylation of alcohols (Harrison, 1987). Pure SnO,
has a small surface area (9-20 m2/g). Its area can be increase by deposition on supports
of much higher surface area such as Al,O3, TiO,, SiO; (Caldararu et al, 2002). In this case
the catalytic activity of tin containing materials is derived from the subtle interactions
between the physico-chemical, acid-base and electronic properties of supported tin

oxide and support.



1.2. Interaction between Compounds in Supported Catalyst

Tin (IV) oxide itself is mildly oxidizing catalyst. The significant changes in
behavior of tin oxide material may be induced after appropriate doping carried out by
impregnation, mechanical mixing, cohydrolysis or ion exchange (Irving and Tylor, 1978).
The resulted materials should usually be calcinated in order to activate as a catalysts.
Dopants may act in at least two different ways: (i) either by providing “active” sites on
the oxide surface for the dissociative adsorption and spillover of reactance (e.g Pt, Pd
and other noble metals) and (ii) by influence an electron properties of support material
(e.g. Ag or Sb) (Harrison, 1987).

At the same time the addition of tin to Pt/y-Al,Os catalyst showed high stability
inhibiting the coke formation (Siri et al., 2005). The presence of tin can modify platinum
dispersion by an ensemble effect (i.e. by the redistribution of Pt on the surface into
smaller ensembles). In absence of large Pt clusters coke formation is not preferred. On
the other hand isomerization can occur on single isolated atoms (Spivey and Roberts,
2004).

The alloy formation between noble metal and reducible oxide can occur on
SnO,/Pt-Al,O3 under reduction condition. XPS results obtained for PtSn/y-Al,O3
hydrogen treated catalysts show that significant portion of tin is present in ionic state
while on silica-support mainly Sn(0) is formed (Balakrishnan and Schwank, 1991). The
influence of the preparation procedure is well described in a paper of Vértes and co-
authors who studied by Mossbauer spectroscopy a series of PtSn/y-Al,O3 catalysts
prepared via surface organometallic chemistry on metals technique using Sn(C,Hs)s
reagent and via conventional procedure by impregnating Pt/y-Al,Os; with a SnCl,
solution (Vértes et al., 1991). In former case PtSn, alloy formation in catalyst was
observed and later case major part of tin was detected in an ionic state. PtSn/C catalysts
were studied by EXAFS (Roméan-Martinez et al., 2000) and the presence of bimetallic
PtSn phases, Pt particles, and Pt-O-Sn** species were observed, suggesting that the
catalytic activity of bimetallic catalysts is determined by the relative concentration of

these surface species and their distribution on the support.



1.3. Electronic Properties of Semiconductors

According to the electronic theory of catalysis, the rate and activation energy of
reaction depend upon the a Fermi level of the catalyst, and thus it was expected that
electronic interaction between metal and oxide modifies the position of the Fermi level
of the metal of active component and support oxide in contact with it (Szab6 and Kallo,
1976).

In semiconductors the Fermi level lies in the forbidden zone. It is the
electrochemical potential intermediate between the highest filled (valence Nv) and the
lowest empty (conduction Nc) band. The energy band structure, Fermi probability
function of a p-type and a p-type semiconductors are shown in Fig.l.a and 1.b
respectively. An electron from donor band enters on heating to conduction band in case
of n-type semiconductor and positive charge remains on donor level. An electrons
from the valence band enters on heating to the acceptor level and remains there then a
positive hole is generated in the valence band in case of p-type semiconductor (Hagen,
1999). If a semiconductors come into contact then at thermodynamic equilibrium the
Fermi level much be the same at interface. The electrons will pass from the
semiconductor having higher Fermi level to semiconductor of lower Fermi level until
equilibrium is reached. The same rule is valid for metal-semiconductor contact (Szabd
and Kallé, 1976). The Fermi level of n-type semiconductor is much higher than that for
p-type semiconductor (Fig.1.a,1.b). Therefore if two types semiconductors come into a

contact that electron flow should occur from n-type to p-type semiconductor.
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Fig. 1.a. The energy band structure of a p-type semiconductor and Fermi probability
function where Nc, Nv are conduction and valence bands (Szabé and Kallo, 1976).
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Fig. 1.b. The energy band structure of a n-type semiconductor and Fermi probability
function (Szabé and Kallé, 1976).



There are several possibilities for measuring the semiconductor properties of a
substance. On of these is to determine the conductivity of the solid at various
temperature. The solid—state catalysts can be classified according to their electronic

conductivity and electron-transfer properties as shown in Table 1 (Hagen, 1999).

Table 1. Classification of the metal oxides according to their electronic properties.

Conductors Semiconductors Insulators
Conductivity range,nS | 10%- 104 108-10° 109 -1020
Electron transfer Electron exchange Electron transfer at no
between high temperature
Metal-Adsorbate
Studied material Pt0 PtO p-type AlLO; (RT)*
SnO, n-type

* On heating alumina acts as weak n-type semiconductor (Caldararu, 2001).

Nonstoichiometric semiconductor oxides play an important role. On heating, their
crystal lattices tend to release or take up oxygen. When oxygen is adsorbed on an n-
type semiconductor, electrons flow from the donor level to adsorbate, and O™ and o*
ions can be formed (Caldararu, INCO report, 2002). The surface of the solid becomes
negatively polarized, and the adsorption of further oxygen requires more and more
energy. Therefore the adsorption of oxygen on n-type semiconductors is subject to
very rapid auto-inhibition. If n-type semiconductor like SnO, has it exact
stoichiometric composition then it cannot chemisorb oxygen. If there is oxygen
deficiency (SnO,.), it can chemisorb precisely the amount of oxygen required to fill
the anionic defect and reoxidize the tin atoms.

Metals of p—type semiconductors that favor the adsorption of oxygen have five,

seven, eight, or ten d electrons. The order of preference is (Hagen, 1999):

Cu'~Ag® > Pt > Mn** > Rh** > Ir”* > Co** > Hg**

Therefore the corresponding p-type semiconductors are highly effective catalysts
for the activation of oxygen. Generally metals that form p-type oxides are those
exist at several oxidation states. The oxides contain the lower oxidation state form
(e.g. Pt2+), which can then enter the higher oxidation state (Pt4+) during interaction
with oxygen. The n-type oxides, in contrast, are those usually exist in the highest

oxidation state (e.g. Sn*).



1.4. Chemisorption and Oxidation of CO on Semiconductors

Reducing gas, carbon monoxide, is strongly adsorbed on surface of
semiconductors. On n-type semiconductors, CO almost totally cover the surface,
whereas chemisorption on p-type semiconductors is less extensive. In this strong
chemisorption a free electron or positive hole from the lattice is involved in the
chemisorptive bonding.

The activity of the catalyst increases when different multi-component oxides (n and
p-type semiconductors) are present in sample. Addition of small amount of platinum to
transition metal catalyst (e.g. Pt/SnO;) can synergistically increases hydrocarbon
oxydation (Carata et al., 2004), CO oxidation to CO; (Herz, 1989). Chemisorption of CO
usually occurs initially on metal cations (PtO), after which it reacts with an with
oxygen of n-type semiconductor (SnO,) followed by desorption of CO, from surface
according to Equation (1). This reaction can eventually lead to complete reduction

of the oxide to the metal.

CO--M*+ 0" >M +CO, (1)

In a case of competitive adsorption (Hagen, 1999) if the supported nobel metal
oxides catalyst ( Pt or Pt) is first exposed to O,, then atomic adsorption of oxygen on
the surface occurs. CO is then introduced at room temperature and the reaction

proceeds rapidly by the Eley-Rideal mechanism (Eq. 2):

O* +CO - CO, fast 2)

If CO is first adsorbed and then oxygen is introduced then no reaction occurs

(Eq. 3):

CO* + 0.50 7 CO, 3)

Finally, if a nobel metal oxide (Pd or Pt) surface partially covered with CO
is allowed to react with O,, then the latter is adsorbed at the free sites. Only at the
boundary layers of the two adsorbed reactants reaction takes place and proceeds

slowly according to the Langmuir-Hinshelwood mechanism (Eq. 4):

CO* + O* > CO; slow 4)



It was note that at low temperatures CO blocks the surface and the reaction is
slow (Eq.4). With increasing temperature, above ~373 K, CO is partially desorbed,
and O, is chemisorbed on the surface. The reaction rate passes through a maximum
around 473 K, after which it falls again. The reaction is structure-insensitive in case

of noble metal catalysts (Hangen,1999).

1.5. Oxidation of Propylene on Semiconductors

The knowledge obtained about chemisorption on semiconductor oxides makes pos-
sible a better understanding of the behavior of these materials as oxidation catalysts. An
oxidation reaction consists of several steps (Hagen, 1999):

1) Formation of an electron bond between the starting material to be oxidized (e. g., a

hydrocarbon) and the catalyst; chemisorption of the starting material;

2) Chemisorption of oxygen;

3) Transfer of electrons from the molecule to be oxidized (the donor) to the acceptor

(O,) by the catalyst;

4) Interaction between the resulting ion, radical, or radical ion of the starting material

and the oxygen ion with formation of an intermediate (or the oxidation product);

5) Possible rearrangement of the intermediate;

6) Desorption of the oxidation product.

Hence the oxidation catalyst must be capable of forming bonds with the reactants
and transferring electrons between them. Oxides of the p-type, with their tendency to
adsorb oxygen up to complete saturation of the surface, are more active than n-type
oxides. Unfortunately, activity and selectivity mostly do not run parallel, and the p-type
semiconductors are less selective than the n-type semiconductors. The p-type
semiconductors can often cause complete oxidation of hydrocarbons to CO, and H,O,
while the n-type semiconductor oxides often allow controlled/selective oxidation of the
same hydrocarbons to be performed.

The ratio of adsorbed oxygen to hydrocarbon on p-type semiconductor oxides is
generally high and is difficult to control even at low partial pressures of oxygen. The
result is often complete oxidation of the hydrocarbon. In contrast the amount of
adsorbed oxygen on n-type semiconductors is generally small and can readily be
controlled by means of the nature and amount of dopant (nobel metals, Sb), making

selective hydrocarbon oxidation possible.



Simple two-step oxidation/reduction mechanisms are often used to explain in-
dustrial reactions. The oxidation of a molecule X (e.g. hydrocarbons) can proceed

by two mechanism (Hagen, 1999):

%) 02 (G) -2 O* (5)
X* + O* = products

X* + O (lattice) = products + lattice (6)

Y2 Oy + lattice vacancy = O (lattice)

In case of (Eq. 5), O, is more rapidly adsorbed than X, and X* reacts to remove
this ,,excess” oxygen. Oxidation then proceeds through to the final products: CO, and
H,O0.

In case (Eq. 6), adsorbed molecules of the starting material react with lattice
oxygen. The result is selective oxidation, as is observed for partially oxidized
molecules such as carbonyl compounds and unsaturated species in particular.
Selective catalysts that react according to this Mars-van Krevelen mechanism
(Krenzke and Keulks, 1980, 64) formally contain a cation with an empty or filled d

orbital, for example:

Mo™ V3 Sb™* Sp
4d” 3d" 4d" 44"

Those metals in their highest oxidation states readily release lattice oxygen,
formally as O*. The pathway involving lattice oxygen is commonly referred to as the
redox mechanism because the catalyst itself acts as the oxidizing agent. Gas-phase
oxygen then serves only to reoxidize the reduced catalyst. There is a considerable
amount of data which support the redox concept (Krenzke and Keulks, 1980, 67).
Peacock and co-authours (Peacock et al.,1969) have shown that a bismuth molybdate
catalyst can oxidize propylene in the absence of gas-phase oxygen and that the oxygen
appearing in the products is from the lattice. The amount of oxygen removed during
reduction corresponds to the participation of many sublayers of oxide ions. Report in-
volving other oxide systems such as Bi-W-O, Sn-Sb-O, and Sn-P-O (Niwa and
Murakami, 1972) have also concluded that these catalysts have the capacity to act as a

source of active oxygen. Although these result strongly support the redox mechanism,



the most compelling evidence for the participation of lattice oxygen comes from

studies of propylene oxidation in the presence of isotopic oxygen, 80, (Krenzke and
Keulks, 1980, 67), (Ciuparu and Pfefferle, 2002), (Ciuparu et all., 2001).
Keulks (Keulks,1970) reported that during the oxidation of propylene over bismuth

molybdate at 753 K in the presence of gas-phase '*O,, only 2 to 2.5% of the oxygen
atoms in the acrolein and carbon dioxide produced were isotopically labeled. This lack
of extensive incorporation of '®0, into the reaction products implies the participation
of lattice oxide ions in both the selective and nonselective oxidation reactions
(Krenzke and Keulks, 1980, 64).

The heterogeneously catalyzed gas-phase oxidations of unsaturated hydrocarbons
(e.g propylene) are large-scale industrial processes (Bettahar et al., 1996). Economic
operation of these processes requires a selectivity of at least 60%. In the selective
oxidation of propylene, metal oxides are mainly used as catalysts and many different
products are obtained (Fig. 2), depending on the catalyst used. The catalytic oxidation

of propylene leads preferentially to formation of acrolein (Bettahar et al., 1996):

H,C=CH-CHj3; + O, = H,C=CH-CHO + H,0

Carbon dioxide, acetaldehyde, and acrylic acid are formed as side products

Sn, Bi, Mo oxides

Acrolein
Mo,V oxides Acrylic Acid
Sn, Mo oxides Acetone
o o Bi, P oxides 1,5-Hexadiene
-CH= +
3 2 2 Bi, Sb oxides Benzene
Ti, V oxides Acetic acid
Te, W oxides Propylene oxide
Cu, Cr oxides

co,

Fig. 2. Oxidation of propylene on various metal oxide catalysts (Hagen, 1999), (Bettahar
et al., 1996).

The mechanism of selective oxidation of propylene to acrolein can be

summarized as a succession of redox and acid-base steps (Burrington et. al., 1984),

10



(Fig.3). The m-allyl anion should be first formed by proton abstraction on a basic
active site and then oxidized to the m-allyl cation on a redox active site. Through a
nucleophilic attack by a lattice O anion, the latter species forms the c-allylic species
which, in turn, gives rise to acrolein by a hydride abstraction in a redox step. The
intervention of a ¢-allylic species is invoked to explain the obtaining of 1-d; and 3,3-
d,, acrolein molecules from 1,1-d,, propylene (Fig.3) in the same proportions (30%
and 70% respectively), (Fig.3). These results suppose that the interconversion between

7 and © species takes a place (Burrington et. al., 1984), (Bettahar et al., 1996).

02- _ M n+ +
HQC:CH—CH3+—_>[ D,C===CH===CH, } 7 . [ DpC==CH==CH, }
- OH _ M(n-2)+
acid-base
step 7T allyl anion redox 7T allyl cation
step
acid-base o
(nucleophilic )
step
D,C=CH—CH=0 DoC—=CH—CHz O~
(70%) redox step (50%)
+ < +
H,C=CH—CD=-0 HO) H,C—CH—CD5 O~
(30%) (50%)

O allyl species

Fig.3. Mechanism of the catalytic oxidation of propylene to acrolein on metal oxides
through allylic surface species (Bettahar et al., 1996).

1.6. Cyclopropane Isomerization

1.6.1. General Consideration of Mechanism

The isomerization of cyclopropane has been widely used as test reaction in
catalytic research. It is well known that cyclopropane isomerization is an acid catalyzed
reaction at relatively low temperatures (Hightower and Hall,1968, 90). The overall reaction
is of first order in cyclopropane. Consequently it can be a test-reaction for the
investigation of acidic catalysts supplying information on hydrocarbon reactions in

general (Fejes et al., 1978). Conventional catalysts for cyclopropane isomerization

11



include acids such as solutions (Baird and Aboderin, 1964), oxides (Hightower and
Hall,1968, 90), and zeolites (Kiricsi et al., 1980). Some transition metal oxides have also

been reported to be active catalysts (Oliveros et al., 1997), (Dyne et al., 1972), (Wang et al.,
1983).

The rate of isomerization of cyclopropane increases with degree of reduction
(Jacono and Hall, 1976), (Lombardo et al., 1978) over molybdena-alumina further the rate
of the reaction measured in microcatalytic system increased with the extent of
dehydroxylation of the surface; this fact disagrees with early studies over known acidic
systems, e.g. SiO,-Al,O3; (Hall et al., 1964), where added-back water inhances the
isomerization reaction. The isomerization of cyclopropane has also been studied over
non-acidic catalysts such as chromia (Dyne et al., 1972) and metal containing system
(Ebitani at el., 1991). Some authors (Goldwasser, 1981), (Segawa and Hall, 1982) showed
evidence of the presence of Bronsted acidity for the oxidized but not for the reduced
molybdena-alumina system. These results cast serious doubts on the isomerization of
cyclopropne being acid-catalyzed over reduced system. A hydride insertion mechanism,
which was identified using the H,Os3(CO)oPPh,C,H4 — silica catalyst, provided an
alternative explanation for the facts observed (no detectable acidity by pyridine
adsorption etc) with reduced molybdena-alumina catalyst (Goldwasser, 1981). In an
another work (Oliveros et al., 1997) is mentioned that ring opening over reduced
molybdena-alumina catalyst takes place through metallocyclobutane intermediates
(MCB) by direct insertion of the coordinatively unsaturated transition metal ion into the
cyclopropane ring.

As can be seen from mentioned above, cyclopropane isomerization provides

useful information for the characterization of active intermediates.

1.6.2. Homogeneous Reaction

The bonds between the carbon atoms are much weaker than in a typical carbon-
carbon bond. This is the result of the 60° angle between the carbon atoms, which is far
less than the normal angle of 109.5°. The cyclopropane molecule is thus said to be
"strained." This strain has to be subtracted from the normal C-C bond energy, making
the resultant compound more reactive than acyclic alkanes and other cycloalkanes such
as cyclohexane and cyclopentane. Many reactions of cyclopropane involve breaking one

of the carbon-carbon bonds in the ring, which opens the ring and relieves the strain.
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Thermal isomerization of cyclopropane does not proceed below 773 K (Jacono
and Hall, 1976). The homogeneous gas phase isomerization to propylene take place
through trimethylene radical intermediate and has been characterized (Benson, 1961) as
unimolecular reaction having an activation energy of about 272 kJ/mol. It was
immeasurably slow below about 698 K.

During the solvolysis of cyclopropane in D,SO4 (Baird and Aboderin, 1964)
deuterium was bound to any of three carbon atoms of the 1-propanol (the only product
obtained) and scrambling of deuterium did not occur either before or after solvolysis of
the cyclopropane. These results were interpreted in terms of an equilibrium among the

following three edge-protonated species (Baird and Aboderin, 1964):

CHD
----- c CHD 2 H —=>
® ;2 < @® -
A-F DQSO4 — N ,// z / \\ / Hzc/""' CH2
HoC CH, HoC CH, i ﬁ”
/ / H>0O
Ho,0 H,0 H,0
CH,D CHDOH
& : el L GHOH
H
S i i o
2 CH,OH 3 SHy

Since the tracer atom was not localized in the methyl group, but was distributed
over all three carbon atoms in a way which could be explained if the carbonium ion
intermediate was a nonclassical hydrogen-bridged, rather than the n-propyl or a methyl-

bridged, ion (Baird and Aboderin, 1964):

CD -4 H CDH
/ S ,// ® N\

Methyl-bridged

Nonclassical hydrogen-bridged carbonium ion

carbonium ion

Another conclusion of this study was that cyclopropane hydrogen atoms can

exchange for deuterium without ring opening
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1.6.3. Catalytic Reaction

1.6.3.1. Cyclopropane Isomerization over Acid Catalyst Sites

1.6.3.1.1. Mechanism on Bronsted Acid Sites

Roberts (Roberts, 1959) studied cyclopropane isomerization over a large number
of solid acids at 408 K using a flow system. It was concluded that c-C3Hg isomerization
is one of the fastest hydrocarbon reactions catalyzed by solid acids. When completely
deuterated catalyst is contacted with cyclopropane, the initial product propylene should
contain nearly one deuterium atom per molecule; moreover, deuterium does not appear
in the unreacted cyclopropane since the ring was opened when a catalyst proton
attached to a ring carbon thus forming a n-propyl carbenium ion. Since the added proton
forms a methyl group, the isomerization is completed by loss of another proton to the

catalyst surface (Roberts, 1959):

CH,

I\ v on e’ Ny A AR
+ DA CH,D CH; A + CH,D \\CHz

Good correlation was found (Hall et al., 1964) between the rate of isomerization of
cyclopropane and the hydrogen contents of alumina and silica-alumina.

Unisomerized cyclopropane was extensively exchanged with deuterium atom of
catalysts over deuterated silica-alumina and alumina (Larson et al., 1965). This fact
disagreed with the simple picture presented earlier by Roberts (Roberts, 1959).

Later kinetic studies by Hightower and Hall (Hightower and Hall, 1968, 72) showed
that during isomerization cyclopropane in presence of proton on surface becomes
activated to a nonclassical carbonium ion, similar to that proposed by Baird and
Aboderin (Baird and Aboderin, 1964), and either isomerizes or returns to the ground sate

as shown on reaction scheme below:

+
ka +H k1 -H+

¢-CgHg (g) =—= c-CgHg (ads) === ¢ -CgH; ——— CHzCH=CH,

kd _H+ k_-] k2
where k_; was found to be similar to k.

14



Using isotopic tracers George and co-worker (George and Habgood, 1970) came
to the same conclusion, that in the chemisorption step the non-classical carbonium ion

so called edge-protonated cyclopropane is formed.

1.6.3.1.2. Effect of Hydrogen on the Activity of Protonic Sites
It was noted that reduction of nickel up to metallic form increases c-Cs;Hg
isomerization rate over Ni/NaX zeolites (Simon et al., 1994). In this case upon reduction

with H; a significant increase of Bronsted acidity is observed according to the reaction:

Ni** + Ha (2) > Ni’ + 2H"eoties
Promoting effect of hydrogen pretreatment on acid-catalyzed reactions have
been reported, as well, for the Ag ion exchanged Y zeolite (Baba and Ono, 1987). In the
system of Ag-Y zeolite, a proton was produced by the reaction of Ag* with hydrogen
molecule accompanied by the formation of Ag’, where proton acts as the active site for

acid-catalyzed reactions:

Ag + % H, > A + HY
Hydrogen effects in catalysis are strongly connected with dissociateive
adsorption in presence of noble metal oxides (Stoica et al., 2000), (Herz,1989).
Heterolytic process of absorption has positive effect on the acid-catalyzed reaction, for
example, over platinum containing catalyst (Ebitani et all., 1991). Study of Pt/SO4*-Zr0,
catalytic system showed that hydrogen molecule adsorbed on the platinum particle is

dissociated into two H ions:

H,> H +H

The H" is localized on an O ion near the Lewis acid sites, and acts as an active
(Bronsted) site for acid-catalyzed reaction. Lewis acid sites accepted an H became
weaker.

As it have been mentioned (Ai and lkawa, 1975) that the surface having active
sites with moderate strength on which basic reactants such hydrocarbons, e.g. during
oxidation or isomerization reaction, can be easily adsorbed (and presumably activated)
and the products can be easily desorbed. As hence reaction proceeds faster over those

sites.
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1.6.3.1.3. Mechanism on Lewis Acid Sites

Protonic mechanism of cyclopropane isomerization has been accepted by Larson
and coworker (Larson et al., 1965) nevertheless, they did not exclude the possibility of a
different mechanism on silica-alumina catalysts which have been calcined at high
temperatures and the therefore might contain Lewis acid sites as well. In case of a
mechanism involving Lewis sites the first reaction step is H ion abstraction producing
allyl cation (C3Hs") intermediate. They act as molecular chain carriers by interaction
with cyclopropane leading to propylene and reproducing the allyl cation (Fejes et al.,

1978). Accordingly, the following scheme can be considered:

VRN
H H
: CH; 7 CH CH}
, H 2 / C 8 2
/\ —_— — HC\\ + /\ —— HC\\ + <\
H,C—CH HC C H,C—CH
2 2 2 C 5 2 2 CH2 H2

1.6.3.2. Cyclopropane Ring Opening Reaction over Transition Metal Oxides

1.6.3.2.1. Metathesis Mechanism

In case of absence or at low concentration of Bronsted acid sites on the surface
(reduced molybdena-alumina) the presence of anion vacancies (transition metal ion
sites) must play significant role in cyclopropane ring opening reaction (Segawa and Hall,
1982). This could be traced by cyclopropane transformation in other pathways, for
example through formation of a metallocyclobytane by insertion of the Mo ion (Mo*™)
of molybdena-alumina catalyst into cyclopropane ring, according to Gasman and
Johnsom (Gasman and Johnsom, 1977), (Jacono and Hall, 1977), (Lombardo et al., 1978),

(Oliveros et al., 1997). This leads to formation of ethylene (C,H,4) and a surface carbene

(Mo=CH,) which then acted as a center for olefin metathesis (Lombardo et al., 1978):

O /qu H2C|3_C|3H2
Mo + /N — — H,C—CH, + Mo=CH,
H,C—CH, Mo—CH,
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In addition to ethylene the propylene can be also formed from cyclopropane
isomerization over reduced molybdena-alumina where c-Cs;Hg ring opening occurs on
Bronsted acid sites of Al-OH with a neighboring Mo(cus) (thus making OH groups of

alumina more acidic) (Lombardo et al., 1978):

| /CH3 /CH2 H
f E + (0] 0] + (0] 0]
PR HC O o) 0]
MO// — HC_ o \M{/ — HC{ + O g/
PN CHs Al Mo
/7 '\

And finally metathesis of propelyne can take place (Jacono and Hall, 1977):

H,C—Mo H,C—Mo CH, Mo
+ — — || + ||
H,C==CH—CHj HC—CH—cp, CH, HC—GH,
CH CH
— —CH e 3 / 3
Mo—CH 3 MO—CH2 Mo HC
. H,C éH ” " |
H,C=CH—CH o Vi CH HC
2 3 “CHs ? “SCH,

It was suggested that mechanism of this reaction involves the carbene complex of

the transition metal with formation of four member metallocycle as an intermediate

(Gassman, Johnson, 1976)
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1.6.3.2.2. Hydride-Insertion Mechanism

Cycloalkanes often have reactivity similar to alkenes therefore here is shown
mechanism isomerization of olefins. Isomerization of olefins occurs via alkyl
intermediates-hydride insertion mechanism (Tanaka and Okuhara, 1980). (Goldwasser,
1981). Hydride (H) insertion mechanism is, like the proton catalyzed reaction, an “add-
on” mechanism. In this case transition metal ions are active sites and hydrogen, as a
cocatalyst for the formation of the half-hydrogenation state, are required. In this case the
isomerization reaction occurs on the entirely isolated active sites having two degrees of
coordinative unsaturation to which one hydrogen atom is bound as shown on scheme

below (Tanaka and Okuhara, 1980):

@ > —= H | = ¢+ (Me-H)
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1.7. Aims of Work

This research work has been started in the frame of an international research
INCO COPERNICUS project entitled ‘“Semi-conductor metal oxides as high
performance catalysts for energetically and environmentally improved catalytic
combustion of C;-C3 hydrocarbons” ERBIC 15 CT 98 05 15. The present study is part
of the mentioned project and is focused mainly on the characterization of acidic
properties, electronic characteristic, reducibility, electrical conductivity and catalytic
activity of semiconductor tin oxide (~3 %) supported on alumina. In order to enhance
the catalytic activity (oxidation, isomerization) this oxide was dopped with platinum
(<1%) using mechanical mixing. Pt(0.28%)/Al,03, Sn0,(2.83)/Al,053,
Sn0,(3.10%)/Al,03, Al,03, SnO, samples were also studied for comparison.

The surface active sites (hydroxyl groups, anion sites and surface cations)
formed during pretreatment procedure (oxidation or reduction) were investigated by
FTIR CO adsorption spectroscopic technique at room temperature (RT); these sites
could directly be involved in adsorption and/ or in oxidation of hazardous carbon
monoxide to less hazardous carbon dioxide through carbonate and bicarbonate
intermediates.

Propylene oxidation was selected as a model reaction to obtain primary relevant
information about the surface behaviour and activity of the catalysts under real
operation conditions, i.e. under atmospheric pressure in propylene gas flow and in
presence of oxygen. The aim of the primary study was to check the catalyst samples for
selective oxidation of propylene to acrolein using of a mixture (CsHg : air) equal to
1:10. The activity of samples containing platinum were also tested for total oxidation of
propylene (main products water and CO,) using of a mixture (CsHg : air, 1:22).

Cyclopropane isomerization was chosen as a test reaction, since it could help to
establish the correlations between the catalytic activity and the nature of the active sites
formed / modified during the different activation (oxidation, reduction) procedures of
the supported catalysts, or generated in presence of platinum. The isomerization of
cyclopropane to propylene was studied at 473 K and 523 K in a static reactor. The
mechanism of cyclopropane isomerization was studied.

Finally the correlation between surface chemistry and catalytic properties was

investigated.
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2. EXPERIMENTAL

2.1. Catalyst Preparation
All samples (except Sn/Al) were received for investigation from Rompetrol
Vega Refinery, Romania (partner of joint INCO COMPERNUCUS project). The aim of
the catalyst preparation were the following:
a) to improve the catalytic property of tin oxide containing catalysts by doping
a small amount of platinum, less than 1 % (w/w);1

b) to obtain a high dispersion of deposited supported oxides with a minimum
decrease of the surface area in the resulting material with respect to the
support;

The main steps of catalysts preparation are summarized below. More detail
information about prepation of Rompetrol Vegas’ samples are given in INCO
COPERNICUS report (Manoiu D., lonescu M., INCO report 2002).

The Pt(0.28 %)/Al,0;5 (designated as Pt/Al) catalyst was prepared by
impregnation of alumina with the corresponding amount of H,PtCle solution (0.43 %
(v/v)). The mixture obtained was dried overnight at 393 K followed by calcination in
oxygen flow for 8 h at 823 K.

The preparation of Sn0,(2.94%)-Pt(0.28 %)/Al,05; (designated as Sn-Pt/Al)
sample was modified. Mechanical mixing was used in order to provide the requested
amount of tin oxide in Pt doped catalysts (during the second step of impregnation some
of tin precursor was lost).

For the preparation of the Sn-Pt/Al catalyst sample the Pt/Al was mixed with the
requested quantity of SnO; (> 99%, Vega) in a mortar for 30 min. The mixture obtained
was homogenized by adding of small portions of nitric acid solution (HNO3 10 % (v/v))
up to formation of mixture exhibiting paste consistence. The obtained paste was kept for
30 min at room temperature followed by drying at 393 K for 4 h and calcination
procedure was carried out at 823 K for 8 h in air flow.

Sn0,(3.10 %)/v-Al,O3 sample (designated as Sn/Al(Deg)) was received from
Institut de Recherches sur la Catalyse, Villeurbane, France, from French partner of the
joint INCO COPERNICUS project. The sample was prepared by impregnation of y-

alumina (supplied by Degussa Co.) with the corresponding amount of solution

' %-— abbreviation, according the international system of unit, is used for expression of the quantities
and expresses the percentage by mass (w/w) or by volume (v/v) or by atomic mass (at/at).
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SnCly-5H,0 (99.99 %, Aldrich). The requested quantity of the tin salt was dissolved in
deionized water at room temperature. The resulting mixture was evaporated to dryness
and the powder further was dried overnight at 373 K followed by calcination in oxygen
flow for 6 h at 423 K and for 8 h at 773K. For more detailed information on the sample
preparation see reference (Auroux D., INCO report 2000).

In order to have better understanding on the nature of interaction between tin and
platinum elements in the Sn-Pt/Al sample, SnO,(2.83 %)/Al,05 catalyst (designated as
Sn/Al) was prepared by using mechanical mixing method as well (the same method of
deposition of tin oxide as for Sn-Pt/Al sample), where the corresponding amounts of
SnCl,-2H,0 powder (>99%, Interkémia) and Al,O3; were mixed together for 30 min.
The mixture obtained was homogenized by adding of a small portion of nitric acid
solution (HNO3 10 % (v/v)) up to the formation of mixture having paste consistence.
The paste was kept for 30 min at RT followed by drying at 393 K for 4 h and
calcination procedure at 823 K for 8 h was carried out in air flow.

The alumina support used for Sn/Al, Pt/Al, Sn-Pt/Al catalyst samples was Al,O;
and was supplied by Vega Co. (designated as Al) having a surface area of 363 m?/g. It
had pore volume of 0.440 cm3/g with pore diameters between 1.7 and 300 nm and
contains Fe,O3; impurity in amount of 0.008 % (w/w).

The alumina Degussa support was used for preparation of Sn/Al(Deg) sample
having surface area of 110 m*g. The alumina Degussa had 97 % of purity, the particle
size was 20 nm, powder density of 60 g/l; it has pore volume of 0.294 cmS/g with pore
diameters between 1.7 and 300 nm and contains trace of impurities of Fe,O3; < 2000
ppm; SO4*< 6ppm; Si0, < 1000 ppm; TiO»<1000 ppm; HCI < 5000 ppm.

SnO, (>99%, Vega and designated as Sn) sample had surface area 9 m*/g and
was studied for comparison.

It is generally accepted that for most catalytic applications, solid materials with
high specific surface areas are desirable. Experience has shown that low temperature
processes are necessary to obtain oxides with high surface areas, poor crystallinity and
small particle sizes (Kung, 1989). Usually calcination temperature at 773-823 K is high
enough to achieve the complete removal/decomposion of water and the chlorides (CI'),
nitrates (NOj'), carbonates (CO32') from the bulk of a sample which accumulated during
the preparation and under ambient condition of storing (Yuzhakova et al., 2007). The

studied catalysts and their symbpls are shown in Table 2.
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Table 2. The list of catalysts studied

Number of XPS Micro
Symbol Sger | ICP(bulk) | atoms in | (surface)® | calorimetric Catalyst
bulk -10'8® (surface)
2, | sn*pe | Ny, N, | Sa¥ Pt »
mY/g | o (Wiw) ?/ ? % (Wiw) | % (w/w) | composition
Al 363 - - - - Al O;
Sn 9 - - - - SnO,
Sn/Al 259 | 2.83/ - 143.56/ - 5.80 - Sn0O,/Al,03
Sn/Al(Deg)* | 108 | 3.10/ - 157.26/ - - - Sn0O,/Al,0O3
Pt/Al 210 | - /0.28 - /8.64 - 0.04 Pt/Al,Os
0.80 0.16 SnO;-
Sn-Pt/Al 234 | 2.94/0.28 | 149.14/8.64
Pt/Al,O3

* — alumina support was y-Al,O3 Degussa with low surface area of110 m?%/ g.
®_ Number of atoms of active compounds in 1 g of solid sample was calculated, as
example for Sn/Al sample, using the following equation:

N, =nxN, :Mix _ 0.0283
r

N, %6.022-10% =143.56.10'¢ 2om
118.71

g

where n- is number of Sn mole on the surface of 1 g of catalyst, mol/g;
N4 —is Avogadro number, 6.022x10% mol'l;
Mr- is molecular mass, g/mol.

¢ — approximate value of tin population on the surface

2.2. Characterization Methods

The prepared materials were fully characterized in order to get a maximum of
relevant information concerning their surface composition and catalytic activity.

The structural and surface properties of catalyst samples including the acidic
characteristics, reducibility and electrical features were studied using different
techniques:

Inductively Coupled Plasma (ICP) analysis. Chemical compositions (metal
ion content) were determined using AES-ICP technique (Spectroflame-ICP instrument).
The measurements were carried out on two parallel samples.

Platinum containing samples were dissolved in a mixture of mineral acids (HCI
and HNOs;) under heating up to 573 K. Tin containing samples were melt with Li
tetraborate in a Pt-Au cell with heating up to 1373 K and addition of 20% (v/v) HCL.
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The obtained values of tin ion were close to the calculated amount (~3% w/w) used for
preparation of catalysts and summarized in Table 2.

Low-temperature nitrogen adsorption (BET). Pretreatment of samples was
performed for 4 h at 673 K under vacuum before adsorption of nitrogen at 77 K. The
surface areas were determined by the BET method on the basis of the obtained
isotherms. The BET surfaces areas are presented in Table 2.

X-ray diffraction (XRD). The crystalline structure was examined using XRD
method. XR diffractograms were recorded for calcined samples in O, at 773 K and for
reduced samples after TPR experiment in H, at 1073 K. Well ground sample powder
was examined using a Phillips PW 1710 diffractometer at room temperature using Cu
Ko radiation source (0.154 nm) from 3° to 80° by 0.02° step per 1 s.

X-ray Photoelectron Spectroscopy (XPS). The composition of the surface
layer and oxidation states of tin were determined by X-ray Photoelectron Spectroscopy
(XPS), using a VG Escalab 200R spectrometer including a hemispherical analyzer
adjusted at 50 eV pass energy. An Al anode (Al K=1486.6 eV) was used as the X-ray
source. Charging effect was corrected by using the carbon 1s line at 284.8 eV as the
reference energy. XPS analysis depth was around 5-10 nm. The XPS spectra of Al (2p),
O (1s), Sn (3ds;z) and C (1s) were recorded and evaluated. XPS peak intensities,
proportional to the relative population of elements on the surface, were estimated by
calculating the integrated area of each peak after fitting the experimental peak with a
Lorentzian/Gaussian curve using deconvolution.

The acidity of solid catalysts is an important factor that determines their
applications as industrial catalysts and consequently, many of their catalytic properties
can be directly related with their acidity. Acidic properties were studied using the
adsorption of probe molecules (CO, Py and NH3) by means of two appropriate methods:
FTIR spectroscopy and adsorption microcalorimetry. The information obtained from
these investigations can be considered to supplement each other, rather then as a basis
for comparison of results, since the values determined by the two experimental
techniques (microcalorimetric and FTIR) are different. Microcalorimetry offers to
obtain the precise information on the total concentrations of base or acid, while FTIR
technique enable to differentiate the types of sites (Bronsted or Lewis).

Fourier Transform Infrared (FTIR) Spectroscopic studies were carried out in
Bio-Rad FTS 175 spectrometer using an air cooled DTGS detector of 8 cm™ resolution

and 128 scans for self-supported wafers having a density of around 20 mg/cm”. The
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quartz cell (Fig.4) suitable for high temperature treatment was connected with a gas
inlet and ultrahigh vacuum system (Fig.5). Dry oxygen, hydrogen of ultrahigh purity
and carbon monoxide of 99.99% purity were used for the experiments. The liquid
pyridine of analytical purity was additionally purified before spectroscopic adsorption
study in order to eliminate the contaminants.

Adsorption of CO was studied at the same partial pressure (4 kPa) on Al, Pt/Al
and Sn-Pt/Al samples, therefore, the qualitive and quantitative analysis, i.e., the type
and density of acidic sites present on the catalytic surface were possible to be
calculated. Approximately 0.1 kPa of pyridine (Py) pressure was set for the adsorption
studies.

The experimental program was carried out for oxidized and reduced samples as
follows:

1. Heating in O, flow (100 ml/min) up to 473(573, 673, 773) K with 5 K/min heating

rate;

2. Flushing of samples with O, (100 ml/min) at 473(573, 673, 773) K for 2 h;

3. Evacuation of samples at 473(573, 673, 773) K for 0.5 h;
3.1. Introduction of the H, (P=1.01-10° Pa) into the cell at 473 K (823 K for Py
adsorption) for 0.5 h *;

4. Cooling the catalyst sample to room temperature in vacuum,;

5. FTIR spectra recording;

6. Adsorption of CO (P= 4 kPa) or Py (P=0.1 kPa) was carried out at RT for 0.5 h;

7. Evacuation of catalyst samples at RT;

8. FTIR spectra recording at RT.

" additional pretreatment step for the reduced samples.

To vacuum

IR beam
— U\ -—

Fig. 4. FTIR cell: 1) position of catalyst sample during FTIR measurement; 2)KRS-5
windows; 3) position of sample during pretreatment; 4) furnace; 5) thermocouple
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1 - gas flasks vessel;

2 - mercury differential manometer;

3 - mercury burette for volume
measuring;

4 - McLeod vacuum gauge;

5 - oil pump;

6 - circulation pump;

7 - vacuum distributor vessel;

8 - gas distributor vessel;

9 - air distributor vessel;

10,13 - vessels for gas purification;

10.a — loop for gas purification;

11 - CaCl, (MgClOy) drying
cartridge;

12 - active carbon cartridge;

13.a - H, purifier;

14 - gas flow controller;

15 - mercury trap;

16- mercury diffusion pump;

17 - glass-metal joints for IR cell/
static reactor;

18 - 44 stopcocks;

45 - static reactor;

Fig. 5. Schematic representation of high - vacuum / gas handling system

46 - recirculation system (bold
line).
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Microcalorimetry. This method was used for obtaining accurate information on
number, strength and strength distribution of the surface acid sites. Acidity was studied
by using the adsorption of NHj3 probe molecule at 423 K. CO chemisorption at 303 K
was applied to determine the Pt dispersion on the surface. Microcalorimetric studies
were carried out in a heat flow calorimeter (C80 from Setaram) linked to a conventional
volumetric apparatus equipped with a Barocel capacitance manometer for pressure
measurements. The samples were pretreated in a quartz cell by heating overnight under
vacuum at 673 K with a heating rate of 0.6 K/min in order to remove the adsorbed
molecules (mainly water and carbon containing compounds) adsorbed during contact of
samples with environment under storing condition. The differential heats of adsorption
were measured as a function of coverage by admitting a small doses of the gas doses
onto the sample until the surface was saturated by adsorbed species. The saturation of
sample took place when the gas pressure in the system reached about 67 Pa (0.5 Torr).
The time required for the pressure to equilibrate in the calorimeter after each does was
approximately 20-25 min.

The adsorption amount (V) of n, moles of gas is accompanied by liberation of
the total (integral) heat of adsorption (Qj.). If heats are measured isothermally at
particular coverage (0) values, in such a way that no external work is transferred to the
calorimeter as heat during the adsorption, the true differential heat of adsorption Qujsr is
obtained as defined by Qgifr =dQin/dn,. The data, obtained directly from the calorimetric
measurements, the pressure, integral heat, and amount adsorbed, can be determined in
several ways (Fig.6):

(a) The volumetric isotherms (V vs. P) for a cycle of adsorption (V,q),
desorption by pumping at the same temperature for 30 min and then readsorption
(Viead). The irreversibly adsorbed volume (Viy), which characterizes the strong active
sites of the catalyst, can then be calculated as the difference between the adsorption
volume and the readsorption volume at a given equilibrium pressure, P =27 Pa;

(b) On the basis of corresponding calorimetric isotherms (Qjy vs. P);

(c) On the basis of integral heats (Qjy) as a function of the adsorbed quantities
(V). This representation leads to the detection of coverage values with constant heat of
adsorption. In this case the evolved heat is a linear function of the coverage;

(d) On the basis of differential heat Qg;¢r =dQ;n/dn, as a function of n,. The ratio
of the amount of heat evolved for each increment relates to the number of moles

adsorbed in the same period and is equal to the average value of the differential
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enthalpy of adsorption in the interval of the adsorbed quantity considered. The curve
showing the differential heat variations in relation to the adsorbed amount is
traditionally represented by histograms. However, for simplification, the histogram
steps are often replaced by a continuous curve connecting the centers of the steps.
Differential heats of chemisorption usually decreases with increasing volume adsorbed.
The way in which the heat of chemisorption decreases with increasing coverage varies
both with the adsorbate and with the adsorbent. Sharp heat decrease at low values
should in general be regarded as indication of the surface heterogeneity.

Differential heats of absorption was used for graphical representation of

microcalorimetric data in this work.

\ Volumetric 1sotherms Calorimetric isotherms

’\V V J'i“"nq"'r[

ad

V., f/'
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27 67 =
(a) (b)
Integral heats Differantial heats
M Qi AN Uiy
—
P
-
I».‘-I--"‘-\-
Vv B v
~ ~
— —

(c) (d)

Fig. 6. Interpretation of obtained microcalorimetric data (Auroux, 1997)
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Temperature programmed reduction (TPR). Temperature programmed
reduction studies can give information on stability of catalyst under reduction
atmospheres and at different temperatures. TPR method is frequently applied for studies
of metal dispersion, surface composition, reducibility and oxidation state of metal
components in mono- and bimetallic supported catalysts (Spivey and Roberts, 2004),
(Wallin et al., 2004). The position of TPR peaks can also be used for characterization of

the type of interaction between metal-metal, metal-support species in the catalysts
(Lieske and Vélter, 1984).
The sample of about 0.1 g was used for TPR and was held on the frit in a U-

shape quartz reactor, allowing the reducing gas stream to pass through the sample. Prior
the TPR experiment, the sample was heated up to 723 K in air flow and kept at the same
temperature for 1 h following by cooling down to room temperature. TPR was
performed in situ up to 1073 K in H; flow (5%/Ar). The flow rate of the gas was 1.3
L/h and the heating rate was 5 K/min. The hydrogen consumption was monitored using
thermal conductivity detector (TCD).

Electrical conductivity (EC). EC indicates the transport of the electric charges.
The EC measurements performed "in situ", in operando conditions allow to get
information about surface changes connected with processes occurring with charge
transfer (gas adsorption, desorption, surface reaction) in conditions similar to those

encountered in catalysis (Caldararu et al., 1996), (Stoica et al., 1999), (Stoica et al., 2000),
(Caldararu et al., 2001), (Caldararu et al., 2003, 207), (Caldararu, et al., 2003, 211).

The conductivity of polycrystalline semiconductor metal oxides reflects to a
combination of bulk, grain-boundary and surface properties (McAleer et al., 1987). The
bulk conductivity and conductivity across grain-boundaries in the polycrystalline
substances is also thermally activated. The surface conductivity may be increased or
decreased by a chemisorbate. Generally, in the case of n-type semiconductors, the
surface conductivity is increased by electron transfer from a chemisorbed species to the
solid (leading to a positively charged adsorbate) and decreased by electron transfer
from solid surface to the adsorbate (leading to a negatively charged adsorbate as in the
case of oxygen adsorption, as O, and O") (Caldararu, INCO partner report, 2002). The
electrical conductivity studies, combined with other methods of investigation, allow to
understand better the type and the strength of adsorption of the reactive species and

thus the mechanism of reactions
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Electrical conductivity (G), capacity (C) and catalytic activity were measured
simultaneously “in situ”, in alternating current (AC at 1592Hz) and under operando
conditions on granulated powder (the fraction between 0.25 and 0.5 mm) with using a

special reaction cell (Caldararu et al., 1996):

Fig.7. Dynamic reactor for electrical conductivity, capacity and catalytic activity
measurements on powder: I-tungsten contacts; 2-thermocouple; 3-tantalum cylinder
(inner electrode); 4-tantalum cylinder (external electrode); 5-Pyrex glass frit.

The cell is made of Pyrex glass with two embedded cylindrical coaxial tantalum
electrodes connected by tungsten wires to a precision RLC bridge - TESLA BM 484
(Fig. 7). The RLC bridge allows simultaneous measurements of G and C with a
resolution of 0.02 nS and 0.02 pF respectively. The catalyst powder (1.5cm’ = 0.8-0.9g)
was placed between the electrodes and supported on a frit. The temperature in the
powder bed was monitored with a thermocouple located in the center of the cell. The
grain fraction, between 0.25 and 0.5 mm, was obtained by pelleting the powder (the
applied pressure was around 50 kg/cmz) followed by crushing and sieving to separate
the particles with desired fraction size. Under these preparation conditions (crystalline

structure and surface area of powder cannot be damaged by applying an appropriate low
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pressure) the sample is considered to be slightly pre-sintered powder and the
conductivity can be described as controlled by Schottky barriers, very sensible to
changes of morphology in inter-grain boundary areas (Harrison, 1987), (Mc Aleer 1987).

The protocol of the experiments consisted of successive heating-cooling cycles
from 293 to 623 (673) K and back, with a heating rate of 2 K/min followed by fast
cooling (about 10 K/min). The sequence of the cycles was: DHe-1 (first cycle), DHe-2
(second cycle), CHe (third cycle) where DHe is the abbreviation for dry helium and
CHe denotes the mixture used for cyclopropane isomerization, i.e., c-CsHg : He of 1:20
ratio of atmospheric pressure (101 kPa).

Dry gases were obtained by passing the helium through molecular sieve beds.
The outlet gases during CT cycle were permanently monitored by using on-line gas
chromatography with TC detector and a column with packed celite impregnated by 20%
BMEA (bis/2-metoxi-ethyl-adipate). Each heating run starts with flushing for 30 min at
room temperature with the corresponding gas (He) or gas mixture (c-CsHg : He). The
overall flow rate of used gas/ gas mixture in all cases was 69.3 cm>/min.

Propylene oxidation. Propylene oxidation was studied in flow reaction cell (the
same cell was used as for EC study, Fig.7) over oxidized samples pretreated in O, at
773 K. The gas mixture used for the catalytic test had a ratio of C3;Hg : air equal to
1:10 for selective oxidation or equal to 1:22 for total oxidation of propylene, mass of
sample was ~0.9 g, gas flow rate was 69.3 cm’/min, contact time was t© = 1.3 s (C;Hg:air
1:10) ort=1.1s (CsHg: air 1:22).

Cyclopropane isomerization. The isomerization of cyclopropane to propylene
was studied over 0.1 g of catalysts with particle size of 0.4-0.5 mm at 473 K and 523 K
in a static reactor attached to a glass gas-circulation system with manual sampling of
gas doses for GC analysis. The gas-circulation system is shown in Fig.5. Its volume
including the reactor was 365.3 cm’. Cyclopropane isomerization was studied over: (i)
oxidized samples pretreated in O, at 773 K (P:1.01-105 Pa); (i1) reduced samples
pretreated in O, at 773 K followed by hydrogen pretreatment at 823 K (P=1.01-10" Pa).
After the pretreatments carried out in static reactor the sample was cooled to 473 K in
vacuum (P=1.33-107 Pa).

The mixture of cyclopropane and helium gases was introduced into the reaction
space (reactor and recirculation system) and the reaction was carried out for 2 h at 473

K. The initial pressures of c-C3Hg (99.9% purity) and He (99.99% purity) were 4.0 kPa
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and 13.3 kPa, respectively. Helium was added for increasing the efficiency of the gas
circulation.

After 2 h (first reaction run) the reactor was evacuated to 1.33-10"" Pa and N,
(99.996 %) was introduced at atmospheric pressure to remove the residues from the
catalyst surface with a flushing rate of 70 ml/min while the temperature in the reactor
was raised from 473 K up to 523 K. Nitrogen was evacuated from the reactor to
1.33-10 Pa and the system was set up for the second run of cyclopropane isomerization
at 523 Kfor2 h.

In order to check the stability and the efficiency of catalysts regeneration, the
same catalyst sample was used for three regeneration cycles. Each cycle included two
reaction runs of cyclopropane isomerization at two temperatures (473 K and 523 K)
followed by evacuation overnight and regeneration in oxidizing or/and in reduction
atmospheres.

Reaction products were analyzed by gas chromatography (GC). The solid
support of packed column was celite modified by 20% BMEA (bis/2-metoxi-ethyl-

adopate). Gas samples were analyzed in every 10 min during 2 h experiments.
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3. RESULTS
It is well known that during the catalytic transformation the first step is the
adsorption of the reactant followed by surface reaction. Therefore it is necessary to

investigate surface properties of catalysts.

3.1. Chemical Composition, Structure and Morphology of Catalysts

Table 2. presents the list of the samples studied. Their chemical compositions
obtained by ICP technique, the surface concentrations of tin measured by XPS method,
the Pt dispersion measured by microcalorimetric method and surface areas determined
by BET are summarized in Table 2.

The substanstial decrease in the surface area of alumina support occurs upon the
deposition of metal oxides (SnO, or/and PtO). The decrease in the surface area is
probabily due to the blocking of alumina pores (average pore diameter of Al,O3-Vega
is between of 3-5 nm and that of Al,Os-Degussa is between 10-12 nm) by the
supported elements (the atomic diameter of Pt is 0.27 nm and that of Sn is 0.29 nm).

XRD pattern of alumina (Vega) sample exhibits characteristic peaks of two
crystalline phases: bayerite (Al(OH);) and boehmite (AIO(OH)). At the same time in
Pt/Al, Sn/Al, Sn-Pt/Al samples only y-Al,O3 phase was detected (Fig. 8).

Sn-Pt/Al

Intensity (a.u.)

‘ i PYAI
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10 20 30 40, 50 60 70 80

Fig. 8. XRD patterns of samples calcined in O, at 773 K where : °- cassiterite structure

(SnOy); and ® - y-Al,Os. 0. .bayerite (Al(OH)3); ®_boehmite (AIO(OH)) crystalline phases
of aluminum oxide
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There are different crystallographic structures of alumina. The dehydration
scheme according to which the various alumina phases can be transformed from one to

another under thermal condition is shown below (Rosynek, 1972), (Linsen, 1970):

Bayerite—**— Boehmite—2"2X 5 y— AL,O, —

873-1173K >§_A1203 1273-1323K )9_A1203 1473K ECL’—A1203

The absence of boehmite and bayerite peaks of XRD patterns for Pt/Al, Sn/Al,
Sn-Pt/Al samples (Fig. 8) can be explained by transforming the boehmite and bayerite
to y-Al,O3 during calcination at 773 K during 8 h, (see scheme above) (Morterra et al.,
1992). Pure alumina support is hydroxylated in higher extent than in supported samples.

No characteristic peaks assigned to tin oxide structure were observed for Sn/Al.
This indicates high dispersion, perhaps amorphous structure of tin oxide in Sn/Al.
However, the presence of platinum influences the crystal structure of Sn-Pt/Al sample.
In this case the XRD pattern showed the characteristic line of formation of some tin
oxide crystals having cassiterite structure (Fig. 8), (Harrison and Guest, 1987). A close
interaction between Pt and Sn elements occurs in Sn-Pt/Al sample, where chloroplatinic
acid was used as impregnation agent. This interaction can be achieved after calcination
pretreatment at 773 K (Lieske and Vélter, 1984). This could be the reason of attraction of
several Sn atoms by Pt, and formation a tin cluster having crystalline structure.

The absence of diffraction peaks of platinum is to be noted. Based on XRD
results it is possible also to assert that the methods used for the preparation provide a
good dispersion of platinum on the surface of Pt/Al and in Sn-Pt/Al samples.

XPS investigation was carried out on oxidized form of samples. It is known that
the XPS gives information on the composition of active surface layer of catalysts,
distribution and electronic state of the supported elements. Since there is significant
uncertainty in the XPS atomic percentages due particularly to the Scofield intensity
factors, which are average values, only the relative atomic ratios in each catalyst series
are considered (Scofield, 1976). In addition very small regions of surface were analyzed
(analysis depth 5-10 nm) therefore quantitative and qualitative parameters obtained by
XPS analysis on the surface composition have informative character and should be

considered as approximate values.
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Table 3. shows the surface layer composition of samples expressed in atomic
percent and the binding energy of the identified elements (BE Ols for O; BE Cls for C; BE
Sn3ds), for Sn; BE Al2p for Al) in XPS spectra. Platinum was not detected on the surface by

XPS due to the fact that the concentration of Pt was under the detection limit.

Table 3. XPS binding energies (eV) and population of O, C, Sn, Al elements in atomic
percent on the surface of catalysts

Sample 0] C Sn Al Sn/Al

BEOls | O(%) | BECls | C(%) | BESn3d | Sn(%) | BE Al2p | Al (%)

Sn/Al 5309 | 622 | 284.6 5.8 486.8 0.98 73.9 31.0 |0.031

Pt/Al 531.0 | 64.0 | 284.7 33 - - 74.0 32.6

485.2/

Sn-Pt/Al | 531.1 | 653 | 284.6 2.2 0.14 74.2 32.4 | 0.004

486.8

Sn/Al ratio was determined from the Sn3ds, and Al2p peak areas. As it can be
seen from Sn/Al values in Table 3, the dispersion of Sn atoms on the surface was
relatively higher for Sn/Al than for Sn-Pt/Al sample. It could be explained by the
aggregation of the tin species in clusters around Pt (possibly due to the preparation
method and calcination) which leads to a lower dispersion of the tin ions on the surface
of Sn-Pt/Al, but higher dispersion of platinum in this sample in comparison with Pt/Al
which was proved by calorimetric study (section 3.3.2).

The tin species showed the doublet Sn3ds/, - Sn3ds/; (spin-orbit coupling) in XPS
spectra with the intensity ratio 1.5:1 (Fig. 9). For the determination of the oxidation
states of tin, the peak of Sn3ds, exhibing a higher intensity was taken into account.
Deconvolution of the higher intensity peak from Sn3ds, — Sn3ds;, doublet of Sn-Pt/Al
sample showed that tin is present in two types of species: the first type of tin species
having the binding energy centered around 485.2 eV was assigned to SnO with
oxidation state of Sn(II) and the second was assigned to SnO, with the binding energy
centered at 486.2 eV corresponding to Sn(IV) (Serrano-Ruiz et al., 2006). For Sn/Al only
Sn(IV) species were detected (Table 4). In should be noted that for Sn-Pt/Al catalyst
sample the X-ray diffraction spectra did not show any line corresponding to a lower
oxidation state of tin. The presence of Sn(Il) can mainly be attributed to the removal of
surface hydroxyl groups and oxygen from SnO; during exposure of the samples in ultra

high vacuum chamber (UHV), i.e., under mild reduction conditions (Reddy et al., 2003),
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(Yuzhakova et al., 2007). The reduction might be initiated by platinum (Herz, 1989), which

could enhance oxygen mobility and provoked reduction of tin oxide.
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Fig. 9. XPS spectra of Sn3ds;, —Sn3d3,, doublet of Sn-Pt/Al sample after oxygen
pretreatment at 773 K

Table 4. Oxidation states of tin oxide on the surface of Sn/Al, Pt-Sn/Al catalysts

Sample BE 485.2 eV- Sn(Il), % |BE 486.8 eV- Sn (IV), %

Sn/Al - 100
Sn-Pt/Al 32 68

There are shifts in binding energies of O, Sn and Al atoms depending on the
composition of the samples (Table 3), and this indicates a different interactions between

the same elements (O, Sn and Al) in samples having different compositions. The cation
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of the oxide support, AI**, was detected in all samples. According to the literature
(Thomas and Sherwood, 1992) the Al2p band appears at 74.2 eV. Addition of a second
metal oxide to alumina has a slight reducing impact on support by decreasing of the BE
of Al2p from 74.2 to 73.9 eV (in agreement with FTIR results). At the same time Sn-
Pt/Al sample containing both supported metal and oxide has the same value of Al2p
binding energy as for pure alumina (74.2 eV).

The presence of carbon was also studied since the catalysts surface is capable to
absorb the carbon compounds from air under ambient conditions (Table 3). The highest
concentration of carbon on the catalyst surface was observed for Sn/Al. The ability to
adsorb carbon-containing compounds from the environment after the oxidation
pretreatment decreases in the presence of platinum in the following order: Sn/Al > Pt/Al

> Sn-Pt/Al

3.2. Fourier Transform Infrared Spectroscopy

3.2.1. Study on the Effect of Temperature on Dehydroxylation

The surface of metal oxides are usually covered by OH-groups at ambient
condition which are connected to the active sites (M™*, 0%). OH groups are formed as a
result of dissociative H>O adsorption, which reduces the number of CUS (coordinative
unsaturated of the surface sites) (Caldararu et al, 2003, 207). The CUS cations (M™") and
oxide anions (O%) are formed during the thermal dehydroxylation of catalyst surface
which might act as Lewis acid or Lewis base sites respectively. Surface OH groups can
have basic, acidic or neutral character depending on the surface structure. The behavior
and properties of hydroxyl groups can easily be studied by IR spectroscopy (Zaki at el.,
2001), (Tsyganenko and Mardilovich, 1996).

FTIR spectra were recorded for Al, Sn/Al (Deg), Pt/Al and Sn catalyst samples
after dehydroxylation in a temperature range from 473 to 773 K. After outgassing of all
samples in temperature range 473-773 K five O-H bands can be resolved at about 3790,
3775, 3730, 3680 and 3580 cm™ and results are summarized in Table 5.

The optical transmittance of pure SnO; in 3000-3500 cm’ region was very poor and
it was not possible to resolve peaks attributed to different types of OH groups present on
the surface. Only one broad and noisy peak centered at 3670 cm™ has been recorded
and can be assigned to terminal groups of SnO, (Sn-OH) (Harbeck et al., 2003), (Amalric-

Popescu and Bozon-Verduraz, 2001).
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Table 5. Relative band intensity of different types of surface hydroxyl groups

Isolated hydroxyl groups Associated
T dehydroxilation Basic OH groups Acidic OH groups Hydroxyl
K Alo-OH | Al,-OH Aloe-OH-Aly; | OH-(ALoer) 3 groups
Vo r Vv, Vv, I Vv, I v, I
cm cm’! cm’! cm’! cm’!
Al (ox)'
473 - - - - - - 3681 0.033 |- -
573 - - - - 3728 0.222 (3681 |0.029 | 3581 [0.226
673 3790 |0.066 | 3777 |0.066 | 3727 [0.163 | 3697 |0.190 |- -
773 3791 [0.038 [ 3777 [0.039 [ 3729 [0.088 | 3696 |0.108 | - -
Al (red)*
773 | 3785 [ 0.027 |- | - 13728 [0.074 [ 3692 |0.094 | 3580 |0.093
Sn/Al (Deg) (ox)
473 - - - - - 3670 |0.181 |- -
573 3789 [0.015 |- - 3727 10.065 [ 3681 |0.114 | 3596 |0.085
673 3789 [0.016 |- - 3727 [0.052 3681 |0.088 | 3596 [0.049
773 3784 0.023 | - - 3727 |0.062 | 3684 |0.080 | - -
Pt/Al (ox)
473 3790 |0.008 |- - 3723 [0.111[3666 |0.168 | 3583 |0.180
573 3790 [0.013 |- - 3728 0.090 [ 3668 |0.131 | 3584 [0.102
673 3791 0.012 [ 3773 [0.026 | 3731 [0.073 | 3684 |0.095 | 3584 [0.050
773 3790 [0.015 [ 3773 [0.025 [ 3730 [0.071 | 3684 |0.075 |- -
Pt/Al (red)
773 13790 ]0.013 |- | - 13730 |0.169 | 3685 |0.189 | 3571 |0.230
Sn-Pt/Al (ox)
473 - - - - 3729 [0.152 3680 |0.195 | 3588 [0.162
573 - - - - 3728 |0.151 3679 |0.194 | 3587 [0.162
673 3788 [0.017 |- - 3731 [0.149 [ 3682 |0.139 | 3582 [0.060
773 3790 0.019 | 3774 [0.031 [3731 [0.149 | 3684 |0.110 |- -
Sn-Pt/Al (red)
773 13790 [ 0.012 |- - 13738 [ 0.210 | 3683 | 0.215 | 3579 |0.269

' Pretreatment of samples in O, in temperature region 473 -773 K;
>- Pretreatment samples at 773 K in O, followed by reduction in H; at 473 K;
*_Band intensity (arbitrary units)
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At the same time five bands were resolved on pure alumina in 3000-3500 cm™' region.
Therefore, the IR bands were assigned to hydroxyl groups bound to surface aluminum
having different coordination (tetrahedral or octahedral) (Ballinger and Yates, 1991),
(Kndzinger and Ratnasamy, 1978), (Sohlberg et al., 2000). Resolved O-H stretching bands
have been refered to four isolated OH groups and one associated hydroxyl group. Their
configurations, wavenumbers and net charges at a surface OH groups are summarized in

Figure 10 (Knozinger and Ratnasamy, 1978)

Isolated OH groups:

OH
\I b g \|/
/T( A MO\ /A|<M/|\
7 /I\ /\ /I\

HO‘Aloct; HO'Altet; Aloct‘OH ‘Altet; HO_(Aloct)3;
3784-3790 cm™; 3773-3777 cm’™; 3723-3738 cm’; 3666-3697 cm™;
Net charge at OH Net charge at OH Net charge at OH Net charge at OH

-0.5 -0.25 +0.25 +0.5

Associated hydroxyl groups:
H,
(VY13 g
All I -2H,0 A/ \ T /\

Al Al Al

I\/I\ /l\/I\/I\ /I\/I\ ZIN AN 7N

3571-3596 cm’!

Fig.10. Configuration of surface hydroxyl groups of alumina, their wavenumbers and
net charges

The net charges at a surface OH groups were obtained as the sum of the negative
charge of the anion and the sum of the strengths of the electrostatic bonds (equal to
cation charge divided by coordination number) to the anion from adjacent cations
(Kndzinger and Ratnasamy, 1978). For example the net charge at the surface OH group for

HO-Al 1s:

1-(H) - 2-(0) + 3-(AD)/6=-0.5
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The hydroxyl group is coordinated to three aluminum cations in an octahedral
interstice in HO-(Aly)3 configuration. In this position OH group is the most acidic one
with a net positive charge +0.5 (Knozinger and Ratnasamy, 1978) in comparison with the
different types of hydroxyl groups which might be present in the surface layer of
alumina (Fig.10). As a consequence the OH-(Aly)s; sites might be responsible for
Bronsted acidic character of the sample with high probability. The protonic acidity of
the OH groups will decrease as the net charge on them becomes more negative (Fig.10).

Changes in the bands’ adsorption intensity can be taken as a measure of the changes
in the concentration of the particular OH group of alumina due to the increase of
dehydroxylation temperature of catalyst samples and due to Sn, Pt doping (Table 5). It
be assumed that hydroxyl groups of support are interacting with deposited tin or
platinum on catalyst surface during impregnation. This interaction diminished the
population of alumina OH groups. (Margitfalvi et al., 1984), (Lietz et al., 1983). Catalysts
containing platinum have a higher affinity to dissociatively adsorb water molecule; as a
sequence a higher band intensity of hydroxyl groups was observed on Sn-Pt/Al and
Pt/Al surface of samples in comparison with that of Sn/Al. An example of the variation
of population of acidic hydroxyl groups, HO-(Al)3;, with increasing dehydroxylation
temperature for oxidized sample is shown in Fig.11.

After heating the samples, except Sn/Al (Deg), up to 673 K band at about 3775 cm’™’
assigned to more basic group could be resolved. At the same time lower frequency band
of associated hydroxyl groups (at 3580 cm'l) diminishes for studied samples (Table 5).
It could mean that associated hydroxyl groups (hydrogen-bonded OH groups) during
increasing dehydroxylation temperature break their association and fraction of them

increases the density of basic OH groups.
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Fig.11. Variation of the intensity of acid hydroxyl groups, HO-(Al,)3, as a function of
pretreatment temperature from 473 K to 773 K in oxygen atmosphere

Dehydroxylation at 773 K followed by pretreatment in hydrogen at 473 K has the
impact on population of hydroxyl groups (in comparison with bands of hydroxyl groups
of the same calcined sample) namely:

1) diminishes the population of basic hydroxyl groups;

2) restores the population of associated hydroxyl groups;

3) slightly decreases the population of acidic groups of alumina and increases

population of same groups for samples containing platinum.
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It can be concluded that increase of population of acid hydroxyl groups after
hydrogen pretreatment for Pt/Al and Sn-Pt/Al samples is due to heterolitically
dissociation of hydrogen molecule in presence of platinum followed by interaction of
formed proton with surface oxygen ion:

Pt
1) Hyasy 2 H' + H
2) O (surface) + H* 20-H

The population of hydroxyl groups was higher for Sn-Pt/Al sample pretreated
in hydrogen (Table 5) which has better dispersion of noble metal on the surface proved

by microcalorimetric study (Table 8).

3.2.2. Carbon Monoxide Adsorption on Alumina

As it was mentioned above the removal of protons and OH groups from the
alumina surface (catalytic surface) during dehydroxylation leads to the formation of
surface defects — oxygen and anion vacancies. The oxygen bears a negative charge

(Lewis base site) and the anion vacancy a positive one (Lewis acid site):

N Y
/N N\ /N /1\g /|\ /I\
/|\ | /|\

HO-(Alye)3 HO-Al, Lewis base site Lewis acid site

CO is known as a soft basic probe molecule and can be used for identification of
acid sites of the solid material (Knézinger & Ratnasamy, 1978), (Anderson & Rochester,
1991). Lewis acidity of alumina is represented by two different coordinatively
unsaturated AI’* sites: A’ octahedral (Al**o) and AI** tetrahedral (Al’*,). Due to
their geometry, aluminum ion with tetrahedral coordination has a stronger Lewis acidic
character. Therefore the band generated by chemisorption of CO on Al*y sites is

located at a higher wavenumber (at about 2230 cm™) in comparison with CO bonded to
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AP (at about 2200 cm'l) (Fig.12), (Ballinger and Yates, 1991), (Gordimova and
Davidov,1979), (Caldararu et al, 2003, 2717).

Since the deposited metal oxides do not covered completely of the support,
Lewis acid sites of alumina were detected on the supported catalysts, as well. It is
worth-while to mention that the increase of dehydroxylation temperature increases the
population of alumina Lewis sites and hence the intensity of IR bands belonging to
them increases. The IR band of CO—A13+Oct can be resolved for all samples after
dehydroxylation at > 573 K. Carbon monoxide adsorption on stronger Al **, acid sites
was detected on Pt/Al sample after dehydroxylation at 673 K and on Al, Sn/Al and at
773 K Sn-Pt/Al.

Deposition of semiconductor oxide (strong n-type semiconductor) diminishes
population of the stronger acidic sites of alumina (Al**). At the same time platinum
(PtO p-type semiconductor) increases the number of stronger sites of Al,Os (Fig.12).
The explanation of this difference may be found in the first case by transition of n-type
conduction electrons from the SnO, to the Al,Os (week n-type semiconductor) which
decreases absorption ability of Al3+tet towards CO. In case of Pt/Al electron flow occurs
from Al,O3 n-type to the PtO p-type semiconductors, thereby facilitating the
development of Al** —CO sites.

Lower absorption ability of carbon monoxide on Al3+tet was detected for Sn-
Pt/Al than for Pt/Al sample and it is due to the presence of SnO, (Fig.12). The presence
of both Sn and Pt metal oxides influences the acidity of the support making the strength
of acid sites more uniform.

CO adsorption on alumina Lewis acid sites was not observed after hydrogen
pretreatment of the samples at 473 K. This treatment suppresses the ability of alumina
acid sites to adsorb carbon monoxide by increasing the population of hydroxyl group on

the surface (Table 5).
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Fig.12. FTIR spectra of CO adsorption at room temperature on alumina Lewis sites after
pretreatment of catalysts in O, at 773K

3.2.3. Carbon Monoxide Adsorption on Platinum

Oxidized Pt/Al, Sn-Pt/Al samples showed CO adsorption broad band at 2132
cm’! (Fig.13). The band higher than 2100 cm’! was attributed to (Pt""O-CO) complex in
platinum containing catalysts (Barshad et al., 1985), (Anderson and Rochester, 1991),

(Anderson, 1992). More precisely assignment of band at 2132 cm™ was done by Davidov

(Davidov, 1984) and it was attributed to Pt'*-CO.
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Fig.13. FTIR spectra of CO adsorption at RT on platinum sites on Pt/Al and Sn-Pt/Al
pretreated in oxygen (ox) or in hydrogen (red)

The reasons of reduction of platinum oxide, Pt(Il or/and 1V), to low oxidation
state, Pt(I), after pretreatment in oxygen can be the followings: (i) presence of reducing
gas CO; (ii) occurrence of electron flow from Al,Os ( week n-type semiconductor) or
from SnQO; ( strong n-type semiconductor) to platinum oxide ( p-type semiconductor).

The formation of IR band at around 2059 cm™ was detected after reduction of
Pt/Al, Sn-Pt/Al samples at 473 K. This band characterizes linear CO adsorption on
platinum particles (Pt-CO) (Fig.13) that have poor crystalline structure and hence well
dispersed on support (Blyholder, 1964), (Anderson and Rochester, 1991) which is in
agreement with XPS and XRD data.
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Bridge bonded CO on platinum (Pt°,CO) which would be characterized by IR
band in region 1780-1860 cm’' was not detected (Barth et al., 1989), (Sullivan et al., 1992).

The intensities of 2132 cm™ band for oxidized samples and of 2059 cm™ band
for reduced samples increase with the increasing the dehydroxylation temperature. This
is due to increase of the number of Pt"" sites (oxidized samples) and consequentially to
increasing number of Pt sites (reduced samples) on elevating the dehydroxylation

temperature (in accordance with the pretreatment procedure applied section 2.2. p.24).

3.2.4. Carbon Monoxide Adsorption on Surface Oxygen Containing Species
CO was adsorbed on surface oxygen species followed by formation of
bicarbonate and carbonate. They have characteristic bands in wavenumber range 1200-

1800 Cm'l(Thornton and Harrison, 1975), (Turek et al., 1992), (Shen et al., 1994):

Bicarbonate group: Bridging carbonate

o roup: O
1227-1235 cm™'- §(COH) C |
1480-1490 cm™- v,(CO;H) 1780-1792 cm™ -v(C=0) G
1640-1656 cm™ -v4(CO;H) | |

Carbonate formation on the oxidized alumina Vega support (having mainly
boehmite and bayerite phases before calcinations) was not observed presumably due to
the higher degree of hydroxylation of the surface than for supported samples, having
less hydrated y-Al,Os3 crystalline structure (Fig.11).

Depositing of tin oxide and platinum oxide increases the extent of formation of
carbonate and bicarbonate species on the surface: the presence of these compounds
increases the activity of the catalyst for CO oxidation to CO; (Harrison and Guest, 1989),
(Amalric-Popescu and Bozon-Verduraz, 2001).

Carbonate and bicarbonate bands were observed after the pretreatment of
samples in oxygen at > 573 K.

The pretreatment in hydrogen suppressed the formation of carbonate groups on

the surface (Fig.14) since hydrogen has been adsorbed on active oxygen species.
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Fig. 14. FTIR spectra of CO adsorption at RT on oxygen and hydroxyl species of Pt/Al
and Sn-Pt/Al samples pretreated in oxygen (ox) or in hydrogen (red)

3.2.5. Pyridine (Py) Adsorption

Lewis (coordinatively unsaturated metal atoms) and Bronsted (proton donor OH
groups) acid sites on solid surfaces influence the sorption properties of samples and
hence their utilization in catalysis. FTIR spectroscopy of adsorbed base molecules, such
as NHj, pyridine, CH3CN, NO or CO, has been well evaluated as a powerful surface
analytical technique for characterization of nature, strength and relative concentration of
acid sites (Kustov, 1997). The principle of the IR method is the detection of surface active
sites via determination of changes of characteristic IR absorption features (frequency
and intensity) of probe molecules adsorbed thereon and of associated functional groups

(e.g. OH groups) of the surface (Blyholder, 1964), (Zaki et al., 2001), (Ryczkowski, 2001),
(Skoog and Leary, 1992).
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In addition to investigation of acidic properties of catalysts Py probe molecule
was applied. FTIR measurements of Py adsorption allows to determine the presence of
both Lewis cus (coordinatively unsaturated sites) and Bronsted (proton donor) acid sites
on the catalyst surface as well as to better understand the mechanism of cyclopropane
isomerisation (section 4.3.3.) (Segawa and Hall, 1982), (Ryczkowski, 2001).

Pyridine has been preferred as a FTIR probe molecule on metal oxide surfaces at
room temperature since it is (i) more selective and stable than NHjs; (ii)) much more
strongly adsorbed than CO and CH3CN; (iii) relatively more sensitive to the strength of
Lewis acid sites than NO (Zaki et al., 2001); and (iv) its IR band intensities are higher
then that of NHj3.

The chemisorption of Py on Lewis (LPy) sites results in bands at about 1446,
1490 and 1613 cm™ for all samples after different pretreatments (O, at 773 K and H, at
823 K) (Fig. 15.a and 15.b).

S
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£
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™
©
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Fig. 15.a. FTIR spectra of Py adsorption at RT after pretreatment of samples in O, at
773K
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Fig.15.b. FTIR spectra of Py adsorption at RT after pretreatment of samples in O, at
773K followed by pretreatment in H, at 823 K

Adsorption bands at 1540 cm™ assigned to Bronsted acid sites were not observed
in spectra of any sample either after hydrogen or oxygen pretreatment. At the same time
acidic hydroxyl group of alumina were well resolved (indirect indication of protonic
acidity) (Table 5, Fig.10). This phenomena can be explain that before Py adsorption
samples were treated at higher temperature (773 K in O,) which drastically decreases
the population of hydroxyl group. As sequences the high extent of dehydroxylation of

the surface decreases Bronsted acidity (Kirszensztejn et al., 1993).

3.3. Microcalorimetry

As it has already been shown in Table 2 that BET surface areas of investigated
samples are highly different in values and may significantly influence the catalytic
properties The higher the surface area the better the interaction between reagents and
catalysts can occur due to better dispersion of active sites. For more reliable comparison

of acidic character of samples, adsorption heats, were related either to micromole per
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gram of catalyst (umol/g) or micromole per unit surface area of catalyst (pmol/mz)

(Table 6).

3.3.1. Total Acidity

Microcalorimetric data in Table 6 display the amount of ammonia adsorbed per
gram or per unit surface area. Ammonia has a strong base character (pKa of ammonia =
9.25) and therefore can interact with week, medium and stronger acidic sites (Guimon et
al.,, 2001). The V; columns in Table 6 show the total amount of gas adsorbed under
pressure of 27 Pa and it corresponds to the total number of acidic sites (combining acid
sites of support and supported compounds) present on the surface (Gergely et al., 1999).
The Vieq represents the physisorbed amount of gas determined under equilibrium
pressures of 27 Pa by readsorption after pumping. Number of the strongest sites
corresponding to the irreversibly adsorbed gas amount (Vi) calculated by subtracting
the secondary (Vieaq) isotherm from the primary (V) one. The integral heat, Q;,, shows
the heat evolved during adsorption of total amount of gas, Vi, at pressure of 27 Pa and it
corresponds to the average strength of acidic sites participating in adsorption (Auroux,
1997). For more detail information see experimental section 2.2 p.32.

Fig. 16. displays the differential heats of NH; adsorption on investigated oxides.
The profiles, differential heats vs uptake of the gas probe, are multi-indicative; they give
the data concerning the amount, strength, and distribution of the active sites. Besides,
the values of initial heats of adsorption characterize the strongest sites (195-140 kJ/mol

for studied samples) active in adsorption process.

Table 6. Calorimetric data for NH; adsorption at 423 K

NHj; amount adsorbed NHj; amount
SBET umol/g Qine | adsorbed pmol/m* Qint
Sample mz/g J/g J/m®
Vt Vread Vir Vt Vread Vir

Al (Deg) | 110 | 188.24 | 83.31 |104.93 2246|171 | 0.76 | 095 | 0.20

Sn/Al(Deg) | 108 | 216.47 | 93.34 |123.13 |25.65|2.00| 0.86 | 1.14 | 0.24

Al 363 | 325.59 | 162.98 [162.61 |36.96|0.90 | 0.45 | 0.45 0.10
Sn/Al 259 | 375.30 | 174.63 |200.67 |44.21 | 145 | 0.67 | 0.78 0.17
Pt/Al 210 | 331.80 n/a |n/a 37.80| 1.58 | n/a | n/a 0.18

Sn-Pt/Al | 234 | 260.83 | 108.02 |152.79 |29.31 | 1.11 | 0.46 | 0.65 0.13
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The deposition of SnO, and platinum alone enhances the number of total acid
sites (combining acid sites of support A’ and supported compound Sn** or Pt"™, where
n+ < 4) and their strength and this is valid for both Sn/Al variants, Table 6.

The simultaneous presence of platinum and tin oxide on alumina surface (Sggr
=363 mz/g) makes strength of strongest acidic sites, in amount of ~0.28 umol/mz, more
uniform on the support and it results in decrease of initial differential heat from 195 (for
Al and Sn/Al) to 150 kJ/mol (for Sn-Pt/Al), (Fig.16). Sn-Pt/Al exhibits higher
differential heats than for Al and lower than for Sn/Al for ammonia adsorption in higher

gas coverage region (more than 0.28 umol/m?).
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Fig.16. Differential heats of NHj3 adsorption at 423 K versus coverage

3.3.2. Dispersion of Platinum

The configuration and strength of the carbon monoxide chemisorption on a
metal surface is expected to depend on the nature of metallic (metal ion) adsorbent and
also on its surface structure. To obtain information on the heterogeneity of the surface
very small doses of gas at constant temperature are introduced to measure the
adsorption heat (Qgir) and as a function of the coverage the adsorbate amount. On a

heterogeneous surface, first the strongest sites are covered, because the adsorption
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proceed fastest on them. Thus, as the coverage increases, weaker sites will be covered
so that the heat of adsorption continuously decreases. The uptake at unimolecular
coverage is reached when the heat evolved falls in the range of physisorption (P= 67 Pa)
(Guerrero-Ruiz et al., 2002), (Dragoi et al., 2004). The heat of adsorption of a basic
molecule on an acid site is claimed to be characteristic of the strength of the site. During
chemisorption evolved heat can be in the range between 40-800 kJ/mol and for
physorption it is significantly lower, up to 20 kJ/mol (Szabo and Kallo, 1976).

Table 7. summarizes the results obtained from microcalorimetric CO adsorption
at RT on samples preatreated in oxygen by giving the total number of active sites
capable to absorb carbon monoxide, V, (in pmol CO per gram of sample), at the given
pressure of 27 Pa; the number of stronger sites, Vi, corresponding to the irreversibly
chemisorbed gas amount, calculated by subtracting the secondary isotherms (Vieaq)

from the primary ones (V,); the integral heat, Qi,;, was measured at 27 Pa.

Table 7. Microcalorimetric data for CO adsorption at 303 K

Sample SBET Vi, Vieaa: Vi, Qint
m?*/ g pmol/g umol/g pmol/g J/g

Sn/Al 259 0.60 0.56 0.04 0.01
Pt/Al 210 3.41 1.99 1.42 0.11
Sn-Pt/Al 234 5.90 1.19 4.71 0.53

Fig.17. of microcalorimetric profiles represent the differential heats of CO
adsorption as a function of surface coverage. CO was physically adsorbed on Sn/Al
(Vi 1s close to zero and maximum value of Qgir = 20 kJ/mol) and carbon monoxide
uptake showed a very low population (V) of absorption sites on Sn/Al sample (Fig.17,

Table 7). In this case adsorption of CO on Sn****

is considered as negligible since
absorbed CO-Sn**** species were not detected at room temperature by FTIR and CO
adsorption. Adsorbed amount and evolved heat during adsorption of carbon monoxide
gas probe molecule significantly increases in the presence of platinum oxide and it is
even higher for Sn-Pt/Al sample (Table 7). In addition to mentioned above taking in to
consideration of differential heat of CO adsorption (Fig.17) can be concluded that CO
chemisorption at 303 K occurs with high extent on platinum ionic sites (Qgir =142-64

kJ/mol) and CO physisorption occurs on alumina and tin oxide sites (Qgif= 20 kJ/mol)
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in these conditions. Hence the obtained value of chemisorbed volume of CO can be
used for determining the platinum ion dispersion on the surface.

The amount of carbon monoxide used for calculation of metal ion dispersion is
the value of CO chemisorbed on the platinum sites having strongest character among of
the active sites on surface. The chemisorption on those sites for Pt/Al and Sn-Pt/Al
samples resulting differential heat values 64-59 kJ/mol and 142-60 kJ/mol respectively
(Fig.17).
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Sn-Pt/Al

120 ~

100 4

60 -
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o

40 -

20 A

CO uptake (pmol/g)

Fig. 17. Differential heat of CO adsorption at RT versus coverage

The Pt dispersion was calculated from the chemisorbed amount of CO using
stoithiometric relation of one chemisorbed carbon monoxide molecule to one platinum
surface atom, Pt"":CO 1:1 since FTIR spectra showed adsorption of one carbon
monoxide molecule on one platinum ion, Pt“—CO, for both Pt/Al and Sn-Pt/Al catalysts
(Fig.13).

The comparison between the weight percent of platinum in the bulk obtained by
ICP and on the surface of catalysts determined by microcalorimetric CO chemisorption

is resented in Table 8.
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Table 8. Content of platinum in the bulk (ICP) and on the surface (microcalorimetric
measurement) of the catalysts

Sample BET ICP ( bulk) Microcalorimetric
measurements (surface)
m2/ g Pt, Pt, Virr, Ptdispersion,
90 (WIW) umol/g umol/g Yo
Pt/Al 210 0.28 14.36 1.42 9.89
Sn-Pt/Al 234 0.28 14.36 4.71 32.80

The equation (7), which was used for estimation of percent of platinum
dispersion on the surface (Table 8), are presented below and calculation was done as an

example for Pt/Al sample.

_ Vino (HMOD) ¥100% _ 1.42%100%
dispersion % Pt - (p,mOl) 1436

Since the amount of chemisorbed CO on strongest sites was higher for Sn-Pt/Al
(V =4.71 pmol/g) in comparison with Pt/Al (V=1.42 umol/g) with the same deposition
of the Pt during preparation procedure it is suggested that a Sn-Pt/Al catalyst has a
higher amount of platinum ions on the surface (supposing that tin and alumina
compounds are only participate in physisorption of CO). A higher dispersion of Pt in
Sn-Pt/Al probably is the result of the dilution of platinum particles into smaller

ensembles in presence of tin (Spivey and Roberts, 2004).

3.4. Temperature Programmed Reduction

TPR investigation was focused on reduction ability of active components,
mostly of platinum and tin oxide. Pt or SnO, can completely be reduced at lower
temperatures up to 753 K or up to 1073 K (Lieske and Vélter, 1984), respectively then
Al,O3 being stable up to 1473 K (Rosynek, 1972), (Linsen, 1970).

Fig.18 shows the hydrogen consumption as a function of temperature (293-1073
K) for the tin and/or platinum containing samples as well as for pure tin oxide and
alumina support. As it can be seen, SnO, bulk was relatively stable toward reduction
with H, up to 673 K. The major reduction of bulk tin oxide occurred at 933 K and
almost accomplished at 1073 K (Fig.18).
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TPR profile of Sn/Al (Deg) showed a very small hydrogen consumption starts at

593 K and finishs at 813 K with formation of broad peak of low intensity centered at

703 K . Position of this peak is lower than peak position attributed to metallic tin at 933

K. Therefore the peak at 703 K can be assigned to the formation of tightly bonded

Sn(II) to alumina support (Fig.18). The tin-support interaction between hinders

reduction of SnO to metallic tin (Lieske and Volter, 1984), (Muller et al., 1979), (Serrano-

Ruiz, 2006).

Pt/Al shows one peak (Fig.18) which is centered at 693 K and can be attributed

to reduction of platinum oxide species to metallic platinum and / or to a reduction of

oxychlor-platinum surface complex, [PtOCly] to metallic platinum (Lieske et al., 1983),

(Damyanova and Bueno, 2003).
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Fig. 18. TPR profiles of samples reduced in hydrogen atmosphere up to 1073 K
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TPR curve of Sn-Pt/Al catalyst is shown in Fig.18. The hydrogen consumption
peak appeared at 843 K with a shoulder at about 763 K. In relation with TPR profiles
for bulk SnO, and Pt/Al the high temperature peak can be attributed to hydrogen
consumption for tin dioxide reduction, while the shoulder could be assigned to a co-

reduction of both platinum and SnO, with formation of Pt-Sn alloy (Lieske and Vdlter,
1984).

3.5. Electrical Conductivity (EC)

EC measurements provide useful information about surface dynamics in
heterogeneous catalysis. In situ measuring electrical properties of oxide powder can be
used for answering questions like: (i) the adsorption ability of the surface layer and the
mobility of surface dipoles; (ii) the “quality” of the deposited active phase layer and its
behavior in operating conditions; (ii1) the reciprocal influence of the active phase and of
the support and the important role of the electrical/dielectrical properties of the latter. In
addition, the increase of the concentration of the free charge carriers/mobile lattice
dipoles (Q) for a given electrical potential (V) on the catalytic surface is reflected by the
increase of the electrical capacitance (C).

Y-Alumina support is basically an insulator at room temperature. However, in
presence of humidity it behaves as a proton conductor (Stoica, et al., 2000). There exist
several charged species (H', O, OH, OH*, OH") on alumina surface (Kndzinger and
Ratnasamy, 1978) which theoretically might transport the electric charge. Data published
in literature on “in situ” EC measurements (Caldararu et al., 2001), (Caldararu et al., 2003,
207), (Caldararu et al., 2003, 2117) prove that between room temperature (RT) and 673 K
the surface conductivity of y-Al,Os; and of a boehmite / bayerite type precursor of
alumina (support used for the studied catalysts) is dominated by protonic (H")
conduction. Up to about 473 K proton movement occurs by ‘‘vehicle’” mechanism,

facilitated by the presence of molecular water species:

H>O + H > H3+O
The loss / gain of mobile molecules of water (proton ‘‘vehicle’” at low
temperature) is accompanied by a sharp decrease/increase of conductivity, and thus, this

method was proposed as a tool for investigation of the dynamics of physically adsorbed
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water on Y-Al,Os surface. The decrease of conductivity accompanied by the loss of
weakly adsorbed water is the result of two combined effects: (i) the progressive loss of
proton ‘‘vehicles’” and (i1) the loss of mobile dipoles able to reorient themselves in the
AC electric field (Stoica et al.,1996), (Caldararu et al., 2003, 207). This mobilization
/reorientation of dipoles corresponds to the increase of capacitance, while their
progressive desorption is associated with the loss of vehicles, thus with the decrease of
capacity.

Above 473 K as most of the physically adsorbed water species are removed, the
mobile protons of acidic OH groups move most probably by hopping/jumping between
neighbouring OH groups according to Grotthuss mechanism (Grotthuss, 1806), (Kreuer,
1996):

e A
OH*OH*OH->OH*OH*OH=-) O"*HQ *HO *H?

The electrical properties of Pt/Al, Sn-Pt/Al samples are expected to be a
combination of ionic, i.e. protonic (facilitated by the support) and electronic (facilitated
by the tin oxide phase) conductivity (Stoica et al., 2000). It was noticed that the support
controls the behavior of the supported catalyst in case when the loading of the active

component on alumina does not form a uniform (or complete) monolayer coverage
(Caldararu, INCO report, 2002).

The electrical conductivity and capacity measurements in inert atmosphere and
in presence of c-C3Hg, were carried out with pure alumina support and platinum
containing samples, namely for Pt/Al and Sn-Pt/Al samples active in isomerization in

order to obtain information on the reaction mechanism.

3.5.1. Electrical Conductivity at Room Temperature

The values of capacity C and electrical conductivity G obtained for Al, Pt/Al and
Sn-Pt/Al samples at room temperature are presented in Table 9. The difference between
samples is evidenced by measuring C and G at RT in all runs. The capacity and
conductivity values for dry helium of cycle 1 (DHe-1) were much higher for the Al and
Pt/Al and they decrease sharper than in the case of Sn-Pt/Al (Fig.19, 20). This is an
indication on the much higher ability of the former samples to adsorb molecules from

the ambient.
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Table 9. Capacity (C) and electrical conductivity (G) at room temperature

Cycle Sample Ci-C¢ (pF) * G; -Gt (nS) *
Cycle 1: Dry Helium Pt/Al 95.03-66.71 293.10-314.9
(DHe-1) Sn-Pt/Al 24.76-21.37 52.90-47.33
Al 139.51-102.38 427.10-435.60
Cycle 2: Dry Helium Pt/Al 5.10-5.11 0.10-0.10
(DHe-2) Sn-Pt/Al 5.41-5.43 0.30-0.30
Al 5.44-5.47 0.30-0.40
Cycle3: c-CsHg:He (1:20) Pt/Al 5.09-6.48 0.10-4.30
(CHe) Sn-Pt/Al 5.41-5.86 0.30-2.90
Al 5.42-5.78 0.30-1.80

* -C; (Gy) initial capacity (electrical conductivity) and C; (Gy) final capacity (electrical
conductivity) after 30 min of flushing in the corresponding gas;

Higher C and G values were kept for Al sample in DHe-2 as well. On the other
side, the measured values of capacitance C and electrical conductivity G in dry helium
of cycle 2 (DHe-2) for Sn-Pt/Al sample were higher than those obtained for Pt/Al
sample. C and G values for all samples were rather constant in time in DHe-2 cycle.

The increases of C at RT in third cycle under contacting with cyclopropane :
helium mixture with ration 1:20 (CHe) are accompanied by identical increases of G for
all samples. The adsorption ability was higher for Pt/Al during CHe cycle at
temperature close to RT and was decreasing in the following order: Pt/Al > Sn-Pt/Al >
Al. Tt indicates that the interaction with / adsorption of cyclopropane was smaller for

pure y-alumina than for the alumina supported samples.
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3.5. 2. Low Temperature (LT) Region of Electrical Conductivity

The plot of conductivity, Ln (G) vs 1000/ T (K), for Al, Pt/Al and Sn-Pt/Al
samples in cycle 1: Dry Helium (DHe-1); cycle 2: Dry Helium (DHe-2); and cycle 3: c-
C3Hg:Dry Helium 1:20 (CHe) is shown on Fig.21.

The pattern of Al in DHe-1 cycle decreases down to 383 K then slightly
increases up to 403 K followed by the stabilization of LnG values up to 623 K due to
higher extent of hydroxylation of the pure alumina support. Patterns of Pt/Al, Sn-Pt/Al
samples at the DHe-1 cycle have an U-shape: the decrease in the low temperature
range (down to 458 K for Sn-Pt/Al and down to 483 K for Pt/Al respectively) is
followed by the increase of InG up to 623 K. As shown by the analysis of the effluent,
the decrease of conductivity / capacity on heating in inert atmosphere is accompanied
by the loss of physically adsorbed water. The weakly adsorbed water is a vehicle for the
mobilization of proton, which generates the proton conductivity on the surface
(Caldararu et al., 2001), (Caldararu et al., 2003, 207), (Caldararu et al., 2003, 271). This is in
agreement with FTIR data on the physisorbed water and it was stable on the surface up
to 473 K during the pretreatment in oxygen atmosphere. It was noted (Caldararu et al.,
2001) that the differences in data published by the various authors about the range of
the thermal stability of physically adsorbed water molecule on the y-alumina surface
(which varies from 373 - 473 K) are correlated with the initial water content, the flow
rate of the flushing gas and on the rate of heating. The reason of increase of
conductivity at ~ 400 K is discussed later in section 3.5.3.

It is obvious that the major loss of water occurs in the first cycle (DHe-1) and
consequently the EC parameters are starting to be lower values at low temperature (see
DHe-2 values in LT region in Fig.21). This clearly indicates an essentially lower of
surface coverage of adsorbed water species (Baldwin et al., 1962). Similar behavior was
observed for water-alumina system (Caldararu et al., 2001), (Caldararu et al., 2003, 277).
The samples lose the characteristic U-shape of the plot in the second cycle in inert
atmosphere. An increase of temperature results in proton movement by hopping
between neighbor OH groups on the surface (Grotthus mechanism) requiring an

activation energy which is expressed by a monotonous increase of InG of the plot.
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Adsorption of cyclopropane takes place at room temperature (sites (I) in Fig.21)
and the evidence for this statement is represented by the increase of InG values in the
CT cycle in comparison with analogues values at RT in DHe-2 cycle (Fig.21). The
simple cycloalkanes, like cyclopropane, often have the reactivity similar to that of the
alkenes. Cyclopropane has acid dissociation constant (pKa) 46 of ion-pair acidity scale
mesuared in dimethyl sylfoxide solvent and can be considered as basic molecule (for
comparison: pKa of ethylene is 50; pKa of propylene 43) (Bordwell, 1988). The
adsorption of c-Cs;Hg may proceed in a similar way as observed for propylene
adsorption (Gordimova and Davydov,1979), (Caldararu et al., 2003, 211). Cyclopropane
molecule is stabilized on two centers of active sites: on Me™ (Al or Pt™ or Sn*")

cation by donating its electron pair and on basic hydroxyl site of the surface :

This Me""-OH surface of pair sites keeps the gas molecules on the surface up to
343 K on Al, up to 333 K on Pt/Al and up to 313 K on Sn-Pt/Al (Fig.21). The presence
of AI’* and Pt™ and OH basic groups on the surface of the samples after the
dehydroxylation treatment at about 573 K were confirmed by FTIR study (Table 5 and
Fig.12,13) The bands belonging to tin cation sites were not resolved in our case but the
existence of these sites was reported in literature (Amalric-Popescu et al., 2001), (Spivey
and Roberts, 2004), (Harrison, 1987).

Cyclopropane was absorbed on second type of surface sites (II) in LT region
and peak at 458 K for Al, at 418 K for Pt/Al and at 393 K for Sn-Pt/Al were resolved
(Fig.21). These sites have a stronger adsorption ability and the interaction of c-Cs;Hg
with them can be described in a similar way as for propylene adsorption on Al = 0%

pair (Caldararu et al., 2003, 211), (Gordimova and Davidov, 1979):
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where instead of AI’* can be Pt™ or Sn** active metal cations in the case of studied
catalysts.

Should be mentioned that cyclopropane are adsorbed more strongly on alumina
than on Pt/Al, Sn-Pt/Al samples therefore positions of adsorbed peaks in CHe cycle
were shifted to lower temperature for supported samples (e.g. adsorption maximum of
c-C3Hg on second type of surface sites occurs at about 458 K for Al, at 418 K for Pt/Al
and at 393 K for Sn-Pt/Al). Therefore it can be concluded that combined platinum with
tin decreases the strength of the acidic sites of surface in comparison with Al and Pt/Al.
This effect has been noted by FTIR spectroscopic (Fig.12) and microcalorimetric

(Table 6, Fig.16) studies as well.

3.5.3. High Temperature (HT) Region of Electrical Conductivity

The desorption from a third type of sites involved in cyclopropane adsorption is
accompanied with increasing of LnG patterns in the high temperature range: HT > 473
K for Al, HT > 453 K for Pt/Al and HT > 448 K for Sn-Pt/Al (Fig.21) in parallel with
the appearance of the isomerization product — propylene. Around this temperature the
bulk proton movement is described by Grotthuss mechanism (Caldararu et al., 2001). It
can be supposed that these mobile protons could be involved in adsorption of
cyclopropane species on the catalytic surface with formation of C3H;" carbocation as an
intermediate species during isomerization reaction.

The electrical conductivity data in DHe-1, DHe-2 and CHe cycles (except Al
DHe-1; CHe cycles) start to match each other in the high temperature range (above
503 K) which is indicative for the reproducible surface behavior (Fig.21). It can be
concluded that most of cyclopropane adsorbed species were removed above 503 K.
Similar features were observed for y-alumina during the interaction with propylene
(Caldararu et al., 2003, 217) where the mobile species (water and propylene) were

desorbed above 473 K.
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During EC study in inert atmosphere was observed that the alumina support
influences on electrical properties of supported components, namely the samples had
conductivity values (0.3-10.5 nS) similar to support (0.4-13.8 nS): close to room
temperature samples behavior as insulator and with increasing of temperature as

semiconductor (Hagen, 1999).

3.6. Catalytic Activity

3.6.1. Propylene Oxidation in Flow Reactor

In primary study (not knowing the behaviour of the supported catalyst) samples
ability was checked for propylene selective oxidation to acrolein using mixture
C;3Hg : air with ratio 1:10.

In this case was supposed that the oxygen consumption is much lower (than for
total oxidation), as for each propylene molecule only one molecule of oxygen is
theoretically used (CsHg+ O, = C3H4O + H,0O) and the extra oxygen keeps the coke
formation at low level (the redox or so called Mars van Krevelan mechanism) (Krenzke
and Keulks, 1980, 64), (Hagen, 1999). Theoretically the lattice oxygen acts as the main
active oxygen species, and the gas oxygen is estimated to re-oxidize the reduced oxide
phase. The experimental procedure of propylene oxidation is described in section 2.2.
p-30.

The results obtained in catalytic test oxidation of propylene are presented in
Table 10.

Table 10. Propylene oxidation at 673 K in CsHg-air mixture 1:10, contact time Tt =1.3 s.

BET, Propylene Selectivity | Selectivity Other carbon
Sample m?/ g | conversion, % | to CO,, % | to CO,% containing
compounds, % b
Al 363 26.7 78.1 19.6 0.3
SnO, 9 30.0 83.6 16.4 -
Sn/Al (A1)*? 108 11.0 72.5 22.6 4.9
Pt/Al 210 61.3 78.6 0.01 21.39
Sn-Pt/Al 234 43.8 100.0 - -

a- alumina support was Y-Al,03 Degussa of low surface area 110 m*/g
b- acrolein, acetone, acetaldehyde and oligomerization products
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The deposition of the low surface area SnO, on y-alumina produced a catalyst
with higher surface area but lower oxidation activity than pure bulk SnO, (Table 10).
Beside CO,, CO and water the other products of selective oxidation (acrolein, acetone,
acetaldehyde, and oligomerization products) were formed in very small amounts so
precise selectivity for each product was not possible to determine.

Platinum containing samples were of highest activity in hydrocarbon conversion.
At the same time Sn-Pt/Al sample showed the highest selectivity towards CO,
formation under oxidation conditions. The propylene conversion was limited by the
presence of oxygen amount in reactive mixture (CsHg:air ratio 1:10). This is indication
on partial coke deposition which blocks some of the active site.

Thus, testing of higher active Pt/Al, Sn-Pt/Al samples and Al support (for
comparison) was performed in mixture with higher content of air (propylene:air as
1:22). In this case activity of samples were checked for total oxidation where water and
carbon dioxide were formed as main products (Table 11). The 1:22 ratio was chosen

according the stoichiometry:

C3H6 +4.5 O, >3 CO,; + 3 H,O
1+4.8-45ar=1:21.6=1:22

(20.94 % (v/v) of oxygen in air (Whitten et al., 1992 ))

Table 11. Propylene oxidation at 673 K in CsHg:air 1:22, T=1.1's

Sample Propylene Selectivity to | Selectivity to Other carbon
conversion, % COy, % CO, % containing
compounds, % *

Al 242 96.4 1.3 2.3
Pt/Al 100 52.66 - 47.34
Sn-Pt/Al 94.30 99.90 0.01 -

a - acrolein, acetone, acetaldehyde and oligomerization products

The conversion over platinum containing samples during total oxidation
propylene was much higher (95-100 %) than for selective oxidation (44-62%) over the
same samples. Therefore could be concluded that platinum containing samples are
applicable for total oxidation with high selectivity (99.9%) of Sn-Pt/Al for CO,

formation.
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3.6.2. Cyclopropane Isomerization

3.6.2.1. Catalyst Samples Pretreated in Oxygen
Cyclopropane isomerization was chosen as test reaction for catalyst samples
pretreated in oxygen and hydrogen with the formation of propylene as a main product

at 473 K and 523 K reaction temperatures (Fig. 22):

CH
- 2\ Catalyst CH3 _CHZCHZ
CH,— CH, 1=43x

T,= 523K

Fig. 22. Schematic representation of cyclopropane isomerization reaction

The experimental procedure of cyclopropane isomerization is described in
section 2.2. p.30.

In absence of catalyst, isomerization does not proceed at 473 K. A very low (2
%) cyclopropane conversion to propylene was observed at higher temperature, at 523 K.
The homogeneous gas phase isomerization of cyclopropane to propylene was
characterized as a unimolecular reaction with an activation energy of about 14.11
kJ/mol and it was slow below ~ 698 K (Jacono and Hall, 1976), (Goldwasser, 1981).

Cyclopropane conversion to propylene was defined as the ratio of the amount of
cyclopropane transformed and its amount introduced since product of cyclopropane
isomerization determined by GC over Al and Sn/Al oxidized / reduced and over reduced
Sn-Pt/Al samples was propylene only. Besides propylene a very small amount of by-
product (max 0.3 %), with high probability of propane, was detected over Pt/Al
oxidized and reduced and over Sn-Pt/Al oxidized samples. The presence of C; or C; in a
product mixture was not observed. An example of gas probe chromatogram of
isomerization reaction products is presented for Sn-Pt/Al sample in Fig.23. This GC

analysis was performed after 2 h of cyclopropane isomerization reaction at 473 K.
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Fig.23. Gas probe chromatogram of cyclopropane isomerization reaction products for
Sn-Pt/Al catalyst pretreated in oxygen (T reaciion = 473 K, reaction time was 2 h or 120

min)

Addition of platinum to the support increases the extension of cyclopropane

conversion to propylene, while adding tin oxide to the support diminishes conversion

with respect to the pure support (Al sample) (Fig.24). The simultaneous presence of Pt

and Sn results a little increase of the reaction rate in comparison with Pt/Al and

significant increase of the catalytic activity in comparison with Sn/Al. The conversion

of cyclopropane to propylene after 2 h of reaction duration was 98 % over Sn-Pt/Al; 96

% over Pt/Al; 68 % over Al; 6 % over Sn/Al at 523 K.
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Fig. 24. Conversion at 523 K of c-C3Hg over samples pretreated in O, (reaction time
was 2 h or 7200 s, mass of sample was ~0.1g)

3.6.2.2. Catalyst Samples Pretreated in Hydrogen
The changes of activity were studied after pretreatment in hydrogen (Fig.25).
The conversion of cyclopropane to propylene increases for Pt/Al, Al and decreases for

Sn/Al, Sn-Pt/Al samples in comparison with the oxidized form of catalysts.
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Fig. 25. Conversion at 523 K of ¢c-CsHg over sample pretreated in H, (reaction time was
2 h or 7200 s, mass of sample was ~0.1g)
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4. DISCUSSION

4.1. Acidic Properties

This study was focused on investigation of the acidic character of catalysts since
alumina and tin oxide supported on alumina are known to exhibit acidic properties.

Lewis acid sites are formed on catalytic surface after pretreatment at >573 K.
FTIR results of carbon monoxide adsorption showed presence of two types of Lewis
acid sites on alumina support: A13+Oct and Al3+tet (having stronger acidic character than
octahedral coordinated alumina) (Gordimova and Davidov, 1979). The population of these
acid sites increases with increasing dehydroxylation temperature. Deposition of tin
semiconductor oxide diminishes the population of stronger alumina acid sites (Al3+tet).
Addition of small amount of platinum increases the number of stronger sites of Al,Os3.
The presence of both Sn and Pt metal oxides influences the acidity of the support
making the strength of acidic sites more uniform (Fig.12).

At the same time microcalorimetric study demonstrated that the deposition of
SnO, and platinum oxide alone enhances the number of the total acid sites (combining
acid sites of support A’ and supported compounds Sn** and/or Pt"*) and their strength
on catalytic surface. However, the simultaneous presence of platinum and tin oxide
decreases the strength of stronger acid sites possibly due to the electron transfer from tin
to platinum (Fig.16). Tin oxide, known as n-type semiconductor, can change the
electronic density in the bulk, by transmitting electrons to the PtOy-alumina phases and
thus decreasing the acidic strength of some of the corresponding Lewis sites. This is in
agreement with other published data (Roman-Martinez, 2000), (Sprivey and Roberts, 2004).

The presence of surface hydroxyl groups, OH-(Aly)s, having well-defined
acidic character (Knozinger and Ratnasamy, 1978), was found on all samples after
oxidizing and reduction pretreatments (Table 5, Fig.11) and can be considered as a
proof of presence of Bronsted acidic sites on catalyst samples. One explanation why
Bronsted acidic sites were not detected by Py adsorption at room temperature may be
that in case of oxidized (773 K) / reduced (823 K) samples their surfaces are highly
dehydroxylated and therefore mobilization of bulk/surface protons higher temperature

than RT.
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4.2. Reducibility

4.2.1. Influence of Chloride on Reduction of Tin and Platinum

Chloride, which is an essential component during preparation of industrial
catalysts, was found to have a crucial influence on the catalytic properties (Liske et al.,
1983), (Lietz et al, 1983). The Pt/Al or Sn/Al studied samples were prepared by
impregnation of support with a solution of H,PtClg or mixing of support with SnCl,
respectively. Literature data showed that using tin chloride salt for preparation of

catalysts results in strongly bound ionic forms of tin on the alumina support such as
(Margitfalvi et al., 1984):

cl
| A—O___ _Cl

Al—O—Sn—-Cl n

A—0" >ql

& (I (I

Tin in forms (I) or (II) cannot be reduced to Sn° in hydrogen even at high
temperature, (Lieske and Volter, 1984), (Muller et al., 1979), (Serrano-Ruiz, 2006). Similar
effect was observed for Sn/Al (Deg) investigated sample: deposited tin oxide on
alumina formed Sn(Il)-alumina surface complex under reduction condition at around
703 K (Fig.18).

There is surface interaction between supported platinum and support in the
chlorinated Pt/Al catalyst as well. It results in reduction of platinum species at higher
temperature than that of chloride-free Pt/Al system where o-[PtO,] species usually is
reduced around 373 K (Liske et al., 1983). In accordance with Lietz and co-authors’
observation (Lietz et al., 1983) impregnation of Al,Os with H,PtClg produced a surface
complex, [PtC16]2'. The saturation for [PtCl6]2' on support can reach of 10™ sites/cm?
being in the same order of magnitude as OH group density on alumina (Kndzinger and
Ratnasamy, 1978). The proposed surface interaction is an chloride anion replacement in
[PtClg)* on OH groups of the alumina support, forming [Pt(OH)4C1,]*". The OH ligands
can be transformed into O> and water at 773 K temperature of calcination used and
complex [PtO,Cl,]* appeared. In this work the reduction of platinum containing surface
complex starts at around 600 K and completely accomplished by 753 K with formation
of metallic Pt (Fig.18).
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4.2.2. Effect of Platinum on Reduction of Tin

A close contact between Pt and Sn elements in Sn-Pt/Al sample, where
chloroplatinic acid was used as impregnation agent, can be achieved after calcination
pretreatment at 773 K (Lieske and Vélter, 1984). This could be a reason of attraction of
several Sn atoms by Pt and as a sequence a higher degree of alloy formation under
reduction atmosphere (section 3.1.) (Lieske and Vdélter, 1984). The alloy formation between
noble metal and reducible tin oxide was detected at 763 K on surface of Sn-Pt/Al
catalyst studied under reduction condition (Fig.18).

In addition microcalorimetric measurements indicated that platinum is better
dispersed in Sn-Pt/Al than in Pt/Al, therefore adsorption of hydrogen theoretically
should be at least 3 times higher than on the latter one (Table 8). Nevertheless,
practically no increase of hydrogen consumption was observed for Sn-Pt/Al (Fig.18),
however the reduction occurred at higher temperature than with Pt/Al (Fig.18). This can
be attributed to the strong interaction between tin and platinum and reduction of all Pt

together with part of tin forming Pt-Sn alloy particles at 763 K (Fig.18) (Lieske and
Volter, 1984).
It has been shown (Verbeek and Sachtler, 1976), (Serrano-Ruiz, 2006), (Guerrero-

Ruiz et al.,, 2002) that Pt-Sn alloy formation inhibits chemisorption of hydrogen
(deuterium), carbon monoxide and ethene on platinum. An explanation of the hydrogen
adsorption behavior of sintered platinum-tin particles was given by Verbeek and
Sachtler (Verbeek and Sachtler, 1976), namely, there is a strong tin-ligand effect (under
reduction condition) resulting in drastic lowering of the heat of adsorption of hydrogen
on the platinum atoms on the alloy surface. This extremely lowers the adsorption of
hydrogen on alloy.

Obviously the reduction of Sn(IV) is provoked by Pt. The mechanism of this
process can be explained by the following ways:

D Cluster model (Lieske and Volter, 1984): Pt(II, IV) and Sn(IV) species are
concentrated and well mixed in small clusters on the support surface. The
reduction of such a cluster starts with the formation of metallic platinum
from the Pt(Il, IV) species inside of the cluster. Metallic platinum activates
hydrogen which reduces in the next step the Sn(IV) species of the cluster. In
this way the Sn(IV) reduction is provoked and the reduction behavior of tin

is governed by Pt. The main part of stabilized tin on alumina-support is only
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reduced to Sn(Il) species, forming the outer region of the reduced clusters
(Serrano-Ruiz et al., 2006). Since tin loading (2.94% w/w Table 2) used for
preparation was higher than platinum (0.28%) therefore can be supposed

that only a minor part of the Sn is taken up by the Pt’ clusters as Sn’.

10) Electron transfer: in this way Pt (ILIV) species are reduced first to metallic
platinum followed by electron transfer from metallic platinum to Sn(IV).
Electronegativity in Pauling scale (with  decreasing of atomic radius
ionization energy and ectronegativity increases) of Sn (1.96 eV) is higher
than for Pt (2.28 eV) (Emsley, 1991). Therefore difference in electronegativity
values can generate electron flow from Pt to Sn with possible formation
Sn(II) and Pt (O<x<II) surface sites.

Summarized mentioned above Pt-Sn, Sn(II), Pt (O<x<II) sites can be formed on Pt-
Sn/Al surface during reduction. In order to examine the influence of reduction on the
structure of the studied samples, XR diffractograms were recorded after TPR at 1073 K
(Fig.26). All samples showed the presence of y-Al,O3 phase. It should be noted, that
there is no evidence for peak corresponding to Pto, PtOy or / and PtSny (sintered
particles) in reduced Pt/Al and Sn-Pt/Al samples. That means that the reduction in H,
converts platinum oxide species into highly dispersed metallic platinum in Pt/Al or/ and
tin-platinum alloy in Sn-Pt/Al sample. Similar effect of undetectable by XRD alloy
formation at 623 K in hydrogen was observed for low doping platinum and tin sample,
Pt(1%)-Sn(1%)/Al,03, due to high dispersion of alloy on alumina support (Dautzemberg
et al.,1980).
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Fig. 26. XRD patterns for samples reduced in hydrogen atmosphere up to 1073 K,
where ® - y-Al,Oz and *® _boehmite (AIO(OH)) crystalline phases of aluminum oxide

The disappearance of cassiterite crystallites of SnO; in Sn-Pt/Al sample after
reduction at 1073 K indicates changes in crystalline structure of sample but formed SnO
phase or Sn’ was not observed by XRD. Based on cluster model mentioned above it
seems that cassiterate crystalline structure is destroyed during reduction by interaction
of a part of tin atoms with platinum forming Pt-Sn alloy clusters. Unreacted part of tin
forms amorphous Sn(II). The coexistence of an unalloyed metallic tin or Sn(Il) phase
can be confirmed taking into consideration the quantity of Sn and Pt in bimetallic
catalyst. The obtained Sn*/pPe™ (149.14 /8.64; at/at, Table 2 ) atomic ratio determined
by ICP analysis is 17.26. Maximum four atoms of tin can be involved in alloy formation
with one atom of platinum PtSns (Speller and Bardi, 2002). The obtained atomic ratio

(17.26) is higher than four therefore unalloyed tin is present on the surface.
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4.3. Catalytic Activity

4.3.1. CO Oxidation

Analysis of the collected data on CO adsorption has shown that CO oxidation
takes place on surface of the supported samples (section 3.2.4.) and it was confirmed by
the presence of lower frequency (below 1900 cm™) bands assigned to bridging type of
carbonate and / or bicarbonate species (Fig.14).

Bicarbonate and carbonate species are formed as a result of carbon monoxide

adsorption on surface oxygen and hydroxyl group or on oxygen species, respectively
(Parkyns, 1967), (Amalric-Popescu and Bozon-Verduraz, 2001), (Thornton and Harrison, 1975).

Adsorption of CO on oxide surface can be illustrated as shown in Fig.27:
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" " " "
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Bicarbonate group

Fig. 27. Schematic representation of CO adsorption with formation of carbonate and
bicarbonate groups (Thornton and Harrison, 1975).

Moderately higher number of carbonate and bicarbonate species was observed
on Sn-Pt/Al than on Pt/Al sample (Fig.14) due to higher dispersion of platinum on the
surface proved by microcalorimetric measurements. Platinum cation can also participate

in carbon monoxide oxidation in the following way (Hagen, 1999):
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Fig.28. Oxidation of CO with involvement the platinum cation species (Hagen, 1997)

Thus the molecular adsorption of CO occurs initially on platinum metal
cations after it reacts with an oxygen on the surface followed by desorption of CO,
from surface (Fig.28). O, is dissociatively adsorbed during pretreatment procedure
(Fig.28.a). The low degree of oxygen coverage allows adsorption of CO between the
O atoms (Fig.28.c), and the reaction proceeds by the Langmuir-Hinshelwood
mechanism. The CO; product is only weakly bound on the surface and is rapidly

desorbed into the surrounding gas phase (Fig.28.c).

4.3.2. Mechanism of Propylene Oxidation

Electrical conductivity / capacity data reported indicate that platinum has the
ability to activate the tin oxide lattice and the activated oxygen plays an important role
in the oxidation process (Carata et al., 2004). The contribution of the lattice oxygen in
total oxidation of methane over PdO-based catalysts using a reaction mixture labeled
with 80, was mentioned by Ciuparu and co-authors (Ciuparu and Pfefferle, 2002),
(Ciuparu et al., 2001). They observed that surface hydroxyls resulting from methane
oxidation inhibit the surface reoxidation, leading to a certain degree of catalyst
depletion of oxygen and formation of bulk oxygen vacancies. This can be responsible
for the lower temperature of thermal reduction for pure PdO as compared to supported
PdO particles. For the supported catalyst, oxygen vacancies in the PdO phase are
refilled with oxygen from the support, consistent with the larger amounts of '°O
observed in the reaction products resulting from PdO on zirconia. This oxygen transfer
may be responsible for the lowering thermal decomposition rate of PdO particles

supported on ceria—zirconia and as hence, increasing stability of active phase, PdO.

75



Apparently, as shown in Table 10. and 11., the presence of platinum oxide
together with the tin oxide produces higher catalytic activity in hydrocarbon oxidation
than Sn/Al. This can be an indication that platinum has the ability to activate the tin
oxide lattice. Increased oxygen mobility / higher reducibility of tin oxide in presence of
platinum was indicated by the XPS (Fig.9, Table 4) and TPR results (Fig.18).

It was proposed that propylene is dissociatively adsorbed on pair of Me"*-0*
sites where the allyl anion is formed on Lewis acid sites and the proton abstracted by
Lewis basic sites (Caldararu et al., 2003), (Kung, 1989), (Gordimova and Davydov, 1979).

Unlike alkanes, the C=C bond of alkenes can interact comparatively strongly with
the cations of the catalyst surface. The strong bonding makes possible the charge
delocalization between the adsorbate and the cation. Since the charge on the cation in
the solid can be much better stabilized by electrostatic forces in the solid than charges
on the adsorbate outside the solid, it becomes possible that the allylic C-H bond
breaking in this step is achieved with charge transfer between the m-allyl and the surface

cation (Kung, 1989):

(n-1)+ N
: ‘ _CH- H
RCH=CHCHg + M™" 0% —3 RCH?HCHgl + [ 2
M

Formed propyl cation is oxidized in to carbon dioxide in oxygen reach
atmosphere. In case of limited number of oxygen in reacting mixture partial oxidation
of propylene takes place. Mechanism of selective oxidation of propylene to acrolein is
shown in Fig.3.

It may be supposed that the presence of platinum ion not only increases the
mobility of the surface lattice oxygen but facilitates the dissociative adsorption of
propylene. At the same time the simultaneous presence of both platinum and tin oxide
diminishes the strength of the acidic sites of the catalytic sample (Table 6) and hence
can affect the propylene adsorption on the catalyst surface. The higher the number of
site of moderate strength, the higher the oxydation activity of the catalyst. Additionally,
FTIR results showed that the formation of Lewis acidic sites which might be
responsible for hydrocarbon oxidation are developing at dehydroxylation temperature >

573 K consequently relatively high activation reaction temperature is needed.
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4.3.3. Cyclopropane Isomerization

4.3.3.1. Kinetics

First order reaction was considered and characterized by the rate constant
determined using linear regression from measured data for sample pretreated in oxygen
(Fig.29) and for catalyst samples pretreated in hydrogen (Fig.30) using equation (8) for
closed system (Szab6 and Kallo, 1976):

In [A]/[Ao] = -k [t-m] (8)

where, Aj— initial concentration of cyclopropane (mol), at starting time t=0 (s);
A —concentration of cyclopropane (mol), at some later time, t (s);
k — rate constant of the heterogeneous transformation of cyclopropane to propylene,
(mol-g'l-s'l);

m- mass of catalyst used (g).
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Fig. 29. Determination of rate constant of cyclopropane isomerization reaction over
oxidized form of catalysts at T1=473 K and at T,=523 K (reaction time was 2 h or 7200
s, mass of sample ~0.1g)
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Fig. 30. Determination of rate constant of cyclopropane isomerization reaction over
reduced form of catalysts at Ty= 473 K and at T, =523 K, where interrupted line is for
determination of rate constant after one hour of reaction over Pt/Al
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Rate constants determined over reduced and oxidized forms of samples are summarized

in Table 12.

Table 12. Rate constants of cyclopropane isomerization to propylene (over samples
pretreated in O, 773 K and in H; at 823 K) recorded for 2 h of reaction runs at 447 K
and at 523 K

Rate constant, Rate constant, Rate constant,
Catalyst k-107-mol-g"s™! k-107-mol-g"s™! k-107-mol-g"s™!
Run 1% Run 2™ Run 3"
T;=473K | T,=523K | T, =473K | T,=523K | T, =473K | T,=523K
reaction without catalyst - 0.03
oxygen treated samples
Al 0.70 1.90 0.80 2.20 0.80 1.90
Pt/Al 1.60 4.00 1.60 7.10 1.80 4.50
Sn/Al 0.50 0.40 0.50 0.40 0.50 0.40
Sn-Pt/Al 2.30 5.30 1.80 3.90 2.30 5.30
hydrogen treated samples
Al 1.20 2.40 1.20 2.20 1.20 2.30
Pt/Al 5.80 8.30 6.60 7.20 6.60 6.80
(4.90)" (7.20)° (4.80)° (6.10)* 4.60)° (5.70)°
Sn/Al 0.30 0.30 0.30 0.30 0.30 0.30
Sn-Pt/Al 1.80 1.20 1.60 1.20 1.60 1.10

 _rate constant recorded for 1h of reaction run

In order to check the stability and regeneration ability of the catalysts, the same
catalyst sample was used for 3 runs when reaction was followed by regeneration. The
rate constant (k) increases with the increasing reaction temperature from 473 to 523 K
for samples in all the three reaction runs, except Sn/Al sample in its oxidized and
reduced forms and Sn-Pt/Al in reduced form (Table 12). After each reaction run the
oxygen treatment at 773 K (followed by reduction in H, at 823 K for reduced samples)
was applied for burning off the carbonaceous residues containing compounds adsorbed
on the surface after the former reaction run. The original activity was restored for all

samples. This is an indication of the good of catalysts’ stability. Experimental values for
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catalysts catalyst samples after 3" run of isomerization reaction were used for
comparison of catalytic activity, rate constants (Table 12), activation energies (Table
13) for the catalyst samples as well as for presentation of data in graphic forms (Fig.24,
25, 29, 30, 32).

For oxidized Sn/Al sample the same rate constant (k = 0.5-107, mol-g's™) was
obtained during three reaction cycles; it decreased (k =0.4-107, mol-g's™) with
increase of reaction temperature. With high probability the deactivation of Sn/Al
catalyst with the increase of reaction temperature is a results in increased coke
formation on the surface (Margitfalvi et al., 1984). The addition of platinum to alumina
increases the reaction rate, while addition of tin oxide to the alumina support diminishes
the reaction rate. The simultaneous presence of Pt and Sn in oxidized forms results in a
little bit higher rate constant (k = 5.3-10°, mol-g"-s™) than for Pt/Al (k = 4.5-10°, mol-g’
L.s™) and significantly higher for Sn/Al (k =0.4-107, s) hence some synergetic effect
can be considered.

The reduction pretreatment decreases the reaction rate on Sn-Pt/Al and increases
on Al, Pt/Al samples. The highest value of rate constant (k = 6.8-107, mol-g™-s™") was
formed for reduced Pt/Al among studied the catalysts samples. It should be noted that
the increase of reaction temperature from 473 K to 523 K has little effect on catalytic
activity of Pt/Al during first hour of reaction run and almost no effect during second
hour of reaction run (Fig.30, Table 12). This is indication on partial coke deposition
which blocks some of the active site. Reduced form of Sn/Al sample (as well as its
oxidized form) was least active for cyclopropane isomerization and showing the lowest
rate constant (k = 0.3-107, mol-g'l-s'l).

The approximate value of activation energy, Ea, of cyclopropane isomerization
to propylene was determined over active oxidized and reduced catalysts using Arrhenius

equation (Eq.9):

Ink=-Ea/RT+1InA 9

The value of Ea was estimated from the slope of In k vs. 1/T determined by two

points only at 473 K and at 523 K, at which the reaction was carried out. Obtained
approximate Ea values are summarized in Table 13. The decrease of activation energy

indicates lower energy barrier of catalyst reaction.
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Table 13. Approximate values of activation energy, Ea, of cyclopropane isomerization
to propylene over oxidized and reduced forms of catalysts

Catalyst Ea, kJ/mol
oxygen pretreatment
Al 35.58
Pt/Al 37.69
Sn-Pt/Al 34.34
hydrogen pretreatment
Al 26.76
Pt/Al 1.23

(8.82)"

4 _Ea after 1h of reaction run.

4.3.3.2. Effect of Oxygen Pretreatment

The oxygen treated catalyst samples showed the following order of activity for
cyclopropane isomerization: Sn-Pt/Al > Pt/Al > Al > Sn/Al (Table 12).

The supported tin oxide on alumina was not active catalyst for isomerization.
However SnO, has promoter effect on catalytic activity in Sn-Pt/Al sample pretreated
in oxygen. The slight promoter effect of Sn may be ascribed either to an electronic
and/or to geometric effect due to the dilution of the platinum atoms resulting in decrease
of the its cluster size (Roman-Martinez, 2000), (Sprivey and Roberts, 2004).

In our case both effects were detected for Sn-Pt/Al catalyst. Electron transfer
from Sn to support was detected by FTIR for CO adsorption study on Sn-Pt/Al (section
3.2.2. Fig.12 ). It results in a decrease of the bonding strength of stronger Al+3tet Lewis
acid sites of alumina support to carbon monoxide. Total acidity of Pt/Al (combining
acidity of all metal cations) and its strength determined by calorimetric NH3 adsorption
decrease with adding SnO, to this catalyst due to electron transfer from Sn to the bulk
(section 3.3.1. Table 6).

In the view of Davis and co-authors (Davis et al.,1976) an electron transfer from
tin to platinum is not only responsible for enhancement of the selectivity for
isomerization but for increase of stability of Sn-Pt/Al catalyst by decreasing coke
deposition. The electron enrichment of platinum weakens the Pt-C bond and increases

their resistance to self-poisoning by coke (Coq and Figureras, 1983). This is in agreement
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with XPS in our study (section 3.1. Table 3) where Sn-Pt/Al was less active than Pt/Al
and Sn/Al in adsorption of carbon containing compounds from the environment and was
keeping high activity and stability for a long time (2 h) in cyclopropane isomerization
reaction (section 4.3.3.1, Table 12).

XRD patterns did not show crystalline platinum particle due to higher dispersion
of platinum in samples (section 3.1. Fig.8). In addition, microcalorimetric measurement
shows a high dispersion of Pt in Sn-Pt/Al probably is the result of the dilution of
platinum particles into smaller ensembles in presence of tin (section 3.3.2. Table 8). This
fact should be taken into account while explaining the higher activity of Sn-Pt/Al

sample.

4.3.3.2.1. Proposed Mechanisms over Oxygen Treated Samples

The proposed mechanism which might prevail in cyclopropane isomerization
over samples pretreated in oxygen is based mainly on the electrical conductivity (EC)
data (section 3.5.) and the acidic properties of the catalytic surface (section 3.2., 3.3.1).
As shown in EC section, the conduction occurs mainly by protonic mobility on catalytic
surface (combined with the electronic conductivity for SnO, containing samples) at
higher temperature (section 3.5.3. and Fig. 21). The presence of mobile protons
indicates the existence of Bronsted acid sites on the surface. Based on this statement,
the mechanism of cyclopropane isomerization over oxidized catalysts involving Lewis
acid sites, where the hydride ion transfer should occur, is less probable in our case
(Fejes et al., 1978), (section 1.6.3.1.3.). The catalytic results may be interpreted in terms
of a nonclassical carbonium ion mechanism, making repeated use of a small number of
catalyst protons of basic hydroxyl groups, which are involved in the formation of C3H;"

carbocation or propyl cation as intermediate species during the isomerization reaction
(Goldwasser, 1981).
The FTIR band intensity assigned to acidic OH groups of alumina, having

Bronsted acidic character, for Sn-Pt/Al was higher at 473 K than for Pt/Al, Sn/Al and
this difference is preserved at 773 K (Table 5, Fig.11). This suggests that the presence
of both Pt and Sn elements facilitate the formation / stabilization Bronsted acid groups,
considered as active sites in cyclopropane transformation to propylene. It should be
mentioned however that Bronsted acidity was not detected by adsorption of Py at room

temperature (Fig.15.a.) as indicated by FTIR spectroscopy. This fact can be explained
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that the dehydroxylation of surface at 773 K before adsorption diminishes drastically
the density of surface Bronsted acid sites and their number became therefore below the
detection limit of FTIR method. Consequently higher temperature is needed in order to
initiate the movement of surface and / or migration of bulk proton to the surface. It was
shown by EC measurements that the higher the temperature the higher the mobility of
proton by hopping /jumping mechanism (section 3.5. and Fig.21) and hence the
conversion percent of cyclopropane to propylene over active samples increases with
increasing of the reaction temperature (Fig.24, Table 12). In case when the temperature
is raised up to 523 K the release of the proton from the surface becomes easier and its
interaction with cyclopropane occurs without strong pre-adsorption of c-CszHg on the
surface, which increases the catalyst efficiency (by increasing the reaction rate, Table
12).

The possible reaction steps summarized from literature review (Baird and
Aboderin, 1964), (Hightower and Hall, 168, 72), (Fejes et al., 1978) of mechanism of
cyclopropane isomerization involving Bronsted acid site of surface are shown on

Fig.31.

CH> CH
x s /7% W _CH
b e CHj CHj ,
\ | + + H
O O - - |
O O

Fig.31. Schematic presentation of mechanism of cyclopropane isomerization involving
of Bronsted acid sites

The non-classical carbonium ion (so called edge-protonated cyclopropane) is
produced during adsorption on the surface (Baird and Aboderin, 1964), (Hightower and Hall,
1968, 72). This cation is transformed into a classical propyl cation by C-C bond rupture
of the ring which desorbs as propylene while regenerating the acidic center is
regenerated (Fejes et al., 1978). The first step (marked as *) of the catalytic
transformation is a relatively fast adsorption step being a weak chemisorption with an
adsorption heat of 34.69 kJ/mol (Fejes et al., 1978). The physisorption should be taken

into consideration because the adsorbed amount of cyclopropane exceeds the number of
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acidic sites (Fejes et al., 1978). For example, only a small number of protons < 10"
Bronsted sites/cm® of co-catalytic hydroxyl groups were involved in isomerization of
cyclopropane over silica-alumina (Larson et al., 1965). For comparison pure alumina has
OH groups from 12.6 to 5.5-10" sites/cm” within dehydroxylation range from 373 to
673 K (Knoézinger and Ratnasamy, 1978).

Besides propylene over platinum containing samples the formation of very small
amount (max 0.3%) of propane was observed, which can be formed after some
molecules of propylene-product react with surface protons and hydrogenation of
propylene occurs (Fejes et al., 1978).

On the other hand, the mechanism of cyclopropane isomerization on Lewis acid
sites proceeding over oxidized catalysts, where hydride ion transfer should occur, can
not be denied at least for supported catalysts having higher number of electron pair
excepting sites like platinum and tin cations which can attract and easier subtract (than
alumina cation) H from cyclopropane ring. The steps of this mechamsim were

discussed in more details in introduction part (section 1.6.3.1.3).

4.3.3.3. Effect of Hydrogen Pretreatment

Reduced Pt/Al is highest activity in isomerization of cyclopropane to propylene
among catalysts studied having an activity 1.3 times higher at 523 K than in oxidized
form at the same temperature (Table 12, Fig.32). The pretreatment of Pt/Al in hydrogen
at 823 K results in reduction of platinum oxide to Pt’ (proved by TPR) and this allows
to stipulate that metallic platinum sites are of highest activity for cyclopropane

isomerization.
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Fig. 32. Comparison of rate constants (10, mol- g's™") of cyclopropane isomerization
to propylene at 523 K for samples treated in oxygen and hydrogen atmospheres

However, after reduction a considerable decrease of activity was observed in
case of Sn-Pt/Al catalyst containing both platinum and tin in comparison with its
activity in oxidized form (Fig.32). The measurement was repeated three times (Table
12) and results were similar, namely, Sn-Pt/Al showed low activity after reduction at
823 K in hydrogen. Moreover, decreasing rate constant was observed for this sample
with increase of reaction temperature possibly because of coke formation on the surface.
The low activity of reduced form of Sn-Pt/Al can be explained by the PtSn alloy
formation under hydrogen atmosphere treatment proved by TPR. Sintered PtSn particles
are supposed to be responsible for inhibition of the reaction by decreasing the
adsorption ability of platinum sites (Liske and Volter, 1984), (Verbeek and Sachtler, 2004),
(Serrano-Ruiz, 2006).

Sn/Al remains inactive catalyst after reduction pretreatment where tin is present
as Sn(II) confirmed by TPR. Rate constant of Sn/Al reduced catalyst was

0.3-10”(mol-g"-s™) and did not change with increasing of reaction temperature.
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4.3.3.3.1. Proposed Mechanism over Hydrogen Treated Samples

Pt metal sites play an important role in cyclopropane isomerisation since the highest
activity was observed for reduced Pt/Al among the catalysts studied. The isomerization
of cyclic hydrocarbon over metal sites requires hydrogen as a co-catalyst (Du et al.,
2005), (Bond and Newhan, 1960). It has been reported that hydrogenation of cyclopropane
over platinum catalysts proceeds most probably in terms of Eley-Rideal mechanism
when gas-phase or physically adsorbed cyclopropane reacts with chemisorbed hydrogen
around or above 473 K (Bond and Newhan, 1960), (Addy and Bond 1957 ), (Bond and
Sheridan, 1952).

Based on above mentioned the radical mechanism of cyclopropane isomerization
over platinum metallic sites can be proposed over reduced Pt/Al catalyst. The schematic

presentation of this mechanism is shown in Fig.33:

Pt

1) H, H o+ H chain initiation

<1% chain termination

2) VAT N
HaC” NXCHy+ H’
chain propagation

Fig. 33. Schematic presentation of radical mechanism of isomerization of cyclopropane
over samples containing metallic platinum species

The first step is the formation of active hydrogen species during pretreatment in Hj
by homolytical adsorption of hydrogen molecule in presence of metallic platinum. In
second step cyclopropane is physically adsorbed on metal, which then reacts with
chemisorbed hydrogen in push-pull manner (Du et al., 2005) to produce adsorbed alkyl
radical. The adsorbed propyl radical may then either lose one hydrogen atom
(isomerization process) and form propylene-product or attach a hydrogen atom
(hydrogenation process) to form propane by-product. In our case the main product was
propylene (99.3%) since the further hydrogenation of C3Hg was limited by presence of
hydrogen (hydrogen was used for pretreatment of the surface before reaction starts and

was absent in reacting mixture during reaction run). The situation could change with
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excess of hydrogen, when H, is present in reacting mixture. In this case hydrogenation
of cyclopropane (Bond and Sheridan, 1952) could be the dominat reaction with formation

of propane as the main product.

5. CONCLUSION

Addition of small amount of platinum (0.28 %) strongly influences the physico-
chemical characteristics of tin containing catalyst with consequences on its catalytic
behavior.

The deposition of SnO, or platinum oxide alone enhances the number of the total
acid sites (combining acid sites of support Al** and supported compounds Sn** and/or
Pt"") and their strength on catalyst surface. However, the simultaneous presence of
platinum and tin oxides decreases the strength of stronger acid sites possibly due to the
electron transfer from tin to platinum. This effect can be explained by Sn-Pt electronic
interaction: SnO,, known as n-type semiconductor, can change the electronic density in
the bulk by transmitting electrons to the PtO (p-type semiconductor) and Al,O3 (weak
n-type semiconductor), and thus decreases the acidic strength of some of the
corresponding Lewis sites.

Microcalorimetric study of CO adsorption showed that platinum ions are better
dispersed on the surface of Sn-Pt/Al than for Pt/Al catalyst sample. A higher dispersion
of Pt in Sn-Pt/Al is probably the result of the dilution of platinum particles into smaller
ensembles in presence of tin element.

FTIR study showed that Pt/Al and Sn-Pt/Al are promising catalysts for oxidation
of carbon monoxide to carbon dioxide through carbonate and bicarbonate intermediates
formation on the catalyst.

It was concluded that the studied catalysts were not active in selective oxidation
(propylene : air ratio mixture 1:10) since CO, (CO) and water were formed as a main
products.

The deposition of the low surface area SnO; on y-alumina produced a catalyst with
higher surface area but lower oxidation activity then pure bulk SnO,. Platinum
containing catalysts showed good catalytic activity for total propylene oxidation
(conversion of 95-100% at 673 K). Sn-Pt/Al sample showed the highest selectivity

(99.9%) for CO, formation under oxidation conditions. The presence of Pt facilitates
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the dissociative propylene adsorption and mobility of the surface lattice oxygen, as
consequence it increases the rate of oxidation reaction. Additionally, FTIR results
showed that the formation of Lewis acidic sites responsible for hydrocarbon oxidation
proceeds at dehydroxylation temperature > 573 K therefore relatively high activation
reaction temperature is needed for oxidation of hydrocarbons.

In agreement with electrical conductivity results it was concluded that the c-C;Hg
isomerization proceeds probably over Bronsted acid sites (via formation of Cz;H;"
intermediate) of oxidized samples. Since Lewis acidity was detected on the samples
studied the possible involvement of the Lewis acid sites (via formation of C3Hs"
intermediate) in cyclopropane isomerization could also be considered. Cyclopropane
isomerization started at around 473 K and the increase of the reaction temperature (523
K) increased the reaction rate. The temperature increase up to 473 K for isomerization
increased the proton mobility, i.e., the surface/bulk proton or hydride movement and
thus reduced the strong adsorption of hydrocarbon species. The oxidized samples
showed the following catalytic activity sequence for c-C3sHg isomerization at 523K:

Sn-Pt/Al > Pt/Al > Al > Sn/Al

Only the Pt/Al exhibited high catalytic activity (k= 6.8-10° mol-g”-s™) and
selectivity (nearly 100% of reacted cyclopropane was transformed to propylene) from
reduced catalysts where isomerization probably takes place via the formation of the
allyl radical intermediates.

From cyclopropane isomerization studies concluded that tin exists in different
forms in Sn-Pt/Al, depending on the pretreatment conditions of the catalyst (i) in an
oxidized form, Sn*t (SnOy,), resulting in a promoting effect; (ii) in reduced form, tin
resulting poisoning effect “ligand-effect” due to blocking of the sites responsible for
cyclopropane isomerization by formation an alloy.

This research work has been started in the frame of an international research
INCOCOPERNICUS research project ERBIC 15 CT 98 05 15. Within this project the
Sn-Pt/Al was recommended as a catalyst for total oxidation of lower hydrocarbons (C;-
C3) and also for environmental purposes (CO elimination). As an outcome the catalyst
system has been scaled up at industrial level at ROMPETROL, VEGA Refinery,

Romania.
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APPENDIX
Definitions

1. Alkyl is a univalent radical containing only carbon and hydrogen atoms arranged in a
chain. The alkyls form a homologous series with the general formula C,H;,,;. Examples
include methyl, CHs+ (derived from methane) and propyl CsH7+ (derived from propane).
On their own they are free radicals and therefore extremely reactive. The structure of an
alkyl is the same as its straight chained alkane counterpart but with one less hydrogen
atom. For example, this is the structure of methyl, the smallest alkyl:

h'
-
H

Alkyls are radicals since only three out of four valency electrons are used in bonding on
one of the carbon atoms.

2. Allyl group - is an alkene hydrocarbon group with the formula H,C=CH-CH,-. It is
made up of a vinyl group, CH,=CH-, attached to a methylene -CH,. Compounds
containing the allyl group are often referred to as being allylic. Allylic carbons are sp’
hybridized. Chemical structure of the allyl group:

3. Allyl cation has a chemical structure CH,=CH-CH,"

4. Carbonium ion is a carbocation of the penta- or tetracoordinated nonclassical type
such as an ion of the type RsC". In older literature a carbocation of the type R;C" may
still be referred to as a carbonium ion.

5. Cyclopropane is a cycloalkane molecule with the molecular formula CsHg consisting
of three carbon atoms linked to each other to form a ring, with each carbon atom
bearing two hydrogen atoms. The bonds between the carbon atoms are much weaker
than in a typical carbon-carbon bond. This is the result of the 60° angle between the
carbon atoms, which is far less than the normal angle of 109.5°. This strain has to be
subtracted from the normal C-C bond energy, making the resultant compound more
reactive than acyclic alkanes and other cycloalkanes such as cyclohexane and
cyclopentane. However, cyclopropanes are more stable than a simple angle strain
analysis would suggest. Cyclopropane can also be modeled as a three-center-bonded
orbital combination of methylene carbenes. This results in the walsh orbital description
of cyclopropane, where the C-C bonds have mostly # character. This is also why
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cyclopropanes often have reactivity similar to alkenes. This is also why carbenes can
easily add into alkenes to produce cyclopropanes.
6. Carbenium ion is a carbocation of the trivalent and classical type R;C".

7. Propyl is a three-carbon alkyl substituent with chemical formula -C3H;. There are
two isomeric forms of propyl:

e with the substituent attached to one of the end carbons (called 1-propyl in the
IUPAC nomenclature, or n-propyl in the old naming system); and

e with the substituent attached to the middle carbon (called 2-propyl in the [UPAC
system, or isopropyl in the old system).

8. Propyl cation has a chemical formula CH3-CH,-CH,*

9. Propylene, also known by its [IUPAC name propene, is an organic compound having
the chemical formula Cs;He.
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Thesis of the Doctoral (Ph.D.) Dissertation

Surface Chemistry Studies of SnO,-Pt/Al,O3; Catalyst for Environmentally
Improved Catalytic Oxidation of Carbon Monoxide, Propylene and for

Cyclopropane Isomerization

1. INTRODUCTION

The catalytic approach for hydrocarbon oxidation is a subject of special attention
during the last years due to the improved efficiency of catalysts and reduced emissions
of pollutants like CO, hydrocarbons. A catalytically enhanced combustion system
operates at much lower temperatures than an open flame burner, and lower temperature
also means reduced emission of CO and NOy. Semiconductor oxides (SnO,, V,0s) are
known to exhibit oxidizing activity and can be considered as potential catalysts for
isomerization and total or selective oxidation of C;-C; hydrocarbons and for CO
oxidation to CO,. The application of pure semiconductor catalysts is very limited due to
their low surface area (10-20 mz/g) and poor thermal stability. The surface area can be
increased by deposition of active components on the supports (Al,Oz TiO,, SiO,)
having much higher surface areas (100-400 m?/g). Tin (IV) oxide is a mild oxidizing
catalyst, but its catalytic properties can significantly be modified by incorporation of
other elements (noble metals, Sb) by impregnation, cohydrolysis, ion exchange or
mechanical mixing. Supported semiconductor oxides and particularly those doped with
platinum exhibit improved catalytic properties, since noble metals are the most active
catalysts for hydrocarbons or CO oxidation. The prepared materials should be usually
calcined in order to be active as catalysts.

The physico-chemical properties and catalytic activity of the solid sample
containing several oxides are generally different from that of composed oxides alone.
This is due to the fact that the activity of the ,,mixed oxides” could be the result of
various interactions. In case of sample containing different types of metal oxides,
electronic effect should also be considered. According to the electronic theory of
catalysis, the rate and activation energy of reaction depend upon the a Fermi level of the
catalyst, and thus it can be expected that electronic interaction between metal oxides or
metal and the support can modify the Fermi level of the catalyst. Therefore this

interaction can influence the catalytic activity of sample.
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At the same time the acid-base properties of the catalysts are also important for
activation of the reactants. The strong or weak Lewis acid or basic sites of the catalyst
will determine the strength of interaction of the reactants with the active sites of the
catalysts and interaction of the reaction (oxidation, isomerization) products with the
solid surface, which in turn determines whether a reactant and/or reaction products can
readily be adsorbed (and presumably activated) or the products can readily be desorbed

(preventing its further transformations).

2. EXPERIMENTAL

Tin oxide supported on alumina sample was prepared by two methods: impregnation
and mechanical mixing. Pt(0.28%)/Al,03 was prepared by impregnation, and doping of
SnO, to Pt(0.28%)/Al,03 was done by mechanical mixing. The prepared materials
were fully characterized in order to obtain maximum amount of relevant information
concerning their surface composition and catalytic activity. The physico-chemical
characteristics of the catalysts were studied by BET, ICP, XRD, XPS methods. Acidic
properties of the catalysts were studied using the adsorption of probe molecules (CO, Py
and NH3) by means of two appropriate methods: FTIR spectroscopy and adsorption
microcalorimetry. Microcalorimetric CO chemisorption at 303 K was applied to
determine the Pt dispersion on the surface as well. Temperature programmed reduction
(TPR) method was used for studying of the reducibility and stability of catalyst under
reduction atmosphere. The electrical conductivity (G) and capacity (C) measurements
were performed "in situ" under inert atmosphere and under cyclopropane-helium
mixture (1:20 ratio) in the temperature range of 293- 623 K in order to obtain
information on the adsorption ability of the surface layer and the mobility of surface
dipoles and to have better understanding on the mechanism of cyclopropane
isomerization.

The surface active sites (hydroxyl groups, anion sites and surface cations)
formed during pretreatment procedure (oxidation or reduction) were investigated by
FTIR CO adsorption spectroscopic technique at room temperature (RT); these sites
could directly be involved in adsorption and/ or in oxidation of hazardous carbon
monoxide to less hazardous carbon dioxide through carbonate and bicarbonate

intermediates.
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Propylene oxidation was selected as a model reaction to obtain primary relevant
information about the surface behaviour and activity of the catalysts under real
operation conditions, i.e. under atmospheric pressure in propylene gas flow and in
presence of oxygen. The aim of the primary study was to check the catalyst samples for
selective oxidation of propylene to acrolein using of a mixture (CsHs : air) equal to
1:10. The activity of samples containing platinum were also tested for total oxidation of
propylene (main products water and CO,) using of a mixture (CsHg : air, 1:22).

Cyclopropane isomerization was chosen as a test reaction, since it could help to
establish the correlations between the catalytic activity and the nature of the active sites
formed / modified during the different activation (oxidation, reduction) procedures of
the supported catalysts, or generated in presence of platinum. The isomerization of
cyclopropane to propylene was studied at 473 K and 523 K in a static reactor attached
to a glass gas-circulation system with manual sampling of gas doses for GC analysis.

The mechanism of cyclopropane isomerization was studied.

3. NEW SCIENTIFIC RESULTS

The catalytic activity of supported catalysts stems from interactions between the
physical, chemical and electrical properties of supported tin or/ and platinum oxide and
support. The obtained results is of particular importance for possible application of
catalysts in cyclopropane isomerization and in the environmental catalysis, e.g. for
carbon monoxide and hydrocarbon oxidation. Main conclusions of investigation are
summarized below for the newly prepared SnO,(2.94%)-Pt(0.28%)/Al,03 catalysts and,
Sn02(2.83%)/A1,03, Sn0y(3.10%)/Al,03, Pt(0.28%)/Al,03, Al,O3, SnO, catalyst

samples were used for comparison purposes:

1) It was concluded that the deposition of SnO; or platinum oxide alone enhances
the number of the total acid sites (combining acid sites of support Al’* and
supported compounds Sn** and/or Pt™) and their strength on catalyst surface.
However, the simultaneous presence of platinum and tin oxides decreases the
strength of stronger acid sites possibly due to the electron transfer from tin to
platinum. This effect can be explained by Sn-Pt electronic interaction: SnO,,
known as n-type semiconductor, can change the electronic density in the bulk by

transmitting electrons to the PtO (p-type semiconductor) and Al,O3; (weak n-
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2)

3)

4)

5)

type semiconductor), and thus decreases the acidic strength of some of the
corresponding Lewis sites. Microcalorimetric study of CO adsorption showed
that platinum ions are better dispersed on the surface of Sn0,(2.94%)-
Pt(0.28%)/Al,05 than for Pt(0.28%)/Al,05 catalyst sample. A higher dispersion
of Pt in Sn0,(2.94%)-Pt(0.28%)/Al,03 is probably the result of the dilution of

platinum particles into smaller ensembles in presence of tin element.

It was stated that Sn-Pt interaction supports of alloy formation under reduction
condition. The alloy formation between noble metal and reducible tin oxide was
detected at 763 K on the the surface of Sn0,(2.94%)-Pt(0.28%)/Al,0; catalyst
under hydrogen atmosphere. Pt-Sn alloy inhibits the chemisorption of

hydrogen, cyclopropane on platinum.

It can be concluded that the alumina support influences the electrical properties
of the supported components, namely the samples had conductivity values (0.3-
10.5 nS) similar to that of support (0.4-13.8 nS). The samples exhibit an
insulator like behavior around room temperature and with increasing the
temperature those act as semiconductors. The propylene formation (as the
product of cyclopropane isomerization) was detected at ~ 473 K. Around this
temperature the bulk proton movement occurs by Grotthuss mechanism. It can
be supposed that these mobile protons could be involved in adsorption of
cyclopropane species on the catalytic surface with formation of C;H;"

carbocations as intermediate species during the isomerization reaction.

It was observed that the addition of small amount of platinum to transition metal
catalysts synergistically increases the CO oxidation to CO, Moderately higher
number of carbonate and bicarbonate species was observed on Sn0,(2.94%)-
Pt(0.28%)/Al,05 catalyst sample than on Pt(0.28%)/Al,03 sample probably due

to higher dispersion of platinum on the surface.

It was concluded that the studied catalysts were not active in selective oxidation
(propylene : air ratio mixture 1:10) since CO, (CO) and water were formed as a
main products. Platinum containing catalysts showed good catalytic activity for

total propylene oxidation (conversion of 95-100% at 673 K). Sn0,(2.94%)-
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6)

7)

8)

9)

Pt(0.28%)/A1,05; sample showed the highest selectivity (99.9%) for CO,
formation under oxidation conditions. The presence of Pt facilitates the
dissociative propylene adsorption and mobility of the surface lattice oxygen, as

consequence it increases the rate of oxidation reaction.

In agreement with electrical conductivity results it was concluded that the c-
C;Hg isomerization proceeds probably over Bronsted acid sites (via formation of
Cs;H;" intermediate) of oxidized samples. Since Lewis acidity was detected on
the samples studied the possible involvement of the Lewis acid sites (via
formation of C3Hs" intermediate) in cyclopropane isomerization could also be
considered. Cyclopropane isomerization started at around 473 K and the
increase of the reaction temperature (523 K) increased the reaction rate. The
temperature increase up to 473 K for isomerization increased the proton
mobility, i.e., the surface/bulk proton or hydride movement and thus reduced the
strong adsorption of hydrocarbon species. The oxidized samples showed the
following catalytic activity sequence for c-C3Hg isomerization at 523K:

Sn02(2.94%)-Pt(0.28%)/ Al,O3>Pt(0.28 %)/ Al,03> Al,O3 > Sn0,(2.83%)/A1,05.

It was observed that only the Pt(0.28%)/Al,03 exhibited high catalytic activity
(k= 6.8:10° mol-g"-s) and selectivity (nearly 100% of reacted cyclopropane
was transformed to propylene) from reduced catalysts where isomerization

probably takes place via the formation of the allyl radical intermediates.

It was concluded from cyclopropane isomerization studies that tin exists in
different forms in Sn0,(2.94%)-Pt(0.28%)/Al1,03, depending on the
pretreatment conditions of the catalyst (i) in an oxidized form, Sn** (Sn0Oy,),
resulting in a promoting effect; (i) in reduced form, tin resulting poisoning
effect “ligand-effect” due to blocking of the sites responsible for cyclopropane

isomerization by formation an alloy.

SnO,-Pt/Al,03 was recommended as a catalyst for total oxidation of lower
hydrocarbons (C;-Cs) and also for environmental purposes (CO elimination). As
an outcome the catalyst system has been scaled up at industrial level at

ROMPETROL, VEGA Refinery, Romania.

103



Doktori (PhD) Ertekezés Tézisei

Szén-monoxid és polipropilén kornyezetvédelmi szempontbdl javitott oxidacidjara,
valamint ciklopropan izomerizaciojara hasznalt SnO,-Pt/Al,O; katalizator

feliiletkémiai vizsgalata

1. BEVEZETES

A katalizatorok jobb hatékonysdga és a csokkentett kdros anyag (példaul CO,
szénhidrogén) kibocsdtds miatt a szénhidrogének katalitikus oxidédcigjat az utdbbi
években kiilonos figyelem kiséri. A katalitikus égetOrendszer a nyilt langos €gdénél
kisebb homérsékleten mukodik, és a kisebb homérséklet egytttal csokkentett CO- és
NOx kibocsatassal jar. A félvezetd oxidok (SnO,, V,0s) oxidéalé aktivitdsa kozismert, és
ezek az izomerizécid, valamint a C;-C3 szénhidrogének teljes vagy szelektiv oxiddldsa
€s a sz€n-monoxid szén-dioxiddd val6 oxidaldsa lehetséges katalizdtorainak tekinthetdk.
A tiszta félvezeté katalizdtorok alkalmazasat kis (10-20 m?/g) fajlagos feliiletiik és rossz
termikus stabilitdsuk korldtozza. A fajlagos feliilet az aktiv komponensek nagyobb
(100-400 mz/g) fajlagos feliiletl hordozéra (Al,Os TiO,, Si0;) vald felvitelével
novelhetd. Az 6n (IV) oxid enyhén oxiddlé katalizdtor, de katalitikus tulajdonsdgai
jelentds mértékben modosithatdk, ha impregnaléssal, egyiittes hidrolizissel, ioncserével
vagy mechanikus keveréssel egyéb elemeket (nemesfémeket, antimont) épitiink be a
szerkezetbe. A hordozéra felvitt félvezetd oxidok és kiillonosen azok, amelyek platina
adalékot tartalmaznak jobb katalitikus tulajdonsdguak, mivel a szénhidrogének vagy a
CO oxiddlasanak legaktivabb katalizdtorai a nemesfémek. Az elkészitett anyagot a
katalitikus aktivitds elérése érdekében rendszerint kalcindlni kell.

A néhany oxidot tartalmazd szildrd mintdk fizikai-kémiai tulajdonsdgai és
katalitikus  aktivitisa nagymértékben kiilonbozik a csak Osszetett oxidok
tulajdonsagaitél. Ez annak tulajdonithatd, hogy a ,kevert oxidok™ aktivitdsa kiilonféle
kolcsonhatdsok eredménye lehet. A kiilonb6z6 fémoxidokat tartalmazé mintdk esetén
figyelembe kell venni az elektron hatdsokat is. A katalizatorok elektron elmélete szerint
a reakciok sebessége és aktivdldsi energidja a katalizator Fermi szintjétol fiigg, igy
varhatd, hogy a fémoxidok vagy fémek és a hordozé kozotti elektron kolcsonhatdsok
modosithatjdk a katalizdtor Fermi szintjét. Ezért ez a kolcsonhatds befolydsolhatja a

minta katalitikus aktivitasat.
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A katalizatorok sav-bazis tulajdonsdgai a reagensek aktivédldsa szempontjabol
szintén fontosak. A katalizdtor er0s vagy gyenge Lewis sav vagy bdazis helyei
hatdrozzdk meg a reagensek és a katalizator aktiv helyei kozotti kolcsonhatdsok
erOsségét és az oxidaciés, izomerizacids reakcidtermékek kolcsonhatdsait a szilard
anyag feliiletével, ami viszont meghatarozza, hogy a reagens €s/vagy a reakcidtermékek
konnyen adszorbedlddnak (€s valdszinlileg aktivdlédnak) vagy a termékek konnyen

deszorbedlédnak (megakaddlyozva a tovabbi atalakuldsokat).

2. KISERLETI RESZ

A korund hordozéra felvitt 6n-oxid mintat kétféle modszerrel, impregnalassal és
mechanikus keveréssel allitottuk el6. A Pt(0.28%)/Al,03 impregnaldssal késziilt, és a
Pt(0.28%)/Al,05-hoz az SnO,-t mechanikus keveréssel adtuk hozza. Az elkészitett
anyagokat a feliileti Osszetételre és Kkatalitikus aktivitdsra vonatkozé maximélis
mennyiségll relevans informécié 6sszegylijtése érdekében részletesen megvizsgéltuk. A
katalizatorok fizikai-kémiai tulajdonsiagait BET, ICP, XRD, XPS mddszerekkel
vizsgaltuk. A katalizadtorok savas tulajdonsédgait tesztmolekuldk (CO, Py és NHj)
adszorpcidjanak felhaszndldsdval két alkalmas mddszerrel, FTIR spektroszképidval és
adszorpcids mikrokalorimetridval vizsgaltuk. A feliilet Pt-eloszldsanak meghatdarozaséara
is a CO 303 K homérsékletti mikrokalorimetrids kemiszorpcidjat alkalmaztuk. A
katalizator redukélhatosagat és stabilitdsat programozott hdmérsékletii redukciés (TPR)
mddszerrel redukdlé atmoszféraban tanulmédnyoztuk. A feliileti réteg adszorpcids
képességével és a feliileti dipolusok mozgékonysdgdval kapcsolatos informécid
Osszegyljtése, valamint a ciklopropan izomerizécié mechanizmusinak jobb megértése
érdekében ,,in situ” mértiik az elektromos vezetOképességet (G) és kapacitast (C) inert
atmoszféraban ciklopropdn — hélium 1:20 ardnyud elegye alatt méretiik 293 — 623 K
kozotti hdmérsékleten.

Az elOkezelés (oxidacidé vagy redukcid) alatt képzodott feliileti aktiv helyeket
(hidroxil csoportokat, anionos helyeket és feliileti kationokat) CO-adszorpciés FTIR
modszerrel vizsgéltuk szobahdmérsékleten; ezek a helyek kozvetleniil részt vehetnek az
adszorpcidban és/vagy karbondt vagy bikarbondt intermediereken keresztiil a veszélyes

szén-monoxid kevésbé veszélyes szén-dioxidda oxidaldsdban.
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A propilén oxidéciot vélasztottuk modellreakcionak ahhoz, hogy a katalizator
nyomdson propilén gdzdramban és oxigén jelenlétében elsddleges és relevans
informdciot szerezziink. Az eldvizsgélat célja a katalizator mintdk ellendrzése a propilén
akroleinné val6 szelektiv oxidécidja kdzben, 1:10 aranyu (Cs;Hg : levegd) eleggyel. 1 :
22 ardnyud (CsHe : levegd) eleggyel vizsgaltuk a platindt tartalmazé mintdknak a
propilén teljes oxidacidja (a fo termék viz és szén-dioxid) kozben mutatott aktivitasat is.

A ciklopropan izomerizacidjat vélasztottuk tesztreakcionak, mert ez segitheti a
katalitikus aktivitds és a kiillonbozo aktivalasok (oxidacid, redukcié) soran
képzddd/modositott  aktiv helyek fajtdja kozotti korrelacid meghatdrozasat. A
ciklopropan propilénné val6 izomerizacidjat 473 és 523 K homérsékleten, szakaszos
reaktorban vizsgaltok. A reaktorhoz {iveg gazkeringetd rendszer kapcsolddott, amelybdl
kézi moddszerrel vettiink mintdkat a GC elemzéshez. Tanulmdnyoztuk a ciklopropan

izomerizacidjanak mechanizmusat.

3. UJ TUDOMANYOS EREDMENYEK

A hordozéra felvitt katalizdtorok katalitikus aktivitdsa a hordoz6 és a hordozéra
felvitt 6n- vagy/és platina-oxid fizikai, kémiai és elektronos tulajdonsigai kozotti
kolcsonhatdsokbdl ered. A kapott eredmények kiilondsen fontosak a katalizator
ciklopropdn izomerizicidra és kornyezetvédelmi katalizisre, példaul szén-monoxid és
szénhidrogének oxidécidjara vald lehetséges felhasznéldsa szempontjabol. Az djonnan
készitett SnO,(2.94%)-Pt(0.28%)/Al,05 katalizatorral kapott vizsgalati eredmények f6
kovetkeztetéseit az  aldbbiakban foglaljuk 0Ossze. Az  Sn0,(2.83%)/Al,0s3,
Sn0,(3.10%)/A1,05, Pt(0.28%)/A1,03, Al,O3;, SnO, Kkatalizdtor mintdkat az

0sszehasonlitds céljara hasznéltuk:

1) Megallapitottuk, hogy 6nmagédban az SnO, vagy platina-oxid felvitele fokozza
az Osszes savas helyek szdmét (Osszeadédnak a hordozé AP és a felvitt
vegyiiletek Sn** &s/vagy Pt™ helyek) és erdsségiiket a katalizdtor feliiletén.
Ugyanakkor a platina- és 6n-oxidok egyiittes jelenléte csokkenti az erdsebb
savas helyek er0sségét, valdszinlileg az O6nbol a platindba végbemend
elektrondtadas kovetkeztében. Ez a hatds az Sn-Pt elektron kolcsonhatdssal

magyardzhat6: az n tipusu félvezetOként ismert SnO, a szilard anyagban meg
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tudja véltoztatni az elektronsiirliséget azaltal, hogy elektronokat ad at a PtO (p
tipusu félvezetd) és az Al,O3 (gyenge n tipusu félvezetd) szamadra, igy csokkenti
a megfeleld Lewis helyek koziil néhanynak a savas erdsségét. A CO adszorpcid
mikrokalorimetrids vizsgédlata azt mutatta, hogy a platina ionok az Sn0,(2.94%)-
Pt(0.28%)/Al1,0; feliiletén jobban eloszlanak, mint a Pt(0.28%)/Al,03
katalizdtor mintan. A platina Sn0,(2.94%)-Pt(0.28%)/A1,05 katalizatoron val6
jobb eloszldsa valészintileg a platina részecskék on jelenlétében végbemend,

kisebb csoportokka valé feloldédasa.

Megéllapitottuk, hogy az Sn-Pt kolcsonhatds redukdld koriilmények kozott az
otvozetképzodésnek kedvez. A nemesfém és a redukdlhaté on-oxid kozotti
otvozetképzodést 763 K homérsékleten észleltiikk hidrogén atmoszféraban az
Sn0,(2.94%)-Pt(0.28%)/A1,05 katalizator feliilletén. A  Pt-Sn  oOtvozet

megakadalyozza a hidrogén €s ciklopropin kemiszorpcidjat platinan.

Arra kovetkeztethetiink, hogy a korund hordozé befolydsolja a ravitt
komponensek elektromos tulajdonsdgait, nevezetesen a mintdk vezetoképessége
(0.4-13.8 nS) hasonl6é volt a hordozé vezetoképességéhez (0.3-10.5 nS). A
mintdk szobahdmérsékleten elektromosan szigetelOként viselkednek, novekvo
homérsékleten pedig félvezetd tulajdonsdgokat mutatnak. A propilén képzdodését
(a ciklopropén izomerizacidjanak termékét) ~ 473 K homérsékleten mutattuk ki.
Ezen a homérsékleten a proton mozgds a Grotthuss mechanizmust koveti.
Feltételezhetd, hogy ezek a mobil protonok az izomerizacids reakci6 alatt CsH;"
karbokationok képzddése mellett részt vehetnek a ciklopropannak a katalizator

feliiletén val6 adszorpciéjaban.

Megfigyeltiikk, hogy az atmeneti fém katalizatorokhoz adott kis mennyiségii
platina szinergikusan fokozza a szén-monoxid szén-dioxiddd val6 oxidéacidjat.
Az Sn0;,(2.94%)-Pt(0.28%)/A1,05 katalizdtor mintdkon valamelyest nagyobb
mennyiségli  karbondt- és bikarbonat vegyiiletet észleltink, mint a
Pt(0.28%)/A1,03 mintdn, valésziniileg a platindnak a feliileten valé nagyobb

diszperziéja miatt.
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Arra a kovetkeztetésre jutottunk, hogy a vizsgdlt katalizatorok a szelektiv
oxidaciora (propilén : levegd 1 : 10 ardnyu elegye) nem aktivak, mivel {6
termékként CO, (CO) és viz képzodott. A platina tartalmu katalizator a teljes
propilén oxidacidra j6 katalitikus aktivitast mutatott (95-100% konverzié 673 K
homérsékleten). Oxiddlé koriilmények kozott a CO, képzddésre az
Sn0,(2.94%)-Pt(0.28%)/A1,0; minta mutatta a legnagyobb (99.9%)
szelektivitist. A platina jelenléte megkonnyiti a disszociativ propilén
adszorpciét és fokozza a felilleti racs oxigének mozgékonysiagat, aminek

kovetkezménye az oxidacids reakciod sebességének novekedése.

Az  elektromos  vezetdképességi  eredményekkel  Osszhangban  arra
kovetkeztettiink, hogy a c¢-C3Hg izomerizacié valdésziniileg az oxidalt mintak
Bronsted sav helyein halad elére (C3H;" intermedier képz6désén keresztiil).
Mivel a vizsgélt mintdkon Lewis savassdgot detektaltunk, a Lewis savas helyek
lehetséges részvételét (CsHs' intermedier képzddésén keresztiil) a ciklopropan
izomerizacidjaban szintén figyelembe lehet venni. A ciklopropan izomerizacid
koriilbeliil 473 K hOmérsékleten indult meg és a reakciohOmérséklet emelése
(523 K) novelte a reakcidsebességet. 473 K értékig a homérséklet ndvelése az
izomerizacid esetében novelte a protonok mozgékonysagat, vagyis a feliilet és az
anyag belseje kozotti proton vagy hidrid mozgést, igy csokkentette a
szénhidrogén vegyiiletek erds adszorpcidjat. Az oxiddlt mintdk 523 K
homérsékleten a c-CsHg izomerizdcidjara a kovetkezO katalitikus aktivitasi
sorrendet mutattdk:

Sn02(2.94%)-Pt(0.28%)/ Al,03>Pt(0.28 %)/ Al,03>A1,03 > Sn0,(2.83%)/Al,053.

Megfigyeltikk, hogy a redukalt katalizdtorok koziil csak a Pt(0.28%)/Al,0s3
mutatott nagy katalitikus aktivitast (k= 6.8-107 mol-g'l-s'l) és szelektivitast (a
reagalt ciklopropannak csaknem 100%-a propilénné alakult); itt az izomerizacid

valészintileg allil gyok intermedierek képzddésén keresztiil megy végbe.

A ciklopropédn izomerizicidjanak vizsgdlatibol arra a kovetkeztetésre jutottunk,
hogy az Sn0,(2.94%)-Pt(0.28%)/Al,03 rendszerben az 6n a katalizator
el0kezelési koriilményeitdl fiiggden kiillonbozd formdkban fordul eld: (i)

oxidélt, Sn** (SnO,) formaban, ami a folyamatot eldsegitd hatdsu, valamint (i)
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redukalt formdban, fém 6n form4jdban, ami az 6tvozetképzddés révén mérgezd
hatast, ,ligandum hatast” fejt ki azdltal, hogy blokkolja a ciklopropan

izomerizacidért felelds helyeket.

Az Sn0O,-Pt/Al,0; a kisebb rendszdmu (C;-C;) szénhidrogének teljes
oxidacidjdra, valamint kornyezeti célokra (CO eliminéldsdra) ajanlott. A kutatas
hozadéka, hogy a katalizator rendszer ipari szintli bevezetése folyamatban van a

ROMPETROL Vega Finomit6jaban, Romanidban.
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