
https://doi.org/10.6100/IR418285
https://doi.org/10.6100/IR418285
https://research.tue.nl/en/publications/7e267cd6-8ea1-425b-a6dd-f21a8d9c120d


Platinum Catalysis 
with Oxygen 
in Water 
Catalyst characterization 
and kinetics of 
partial ethanol oxidation 

J.A.A. van den Tillaart 



Platinum Catalysis 
with Oxygen in Water 

Catalyst characterization and 
kinetics of partial ethanol oxidation 

Proefschrift 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven, op gezag van 

de Rector Magnificus, prof. dr. J.H. van Lint, 
voor een commissie aangewezen door het College 

van Dekanen in het openbaar te verdedigen op 

maandag 4 juli 1994 om 16.00 uur 

door 

Johan Albert Arno van den Tillaart 

geboren te Eindhoven 

druk: w1bro dissortatiodrukkonJ, holmond. 



Dit proefschrift is goedgekeurd door de promotoren: 

prof.dr.ir. G.B.M.M. Marin 

prof.dr.ir. D.C. Koningsberger 

copromoter: 

dr.ir. B.F.M. Kuster 



Summary 3 

jSUMMARY 

The partial oxidation of ethanol to ethanal and ethanoate over a well-defined platinum 

on graphite catalyst with oxygen in water was investigated as a model system for the 

oxidation of more complex molecules. 

The catalyst preparation by a competitive cation exchange of platinumtetramine and 

ammonium ions on an activated graphite support, yielded a platinum on graphite 

catalyst with a metal loading of 3.5 to 4.9 wt"/o and a fraction of exposed platinum 

atoms, FE, from 0.66 up to 0.88. 

Heating the catalyst to temperatures below 673 K at reducing conditions hardly 

influences the platinum particle size. The same holds for calcination at temperatures up 

to 600 K. Calcination at higher temperatures results in a growth of the particles. This 

growth is attributed to the mobility of platinum oxide at temperatures close to the 

melting point of723 K. 

The fraction of exposed platinum atoms could be varied systematically by calcination. 

Platinum particle sizes between I. 5 and 5. 9 nm corresponding to fractions of exposed 

platinum atoms between 0.22 and 0.88 were obtained. 

As oxygen is thought to play an important role in the deactivation of platinum catalysts 

during oxidation reactions, the oxidation and reduction of the platinum on graphite 

catalyst was investigated in various media with in-situ X-ray Absorption Spectroscopy. 

Extended X-ray Absorption Fine Structure analysis and white-line surface areas from 

XAS measurements showed that exposure to ambient air of small reduced platinum 

particles leads to a strong corrosive oxidation resulting in a particle consisting of a 

shell ofPt02 and a core of metallic platinum. 

Such an oxidized particle can be reduced easily by reduction at ambient temperatures 

in hydrogen gas or at 363 K in hydrogen saturated water or hydrogen saturated 

aqueous solutions. Contacting of the catalyst with hydrogen saturated water or a 

hydrogen saturated 0.1 M HCl04 solution at 363 K for 20 hours lead to a small but 

significant growth of the platinum particles. This growth is equivalent to a change in 

the fraction of exposed platinum atoms from 0.75 to 0.69. Contacting with a hydrogen 

saturated 0.1 M NaOH solution at 363 K for 20 hours lead to a large growth of the 

platinum particles equivalent to a change in the fraction of exposed platinum atoms 

from 0.75 to 0.47. 

Contacting of a reduced catalyst with oxygen saturated distilled water at 323 K for 20 

hours did not lead not to a significant oxidation of the platinum particles. The observed 



4 Summary 

Pt-0 contribution can be attributed to most probably an adsorbed hydroxide species. 

The Pt-C distance of the metal-support interaction was lowered from 2.6 w-10 m to 

approximately 2.2 w-10 mas a result ofthe oxidation of the hydrogen present in the 

metal-support interface after reduction. 

Contacting of a reduced catalyst with an oxygen saturated 0.1 M HCI04 or NaOH 

solution at 323 K for 20 hours did lead to a significant oxidation of the platinum 

particles. The structure of the particles is however not as disturbed as after contacting 

with ambient air. The presence of ions seems to enhance greatly the susceptibility of 

the platinum particle to oxidation. Also alkaline conditions seem to favor the oxidation 

of platinum more than acidic conditions. 

Adsorption of ethanol on small reduced platinum particles leads to a significant change 

in the EXAFS signal. This change can be attributed qualitatively to the contribution of 

an extra shell of a light element at a distance close to the distance of the metal-support 

interaction ofPt-C at 2.6 w-10 m. 

The kinetic investigation of the platinum catalyzed oxidation of ethanol to ethanal and 

ethanoate with oxygen dissolved in water was performed in a three-phase· continuous 

stirred tank reactor. In this investigation the reaction temperature was varied from 293 

to 344 K, the concentration ethanol was varied from 38 to 762 mol m-3, the partial 

oxygen pressure from 8 to 96 kPa, the pH from 7 to 10, and the ethanal and ethanoate 

concentration from 5 to 50 mol m-3. 

The oxidation proceeds by a reaction sequence in which ethanal and ethanoate are 

formed successively. No effect ofthe pH on the disappearance rate of ethanol could be 

observed as could be expected from the low acidity of ethanol. 

Regression analysis of the intrinsic kinetic data showed that the reaction kinetics of the 

platinum catalyzed oxidation of ethanol to ethanal in water can be described adequately 

over the experimental range of reaction conditions by the following relatively simple 

rate equation: 

This equation is based on an irreversible dissociative adsorption of oxygen and a 

equilibrated reversible dissociative adsorption of ethanol on the same type of sites. 
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These steps are foUowed by an irreversible surface reaction between these two ad

sorbed species in a so-called dual-site mechanism: 

a 

(1) 02 +2* -+ 20* 1 

(2) CH3CH20H + 2* # CH3CH20* + H* 2 

(3) CH3CH20* + 0* -+ CH3CHO + OH* + * 2 

(4) H*+OH* -+ H20+2* 2 

2CH3CH20H + 02 -+ CH3CHO+H20 

The dissociative adsorption of ethanol proceeds by abstraction of the hydroxyl hydro

gen. The kinetic analysis itselfhowever cannot distinguish between abstraction of the 

a-carbon hydrogen or the hydroxyl hydrogen due to the ambiguity of the steady state 

kinetics. The kinetic analysis shows that the adsorption of ethanol is not rate-determin

ing, however, and from literature it is known that the rate-determining step involves 

breaking the a-carbon hydrogen bond. 

The surface coverages calculated at typical reaction conditions, i.e. a temperature of 

324 K, an ethanol concentration of 500 mol m-3 and an oxygen partial pressure of 50 

kPa, amount to 0.25 for oxygen, 0.11 for both ethanol and hydrogen, and 0.52 for the 

free surface sites. 

An assessment of the estimates of the kinetic parameters reveals that some of the steps 

in the reaction sequences are not true elementary reaction steps but are probably con

sisting of a reaction step preceded by an equilibrium reaction. 

The absence of catalyst deactivation during most of the ethanol oxidation experiments 

results from the absence of poisoning or sequestering side products and from the rela

tively low fractional surface coverage of oxygen, typically 0.25, which prevents over

oxidation of the platinum surface and formation of ionic platinum. This low oxygen 

coverage is a result of the relative high rate coefficient of the surface reaction and the 

coverage with hydrogen atoms. The small deactivation of the platinum on graphite 

catalyst observed during an aqueous ethanol oxidation experiment of one week can at 

least partially be attributed according to the EXAFS analysis to a small but significant 

growth of the platinum particles. 

The effect of the platinum particle size on the oxidation rate of ethanol was investi

gated by using a series of catalysts with a particle size ranging from 1.46 to 3.22 mn, 

equivalent to a FE ranging from 0.88 to 0.40. EXAFS measurements verified that 

reduced platinum particles as small as 1.48 nm retained the fcc structure on a graphite 

support and that such small particles could be reduced completely in water. 
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The particle size effect experiments were performed at a temperature of 303 K, a 

concentration ethanol of 260 mol m-3, a partial oxygen pressure 60 kPa, a pH of 9, 

and an ethanal and· ethanoate concentration of 20 mol m-3. At these conditions the 

oxidation of ethanol with dioxygen over a well-reduced platinum on graphite catalyst 

showed a clear particle size effect on the turnover frequency but only for particle sizes 

smaller than 2 nm. Hence, the reaction shows a limited structure sensitivity. This 

indicates that the oxidation of ethanol on platinum does not need active sites consisting 

of special surface atoms or ensembles of surface atoms. Most probably only a few sur

face atoms are needed for this reaction. The particle size effect can be explained by the 

increased strength of the oxygen platinum bond with decreasing particle size, which is 

involved in some way in the rate-determining step. Probably the stronger bonded 

oxygen is less capable of abstracting a hydrogen atom from the adsorbed ethanol 

species thereby decreasing the rate of reaction. 
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jSAMENV ATTING 

De partiele oxydatie van ethanol tot ethanal en ethanoaat over een goed 

gekarakteriseerde platina op grafiet katalysator met zuurstof in water is onderzocht als 

een modelsysteem voor de oxydatie van meer complexe moleculen. 

De katalysator bereiding met behulp van een competitatieve kationwisseling tussen 

platinatetramine en ammonium ionen op een geactiveerde grafiet drager, gaf een 

platina op grafiet katalysator met een metaal belading van 3.5 tot 4.9 m% en een 

:fractie blootgestelde platina atomen, FE, van 0.66 tot 0.88. 

Verwannen van deze katalysator tot temperaturen lager dan 673 K onder reducerende 

condities beinvloedt de platina deeltjesgrootte nauwelijks. Hetzelfde geldt voor 

calcineren op temperaturen tot 600 K. Calcineren op hogere temperaturen geeft een 

duidelijke groei van de deeltjes. Deze groei wordt toegeschreven aan de mobiliteit van 

platinaoxyde op temperaturen dicht bij bet smeltpunt van 723 K. 

De :fractie blootgestelde platina atomen kon systematisch worden gevarieerd door de 

katalysator te calcineren. Platina deeltjesgroottes tussen 1. 5 en 5. 9 run, 

overeenkomend met een fractie blootgestelde platina atomen van 0.88 tot 0.22, werden 

op deze wijze verkregen. 

Omdat zuurstof gedacht wordt een belangrijke rol te spelen in de desactivering van 

platina katalysatoren gedurende oxydatie reacties, werd de oxydatie en reductie van de 

platina katalysator onderzocht in verschillende milieus met behulp van in-situ rontgen 

absorptie spectroscopie. 

Analyse van de "X-ray Absorption Fine Structure" en oppervlakten van de "white

line" tonen dat blootstelling van kleine gereduceerde platina deeltjes aan de buitenlucht 

leidt tot een sterk corrosieve oxydatie resulterend in een deeltje dat bestaat uit een schil 

van Pt02 en een kern van metallisch platina. 

Een dusdanig geoxydeerd deeltje kan eenvoudig gereduceerd worden door reductie 

met waterstof gas op kamertemperatuur of met op 363 K met waterstof verzadigd 

water of waterige oplossing. Het in contact brengen van katalysator met waterstof 

verzadigd water of een met waterstof verzadigde 0.1 M HCI04 oplossing op 363 K 

gedurende 20 uren resulteerde in een kleine maar significante groei van de platina 

deeltjes. Deze groei komt overeen met een verandering in de fractie blootgestelde 

platina atomen van 0.75 naar 0.69. Het in contact brengen met een met waterstof 

verzadigde 0.1 M NaOH oplossing op 363 K gedurende 20 uren resulteerde in een 
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sterke groei van de platina deeltjes overeenkomend met een verandering in de fractie 

blootgestelde platina atomen van 0. 75 naar 0.47. 

Het in contact brengen van een gereduceerde katalysator met zuurstof verzadigd 

gedestilleerd water op 323 K gedurende 20 uren resulteerde niet in een significante 

oxydatie van de platina deeltjes. De geobserveerde Pt-0 bijdrage kan bet meest 

waarschijnlijk worden toegeschreven aan een geadsorbeerd bydroxyde species. De Pt

e afstand van de metaal-drager interactie was verlaagd van 2.6 10-10 m tot ongeveer 

2.2 1 o-1 0 m. Deze verandering wordt toegeschreven aan de oxydatie van het waterstof 

dat aanwezig is na reductie in bet grensvlak tussen bet metaal en de drager. 

Het in contact brengen van een gereduceerde katalysator met een met zuurstof 

verzadigde 0.1 M HCI04 ofNaOH oplossing op 323 K gedurende 20 uren resulteerde 

wei in een significante oxydatie van de platina deeltjes. De structuur van de deeltjes 

was ecbter niet zo verstoord als na bet contact met de buitenlucbt. De aanwezigheid 

van ionen lijkt de gevoeligheid van de platina deeltjes voor oxydatie te versterken. 

Bovendien schijnen basische condities de oxydatie meer te versterken dan zure 

condities. 

Adsorptie van ethanol op kleine gereduceerde platina deeltjes leidt tot een significante 

verandering van bet EXAFS signaal. Deze verandering kan qualitatief worden 

toegeschreven aan de bijdrage van een extra omringingsschil van een Iicht element op 

een afstand dicbt bij die van de metaal-drager interactie van Pt-C op 2.6 1 o-1 0 m. 

Het kinetisch onderzoek van de platina gekatalyseerde oxydatie van ethanol tot ethanal 

en ethanoaat met zuurstof opgelost in water werd gedaan in een drie-fasen continue 

geroerde tank reactor. In dit onderzoek werd de reactietemperatuur gevarieerd van 

293 tot 344 K, de concentratie ethanol werd gevarieerd van 38 tot 762 mol m-3 ,de 

partiele zuurstof druk van 8 tot 96 k:Pa, de pH van 7 tot 10 en de ethanal en ethanoaat 

concentratie van 5 tot 50 mol m-3. 

De oxydatie loopt volgens een reeks reactiestappen waarin ethanal en ethanoaat 

succesievelijk gevormd worden. Er was geen effect van de pH op de verdwijnsnelheid 

van ethanol zichtbaar, zoals verwacbt kon worden van een zwak zuur als ethanol. 

Regressie analyse van de intrinsiek kinetische data toonde aan dat de reactiekinetiek 

van de platina gekatalyseerde oxydatie van ethanol in water adequaat beschreven kan 

worden binnen bet gebied van de experimentele reactiecondities met de volgende 

relatief simpele reactiesnelbeidsvergelijking: 
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oppervlak met waterstofatomen. De geobserveerde Iichte desactivering van de platina 

op grafiet katalysator gedurende een ethanoloxydatie experiment in water van een 

week kan volgens de EXAFS analyse minstens gedeeltelijk toegeschreven worden aan 

een kleine maar significante groei van de platina deeltjes. 

Het effect van de platina deeltjesgrootte op de oxydatiesnelheid van ethanol werd 

onderzocht door een serie katalysatoren te gebruiken met een deeltjesgrootte varim-end 

van 1.46 tot 3.22 run, overeenkomend met een fractie blootgestelde platina atomen van 

0.88 tot 0.40. EXAFS metingen toonden aan dat zelfs gereduceerde platina deeltjes zo 

klein als 1.48 nm de fcc structuur behielden, en dat dergelijke kleine deeltjes geheel 

gereduceerd konden worden in water. 

De metingen voor het effect van de deeltjesgrootte werden uitgevoerd op een 

temperatuur van 303 K, een ethanolconcentratie van 260 mol m-3, een 

zuurstofi>artiaaldruk van 60 kPa, een pH van 9 en een ethanal en ethanoaatconcentratie 

van 20 mol m-3. De oxydatie van ethanol met moleculaire zuurstof over een goed 

gereduceerde katalysator toonde onder deze condities aileen een duidelijk effect van de 

deeltjesgrootte op de "turnover frequency" voor deeltjes kleiner dan 2 nm. De reactie 

toont dus een gelimiteerde structuur afuankelijkheid. Dit is een indicatie dat de 

oxydatie van ethanol over platina geen actieve plaatsen nodig heeft die bestaan uit 

speciale atomen aan het oppervlak of ensembles van atomen aan het oppervlak. Er zijn 

waarschijnlijk slechts enkele atomen aan het oppervlak nodig voor deze • reactie. Het 

effect van de deeltjesgrootte kan worden verklaard door de toenemende sterkte van de 

zuurstof-platinabinding met afnemende deeltjesgrootte. Deze zuurstof-platina-binding 

is op de een of andere manier betrokken in de snelheidsbepalende stap. Waarschijnlijk 

is het sterker gebonden zuurstof minder in staat een waterstofatoom van het 

geadsorbeerde ethanol af te halen hetgeen leidt tot een lagere reactiesnelheid. 
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lt. INTRODUCTION 

There is a growing interest in obtaining valuable chemicals by selective oxidation from 

a relatively cheap and renewable feedstock such as carbohydrates. 

The catalytic oxidation of alcohols and aldehydes with oxygen over highly dispersed 

noble metal catalysts in aqueous media is a very useful and probably economical route 

to achieve a partial or even a selective oxidation. Several authors have reported re

cently on this topic. Gallezot et al. (1992) reported on the catalytic oxidation of aque

ous glyoxal to glyoxylic acid. Schuurman et al. (1992a, 1992b and I992c) studied the 

oxidation of methyl a-D-glucoside and Vinke et al. (1990) oxidized 5-hydroxymethyl

furfural. 

Deactivation of platinum catalysts during aqueous oxidation is a serious problem which 

is well documented. Dijkgraaf et al. ( 1988a and 1988b) observed catalyst deactivation 

during the oxidation of D-gluconate to D-glucarate. Mallat et al. (I 992) investigated 

the catalyst deactivation which occurred during the oxidation of 1-methoxy-2-pro

panol. Schuurman et al. ( I992c) studied the catalyst deactivation during the oxidation 

of methyl a-D-glucoside. All authors agree on the importance of the role of oxygen 

during deactivation. 

To obtain further insight into mechanism, kinetics and catalyst deactivation concerning 

these oxidation reactions this work reports on the oxidation of ethanol over a platinum 

on graphite catalyst as model system. 

The preparation and characterization of a highly dispersed platinum on graphite cata

lyst, to obtain finally a well-defined catalyst for the experiments described in this work, 

is discussed in chapter 2. 

Chapter 3 deals with the structural changes in the local platinum environment of the 

platinum particles after reduction and oxidation treatments in gaseous and aqueous 

media as viewed by in-situ X-ray Absorption Spectroscopy. 

The kinetics and mechanism of the oxidation of ethanol with oxygen over a platinum 

on graphite catalyst in water will be discussed, based on the regression analysis of in

trinsic kinetic data, in chapter 4. 

Chapter 5 deals with the effect of the platinum particle size on the reaction rate of the 

oxidation of ethanol. 
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2. CATALYST PREPARATION AND CHAR
ACTERIZATION 

2.1. Introduetion 

The platinum catalysts used in this work had to meet several physical and chemical 

criteria. 

The support needs to be resistant to strong acidic and basic aqueous solutions. Silica, 

Si02, and alumina, AI20J, which are often used as catalyst supports, were rejected as 

they are not resistant to such conditions. Activated carbon is often used as a catalyst 

support which is resistant to strong acidic and basic conditions. In the present study 

graphite was chosen as support in order to have a support which is better defined than 

activated carbon. Additional advantages of graphite as support are the good electrical 

conductivity, which enables electrochemical characterization and reduces charging 

problems with techniques like Scanning Transmission Electron Microscopy, STEM. 

and X-ray Photoelectron Spectroscopy, XPS, and the relative low X-ray and electron 

absorption coefficients which enhance the applicability of several characterization 

techniques like X-ray Absorption Spectroscopy, XAS, and STEM. 

XAS is in principle a bulk characterization technique. As XAS will be used to investi

gate oxidation/reduction of the platinum surface and chemisorption on the platinum 

surface, most of the platinum must be present at the surface rather than in the bulk to 

receive any useful information on the platinum surface. Therefore the platinum parti

cles must be smaller than 2 run, which is equivalent to say that the fraction of exposed 

platinum atoms, FE, must be at least 0.65. To receive a useful signal during experi

ments in an aqueous environment at ambient temperatures a platinum content of 3 wt0/0 

is required. 

The catalyst will also be used to measure reaction rates in a three-phase slurry reactor. 

These reaction rates must be free of any mass transfer limitation in order to obtain in

trinsic kinetic data. A well-defined catalyst powder size smaller than 20 J.UD is preferred 

for this type of experiments. 

2.2. Preparation 

A highly dispersed platinum on graphite catalyst was prepared following a method de

scribed by Richard and Gallezot (1987). 

High surface area graphite from Johnson Matthey (CH10213) was first activated by 

partial combustion of batches of 8 g in an air flow of 300 Nml min-1 at 773 K for 5 
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Catalyst reduction treatment reduction 

AO 2hr. H2 573 K - -
BO 2hr. H2 473 K - -
Bl " 4 hr. H?. 523 K -
B2 II 4 hr. H? 573 K -
B3 II 4hr. H, 673K -
co 2 hr. H? 473 K - -
DO 2hr. H2473 K - -
Dl II 2 hr. air 473 K 2 hr. H2 473 K 

D2 II 4 hr. air 523 K II 

D3 II 4 hr. air 573 K II 

D4 II 4 hr. air 673 K II 

D5 " 4 hr. air 723 K II 
. 

D6 II 4 hr. air 773 K II 

EO 3 hr. H? 573 K - -
Table 2.1 Reduction and sintering conditions for the catalyst samples re

ferred to in this work. 
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An overview of catalyst samples can be found in Table 2.1. Catalyst batches A and B 

were mainly used in preliminary experiments and XAS-measurements, see chapter 3. 

Catalyst batch C was used during the kinetic study, reported in chapter 4. Catalyst 

batch D was used in the experiments concerning the platinum particle size-effect, see 
chapter 5. Catalyst batch E was used in XAS-measurements, see chapter 3. 

2.4. Characterization 

2.4.1. Platinum content 

The platinum content of the catalyst was determined by 

UVMS spectrophotometry at 403 nm of a stable yellow 

Sn-Pt complex formed by platinum ions and SnCl2 in the 

presence of excess chlorine ions (Ayres and Meyer, 1951 

and 1955; Charlot, 196l).The platinum is released and dis

solved from the support by boiling the catalyst in aqua re-

catalyst 

batch 

A 

B 

c 
D 

E 

Pt content 

wt"/o 

4.9 

3.5 

4.5 

3.9 

4.0 

gia. Table :Z.l Platinum content 

The platinum contents of the different prepared catalysts of the catalyst batches. 

are given in Table 2.2. It is clear that the platinum content of these catalysts is often 

higher than the maximum of3.3 wt% reported by Richard and Gallezot (1987). This is 
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probably an effect of the differences in the graphite support used. The differences in 

platinum content between the different prepared catalysts cannot be explained. 

2.4.2. Platinum particle size distribution 

Scanning Transmission Electron Microscopy micrographs were obtained on a JEOL 

2000 CX microscope with an accelerating potential of200 kV at a microscope magni

fication of 5 I <f . The resolution of this microscope was better than 1 nm at the condi

tions used. The final magnification on the micrographs was 2 106
• 

The catalyst samples were ultrasonically dispersed in water, brought, suspended in 

water, onto coated copper grids and finally dried by exposure to air. Different types of 

grids were tried but only self prepared grids and perforated "lacey" grids supplied by 

Biorad gave good results. 

The platinum particle size distribution was obtained from the micrographs by using a 

computer equipped with a camera and image analysis software (TIM 3.35, TEA DIFA 

measuring systems). Sections of the micrograph were digitized and stored in the com

puter. Direct analysis of the particles on these digitized images was not possible be

cause of the non-uniform background due to the non-uniform thickness of the graphite 

support. Therefore a defocused digitized image of the same section was · subtracted 

from the original image. The defocused image contains only information on the aver

age gray level distribution and so the particles become visible as dark spots on a more 

uniform light background. After noise filtering and contrast enhancement, the particles 

which were clearly the same in shape and size on both the original micrograph and on 

the final computer image were selected. The software subsequently determined the sur

face area of these selected particles. The geometric platinum particle diameter, d, was 
defined as the diameter of a circle with the same surface area as the platinum particle. 

The surface area averaged platinum particle size, d,, was determined from the distri

bution according to Lemaitre et al. (1984): 

(2.1) 

where the summation goes over all considered size classes, i, with a diameter d; and a 

number, n;, of counted particles in that class. 

The sample standard deviation for the surface area averaged platinum particle size, s,, 

which contains information about the width of the distribution is then defined by: 







Catalyst preparation and characterization 

catalyst 

AO 

BO 1.48±0.05 0.31 182 0.87 

B2 1.61±0.09 0.34 53 0.80 

BJ 1.63±0.04 0.40 394 0.79 

co 0.42 222 0.66 

DO 530 0.88 0.54 

Dl 0.84 

D2 0.81 

DJ 0.70 0.56 

D4 2.20±0.07 0.61 277 0.59 0.51 

D5 3.22* 0.40 0.53 

D6 5.86±0.66 2.19 42 0.22 

EO 1.66±0.04 0.37 373 0.78 0.46 

Table 2.3 Summary of platinum particle size analysis of STEM micrographs giving 

the fraclion of exposed atoms, the surface area averaged particle size with 95% 

confidence limit, the standard deviation of the particle size distribution and the tolal 

number of counted particles (• = estimated from Figure 2.1). Also included are the 

results from CO chemisorption measurements (see text). 
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The CO pulse chemisorption measurement on catalyst sample AO was performed in a 

Quantachrome Quantasorb. Hydrogen was used as carrier gas. Before chemisorption 

the catalyst was reduced overnight with hydrogen at ambient temperature. The other 

CO pulse chemisorption experiments were performed on a modified Carlo Erba 

gaschromatograph equipped with a thermal conductivity detector. The catalyst was 

dried overnight at 323 K and 5 k:Pa. Before chemisorption the catalyst was reduced at 

3 73 K for one hour with hydrogen. Helium was used as carrier gas. 

The number of platinum surface atoms was determined from the amount of chemi

sorbed CO assuming a I: I stoichiometry (Scholten et al., 1985). The fraction of ex

posed platinum atoms, FE, could then be calculated as the ratio of the amount of ad

sorbed CO molecules to the total amount of platinum atoms in the sample. The relation 

between the fraction of exposed platinum atoms and the surface area averaged plati

num particle size is already given in Equation 2.4. 

The fraction exposed platinum atoms on catalyst sample AO amounted to 0.75. This is 

in good agreement with the FE of0.70 found by STEM micrograph analysis, see Table 

2.3. The other results of the pulse CO chemisorption measurements are not in good 
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3. 2. 4. EXAFS data analysis 

Data analysis was performed with software developed at the Laboratory of Inorganic 

Chemistry and Catalysis of the Eindhoven University of Technology (Vaarkamp, 1993) 

and follows mainly the procedure described by Sayers and Bunker (I 988). 

The pre-edge background was subtracted by using a Victoreen approximation. 

Glitches and jumps were removed by using a spline approximation through the neigh

boring data. The edge energy, E 0 , was taken as the position of the inflection point in 

the absorption edge. The energy scale, E, was transposed to the photoelectron wave 

number scale, k, according to: 

k = 8mxz (E-E) 
h2 0 

(3.3) 

in which m is the electron mass, h is Planck's constant and E is the photon energy. 

To isolate the EXAFS oscillations, the background absorption was subtracted using a 

flexible spline approximation, jl(k), and chi-data, x(k), were produced after 

normalization of the data by the edge jump, Af.1 : 

x(k) = JJ.(k)- il(k) 
AJ! 

(3.4) 

Replicate chi-data were averaged to yield the final chi-data and an estimate of the 

experimental error in the data: the standard deviation, s. 

A Fourier filter was used to isolate the shells of interest. The filter was applied on the 

k2 weighted final chi-data. For the reduced samples a k-range of3.1 1010 m-1 to 16 

1010 m-1 was used for the forward Fourier transformation. Such a Fourier 

transformation transposes the k-axis with a dimension of reciprocal meters to a R-axis 

with a dimension of meters. This R value is close to but not equal to the interatomic 

distance. AR-range of 1.3 10-10 m to 3.3 10-10 m was used for the backward 

transformation. For the oxidized samples a k-range of 2.8 1010 m-1 to 13 1010 m-1 

and aR-range of0.6 to-10m to 3.1 10-10 m was used. 

The Fourier filtered chi-data was finally used to estimate the adjustable parameters in 

the EXAFS model equation. Phase shift and amplitude functions were extracted from 

reference compounds according to Table 3.1. 






























































































































































