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Samenvatting 

Samenvatting 

De oxidatieve dehydrogenering van ethanol op platina met moleculaire zuurstof dient 

als model voor de oxidative dehydrogenering van primaire alcoholen en polyolen in water. 

Zowel het mechanisme van de oxidatieve dehydrogenering van alcohol en als de stabiliteit van 

de katalysator tijdens deze reactie behoeven een gedetaileerde studie. 

De interactie van ethanol mel het platinaoppervlak is bestudeerd waarbij platinafolie 

en "geplatineerd platina" werden gebruikt als modelkatalysator. De chemisorptiekinetiek van 

ethanol op platina werd bestudeerd met behulp van chronoamperometrie. De aard en de 

oppervlakteconcentratie van het gevormde chemisorbaat werd bepaald door de combinatie van 

chronoamperometrie en cyclische voltammetrie. 

De kinetiek van ethanoladsorptie op platina werd onderzocht voor ethanolconcentraties 

tussen 5 en 100 molm~3 in 0.1 M HC104 en 0.1 M NaOH bij een vaste potentiaal van 0.4 V 

versus de reversibele waterstofelektrode en temperaturen varierend van 278 K tot 298 K. 
Gekozen werd voor een potentiaal van 0.4 V omdat bij deze potentiaal het platinaoppervlak 

vrij is van zowel geadsorbeerd waterstof als geadsorbeerd zuurstof. Het is dus representatief 

voor de adsorptie van ethanol op een schoon oppervlak. 

De chemisorptiekinetiek in zuur en alkalisch milieu kan met hetzelfde mechanisme 

worden beschreven. De chemisorptie wordt voorafgegaan door fysisorptie en bestaat uit de 

abstractie van een waterstofatoom als snelheidsbepalende slap. In zuur milieu heeft het 

chemisorbaat Cz~02 als compositie. In alka!isch milieu leidt de chemisorptie van ethanol tot 

een mengsel van gechemisorbeerd CO en gechemisorbeerd CHOCOOH. 

De standaard activeringsenthalpie en -entropie van de snelheidsbepalende slap zijn 

lineair afhankelijk van de bedekkingsgraad van platina met het chemisorbaat. Bij een 

bedekkingsgraad gelijk aan nul bedraagl de activeringsentha!pie van dehydrogenering 30 : 

5 kJmol~1 in zuur milieu en 44 ± 3 kJmol-1 in alkalisch milieu. De standaard 

activeringsentropie bedraagt -130 ± 4 Jmoi-1K-1 in zuur milieu en -90 ± 8 Jmot-•K-1 in 

alkalisch milieu. De evenwichtsconstante van ethanol fysisorptie op platina bedraagt 0.0264 

± 0.0017 m3mol-1 in zuur milieu en 0.0167 ± 0.0008 m3mol-1in alkalisch milieu. Vergelijking 

van de snelheidscoefficient van de abstractie van een waterstofatoom in deze studie met die 

in de oxidatieve dehydrogenering van ethanol leidt tot de conclusie dat deze abstractie niet 

wordt versneld door de aanwezigheid van zuurstof-adatomen. 

De inv!oed van zuurstof, acetaldehyde en azijnzuur op de dehydrogenering van ethanol 

op platina werd bestudeerd met behulp van cyclische voltammetrie en chronoamperometrie. 

De reactiviteit van ethanol en acetaldehyde verhinderen de desactivering van het 

platinaoppervlak als gevolg van over-oxidatie tijdens de oxidatieve dehydrogenering van 

ethanol met moleculaire zuurstof. Bij !age pH inhibiteren zowel acetaldehyde als azijnzuur 
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de oxidatieve dehydrogenering van ethanol. Bij hoge pH word! acetaldehyde instantaan 

geoxideerd tot natriumacetaat dat zelf geen invloed heeft op de dehydrogenering van ethanol. 

In tegenstelling tot de oxidatieve dehydrogenering van ethanol vindt bij de oxidatieve 

dehydrogenering van secundaire alcoholen en polyolen wei vaak desactivering plaats. Om 

erachter te komen of deze katalysatordesactivering wordt veroorzaakt door oxidatie van het 

platinaoppervlak of door de bedekking van platina met organische verbindingen is gebruik 

gemaakt van cyclische voltammetrie omdat deze techniek onderscheid kan maken tussen beide 

desactiveringsoorzaken. Een on-line electrochemische eel is ontwikkeld die het mogelijk 

maakt om katalysatoren te karakteriscren zonder dat deze van de vloeistoffase naar de gasfase 

overgebracht hoeven te worden. 

Platina/grafiet en tin/platina/grafiet katalysatoren zijn met behulp van deze eel met 

cyclische voltammetrie gekarakteriseerd tijdens vloeistoffase oxidaties. De 

platinadeeltjesdiameter, de bedekkingsgraad van platina met koolhoudende verbindingen en 

de bedekkingsgraad van platina met promotormetaal werden kwantitatief bepaald tijdens de 

oxidatie van methyl-a-D-glucopyranoside en ethanol met moleculaire zuurstof. Reductieve 

omstandigheden kunnen leiden tot de groei van de platinadeeltjcsdiameter en de bedekking 

van het platinaoppervlak met koolstofhoudende verbindingen. Waterstofbehandeling bij een 

pH gelijk aan 13 leidt tot een toename van de platinadeeltjesdiameter van 2.7 run tot 7.4 run 

en algehele bedekking met koolstofhoudende verbindingen. 

Na bereiding van platina/tin katalysatoren bevindt zich slechts twintig procent van het 

tingehalte op het platinaoppervlak. De bedekkingsgraad van platina met tin kan tijdens reactie 

veranderen. Tijdens de oxidatie van methyl-a-D-glucopyranoside leidt de depositie van tin, 

dat afkomstig is van de grafietdrager, op platina tot een toename van de bedekkingsgraad van 

platina met tin van 0.40 tot 0.72. 



Summary 

Summary 

The oxidative dehydrogenation of ethanol on platinum with molecular oxygen serves 

as a model for the oxidative dehydrogenation of primary alcohols and polyols in the aqueous 

phase. Both the mechanism of the oxidative dehydrogenation of alcohols and the stability of 

the catalyst during this reaction require a detailed study. 

The interaction of ethanol with the platinum surface was studied using platinum foil 

and platinized platinum as model catalysts. The chemisorption kinetics of ethanol on platinum 

were studied by chronoamperometry while the nature and surface concentration of the 

resulting chemisorbed species were determined by the combination of chronoamperometry and 

cyclic voltammetry. 

The kinetics of the adsorption of ethanol on platinum were investigated for ethanol 

concentrations from 5 to 100 molm-3 in 0.1 M HC104 and 0.1 M NaOH at a fixed potential 

of 0.4 V versus the reversible hydrogen electrode and temperatures ranging from 278 to 298 

K. A potential of 0.4 V was chosen because at this potential the platinum surface is devoid 

of both adsorbed hydrogen and adsorbed oxygen. It is thus representative for the adsorption 

of ethanol on a clean platinum site. 

The chemisorption kinetics in acid and alkaline medium can be described by the same 

mechanism. The chemisorption is preceded by a physisorption and involves the abstraction 

of a hydrogen atom as the rate-determining step. In acid medium the chemisorbed species 

has CzH40 2 as composition. In alkaline medium the chemisorption of ethanol leads to a 

mixture of chemisorbed CO and chemisorbed CHOCOOH. 

The standard activation enthalpy and entropy of the rate-determining step are linear 

functions of the degree of coverage by the chemisorbate. At zero coverage, the activation 

enthalpy of the dehydrogenation amounts to 30 ± 5 kJmor1 in acid medium and to 44 ± 3 

kJmol-1 in alkaline medium. The standard activation entropy amounts to -130 ± 4 Jmor1K-1 

in acid medium and to -90 ± 8 Jmor1K-1 in alkaline medium. The equilibrium constant of 

physisorption of ethanol on platinum amounts to 0.0264 ± 0.0017 m3mol-1 in acid medium 

and to 0.0167 ± 0.0008 m3mol-1 in alkaline medium. Comparison of the rate coefficient of 

the abstraction of the hydrogen atom in this study with that in the oxidative dehydrogenation 

of ethanol leads to the conclusion that this abstraction is not accelerated by the presence of 

oxygen adatoms. 

The influence of oxygen, acetaldehyde and acetic acid on the dehydrogenation of 

ethanol on platinum was studied by cyclic voltammetry and chronopotentiometry. The 

reactivity of ethanol and acetaldehyde prevents the platinum surface from deactivation by 

over-oxidation during the oxidative dehydrogenation of ethanol with molecular oxygen. At 

low pH, both acetaldehyde and acetic acid inhibit the oxidative dehydrogenation of ethanol. 
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At high pH, acetaldehyde is instantaneously oxidized to sodium acetate which has itself no 

influence on ethanol dehydrogenation. 

In contrast to the oxidative dehydrogenation of ethanol, the oxidative dehydrogenation 

of secondary alcohols and polyols is often accompanied by catalyst deactivation. To elucidate 

whether this catalyst deactivation is caused by oxidation of the platinum surface or by the 

site-coverage by organic species, cyclic voltammetry has been applied as it is able to 

distinguish between both causes. An on-line electrochemical cell has been developed which 

allows the characterization of catalysts without transfer from the liquid phase to the gas phase. 

Platinum/graphite and tin/platinum/graphite catalysts have been characterized by cyclic 

voltammetry during liquid phase oxidations. The platinum particle diameter, the degree of 

platinum coverage by carbonaceous species and the degree of platinum coverage by promoter 

metal were determined quantitatively during the oxidation of methyl a.-D-glucopyranoside 

and ethanol with molecular oxygen. Reductive conditions can lead to the growth of the 

platinum particle diameter and to coverage by carbonaceous species. Hydrogen treatment at 

a pH of 13leads to an increase of the platinum particle diameter from 2.7 nm to 7.4 nm and 

to complete coverage by carbonaceous species. 

After preparation of platinum/tin catalysts only twenty percent of the tin content of the 

catalyst is situated on the platinum surface. The degree of platinum coverage by tin can 

change during reaction. During the oxidation of methyl a.-0-glucopyranoside, deposition of 

tin from the graphite support on the platinum leads to an increase of the degree of platinum 

coverage by tin from 0.40 to 0.72. 



Notation 

Roman Symbols 

surface area of platinum 

pre-exponential factor of Arrhenius equation of elementary step 

b parameter estimation 

c 
cd 
cs 
D 

dPt 
g> 

E 
F 

F. 
FE 

g 
h 
A•tfl 
I 

j 
K 
k 

concentration 

differential capacity 

chemisorbate 

diffusion coefficient 

platinum particle diameter 

standard potential of redox reaction 

electrode potential 

Faraday constant 

volumetric flow rate 

fraction of exposed platinum atoms 

heterogeneity parameter 

Planck constant 

standard activation enthalpy of adsorption 

current 

current density 

equilibrium constant 

rate constant 

molar mass of platinum 

n number of moles 

n number of electrons transferred 

n" number of electrons up to the rate determining step 

11oo. number of observations 

N turnover frequency 

N.. Avogadro constant 

p pressure 

PS physisorbate 

Q charge transferred 

R gas constant 

R specific disappearance or production rate 

s standard deviation 

ff initial sticking probability 

A •so standard activation entropy of adsorption 

T temperature 

time 

Js 

Jmot1 

A 
Am-2 

m3mol-1 

s-1 

g!mol 

c 
Jmol-1K-1 

molkg..,-1s-1 

s 



t t-value 

V potential 

V volume 

V co volume of adsorbed CO 

W weight 

W ,., mass of catalyst 

wPt weight fraction of platinum in catalyst 

X 

y 

z 

displacement 

response value 

collision frequency 

Greek Symbols 

o. transfer coefficient 

o. probability of rejecting correct hypothesis 

13 
y 
v 

r 
'I] 

heterogenity parameter 

heterogenity parameter 

scan rate 

surface concentration of the chemisorbate 

degree of platinum coverage 

o stoichiometric number of elementary step 

subscripts 

0 before tin-deposition 

1 physisorption 

2 dehydrogenation 

ads adsorption 

av average 

c carbonaceous species 

c critical, charging 

calc calculated 

cat catalyst 

co as determined by CO chemisorption 

comp component 

cs chemisorption, chemisorbate 

d desorption 

H hydrogen atom 

of ith class 

liquid phase 

m at monolayer coverage 

kg 

g 

m 

Jmol-1 

Jmoi-1K-1 

vs-1 

molm-2 



0 oxygen atom 
obs observed, observation 
ox oxidation 

n elementary step n 
par parameter 
Sn tin, after tin deposition 

ss steady state 
T at constant temperature 
e at constant degree of coverage by chemisorbate 

superscripts 

0 before adsorption 
0 in feed 

first scan in cyclic vo!tammetry 
A after adsorption 
CO as determined by CO pulse chemisorption 
CV as determined by cyclic voltammetry 
F final scan in cyclic voltammetry 
Sn after tin-deposition 
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Chapter 1 

Introduction 

1.1 Scope of this thesis 

The research described in this thesis comprises two distinct applications of 

electrochemistry in liquid phase heterogeneous catalysis: the first is the study of the 

chemisorption of organic species on platinum, the second is the characterization of supported 

platinum catalysts during the liquid phase oxidation of alcohols using molecular oxygen as 

oxidant. 

The steady-state kinetics of the catalytic oxidation of ethanol by oxygen in water 

using a graphite supported platinum catalyst were described by Van den Tillaart et a!. (1994). 

A major drawback of steady-state kinetics is the usually small difference between the 

adequacy of the description of the kinetic data by rival models. Independent information on 

the kinetics of ethanol dehydrogenation and on the interaction of ethanol, acetaldehyde and 

acetic acid with the platinum surface can be supplied by the usc of electrochemical methods. 

Most of the deactivation phenomena encountered so far were ascribed to the strong 

chemisorption of oxygen on the platinum surface, also called over-oxidation (Dijkgraaf et a!., 

1988; Schuurrnan et a!., 1992b; Van Darn et a!., 1990). The interaction of oxygen with 

platinum in water was studied by Van den Tillaart et a!. (1993) using EXAFS. As it is very 

difficult to distinguish the interaction of organic species with the platinum surface from the 

interaction of the platinum with the graphite support using EXAFS, another characterization 

technique is needed that is able to make a distinction between two important causes of 

deactivation during liquid phase oxidations: oxidation of the platinum surface and the site

coverage by organic species. A characterization technique that meets this requirement and that 

can be applied in-situ is cyclic voltarnrnetry, an electrochemical technique that can be 

regarded as the liquid phase equivalent of the temperature programmed techniques TPR, TPO 

and TPD. The most important restriction of this technique, a good electric conductivity of the 

catalyst, makes graphite the first choice as a catalyst support when characterizing supported 

platinum catalysts during liquid phase oxidations. 

Throughout this thesis, a division is made between phenomena taking place in acidic 

and alkaline media. The reason of this is that the majority of the electrochemical literature, 

which is an important source of information regarding the behaviour of platinum in aqueous 

media in contact with organic reactants and oxygen, refers to acidic media. The oxidative 

dehydrogenation of alcohols in general and of carbohydrates in particular are, however, 
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performed in alkaline media. It should therefore be verified whether differences between the 

electrochemical dehydrogenation and oxidative dehydrogenation, are due to a difference in 

pH or due to the presence or absence of oxygen on the platinum surface. 

1.2 Catalytic oxidation of alcohols in water 

The catalytic oxidation of alcohols with molecular oxygen in water has been the 

subject of several studies. The nature of these alcohols varies in complexity from ethanol to 

carbohydrates. The general reaction equations for all are: 

primary alcohols 

R-CH 20H 
1° alcohol - R-CHO - R-COOH 

aldehyde carboxylic acid 

secondary alcohols 

R-CHOH-R - R-CO-R 

2° alcohol ketone 

The oxidation of primary and secondary alcohols to aldehydes and ketones are oxidative 

dehydrogenations. Tertiary alcohols are not the subject of oxidation, due to their lack of a

hydrogen atoms. The oxidation of the aldehyde towards the carboxylic acid goes via the 

hydrated form of the aldehyde, the so-called gem-diol, which itself is an alcohol. 

In organic textbooks, the oxidation of alcohols is mentioned to be performed with 

oxidants such as chromic acid, H2Cr04, or potassium permanganate, KMn04• The 

disadvantage of these methods is that not only the alcohol is oxidized to the corresponding 

aldehyde, carboxylic acid or ketone, but that the oxidant is meanwhile reduced to H2Cr03 

respectively Mn02, thus producing inorganic waste products. The big advantage of the 

catalytic oxidation with molecular oxygen is that the oxidant is reduced to water. 

The catalytic oxidation proceeds at rather mild conditions, typically at temperatures 

between 293 and 363 K, and at atmospheric pressure. Table 1.1 gives several examples of 

catalytic oxidation of alcohols with molecular oxygen in water. The advantage of the platinum 

catalyzed route is that the oxidation of the primary hydroxyl functions in polyols, such as 

carbohydrates, can be performed very selectively (Heyns and Paulsen, 1957; Van Bekkum, 

1990), leading to valuable intermediates for the food- and pharmaceuticals producing 

industries (Mallat and Baiker, 1994; Manzer, 1993). 
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Table 1.1. Several examples of catalytic oxidation of alcohols in water with molecular oxygen 

reactant catalyst deact. ref. 

methanol Pt/C yes van Darn et a!. (1990) 

Ru/C 

Pd/C 

Rh/C 
Ir/C 

ethanol Pt/C no van den Tillaart et a!. 

(1994) 

2-propanol Pt/glass no Augustine and Doyle 

Pt/Si02 (1993) 

1-rnethoxy-2-propanol Bi/Pt/Al20 3 yes Mallat et a!. (1993) 

Pb/Pt/ Al20 3 

Sn/Pt/ Al20 3 

Au/Pt/Al20 3 

Ag!Pt/Al20 3 

Pt/C yes Mallat et a!. (1992) 

Pt/Al20 3 

glycerol Pt/C no Garcia et a!. (1995) 

Pd/C 

Pt/Bi/C no Garcia et a!. (1995), 

Kimura et a!. (1993) 

glucose Pd/Bi/C no Besson et a!. (1995) 

methyl a-D-glucopyranoside Pt/C yes Schuurrnan et a!. (1992a), 

Vleerning et a!. (1994) 

2,3:4,6-di-0- Pt/C no Nondek et a!. (1982) 

isopropylidene-L-sorbose 

cinnarnyl alcohol Bi/Pt/Al20 3 yes Mallat et a!. (1995) 

Especially the presence of chiral centers in carbohydrates make them attractive starting 

materials in the production of optically active drugs (Arntz, 1993; Manzer, 1993). 

As can be seen in Table I, catalyst deactivation during the oxidation of alcohols is not an 

exception. A "no" in this table does not mean that no catalyst deactivation can occur during 
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oxidation. On one hand, it may have occurred but not mentioned. On the other hand, as in 

the case of the kinetic study of ethanol oxidation, the conditions can have been chosen such 

that deactivation was avoided using relatively low conversions and a pH not above 10. 

A general reaction mechanism for the platinum catalyzed oxidative dehydrogenation 

of a primary alcohol to the corresponding aldehyde is given in Table 1.2. 

Table 1.2. Sequence of steps for the platinum catalyzed oxidation of a primary alcohol to the corresponding aldehyde 
in water with molecular oxygen 

2 RCHpH + 0 2 ,. RCHO + Hp 

Kinetic models of specific alcohols differ in the irreversibility of the reaction steps, and 
whether adsorption of oxygen and the alcohol are dissociative or not. The steps presented in 

Table 1.2. are not all elementary steps. By the application of electrochemical methods, in 

particular chronoamperometry, more information will be obtained about the elementary steps 

of which step 3 is composed. 
The catalytic oxidation of ethanol on graphite supported catalysts was studied by Van 

den Tillaart et al. (1994). Ethanol was chosen as a model alcohol to study the kinetics of the 

catalytic oxidation of primary alcohols in general. The advantage of ethanol as a reactant is 

that acetaldehyde and acetic acid are the only products of ethanol oxidation up to high 
conversions, in contrast to the oxidation of e.g. methyl a-D-glucopyranoside where the 
amount of products rapidly increases with increasing conversion, due to the oxidation of 
hydroxyl-functions other that the C6-hydroxyl group and to the C-C bond cleavage in the 

glucoside structure. 
The model described by Van den Tillaart et a!. (1994) takes into account only the 

oxidation of the alcohol to the aldehyde, and the rate equation does not contain the 
concentration of the oxidation products, and is thus only applicable at low conversions. 

The strategy applied in this thesis for obtaining more insight in the kinetic behaviour 
and deactivation problems occurring at high conversion is to use a combination of kinetic 

experiments of the liquid phase oxidation of ethanol with molecular oxygen at high product 



Introduction 5 

concentrations with the electrochemical study of the interaction of the oxidation products with 

the platinum surface. 

1.3. Deactivation and characterization of platinum catalysts 

Most of the noble metal catalysts used for liquid phase oxidations suffer to some 

extent from deactivation. Causes of deactivation are displayed in Figure 1.1. 

2 

3 

particle urowth 
(slntarlng) 

oxfdatlon/corroslon 
ot active metal 

Pt+' 
• pt+' 

support 

~~support 
deposition 

of carbonaceous apeciea 

~ support 

Figure 1.1. Deactivation mechanisms of noble metal catalysts during liquid phase oxidations 

All 3 deactivation mechanisms lead to a decrease of the active surface area, which is 

generally believed to be platinum in the zero-valent state. Catalytic processes can only be 

industrially applied if the problem of deactivation is under sufficient control. This can best 

be achieved if the cause of deactivation is known. The performance of platinum catalysts is 

often enhanced by the deposition of a promoter metal, which can also be the subject of 

corrosion. The catalyst performance is only enhanced by a promoter metal below an optimal 

degree of coverage by this promoter metal. Beyond this optimal degree of coverage the 

promoter metal acts as a poison, decreasing the availability of active sites necessary for 

reactant adsorption. 

For the elucidation of the mechanism of deactivation and activity enhancement by 

promoter metal, a variety of characterization techniques is available. Physical techniques that 
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are frequently applied in heterogeneous catalysis to obtain insight in which factors determine 
the activity of a catalyst are {Delmon, 1986; Niemantsverdriet, 1993; Hantsche, 1989; Lowde 

et a!., 1978): 

- surface composition: X-ray Photoelectron Spectroscopy (XPS), Auger 

Electron Spectroscopy (AES), Ion Scattering Spectroscopy (ISS), Secondary Ion 

Mass Spectrometry (SIMS). 

-chemical state of the elements: XPS, Extended X-ray Absorption Fine Structure 

(EXAFS), Temperature Programmed Reduction (TPR), Cyclic Voltammetry 
(CV), Mossbauer spectroscopy. 

-fraction of exposed atoms of the elements: CO-chemisorption, Hrchemisorption, 
Transmission Electron Microscopy (TEM), CV, XPS. 

- presence of adsorbates: Temperature Programmed Desorption (TPD), SIMS, 

ISS, CV. 

Important requirements that a characterization technique should meet to be successfully 

applied in the study of deactivation phenomena are surface sensitivity and applicability under 

reaction conditions. The requirement of surface sensitivity is illustrated in Figure 1.2 

(Hantsehe, 1989). 

1nm 

1Qnm 

XPS 

bulk material 

EXAFS/M5ssbauer 

Figure 1.2. Information depth of physical characterization techniques 

Catalytic processes take place on the surface of the catalyst. Adsorbed reactants, products and 

intermediates are situated on top of the catalytic surface. In bimetallic catalysts, it is the 

elementary composition of the surface, which can differ from the bulk composition as a result 

of segregation, that determines the activity of the catalyst. It is therefore important that the 
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information obtained from the characterization technique is a reflection of the surface state 

of the catalyst. A bulk technique, such as EXAFS or M<issbauer spectroscopy, will render a 

negligible contribution of platinum atoms interacting with adsorbed species if these species 

are adsorbed on a platinum foil with a typical sample thickness of 0.1 mm. Only by using 

platinum catalysts with a high fraction of exposed platinum atoms, EXAFS may "see" the 

interaction of the platinum surface with adsorbed species. When using a surface sensitive 

technique such as CV or SIMS, the surface composition can be measured accurately without 

this prerequisite. 

When using catalysts for liquid phase reactions, the problem in the characterization 

of the catalyst is that the conditions during reaction are quite different from those during the 

majority of the characterization techniques. The only techniques that can be used in the liquid 

phase are EXAFS, Mossbauer Spectroscopy, Infrared Spectroscopy and Cyclic Voltammetry. 

EXAFS and Mossbauer Spectroscopy are characterization techniques that cannot be used 
routinely. Infrared Spectroscopy and Cyclic Voltammetry are characterization techniques that 

can be used routinely when studying the catalytic surface and the species adsorbed on it. The 

work described in this thesis is part of the STW-project called "In-situ characterization of 

noble metal catalysts during liquid phase reactions". The project comprises two parallel 

projects: an infrared study of reactions on model catalysts, such as a platinum foil, which is 

performed by Albert Gootzen at the Electrocatalysis group of the Eindhoven University of 

Technology, and the development and application of an experimental setup using cyclic 

voltammetry for the study of carbon supported platinum catalysts during liquid phase 
oxidations in a continous flow stirred three phase tank reactor, which is described in this 

thesis. 

The system under consideration is illustrated in Figure 1.3. The typical volume of a 

labscale CSTR amounts to 110-3 m3
• In this reactor approximately 1109 catalyst particles are 

mixed in water. One graphite supported platinum catalyst particle with a mean diameter 10 
f.tm contains approximately 1 109 platinum particles with a mean diameter of 2 nm. One 

platinum particle is built up of 140 platinum atoms, of which half is a surface atom. The aim 

is to get insight in the surface state of these surface atoms under reaction conditions. This 

means that an amount of catalyst must be sampled and analyzed in a way that does not 
change the surface state of the platinum particles. Of practical importance is the demand that 
it can be performed on a timescale which is smaller than the timescale on which the 

deactivation takes place, such that it is possible to study the effect of the pretreatment, the 

conditions during reaction and regeneration on the state of the platinum surface. 
Cyclic voltammetry cannot be applied directly for the characterization of the supported 

catalyst during reaction, the catalyst particles have to be a part of an electrode. A novel 
electrochemical cell has been designed which enables the direct characterization of a catalyst 

suspended in water without the need of drying the catalyst sample. It has been used for the 

characterization of graphite supported catalysts, both promoted and unpromoted during the 

oxidation of ethanol and methyl o.-0-glucopyranoside. Discrimination can be made between 
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1 1 o·3 m3 

2nm 

~ 
graphite support 

Figure 1.3. Zooming in on a platinum particle of a graphite supported platinum catalyst during liquid phase 
reactions. 

the various deactivation problems, i.e. oxidation of the platinum surface, deposition of 

carbonaceous species and particle growth. Under the conditions applied, a voltammogram can 

be recorded in 25 minutes, which is fast enough for practical purposes. 

1.4. Outline of this thesis 

Chapter 2 describes the experimental techniques used throughout the following 

chapters. 
The electrochemical study of the kinetics of ethanol chemisorption on a platinum foil 

in both acid and alkaline media as measured in an electrochemical system is described in 

chapter 3 and 4. Tne main objectives of this study are the determination of the rate 
coefficients of adsorption and the nature of the species formed upon the adsorption of ethanol 

on a platinum foil. 

The electrocatalytic behaviour of ethanol, acetaldehyde and acetic acid on platinum 

in general is described in chapter 5. This comprises the comparison of the steady-state 

coverages of the three components on the platinum surface, the electrooxidation of these 

species as studied by cyclic voltammetry and their relative reactivity towards platinum oxides. 
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The results are used to explain the kinetic observations made during the oxidative 

dehydrogenation of ethanol on supported catalysts with molecular oxygen. 

Chapter 6 covers the characterization of platinum/graphite catalysts, both unpromoted 

and promoted during reaction. Tin is used as a model promoter metal. The emphasis is put 

on the relation between the results of characterization and the catalyst activity towards the 

oxidation of alcohols. 
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Chapter 2 

Experimental Techniques 

2.1. Electrochemical set-up 

The set-up used for the electrochemical measurement of adsorption kinetics and 
degrees of coverage by chemisorbed species is depicted in Figure 2.1. 

~·+··Q··j 
liquid pump '!' INERT 

GA$ 

Figure 2.1. Set-up used for the electrochemical adsorption experiments. W.E.= working electrode, R.E.= reference 
electrode, C.E.= counter electrode. 

This set-up consists of a standard electrochemical cell and a separate vessel from which a 
solution can be fed to the electrochemical cell without the interference of air. 

Both the electrochemical cell and the vessel are thermostatted. 

All electrochemical measurements were performed on a computer controlled Autolab 

PGSTAT20 potentiostat/galvanostat (Ecochemie). The working electrode is the catalyst on 
which the adsorption is to be studied. Platinized platinum was used as a counter electrode. 

In acid media, Hg!Hg2S04 was used as a reference electrode, in alkaline media Hg!HgO was 

used. All potentials are referred to the reversible hydrogen electrode (RHE). All solutions 
were prepared with Millipore superQ (18 MQ.cm) water and analytical grade reagents (Merck 

p.a.). Prior to the measurements the solutions were deaerated with purified argon. 

The set-up used for the characterization of graphite supported platinum catalysts 

during reaction is described in chapter 6. 
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2.2. Principles of Cyclic Voltammetry 

Cyclic voltammetry is a technique that can be considered as the liquid phase 

equivalent of the gas/solid temperature programmed techniques TPD, TPO and TPR (Lowde 

et al., 1978; McNicol, 1980). The main parameter in cyclic voltammetry is the electric 

potential of the catalyst, which is changed linearly in time, just as the temperature is increased 

linearly in the temperature programmed techniques. As a function of the catalyst potential 

an electric current is measured. 

5 

<f"" 0 
E 
< 
'l' ·5 0 
:!::.. 

·1 0 

·15 L---~----~----~--~----~--~ 
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Figure 2.2. Cyclic voltammogram of platinized platinum in 0.1 M HClO, at 298 K. Scan rate = 5 mV/s. 

Figure 2.2 shows the cyclic voltammogram of platinum in 0.1 M HC104 at 298 K. The cyclic 

voltammogram is divided in an anodic part and a cathodic part. In the anodic part an 

increasing potential is imposed and in the absence of reducible species, such as oxygen, a 

positive current is measured. In the potential region ranging to 0.4 V vs RHE, hydrogen 

adatoms that form a monolayer coverage at the potential of 0 V vs RHE, are oxidized to 

protons. This monolayer is fully oxidized at 0.4 V and an uncovered platinum electrode 

remains. Above 0.8 V vs RHE, the platinum surface becomes progressively covered with 

hydroxide species, which are oxidized to oxygen adatoms above 1 V vs RHE. Switching the 

direction of the potential scan at 1.3 V vs RHE, the cathodic part of the cyclic voltammogram 

is measured. The platinum oxide layer formed in the anodic scan is reduced resulting in zero

valent platinum at 0.7 V vs RHE. At 0.4 V vs RHE, the reduction of protons to hydrogen 

atoms starts. Outside the borders of the voltammogram shown in Figure 2.2, hydrogen gas is 

evolved at potentials lower than 0 V and oxygen gas at potentials higher than 1.55 V. 

The electrode/solution interface acts as a capacitor, with opposing charges on the metal 

and solution side. The potential of the electrode is continuously changing in time, and so will 
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also the charge on the metal and solution side continuously change. The charging current is 
given by: 

(2.1) 

The charging current is exposed in the potential region between 0.4 and 0.8 V, the so-called 

double-layer region, in which region no other processes take place than the charging of the 

electrode/electrolyte interface. From equation (2.1) follows that the charging current I., is 

proportional to the surface area A of the electrode and to the scan rate v. The charging 
current should be so low that it does not interfere with the current transferred by the 

electrochemical reaction of interest. This means that the larger the surface area of the 

electrode, the lower the scan rate must be. For a platinized platinum electrode with a typical 

surface area amounting to 200 cm2 the scan rate should be in the order of 5 mvs-1
• For 

supported catalysts, in which the capacitance is mainly determined by the support, the scan 
rate should be 2 mvs-1 or less. 

The surface area of the platinum metal can be determined from the charge associated 

with the anodic oxidation of the monolayer of hydrogen atoms taking place between 0 and 

0.4 V. Assuming a Pt:H stoichiometry of 1:1 and a platinum number surface density of 1.31 
1019 m-2

, 2.1 em-2 is transferred during the oxidation of a monolayer of hydrogen atoms 

(Trasatti and Petrii, 1992). 

degree of platinum coverage by hydrogen and oxygen 

The relation between the coverage of the platinum surface by oxygen and hydrogen 

and the catalyst potential is obtained from the voltammogram of the same catalyst. This is 

illustrated in Figure 2.3 for a platinum foil in 0.1 M HC104• The calculation of the degree of 
platinum coverage by hydrogen atoms is based on the fact that monolayer coverage by 

hydrogen on a platinum foil is reached at 0.08 V vs RHE (Biegler et al., 1971), denoted as 
H1 in Figure 2.3. At 0.4 V vs RHE, H3, the platinum surface is devoid of hydrogen. The 
platinum coverage by hydrogen atoms is at a scan rate of 100 mvs-1 at equilibrium, which 
means that at a given potential in the cathodic and anodic scan the coverage by hydrogen is 

the same. 
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Figure 2.3 Cyclic voltammogram of a platinum foil, 0.1 N HCI04• T:298 K, scan rate=lOO mV/S. 

At a point between H1 and H3, the degree of platinum coverage by hydrogen is obtained from 

equation (2.2): 

H, J Idt 

~ 

) Idt 

(2.2) 

The current I is corrected for the charging current. The time elapsed between two potentials 

is obtained by dividing the potential difference by the scan rate at which the voltammogram 

is recorded. 

The degree of coverage by oxygen atoms is at this scan rate not at equilibrium. The 

degree of platinum coverage by oxygen in the anodic scan is always lower than that in the 

cathodic scan at the same potential. In the anodic scan oxygen adsorption commences at 0.75 

V vs RHE, denoted as OA1 in Figure 2.3. 
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The degree of platinum coverage by oxygen at a potential 0 A2 in the anodic scan which is 

higher than OAJ• is obtained from equation (2.3): 

o., 

I ldt 
o., (2.3) 

The factor 2 originates from the fact that the charge transfer accompanying the reduction of 

a monolayer PtO is twice the charge accompanying the oxidation of a monolayer PtH. At OA3, 

the direction of the potential scan is reversed. The platinum oxide is only reduced below Ow 

which means that the degree of platinum coverage at Oc1 is equal to that at 0 AJ· The degree 
of platinum coverage by oxygen at a potential 0 0 in the cathodic scan which is lower than 

Oa, is obtained from equation (2.4): 

o., o.,. 

I Idt - I Idt 

90 (Oo) OAl o., (2.4) 

2 I Idt 
H, 

The oxygen layer is completely reduced at OCJ. 

degree of platinum coverage by organic species 

Organic molecules that are chemisorbed on the platinum surface do not easily desorb 

under the influence of hydrogen adsorption (Bagotzkii and Vassiliev, 1966). This means that 
the adsorption of hydrogen on platinum can be used as a quantitative tool to measure the 

amount of platinum surface atoms free of organic molecules. The degree of coverage of the 
platinum surface by adsorbate molecules CS is defined as: 

e = number of surface platinum atoms covered by adsorbate (2.5) 
""' total number of surface platinum atoms 

and is determined from the charge associated with the anodic oxidation of chemisorbed 
hydrogen atoms into protons between 0 and 0.4 V vs RHE (Beden et a!., 1992): 
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Q~- o: 
(2.6) 

in which Q0 
H and ~ H represent the charge transferred during the oxidation of adsorbed 

hydrogen before respectively after the chemisorption of sorptive. 

In the anodic scan generally the adsorbate is totally oxidised to COz at potentials 
higher than 0.5 V vs RHE, according to: 

+ n H• + n e 
ox ox 

(2.7) 

The stoichiometric coefficients a, b, and n,, depend on the carbon, hydrogen and oxygen 

content of the chemisorbed molecule CS. This oxidation results in a platinum surface free of 

organic adsorbates. Both the potential at which the adsorbate is oxidized and the charge 

transferred during this oxidation, Ow are diagnostic tools for the identification of the 

adsorbate. 

2.3. Principles of chronoamperometry 

At a sufficiently high potential of the platinum surface, the hydrogen adatoms that are 

formed during the dissociative adsorption of an alcohol are oxidized to protons and desorb 

on a time scale which is much smaller than the time scale of the chemisorption (Bard, 1982a). 

This allows in principle to obtain the chemisorption rate of alcohols on platinum by 

measuring the electric current caused by the oxidative desorption of the hydrogen adatoms. 
Among the electrochemical techniques available, chronoamperometry is the most 

suitable (Beden et al., 1992). In chronoamperometry, a step perturbation is applied to the 

potential of the catalytic surface and the relaxation current resulting from the relaxation of 

surface coverage is monitored. In the liquid phase, the application of a potential perturbation 

instead of for instance a concentration perturbation allows the monitoring of kinetics on a 

much shorter time scale. In the case of the kinetics of dissociative alcohol adsorption, the 
potential is stepped from a high potential, in casu 1.6 V vs RHE, at which the coverage by 

chemisorbate is zero (Bagotzkii and Vassiliev, 1966), to the potential at which the 

chemisorption kinetics are to be studied, in casu 0.4 V vs RHE. The minimal time scale at 

which the rate can be observed is in this case limited by the time in which the platinum 

oxide, formed at the high catalyst potential, is reduced. This reduction time amounts to 50 ms 
(Raicheva et al., 1974). 

If the chemisorption of ethanol can be described as: 
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(2.8) 

the measured current is proportional to the turnover frequency Ncs (Biegler and Koch, 1967): 

(2.9) 

in which the turnover frequency Ncs is defined as the chemisorption rate per adsorption site. 
The total charge transferred during the formation of a monolayer of adsorbate, Om, can be 

obtained by integration of the current, provided the integration time is long enough to obtain 

monolayer coverage of chemisorbate and the measured current is determined by the 

dissociative adsorption only. If not, a correction has to be made by substraction of the current 

caused by the secondary process. A typical current-time curve is presented in Figure 2.4. 
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Figure 2.4. Initial part of the current-time curve of the adsorption of 15 molm-" ethanol on a platinum foil at 0.4 V 
vs RHE in 0.1 N Hao. at 298 K. Total experimental time is 30 s. 

The cathodic current at the beginning of the measurement is due to a capacitive current, 
caused by the potential step in negative direction and by the reduction of the platinum oxide. 
The degree of coverage by chemisorbate at any time t following the step perturbation is 
obtained by dividing the cumulative charge transferred during adsorption by Om. Hence, it is 

not necessary to know the number of electrons transferred for each chemisorbed ethanol 

molecule nw, nor the ethanol surface concentration corresponding to a monolayer, r m· It 

should be noted that adsorption without transfer of electrons, such as physisorption, is not 

measured as such by chronoamperometry. 

It was verified theoretically that the obtained results were not influenced by mass 

transport limitations, see appendix Al. 
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2.4. Reactor set-up 

CSTR 

The oxidative dehydrogenation of ethanol and methyl a.-D-glucopyranoside was 

performed in a continuous flow stirred three phase tank reactor. Throughout this thesis, these 

experiments are referred to as "CSTR-experiments". The CS1R-setup is depicted in Figure 
2.5. 

gas outlet 

,........,1><1--f--1>'<1-- o, 
,;xr~~-%~~-N, 

~xr--~--~~-N, 

H, 

Figure 2.5. Reactor set-up used for the oxidative dehydrogenation of ethanol and methyl-a-D-glucopyranoside. 

The liquid volume of the reactor amounted to 0.6 10-3 m3• The reactor was operated 

at a constant molar feed flow rate of the organic reactant and atmospheric pressure. The three 
phases were mixed at a rotation speed of 900 rpm. The pH was measured and kept constant 

by adding a 0.1 M NaOH solution with a titration unit. Oxygen and nitrogen were fed by 

mass flow controllers in such way that the oxygen concentration in the liquid phase was 

constant. The gas outlet was connected to a condenser operated at a temperature of 273 K to 

retain volatile components, especially acetaldehyde and ethanol, in the reactor. The 

concentration of reactants and products was analyzed by an on-line HPLC unit. 

Before reaction all platinum on graphite catalysts were prereduced in the liquid phase 

by molecular hydrogen at 363 K for half an hour. The pH was not kept constant during this 



18 Chapter 2 

reduction but was generally in the range between 4 and 5.The oxidation of methyl a.-D

glucopyranoside was started by introducing oxygen gas in the reactor after the methyl a.-D

glucopyranoside had been in contact with the catalyst for 15 to 40 minutes. In the case of 

ethanol oxidation, ethanol was introduced in the reactor immediately after the introduction of 

oxygen gas in the reactor. For both reactions the start-up procedure applied was found to give 

the highest reaction rate and the best reproducible results. All reported reaction rates are free 

of any mass or heat transfer limitation, i.e. the reactions are performed in the kinetic regime. 

The transport rates of oxygen were calculated in the same way as by Van den Tillaart (1994). 

HPLC-analysis 

The reactants and products during the oxidative dehydrogenation of ethanol and methyl 

a-D-glucopyranoside were analyzed using a HPLC configuration, which consisted of: 

column: 

pump: 

detector: 

integrator: 

280mm x 4.6mm 

cation exchange resin, BC-X8 (W) 

TSP spectraseries P100 

refractive index, LDC Analytical refractomonitor IV 

TSP Datajet 

the analysis conditions during ethanol oxidation were: 

eluent: 

flow rate: 

column temperature: 

0.025 M H2S04 

0.70 mlmin-1 

343 K 

The retention times of reactant and products under these conditions were: 

acetic acid: 

acetaldehyde: 

ethanol: 

4.0 min. 

4.8 min. 

5.7 min. 

the analysis conditions during methyl a.-D-glucopyranoside oxidation were: 

eluent: 

flow rate: 

column temperature: 

H20 
0.25 mlmin-1 

343 K 

The retention times of reactant and products under these conditions were: 



Experimental 19 

1-0-methyl-a-D-glucuronate: 7.3 min. 

methyl a-D-glucopyranoside: 8.9 min. 

The intermediate product of the oxidation of methyl a-D-glucopyranoside, 1-0-methyl-a

D-6-aldehydo-glucopyranoside, could under the analysis conditions given above not be 

separated from methyl a-D-glucopyranoside. The amount of the intermediate product is 

however small in alkaline media (Schuurman et al., 1992). 

At steady state the specific disappearance and production rates for each component are given 

by: 

F.(C~oomp - ~~mp) 
weD. 

(2.10) 

If steady-state is not reached, the disappearance and production rates have to be corrected by 

the accumulation of each component: 

2.5. Catalysts 

platinum foil 

dC ro ) + V l.romp 
'"'!,comp 1-d-1- (2.11) 

Electrochemical kinetic studies were performed with an unmodified platinum foil with 

a geometric surface area of 6 cm2 as catalyst to avoid effects of internal mass transport 

limitations. 

platinized platinum 

The interaction of ethanol, acetaldehyde and acetic acid with the platinum surface was 

studied on a platinized platinum electrode as catalyst, prepared by electrochemical reduction 

of H2PtCI6 on the platinum foil (Feltham and Spiro, 1971). The surface area after preparation 

amounted to 1000 cm2 as measured with cyclic voltammetry by the oxidation of a monolayer 

of adsorbed hydrogen, assuming a Pt:H stoichiometry of 1:1 and a platinum atoms surface 

density of 1.31 1019 m-2 (Trasatti and Petrii, 1992). 

Potential cycling during 16 hours yielded a stabilized platinum surface, a prerequisite for the 

study of adsorption, with a surface area of 200 cm2. Platinized platinum has a surface that is 
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comparable to that of platinum black (Gladysheva et al., 1982). The platinum particle 

diameter of this type of catalyst generally amounts to 20 nm (Gladysheva et al., 1982). The 

relatively large platinum surface area makes it possible to measure the degree of coverage at 

low concentrations of sorptive investigated in the present work without interference of low 

level contaminations in the aqueous phase. 

platinum/graphite catalyst 

A 4.4 wt% platinum on graphite catalyst was used for the CSTR-experiments. The 

preparation method has been described by Richard and Gallezot (1987). It consists of the 

deposition of platinumtetramine hydroxide by means of ion-exchange on a preoxidized 

graphite support. The graphite was supplied by Johnsson Matthey (CH10213). After ion

exchange, the platinum complex is decomposed and reduced with molecular hydrogen at 573 

K during 3 hours. After this reduction, the catalyst is stored in air until use for liquid phase 

reactions. 

The fraction of exposed platinum atoms, as determined by CO pulse chemisorption, 

amounted to 0.52. The BET surface area of the catalyst after preparation amounted to 100 

m2/g. Graphite is used as a catalyst support instead of the more frequently used activated 

carbon because of its better electric conductivity (Bard, 1982b), the smaller BET surface area 

(Mantell, 1968), and the lower level of impurities (Ehrburger, 1984) compared to activated 

carbon. A high BET surface area causes a large capacitive current, as the catalyst/liquid 

interphase acts as a capacitor, which must be charged continuously due to the changing 

potential of the catalyst during cyclic voltammetry. 

2.6. Regression analysis 

For the modelling of experimental data throughout this thesis a single response 

Marquardt algorithm (Marquardt, 1963) is used for the minimization of the residual sum of 

squares: 

nobs 

SSR(b) = L (Yobs,i - Yakl _. MINIMUM 
i=1 

in which Y is the observed respectively calculated variable. 

(2.12) 
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To discriminate between rival models, F-values expressing the significance of the global 
regression were compared. This F-ratio is the ratio between the mean regression sum of 
squares and the mean residual sum of squares: 

F -ratio 

nabo 
(nabo -npu) L Y ~ 

i=1 (2.13) 

The significance of individual parameter estimates was evaluated using the t-value, 

which is given by the ratio of the estimate b of parameter 8i and the standard error of its 
estimate: 

(2.14) 

The two sided 1-a confidence interval for the parameter aj is given by: 

(2.15) 

in which 10 is the tabulated critical t-value. 

The rate coefficient of chemisorption is written as (Hougen and Watson, 1947; Boudart 
and Djega-Mariadassou, 1984): 

k= •exp exp-RT. (.1-"S") ( .1-"H") 
N.:Jl --r -.rr-

(2.16) 

in which T •• is the average temperature of the experiments, 288 K, N •• the Avogadro constant 

and h the Planck constant. To facilitate the estimation of the Arrhenius parameters 
reparameterization was applied (Kittrell, 1970). 
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Chapter 3 

Kinetics of ethanol chemisorption on platinum at low pH 

3.1. Introduction 

Platinum based catalysts can be applied for the liquid phase oxidation of alcohols, both 
electrochemically and by molecular oxygen. The anodic oxidation of alcohols to carbon 

dioxide in fuel cells is one possible application (Lamy, 1984; Parsons and Vandemoot, 1988). 

Also, electrosynthesis can be a route to convert alcohols into more profitable products (Belgsir 

et al., 1991). Energy conversion and electrosynthesis can eventually be combined (Card et al., 

1990; Langer et al., 1986). In the catalytic oxidation by molecular oxygen the aim is to 

oxidise the alcohols selectively to ketones, aldehydes or carboxylic acids (Nicoletti and 

Whitesides, 1989; DiCosimo and Whitesides, 1989; Malia! and Baiker, 1992; Schuurman et 

al., 1992). 

From the electrochemical literature it can be concluded that the chemisorption of 

primary alcohols on an uncovered platinum surface is accompanied by dissociation of the 

molecule, the alcohol being partially dehydrogenated during adsorption (DiCosimo and 

Whitesides, 1989; Chang et al., 1990; Bagotzkii and Vassiliev, 1966). In acidic aqueous 

solutions, the first step in chemisorption is the abstraction of a hydrogen atom in the a
position (Raicheva, 1983; Sokolova, 1975; Willsau and Heitbaum, 1985). From isotope 

labelling experiments with methanol it was concluded that this first step is also rate

determining (Franaszczuk et al., 1992). This rate-determining step can be preceded by a 

physisorption equilibrium, as molecularly adsorbed ethanol has been reported by several 

authors (Caram and Gutierrez, 1992; Beden et al., 1987). 

Adsorption isotherms of alcohols in acid media on platinum are generally of the 

Temkin-type (Bagotzkii and Vassiliev, 1966; Khazova et al., 1965; Bockris and Jeng, 1992; 

Nikolov et al., 1970), which means that the standard Gibbs energy of adsorption is linearly 

dependent on the degree of coverage by adsorbate. This dependence can be caused by the 

heterogeneous character of the platinum surface (Temkin, 1941) or by interaction of the 

adsorbates (Frumkin, 1925). 
The type of chemisorbate that is formed on a platinum electrode surface as a result 

of dissociative adsorption of alcohols depends on the length of the aliphatic carbon chain. 

Short-chain alcohols undergo partial decomposition towards CO-like species, whereas long

chain alcohols adsorb without detectable C-C bond scission (Gao et al., 1991). In the case 

of ethanol, a variety of surface species has been identified on platinum electrodes in acid 
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media at low potentials, i.e. less than or equal to 0.4 V versus the reversible hydrogen 

electrode (RHE): molecular ethanol (Caram and Gutierrez, 1992; Bcden et al., 1987), the 

ethoxy-group (-OCH2CH3) (Beden et al., 1987; Gao et al., 1991; Iwasita and Pastor, 1994), 

acetyl-like species species (-CO-CH3) (Iwasita and Pastor, 1994; Beden et al.,1987), enol

like species such as =COH-CH3 (Iwasita and Pastor, 1994) and =CHOH (Perez et al., 1989), 

acetaldehyde (Perez et al., 1989), acetic acid (Perez et al. 1989), carbon monoxide (Caram and 

Gutierrez, 1992; Gao et al. 1991; Iwasita and Pastor, 1994; Perez et al., 1989; Hitmi et al., 

1994; Bittens-Cattaneo et al., 1988) and .. coH (Bittens-Cattaneo et al., 1988). 

At fixed potentials amounting to less than or equal to 0.4 V vs RHE, the adsorbed 

state is rather stable, and the corresponding steady-state current small. The electrochemical 

oxidation of the chemisorbed species formed at 0.4 V or lower, which can only be achieved 

by increasing the catalyst potential to values higher than 0.5 V, yields carbon dioxide as the 

only product (Willsau and Heitbaum, 1985; Iwasita and Pastor, 1994; Bittens-Cattaneo et al., 

1988). At fixed potentials higher than 0.4 V vs RHE, chemisorption of ethanol is succeeded 

by oxidation and a steady-state current can be maintained. Beside carbon dioxide, this 

steady-state oxidation also yields acetaldehyde (Willsau and Heitbaum, 1985; Hitmi et al., 

1994; Bittens-Cattaneo, 1988; Hollnagel and Lohse, 1966) and acetic acid (Hilmi et al., 1994; 

Hollnagel and Lohse, 1966; Iwasita et al., 1989). The selectivity towards acetic acid increases 

with increasing potential and was also found to depend on the crystallographic orientation. 

Pt(lll) produces primarily acetic acid, Pt(lOO) and Pt(llO) primarily acetaldehyde (Chang 

et al., 1990). 

The liquid phase oxidative dehydrogenation of ethanol on a graphite supported 

platinum catalyst with molecular oxygen has been studied as a model for the oxidative 

dehydrogenation of much more complicated polyols (Van den Tillaart et al., 1994). Steady

state kinetics were measured and the rate-determining step was found to be an irreversible 

surface reaction between dissociatively adsorbed oxygen species and dissociatively adsorbed 

ethanol. No firm conclusions could be drawn on separate steps, such as chemisorption, by the 
measurement and modelling of steady state kinetics alone. Additional information on the 

mode and degree of chemisorption of reactants and products is important for further 

development of kinetic models and understanding of the reaction mechanism involved. 

It is the purpose of this chapter to obtain relevant information on the kinetics of 

ethanol chemisorption on platinum and the type of surface species resulting from this 

chemisorption. 
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3.2. Experimental procedures 

Prior to all measurements the solutions were deaerated with purified argon. The 

working electrode, at which the chemisorption is taking place, was subjected to potential 

cycling between 0.10 and 1.3 V in the electrolyte to clean the surface. The chemisorption was 

performed at 0.4 V. This potential was chosen because at 0.4 V the platinum surface is devoid 

of both adsorbed hydrogen and adsorbed oxygen. It is thus representative for the adsorption 

of ethanol on a clean platinum site. The steady-state oxidation of ethanol only takes place 

above this potential. 

3.2.1. Cyclic Voltammetry 

The extent of chemisorption was measured at ethanol concentrations from 1 10-3 to 

1 mol m-3 in 0.1 M HC104 at 298 K. After the cleaning procedure, the potential is fixed at 

the potential of adsorption, and the electrolyte is exchanged by a solution containing ethanol. 

This exchange of solutions was performed under exclusion of air. The ethanol is allowed to 

adsorb on the platinum surface during 20 minutes. After this adsorption, the ethanol solution 

is substituted by the electrolyte in order to prevent readsorption of ethanol from the bulk 

solution during the potential scan, and to avoid the interference of bulk oxidation of ethanol 

during the oxidation of adsorbed ethanol. The degree of ethanol coverage is now measured 

in this electrolyte by cyclic voltammetry with a scan rate of 5 mV/s, together with the 

oxidation profile of the adsorbate. 

The cathodic reduction was limited to 0.10 V vs RHE because serious desorption of 

the ethanol adsorbate was found to occur below this value. This desorption was considered 

to be a more serious problem than the fact that the monolayer coverage of the platinum 

surface with hydrogen atoms is not complete at 0.10 V. Probably the desorption is stimulated 

by the formation of molecular hydrogen that can be formed below 0.10 V vs RHE (Biegler 

et al., 1971). 

A blank experiment, i.e. without ethanol present, was performed to verify the purity 

of solutions. The degree of coverage after this blank experiment was less than 5 percent. The 

time needed to reach the equilibrium value of adsorption was investigated. At the lowest 

ethanol concentration a constant degree of coverage by chemisorbate was reached within 15 

minutes. 

3.2.2. Differential elc:~trochemical mass spectrometry, DEMS. 

To identify the nature of the oxidation product formed from the chemisorbate during 

cyclic voltammetry, DEMS was applied incidentally in 0.1 M HC104 at an ethanol 

concentration of 1 mol m-3
• DEMS is a combination of cyclic voltammetry and mass 

spectrometry. Information on the nature of the chemisorbed species is obtained by the 
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combination of the amount of product of the oxidation of the chemisorbate during cyclic 

voltammetry with the charge transferred during this oxidation. 

DEMS measurements were performed on a Leybold Quadruvac PGA 100 in exactly 

the same way as the cyclic voltammetry procedure, except for a lower scan rate of 2 m V /s 

in order to obtain an optimal mass signal. Examined products were C02 (m/z=44), 

acetaldehyde (m/z=44 and rn!z=29), acetic acid (m/z=60) and ethane (m/z=30) (Heller and 

Milne, 1978). 

3.2.3. Chronoamperometry 

The rate of chemisorption was measured by chronoamperometry in 0.1 M HCI04 at 

0.4 V in the range of conditions given in Table 3.1. Platinum foil was used as a catalyst. The 

cleanliness of both the solutions and the electrode surface were evaluated from the charge 

measured in the hydrogen region in a cyclic voltammogram. Immediately before measurement 

of chemisorption at 0.4 V, the platinum surface is cleaned electrochemically by switching the 

potential first to a potential of 0 V vs RHE and secondly to a potential of 1.6 V vs RHE. The 

experimental time was taken long enough to obtain monolayer coverage. 

Because it was the purpose of the transient experiments to measure the kinetics of 

chemisorption without effects of mass transfer, much higher ethanol concentrations were used 

compared to those used in the steady-state experiments, in which it was the purpose to cover 

the full range of steady-state degrees of coverage by chemisorbate. 

Table 3.1. Investigated range of transient chemisorption conditions. 

condition 

concentration ethanol 

temperature 

degree of coverage by chemisorbate 

3.3. Results and Discussion 

range 

5 - 100 molm-3 

278-298 K 

0- 0.75 

The following discussion will be organised in terms of the reactions depicted in Table 

3.2, which is based on literature. The sequence describes the chemisorption of ethanol on 

platinum by a equilibrium of ethanol molecules with a physisorbed state PS, followed by the 

abstraction of the a-hydrogen atom. After this first abstraction, the dehydrogenation proceeds 

towards some final state CS, depending on experimental conditions. 



Kinetics of ethanol chemisorption on platinum at low pH 

Table 3.2. Sequence of proposed steps for the dissociative adsorption of ethanol on platinum at 

0.4 V vs RHE. 

q 

1 

1 

1 

n + 1 

3.3.1. Final state of the adsorbate CS 

27 

The adsorption of ethanol at 0.4 V that is accompanied by a transient current relaxes 

towards a steady state in which the current is negligible. A chemisorbate CS resides on the 

platinum surface which can only be removed from the surface by increasing the catalyst 

potential to higher values. A typical cyclic voltammogram of the platinum surface before and 

after ethanol chemisorption in acidic medium is given in Figure 3.1a. The amount of 

hydrogen atoms deposited at the platinum surface between 0.4 V and 0.1 V vs RHE, is clearly 

diminished after chemisorption of ethanol. The chemisorbate is oxidized during the anodic 

scan at potentials higher than 0.5 V vs RHE. Clearly, two oxidation peaks can be 

discerned. The ratio of the two oxidation peaks depends on the degree of coverage by 

chemisorbate, as shown in Figure 3.1b. At low degrees of coverage, the second peak is 

predominant. At degrees of coverage higher than 0.2, the first oxidation peak appears and 

increases with increasing degree of coverage, the second peak remaining unaltered. The 

existence of two potentials at which oxidation of chemisorbate takes place means that the 

fraction of adsorbate which is formed at low coverage is more difficult to oxidise than the 

fraction formed at the remaining metal sites. This corresponds to a heterogeneous surface 

with respect to chemisorption. It is not necessary to assume that the two different surface 

species should have a different chemical composition, as even a simple adsorbate as CO leads 

to two different oxidation peaks on the same catalyst sample. 

Measurement of oxidation products by OEMS leads to C02 as the only product in the 

potential region passed through in the cyclic voltammogram. The ratio of the total charge 

transferred and the amount of C02 produced during the oxidation of the adsorbate was 
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measured to be 4 electrons/C02 molecule. A convenient way to calculate the number of 

electrons transferred during the total oxidation of a given adsorbate C,llyO, to C02 is given 
by: 

C,Hp, ads + (2x-z) Hp ....... x COlg) + (4x+y-2z) H •(aq) + (4x+y-2z) e- (3.1) 

From this equation, it can be calculated that given the fact that 4 electrons are transferred for 
each C02 molecule produced: 

4x + y - 2z = 4x (3.2) 

The only possible stoichiometric compositions of the adsorbate molecules are thus: C, CH20, 

c.aH20 and c.aH40 2• The production of two CH20 species from one ethanol molecule does not 
seem very likely. The production of elemental carbon from aqueous ethanol adsorption has 

not been reported to our knowledge. Given the above restrictions, the most likely 
chemisorbate is acetic acid, c.aHp2, which is also produced as soluble oxidation product at 

high potentials. 
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Figure 3.1.a Anodic part of cyclic voltammogram of platinized platinum before (full line) and after (dashed line) 

adsorption of O.l molm-' ethanol in 0.1 M HQO, at 0.4 V vs RHE at 298 K. Scan rate= 5 mV/s. 

b. Oxidation profile of chemisorbate from ethanol adsorption on platini7.ed platinum at different degrees of coverage 

in 0.1 M Hao, at 298 K. Scan rate = 5 mV/s. Full line: 9a;.=0.86, dotted line: 9a;.=0.57, dashed line: 9a;.=0.32. 

Considering the great variety of species formed upon the adsorption of ethanol on a 

platinum surface reported, the possibility that only an average stoichiometric composition is 
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measured cannot be excluded. However, for the sake of simplicity, in the following discussion 

it will be assumed that a chemisorbate with stoichiometric composition of C.ZH40 2, acetic acid, 

is the only chemisorbate CS on the catalyst surface at steady-state. 

3.3.2. Adsorption stoichiometry 

In Table 3.2 the species CS is denoted to be chemisorbed on a single adsorption site. 

The surface density of adsorption sites then follows from the monolayer surface concentration 

of chemisorbate. 

Chronoamperometry gives the charge transferred during chemisorption of a monolayer 

by chemisorbate, Qm. Under the chemisorption conditions in this work the value of Q..)A 

amounts to 2.1 cm-2
• From equation (2.9) follows the monolayer surface coverage rm (mol 

m-~ by inserting the number of electrons nw. The chemisorption of ethanol on platinum 

producing adsorbed acetic acid, ~02, is represented by equation (3.3): 

C
2
H

5
0H (aq) + Hp -+ C

2
Hp

2
.., + 4 H • (aq) + 4 e- (3.3) 

It follows from equation (3.3) that nad• equals 4, giving a monolayer surface concentration 

equal to 5.45 10-6 molm-2
• Taking the surface atom concentration of the platinum surface to 

be 21.7 10-6 molm-2
, it can be concluded that each chemisorbed species CS covers 4 platinum 

atoms. 

Cyclic voltammetry gives the charge transferred during the oxidation of a monolayer 

of chemisorbate, o.,. Under the chemisorption conditions in this work the value of Q.,/A 

amounts to 4.2 cm-2• Total oxidation of C.ZH40 2 to C02 is accompanied by the transfer of 8 

electrons, which again corresponds to a monolayer surface concentration of 5.45 10-6 molm-2 

and an adsorption stoichiometry Pt:CS of 4:1. Chronoamperometry and cyclic 

voltammetry thus give the same value for the monolayer surface concentration of 

chemisorbate. Below monolayer coverage, the adsorption stoichiometry Pt:CS was found to 

increase to 6:1. 

3.3.3. Chemisorption Kinetics 

Isothermal kinetics 

The dependence of the turnover frequency on the degree of coverage by chemisorbate 

CS at constant temperature and ethanol concentration is illustrated in Figure 3.2. 
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Figure 3.2. Chemisorption rate versus degree of coverage by chemisorbate in 0.1 M HOO, at 10 molm-' ethanol on 

a platinum foil at 0.4 V vs RHE at 298 K Symbols: experimental turnover frequencies as ealculated from equation 

(2.9), with standard deviation. Full line: the turnover frequency calculated from equations (2.16), (3.4), (3.7) and (3.8) 

using parameter estimates from Table 3.3. 

To describe the turnover frequency of chemisorption versus the degree of coverage by 

chemisorbate, the Langmuir site-exclusion principle (Boudart and Djega-Mariadassou, 1984) 

alone was not sufficient. It was necesarry to incorporate a dependence of the rate coefficient 

on the degree of coverage by chemisorbate as given by Elovich (Boudart and Djega

Mariadassou, 1984), also known as the Zeldovich-Roginskii equation. The Elovich equation 

corresponds to an exponential decrease of the chemisorption rate with an increase of the 

degree of coverage, as a result of the heterogeneous character of the sorbent surface. 

The isosteric turnover frequency of chemisorption, Ncs(8cs), versus the ethanol 

concentration is shown at 298 K in Figure 3.3 at various degrees of coverage by chemisorbed 

species CS. The chemisorption kinetics at a given temperature could best be described by: 

(3.4) 
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Figure 3.3. Isosteric chemisorption rate versus ethanol cnncentration in 0.1 M HCI04 at 0.4 V at 298 K. Symbols: 

experimental turnover frequencies as calculated from equation (2.9), with standard deviation . Full lines: the turnover 

frequency calculated from equations (2.16), (3.4), (3.1) and (3.8) using parameter estimates from Table 3.3. 

Equation (3.4) follows from the sequence of elementary steps shown in Table 3.2 by 

taking reaction 1 at equilibrium and the abstraction of one hydrogen atom, reaction 2, as rate

determining step. Indeed, the degree of coverage by physisorbed ethanol is then given by: 

and the rate of step 2 is given by: 

K, CEtOH (1-tla;) 

1+K,CElou 
(3.5) 

(3.6) 

The exponential term of equation (3.6) includes the need for free sites for the abstracted 

hydrogen atom. The heterogeneity parameter g2 is in the formalism of Temkin an alternative 

for the Langmuirs site-exclusion principle, in which is taken into account the probability of 

finding neighbouring sites needed for adsorption. This site-exclusion principle, results in a 

sticking probability proportional to (1-6)", in which n is the number of adjacent sites needed 

for adsorption. When the adsorption sites are energetically not equivalent, the sticking 

probability is proportional to exp( -gz(l)(1-6)", in which g2 is called the heterogeneity 

parameter. 1n general the exponential dependence is much more important than the (1-0)" 

term. Taking explicitly into account both site heterogeneity and site-exclusion did not lead 

to an adequate description of the experimental data, nor to a reasonable value for n. A strong 

binary correlation between the g2 and n estimate was observed. 
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Further dehydrogenation proceeds beyond the rate-determining step, and is not 

kinetically significant. Note that the abstraction of the first hydrogen atom is reported in the 

literature as the abstraction of an a-hydrogen (Franaszczuk et al., 1992). 

Temperature dependence 

To investigate the origin of the exponential decrease of the chemisorption rate with 

the degree of coverage by chemisorbate CS, the effect of temperature on this rate was 

measured. The dependence of the chemisorption rate on temperature is given in Figure 3.4 

for different degrees of coverage by chemisorbate CS. The dependence of the chemisorption 

rate on temperature is more pronounced at low degrees of coverage by chemisorbate. A linear 
relation between the standard activation enthalpy and the degree of coverage, allows to 

describe the experimental observations: 

(3.7) 

The decrease of the standard activation enthalpy with coverage is apparently in contradiction 

with the observed exponential decrease of the chemisorption rate with an increasing degree 

of coverage by chemisorbate, as shown in Figure 3.2. This means that the exponential 
decrease of the chemisorption rate is caused by a decrease of the standard activation entropy 

with increasing degree of coverage by chemisorbate: 

(3.8) 

The latter is not compensated by the corresponding decrease of the standard activation 
enthalpy, indicating that the chemisorption takes place far above the isokinetic temperature 

(Boudart and Djega-Mariadassou, 1984), i.e. the highest rate corresponds to the highest 
preexponential factor rather than to the lowest activation enthalpy. 

It follows from equation (2.16), (3.4), (3.7) and (3.8) that the turnover frequency of 

chemisorption is given by: 

(3.9) 

with following relation between the heterogeneity parameter g2 in equations (3.4) and (3.6) 

and those featuring in equations (3.7), (3.8) and (3.9): 
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Figure 3.4. lsosteric chemisorption rate versus temperature in 0.1 M HCIO, at 10 molm.., ethanol. Symbols: 

experimental turnover frequencies as calculated from equation (2.9), with standard deviation. Full lines: the turnover 

frequencies calculated from equations (2.16), (3.4), (3.7) and (3.8) using parameter estimates from Table 3.3. 

Parameter estimation and assessment of the estimates 

Estimates of the parameters K1, ll•H2"(Elcs=O), 13, ll·~"(Elcs=O) andy in equations 

(2.16), (3.4), (3.7) and (3.8), with their 95% confidence limits, are given in Table 3.3. The 

adequacy of the description of the experimental data by this final model is illustrated by the 

full lines in Figures 3.2, 3.3 and 3.4. Incorporation of a temperature dependence of K1 did not 

lead to realistic parameter estimates. The agreement between the complete set of observed and 

calculated values is summarized by the parity diagram in Figure 3.5. The largest value of the 

binary correlation coefficient between two parameter estimates occurred for K1 and 

ll·~"(Elcs=O) and amounted to 0.62 only. 

The value of K1 corresponds to a standard Gibbs energy of adsorption amounting to -

8 kJmor1
• This relatively low value and the independence of K1 on temperature confirms the 

idea that step 1 consists of a physisorption equilibrium. A standard activation entropy of -129 

Jmor1K-1 for step 2 indicates a large loss of degrees of freedom during the transition from 
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Figure 3.5. Parity diagram for the regression of experimental turnover frequencies with equations (2.13), (3.4), (3.7) 
and (3.8) using parameter estimates from Table 3.3. 

the physisorbed state to the activated state. 

Table 3.3. Parameter estimates with 95% confidence limits for the dissociative adsorption of ethanol obtained by the 

regression analysis of experimental turnover frequencies with equations (2.16), (3.4), (3.7) and (3.8). 

parameter 

K1 (m
3 mot1

) 

il"S2° (Jmol-1 K-1) 

y (Jmol-1 K-1) 

il"H2° (kJmot1
) 

B (kJmot1
) 

estimate 

2.64 10-2 ± 1.7 10-3 

-130:~:4 

168:!: 24 

30:!: 5 

42 ± 4 

The standard entropy of ethanol in solution amounts to 148 Jmol-1K-1 at 298 K. Nearly all 

the entropy is thus lost in the transition from the ethanol molecule in solution to the acivated 

complex. The large value of y means that this parameter does not represent the change of the 

activation entropy with the degree of coverage by chemisorbed species, as the ethanol 

molecule would then at increasing degree of coverage by chemisorbate lose more entropy then 

it possesses. From the physically unrealistic value of y, it can be concluded that equation (3.4) 

does not take fully into account the involved steps and phenomena, but that indeed a term (1-

e)n should be included, leading automatically to much lower values of y. As was mentioned 

before, this inclusion of this Langmuir site-excusion principle did however lead to a worse 
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description of the experimental data. 

The initial sticking probability s0 can be calculated from equation (3.4) with Scs=O by 

dividing the number of ethanol molecules that chemisorb on the clean surface by the number 

of ethanol molecules that collide per unit of time. The latter is calculated from the diffusion 

coefficient of ethanol in water as illustrated in appendix A2. The initial sticking probability 

at 298 K and 100 molm-3 ethanol amounts to 0.011, which is reasonable (Boudart and Djega

Mariadassou, 1984). 

Comparison with oxidative dehydrogenation 

One of the aims of this study was to obtain information on the kinetics of ethanol 

chemisorption in relation to the oxidative dehydrogenation of ethanol by molecular oxygen 

on a graphite supported platinum catalyst. 

A value of 0.47 s-1 at 303 K was reported for the rate coefficient of the reaction in 

which the hydrogen atom is abstracted from the ethanol molecule by an oxygen adatom, based 

on a kinetic study of the global reaction (Van den Tillaart et al., 1994). The oxidative 

dehydrogenation of ethanol was calculated to take place at a surface with a fraction of free 

sites of 0.28 at 303 K. 

In this study, the rate coefficient for the abstraction of the hydrogen atom of step 2 

in Table 3.2 depends on the degree of coverage by chemisorbate. At a fraction of free sites 

equal to 0.28, this rate coefficient amounts to 0.38 s-1 at 303 K. 

The rate coefficient for the abstraction of a hydrogen atom by oxygen adatoms is thus 

almost equal to that for the abstraction of the same hydrogen atom without oxygen. This 

supports the idea that the role of oxygen in the oxidative dehydrogenation is solely to oxidise 

the abstracted hydrogen atoms (Heyns and Paulsen, 1957) and that the rate is determined by 

the abstraction of the hydrogen atom itself. 

3.3.4. Degree of coverage by chemisorbate 

At a platinum potential of 0.4 V vs RHE, hydrogen atoms are oxidised to protons. 

Hence, their steady-state surface concentration is extremely low. The chemisorbate CS is 

however relatively stable at this potential. The dependence of the degree of coverage by 

chemisorbate, as calculated from equation (2.6), on the concentration of ethanol in the bulk 

solution is given in Figure 3.6. The experimental results are well described by equation (3.11), 

represented by the full line in Figure 3.6: 

The estimate of the parameter K,. is equal to 60.5 ±5m3 mol-1 (95 % confidence 

interval). As can be seen in Figure 3.6, the measured points at the highest degree of coverage 

are slightly lower than the calculated adsorption isotherm. This could be caused by desorption 
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(3.11) 

of the adsorbate during the exchange of solutions after adsorption, or by steric hindrance 

during the adsorption. This does not seem unreasonable, considering the adsorption 
stoichiometry Pt:Ads which was calculated to amount to 4:1 in section 3.3.2. 

The steady state degree of coverage by chemisorbate corresponding to equation (3.11) 

cannot be interpreted as a Langmuir isotherm (Langmuir, 1916). First, the chemisorption 
kinetics take place on a heterogeneous surface, as the incorporation of the Elovich equation 

was necessary for an adequate description of the experimental chemisorption turnover 
frequencies. Second, the chemisorbate corresponds to a C:JH40 2 species which cannot be 

reduced to ethanol under the conditions applied. It is more likely that this chemisorbed species 

is an intermediate in the low potential oxidation of ethanol. The chemisorbate can only be 
oxidized to C02 or desorb in solution as acetic acid. Only the oxidation to C02 will be 

considered in the following. 
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Figure 3.6. Steady state degree of coverage by chemisorbate on platinized platinum at 0.4 V vs RHE versus ethanol 

concentration in 0.1 M HQO, at298 K. Symbols: experimental degrees of coverage as calculated from equation (2.6), 

with standard deviation. Full line: degree of coverage calculated from equation (3.11) with K,. = 60.5 :1: 5 m'mot·'. 

Both chemisorption of ethanol and the further oxidation of the chemisorbate to C02 

are similar reactions. It is appropriate to assume that both are affected by the heterogeneous 

character of the platinum surface in a similar way. As the ethanol concentrations used are 

lower than 1 molm·3, it can easily be calculated that 

the denominator in equation (3.4) almost equals 1. The steady-state degree of coverage by 

chemisorbate CS is thus determined by: 
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(3.12) 

and: 

(3.13) 

At steady state: 

(3.14) 

which in the special case that g2 is equal to g.. leads to equation (3.11) with K.. = 
k2(9cs=O)K1/k,.,(9cs=O). Note that if the steady-state established would be the result of 

desorption of the chemisorbed species rather than its oxidation, then a reverse dependence on 

the degree of coverage by chemisorbate would be obtained for chemisorption and desorption 

which would not result in equation (3.11). 

3.4. Conclusions 

The chemisorption of ethanol on a platinum foil at 0.4 V vs RHE and low pH is 

preceded by a physisorption equilibrium. The rate-determining step involves the abstraction 

of a hydrogen atom. The standard activation enthalpy and, more importantly, the standard 

activation entropy are linearly decreasing with increasing degree of coverage by the 

chemisorbate. The latter has a composition of ~H402• The chemisorption of ethanol leads to 
full coverage by ~H402 at ethanol concentrations higher than 1 molm-3• 

The rate coefficient of the rate-determining step has a value which is comparable to 

the rate coefficient corresponding to the abstraction of a hydrogen from chemisorbed ethanol 

during its oxidative dehydrogenation on graphite supported platinum, indicating that the 

presence of oxygen adatoms in the latter case does not accelerate the hydrogen abstraction. 
The obtained results illustrate that chronoamperometric studies on a platinum foil can provide 

information on the kinetics of elementary steps relevant for the corresponding reaction with 

dioxygen on supported platinum. 
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Chapter 4 

Kinetics of ethanol chemisorption on platinum at high pH 

4.1. Introduction 

The liquid phase oxidation of alcohols by molecular oxygen mostly takes place at 
neutral or slightly alkaline conditions (Mallat and Baiker, 1994; Schuurman et al., 1992; 

Heyns and Paulsen, 1957; Van Bekkum, 1990; Mallat et al., 1992; Van den Tillaaart et al., 

1994). The influence of the pH is twofold. Generally in the oxidation of primary alcohols, the 

selectivity toward the aldehyde decreases with increasing pH (Mallat and Baiker, 1994). On 

the other hand it is often seen that the formation of by-products is enhanced at too high pH 

values (Mallat and Baiker, 1994; Mallat et al., 1995, Mallat et al., 1992). 

As was pointed out by Mallat and Baiker (1994), the electrochemical literature can 

provide valuable information about the mechanism of the platinum catalyzed liquid phase 

oxidation of alcohols with molecular oxygen. The majority of the electrochemical oxidations 

are performed in the context of fuel cells (Parsons and Vandernoot, 1988). The purpose of 
these studies is the total oxidation of primary alcohols, such as methanol and ethanol, to 

carbon dioxide. The total oxidation of alcohols on platinum in alkaline media proceeds at 

higher rates than in acid media (Parsons and Vandernoot, 1988). The carbon dioxide formed 

upon total oxidation makes the high pH of alkaline solutions difficult to maintain, which 

makes up to now the acidic electrolyte the usual electrolyte for fuel cells. 

The mechanism of the alcohol oxidation, the nature of intermediates and of the 
poisoning species is much more studied in acid media than in alkaline media. The main 
results of the studies in alkaline media are the following: 

The oxidation of alcohols proceeds at a higher rate than in acid media (Santos and 
Giordano, 1985; Kadirgan, 1989; Belgsir et al., 1991; Sobkowski et al., 1992), often 
increasing with increasing hydroxide concentration (Takky et al., 1985; Parsons and 
Vandernoot, 1988). At too high hydroxide concentrations, the adsorbed hydroxide blocks the 

catalytic surface, leading to a decrease in activity (Beden et al., 1992; Lamy, 1984). 

Poisoning of the surface by reaction intermediates is negligible (Lamy et al., 1982; 
Morin et al., 1990). 

In the case of methanol oxidation, the surface structure sensitivity is small compared 

to that in acid media (Lamy et al., 1982). For ethanol oxidation in alkaline media, the 

influence of surface structure is higher than for methanol oxidation (Morin et a!., 1990). For 

butanol oxidation, the influence of surface structure is very high, the activity of Pt(lll) being 
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4-12 times higher than that of polyerystalline platinum (Takky et al., 1988), depending on 

the butanol isomer. 

By-products are often formed in the bulk electrolyte (Belgsir et al., 1991; Mallat and 

Baiker, 1994), caused by for instance aldol condensation of the aldehyde. 

In the case of methanol oxidation, CO seems the only important adsorbed species in 

alkaline medium (Perez et al., 1994; Caram and Gutierrez, 1992) and its degree of coverage 

is lower than in aeid medium (Mallat and Baiker, 1994; Mora116n et al., 1993). From the 

frequency shift of adsorbed CO in the IR-spectrum to values that are lower than in acid 

medium, it was suggested by Morall6n et al. (1993) that CO is more weakly bound on 

platinum in alkaline medium than in acid medium. 

The most likely reason for the enhanced activity and decreased poisoning of the 

catalyst surface is the adsorption of hydroxyl ions from solution (Parsons and Vandernoot, 

1988). In acid media, the residues formed upon the initial chemisorption of the alcohols are 

generally oxidized at potentials at which adsorbed hydroxyl species are formed from water 

(Petry et al., 1965; Lamy, 1984). This means that below this potential, poisoning species can 

accumulate, and the activity decreases. Due to the increased surface concentration of adsorbed 

hydroxy-species in alkaline media, the chemisorbed residues are oxidized at a higher rate, and 

thus the available surface for reaction is higher. 

The purpose of this chapter is to obtain information on the kinetics of ethanol 

chemisorption at a pH of 13 and to make a comparison with the kinetics studied at a pH of 

1, which was described in chapter 3. 

4.2. Experimental 

The principles of the experimental techniques and the procedures used to study the 

kinetics of chemisorption and the degree of coverage are described in chapters 2 and 3. 

The cyclic voltammogram of platinized platinum in 0.1 M NaOH is given in Figure 

4.1. The most important difference with the voltammogram of platinized platinum in 0.1 M 

HC104, which was shown in Figure 2.2. is that the double layer region only extends to 0.5 

V vs RHE, i.e. the potential at which the adsorption of hydroxide commences. The extent of 

ethanol chemisorption was measured at 0.4 V vs RHE at ethanol concentrations from 1 10-3 

to 10 mol m-3 in 0.1 M NaOH at 298 K. 
The kinetics of ethanol chemisorption were measured by chronoamperometry at the 

same conditions as in Table 3.1. In contrast to the kinetic measurements in 0.1 M HC104, the 

measured current at steady state was not negligible, amounting to 7% of the initial current. 

The transient current during the chemisorption of ethanol is caused by the oxidative 

desorption of hydrogen atoms which are abstracted from the ethanol molecule. The steady

state current can either be caused by the desorption of the chemisorbed species, or by their 

electrochemical oxidation. In the former case the current is only associated with the oxidation 
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Figure 4.1 Cyclic voltammogram of platinized platinum in 0.1 N NaOH at 298 K. Scan rate = 5 m V /s. 

of hydrogen atoms caused by steady-state chemisorption of ethanol, in the latter case it is a 

mixture of this steady-state chemisorption current and the current associated with the steady

state electrochemical oxidation of chemisorbed species. 

All currents measured were corrected for this steady state current in order to simplify 
the data analysis. The error made by this simplification was thought to be acceptable, as the 

influence of desorption is largest at the highest degree of coverage, especially above 0.75.The 

chemisorption kinetics were only modelled for chemisorbate coverages up to 0.75. 

4.3. Results and Discussion 

The chemisorption of ethanol on platinum in alkaline media is assumed to proceed 

principally in the same way as in acid media, and is given in Table 4.1.The sequence 

describes the chemisorption of ethanol on platinum by a equilibrium of ethanol molecules 

with a physisorbed state PS, followed by the abstraction of the a-hydrogen atom. 
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Table 4.1. Sequence of proposed steps for the dissociative adsorption of ethanol on platinum at 

0.4 V vs RHE. 

1 

1 

1 

n + 1 

n,d.o = n + 1 

Chapter 4 

After this first abstraction, the dehydrogenation proceeds towards some final state CS, 
depending on experimental conditions. The abstracted hydrogen atoms react with hydroxide 

ions to water, which is accompanied by the transfer of an electron. Although the chemisorbate 

bears the same symbol that was used for the chemisorbate formed upon the adsorption of 

ethanol in acid media, it does not mean that its nature is the same. 

The adsorption of ethanol at 0.4 V that is accompanied by a transient current relaxes 

towards a steady state. A chemisorbate CS resides on the platinum surface which can only 

be removed from the surface by increasing the catalyst potential to higher values. A typical 

cyclic voltammogram of the platinum surface before and after ethanol chemisorption in 
alkaline medium is given in Figure 4.2.a. 

The amount of hydrogen atoms deposited at the platinum surface between 0.4 V and 

0.1 V vs RHE, is clearly diminished after chemisorption of ethanol. The chemisorbate is 

oxidized during the anodic scan at potentials higher than 0.3 V vs RHE. The oxidation profile 

of the chemisorbed species is shown in Figure 4.2.b as a function of the degree of coverage 

by chemisorbate. 



Kinetics of ethanol chemisorption on platinum at high pH 43 

Figure 4.2.a Anodic part of cyclic voltammogram of platinized platinum before (full line) and after (dashed line) 

adsorption of 1 molm-' ethanol in 0.1 M NaOH at 0.4 V vs RHE at298 K. Scan rate= 5 mV{s. b. Oxidation proflle 

of chemisorbate from ethanol adsorption on platinized platinum at different degrees of coverage in 0.1 M NaOH at 

0.4 V vs RHE at 298 K. Scan rate = 5 m V{s. Full line: 8cs=0.15, dotted line: 8cs=0.48, dashed line: 8cs=0.88. 

The chemisorbates are oxidized in two potential regions, one at 0.5 V and one at 1 V. The 

difference between the potentials at which the maxima Ox, and Ox" occur is too large to be 

caused by one type of species which is adsorbed on energetically different platinum sites. This 

in contrast to the adsorption of ethanol in acid medium, where the difference in oxidation 

potential amounted to 0.05 V only. Oxidation of species I leads to its removal from the 

platinum surface, whereas the remaining part can only be totally removed by oxidation at 

higher potentials. This means that the maximum II is not a further oxidation of a product 

formed by oxidation of adsorbed species at maximum I. 

Unfortunately OEMS cannot be used for the measurement of the charge transferred 

during the oxidation of the chemisorbed species, as the oxidation product C02 is partly 

converted to carbonate in alkaline media which means that the amount of C02 gas detected 

by the mass spectrometer is not reliable. 

An indication for the nature of the adsorbate can be obtained by comparison of the 

charge transferred during the chemisorption of ethanol on the platinum surface, Qads with the 

charge transferred during total oxidation of the chemisorbate to C02, 0 0,. 

The chemisorbate can thus be regarded as an intermediate of the total oxidation of ethanol 

to C02, or carbonate: 

(4.1) 

This total oxidation is accompanied by the transfer of 12 electrons, i.e. n,ds + ~. = 12. The 
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ratio of n..Jn,, gives the degree of dehydrogenation of the ethanol molecule during 

chemisorption. This ratio of n..Jn,. is calculated from the ratio of charge associated with the 

formation of a monolayer of chemisorbed species, 0 .. to o ... In acid medium, it was found 

to be 0.5, which was consistent with DEMS measurements that indicated that the most likely 

chemisorhate was acetic acid. In alkaline media, this ratio amounts to 2, meaning that n,.=8 

and n,,=4. 

The only species that ean be imagined to be an intermediate of the total oxidation of 

ethanol to C02 which give a ratio of n..Jn., amounting to two are CO and glyoxylic acid, 

CHOCOOH. 

CO is oxidized in the potential region between 0.5 and 0.8 V vs RHE. The formation 

of CO from ethanol and its subsequent oxidation leads to a ratio of n..Jn,, of 2. The 

formation of CO from ethanol is given in equation 4.2. 

(4.2) 

The oxidation of CO to carbon dioxide is given in equation 4.3. 

2 CO + 4 OH -+ 2 C02 + 2 Hp + 4 e (4.3) 

As the average n,.Jn,, amounts to 2, the ratio of n..Jn.. of species II should also amount to 

2. The formation of glyoxylic acid from ethanol is given in equation 4.4. 

C2HpH + 8 OH ..., CHOCOOH + 6 ~0 + 8e (4.4) 

The oxidation of glyoxylic acid to carbon dioxide is given in equation 4.5. 

CHOCOOH + 4 OH -.. 2 C02 + 3 HzO + 4 e- (4.5) 

The glyoxylic acid will at this pH dissociate in glyoxylate and protons, but this has no 

influence on the number of electrons transferred during the formation and oxidation of 

glyoxylic acid. Glyoxylic acid is indeed difficult to oxidize, its oxidation only proceeds at 

potentials higher than 1 V (Orts et aL, 1993). 

4.3.2. Adsorption stoichiometry 

The surface density of adsorption sites follows from the monolayer concentration of 

chemisorbate, which on its turn ean be calculated from om, the charge transferred during the 

formation of a monolayer of adsorbate, and :ro ••. the sum of the charges transferred during 

the oxidation of the chemisorbed layer in maximum I and II. Under the chemisorption 

conditions in this work the value of 0./A amounts to 8.1 em-2
• Substituting the value of n,. 

amounting to 8 in equation (2.9) gives a monolayer coverage of chemisorbed species equal 
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to 1 w-s molm-2
, which should be read as the sum of species I and II. 

The value of 'L00 /A following from the oxidation of the chemisorbed layer 

obtained by cyclic voltammetry amounts to 3.6 cm-2
. This oxidation charge is however 

composed of Oox./A and Oox.n/A. The molar ratios of CO and CHOCOOH can be calculated 

from the ratio of Qox.l and Oox.n• which amounts to 2:1. Combination of this ratios with 
equations (4.3) and (4.5) gives a molar ratio of CO:CHOCOOH amounting to 4:1. 

If the assumption is made that maximum Ox1 corresponds to linearly adsorbed CO then 

the surface concentration of CO amounts to 21.7 10-6 mol m-2
• Assigning maximum Oxn to 

adsorbed glyoxylic acid gives then a surface concentration of 7.3 10-6 molm-2
, as the 

oxidation of this species to C02 is accompanied by the transfer of 4 electrons. This would 
correspond to an adsorption stoichiometry Pt:CS of 3:1 for the adsorbed glyoxylic acid. 

4.3.3. Chemisorption Kinetics 

The dependence of the turnover frequency on the degree of coverage by chemisorbate 

CS at constant temperature and ethanol concentration is illustrated in Figure 4.3. 
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Figure 4.3. Chemisorption rate versus degree of coverage by cbemisorbate in 0.1 M NaOH at 35 molm"3 ethanol on 

a platinum foil at 0.4 V vs RHE at 298 K. Symbols: experimental turnover frequencies as calculated from equation 

(2.9), with standard deviation. Full line: the turnover frequency calculated from equations (2.16), ( 4.6), ( 4. 7) and (4.8) 

using parameter estimates from Table 4.2. 

The isosteric turnover frequency of chemisorption, Ncs(8cs), versus the ethanol 

concentration is shown at 298 Kin Figure 4.4 at various degrees of coverage by chemisorbed 



46 Chapter 4 

species CS. The kinetics of ethanol chemisorption on platinum in alkaline medium could be 
described by the same rate equations that were used for the description of the chemisorption 
kinetics in acid medium: 

(4.6) 

which follows from step 1 in Table 4.1 at equilibrium and step two as rate-determining step. 
Step 3 can now lead to either CO or to CHOCOOH. 

1.00 
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z 0.50 
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Figure 4.4. Jsosteric chemisorption rate versus ethanol concentration in 0.1 M NaOH at 298 K. Symbols: experimental 

turnover frequencies as calculated from equation (2.9), with standard deviation. Full line: the turnover frequency 

calculated from equations (2.16), (4.6), (4.7) and (4.8) using parameter estimates from Table 4.2. 

As in the case of ethanol chemisorption in acid media, the dependence of the 

chemisorption rate on temperature was more pronounced at low degrees of coverage by 

chemisorbate, see Figure 4.5. This behaviour could be well described by linear relations of 
the standard activation enthalpy and entropy with the degree of coverage by chemisorbed 

species: 

(4.7) 

and: 

(4.8) 

The relation between ~. y and the heterogeneity parameter g2 featuring in equation (4.6) is: 
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Figure 4.5. lsosteric chemisorption rate versus temperature in 0.1 M NaOH at 10 molm-' ethanol. Symbols: 
experimental turnover frequencies as calculated from equation (2.9), with standard deviation. Full lines: the turnover 

frequencies calculated from equations (2.16), (4.6), (4.7) and (4.8) using parameter estimates from Table 4.2. 

Parameter estimation and assessment of the estimates 

Estimates of the parameters K1, ~·H2°(9cs=0), 6, ~·S.o(Bcs=O) and y in equations 
(2.16), (4.6),(4.7) and (4.8) with their 95% confidence limits, are given in Table 4.2. The 
adequacy of the description of the experimental data by this final model is illustrated by the 
full lines in Figures 4.3, 4.4 and 4.5. Incorporation of a temperature dependence of K1 did not 
lead to realistic parameter estimates. The agreement between the complete set of observed and 
calculated values is summarized by the parity diagram in Figure 4.6. The largest value of the 

binary correlation coefficient between two parameter estimates occurred for f3 and y and 
amounted to 0.94. 
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Table 4.2. Parameter estimates with 95% confidence limits for the dissociative adsorption of ethanol obtained by the 

regression analysis of experimental turnover frequencies with equations (2.16), (4.6), (4.7) and (4.8}. 

parameter 

K1 (m
3 mor1

) 

t:J.•S2° (Jmol-1 K-1
) 

y (Jmor1 K-1
) 

t:J.•H2° (kJmor1
) 

13 (kJmol-1
) 

estimate 

1.67 10-2 ± 8 10-4 

- 90 ± 8 

333 ± 27 

44 ± 3 

90 ± 16 

The value of K1 corresponds to a standard Gibbs energy of adsorption amounting to -

7 kJmol-1
• This relatively low value and the independence of K1 from temperature confirms 

the idea that step 1 consists of a physisorption equilibrium. A standard activation entropy of-

90 Jmol-1K-1 for step 2 indicates a large loss of degrees of freedom during the transition from 

the physisorbed state to the activated state. The standard entropy of ethanol in solution 
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Figure 4.6. Parity diagram for the regression of experimental turnover frequencies with equations (2.16}, (4.6}, (4.7), 
and (4.8} using parameter estimates from Table 4.2. 

amounts to 148 Jmor1K-1 at 298 K. The value of -90 Jmol-1 K-1 seems a realistic value, the 

molecule losing approximately half of its entropy upon chemisorption. The reason for the 

large value of y was already explained in chapter 3. 

Comparison with chemisorption kinetics at low pH 

The kinetics at low and high pH are adequately described by the same kinetic model 

and the same rate equation. This means that the phemomena taking place in either acidic or 
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alkaline media are basically the same. The equilibrium constant of the physisorption is lower 
in alkaline medium than in acidic medium, see Table 3.3. Probably the physisorbed molecule 

has to compete with adsorbed hydroxyl ions in alkaline solutions. 

The degree of dehydrogenation and oxidation goes far beyond that in acid medium, 

the chemisorbed species at steady state being a mixture of CO and CHOCOOH, compared 

to ~H402 in acidic medium. 

The chemisorption kinetics in acid medium were compared to the kinetics of the 

oxidative dehydrogenation by molecular oxygen, which is generally performed at a pH of 8, 
in chapter 3. A comparison on exactly the same basis between the chemisorption kinetics in 

alkaline medium and the kinetics of the oxidative dehydrogenation by molecular oxygen leads 

to a rate rate coefficient amounting to 0.21 s-1 for step 2 of Table 4.1 compared to 0.47 s-1 

calculated for the oxidative dehydrogenation of adsorbed ethanol by an oxygen adatom, 

confirming the conclusion drawn in chapter 3, that adsorbed oxygen species, in casu adsorbed 

hydroxide, do not accelerate the abstraction of the hydrogen atom from the physisorbed 

ethanol molecule. The reason for the lower rate coefficient for the chemisorption kinetics in 

alkaline medium compared to that in acid medium is that the standard activation enthalpy at 

zero coverage is substantially higher in alkaline media than in acid media, i.e. 44 kimol-1 

compared to 30 kimol-1
• The activation entropy at zero coverage is lower than in acid 

medium, i.e. - 90 JmolK-1 compared to- 130 JmolK-1
• 

4.4. Conclusions 

The chemisorption of ethanol in alkaline medium proceeds via a physisorbed state and 

finally leads to a mixture of adsorbed CO and adsorbed CHOCOOH. The rate-determining 

step in the chemisorption involves the abstraction of a hydrogen atom. 

The presence of adsorbed hydroxide leads to a higher activation enthalpy and to a 

lower value of the physisorption equilibrium constant. The further dehydrogenation is 

accelerated by the presence of adsorbed hydroxide species. 
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Chapter 5 

The effects of oxygen, acetaldehyde and acetic acid on the 
dehydrogenation of ethanol on platinum 

5.1. Introduction 

In chapter 3 and 4 the kinetics of ethanol chemisorption which includes the 

dehydrogenation of ethanol were studied at a catalyst potential amounting to 0.4 V vs RHE. 
This potential was chosen because at this potential the platinum surface is devoid of hydrogen 

and oxygen adatoms. The kinetic models presented in chapter 3 and 4 only describe the 
chemisorption of ethanol in the presence of species formed upon the chemisorption of ethanol. 
The platinum surface will also be covered by other species during the oxidative 

dehydrogenation of ethanol by molecular oxygen, such as oxygen adatoms, adsorbed 
hydroxide and by the product of the oxidative dehydrogenation of ethanol, acetaldehyde. At 

higher conversion, where the acetaldehyde itself is the subject of oxidation by molecular 
oxygen, acetic acid is formed and may also adsorb on the platinum surface. 

The platinum catalyzed oxidation of ethanol towards acetaldehyde and acetic acid by 

molecular oxygen consists of several adsorptions and surface reactions: 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

In most mechanisms used so far to describe the heterogeneous oxidation of alcohols, 

the oxygen is concluded to adsorb dissociatively (Schuurman et a!., 1992a; Nondek et a!., 
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1982; Van den Tillaart et al., 1994). The adsorption of the alcohol is in some cases thought 
to adsorb associatively (Schuurman et al., 1992a; Nondek et al.,1982), in other cases it is 
thought to adsorb dissociatively (Van den Tillaart et al., 1994). The adsorption of ethanol is 

written as associative in equation (5.2). The aldehyde is produced in a Langrnuir
Hinshelwood type of surface reaction in which the adsorbed alcohol reacts with an adsorbed 

oxygen atom. Between equation (5.2) and (5.3) the sorbed alcohol may be dehydrogenated 
first, followed by the oxidation of the abstracted hydrogen atoms by adsorbed oxygen, as was 

suggested in chapters 3 and 4. Equation (5.5) can either represent direct insertion of the 
oxygen atom into the aldehyde molecule or be preceded by hydration of the aldehyde 
followed by dehydrogenation (Mallat and Baiker, 1994). Generally the kinetic models are only 
able to describe the rate of disappearance of the alcohol at low concentrations of the products, 
i.e. considering steps (5.1) to (5.4). It is generally assumed that the equilibrium of step (5.4) 

is far on the right side at sufficiently low aldehyde concentration. 
There is ample evidence that chemisorbed oxygen strongly inhibits the 

dehydrogenation of an alcohol (Vleeming et al., 1995; Hronec et al., 1993; Mallat et al., 1992; 

Schuurman et al.1992). On the other side, strongly chemisorbed species are formed upon the 

chemisorption of alcohols on the platinum surface (Bagotzky and Vassiliev, 1966; Gao et al., 
1991; Beden et al. 1992; Mallat and Baiker, 1994), which not only hinder the 

dehydrogenation of the alcohol itself, but also the cathodic reduction of oxygen (Chu and 
Gilman, 1994). As aldehydes are reported to have a stronger tendency to chemisorb 
dissociatively than the alcohol itself (Mallat and Baiker, 1994), the deviation from the kinetics 

of alcohol dehydrogenation an a clean platinum surface will be even worse at high 
conversion, i.e. at appreciable concentrations of the oxidation products. 

It is the purpose of this chapter to obtain insight in the electrochemical and 
chemisorption behaviour of ethanol, acetaldehyde and acetic acid on platinum. The influence 

of adsorbed oxygen and pH on this behaviour is part of this study. The electrochemical data 

will be used to indicate what the rate-determining step is in the platinum catalyzed oxidation 

of ethanol by molecular oxygen towards acetaldehyde and acetic acid and what the effect is 
of high concentrations of acetaldehyde and acetic acid on the performance of the catalyst for 

this chemical reaction in terms of activity and stability. 
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5.2. Experimental procedures 

5.2.1. Voltammetric study of the electrochemical oxidation of ethanol, acetaldehyde and acetic 

acid 

The electrochemical behaviour of ethanol, acetaldehyde and acetic acid was 
qualitatively studied by cyclic voltammetry in 0.1 M HC104 and 0.1 M NaOH at a 
concentration of 10 molm-3 of the organic reactant and a temperature of 298 K. A unmodified 

platinum foil with a geometric surface area of 6 cm2 was used as a catalyst. The catalyst was 

first subjected to potential cycling between 0.1 and 1.5 V vs RHE in the base electrolyte 
without ethanol, acetaldehyde or acetic acid. Next the catalyst was placed in a deaerated 

solution containing the organic reactant and potential cycling was performed at a scan rate 
of 100 mV s-1 between 0.1 and 1.5 V vs RHE until a stable voltammogram was obtained. 

In case of an irreversible reaction the fully diffusion-controlled current density is 
given by: 

(5.7) 

For ethanol which is oxidized to acetaldehyde, the diffusion controlled current amounts to 47 
Am-2

, for ethanol oxidized to acetic acid 94 Am-2
, and for acetaldehyde oxidized to acetic 

acid it amounts to 47 Am-2
, assuming that the diffusion coefficient of acetaldehyde in water 

is equal to that of ethanol, i.e. 1.24 10-9 m2s-1 (Atkins, 1982). 

5.2.2. Voltarnmetric study of the formation of adsorbates 

The extent of chemisorption of ethanol, acetaldehyde and acetic acid was measured 

for reactant concentrations ranging from 1 10-3 to 100 molm-3 in 0.1 M HCI04 and 0.1 M 
NaOH at 298 K. Platinized platinum was used as a catalyst with a platinum surface area of 
200 cm2 as measured with cyclic voltammetry by the oxidation of a monolayer of adsorbed 
hydrogen. The procedure was the same as that described in section 3.2.1. 

5.2.3. Chronopotentiometric study of the reaction between platinum oxides and ethanol, 

acetaldehyde and acetic acid 

The ability of ethanol, acetaldehyde and acetic acid to reduce an oxidized platinum 
surface was studied by means of chronopotentiometry at 298 K in 0.1 M HCI04 and 0.1 M 

NaOH. In chronopotentiometry, the relaxation of the catalyst potential is measured as a 
function of time at a given current density. If the impressed current density is taken to be 

zero, the open circuit potential is measured. This open circuit potential corresponds to a given 
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degree of platinum coverage by hydrogen or oxygen atoms. 

Before the measurement of the open circuit potential, the platinum surface was 

oxidized during 10 seconds electrochemically at a potential of 1.5 V vs RHE in acid medium 
and 1.35 V vs RHE in alkaline medium in a solution containing 10 molm-3 ethanol, 

acetaldehyde or acetic acid. If the oxidized platinum surface is reduced by the reactant, the 

potential of the catalyst will shift to lower values corresponding to a platinum surface which 
is devoid of oxygen atoms. If the reactant is consequently dehydrogenated on the zero-valent 

platinum surface, the potential of the catalyst will drop to values which correspond to a 
hydrogen covered platinum surface. 

The degree of coverage of the platinum surface by oxygen and hydrogen at the 
measured potential is obtained from the voltammogram of a platinum foil in 0.1 M HCl04 

for the measurements in acid medium and in 0.1 M NaOH for the measurements in alkaline 

medium. This method was described in section 2.2. 
The cathodic charge transferred during the reduction of the platinum oxide was used 

for the calculation of the degree of platinum coverage by oxide, because the relaxation 
experiment is started with a fully oxidized platinum surface. Some typical surface states of 

the platinum surface and their corresponding potential values are given in Table 5.1. 

Table 5.1. Relation between the surface coverage of platinum and the potential in acid and alkaline solution. 

State of Platinum E vs RHE E vs RHE 
0.1 M H004 0.1 M NaOH 

monolayer PtH 0.08 0.08 

half covered by PtH 0.22 0.26 

bare 0.4-0.7 0.4-0.5 

half covered by PtO 0.8 0.7 

monolayer PtO 1.0 1.0 

A typical potential versus time curve is given in Figure 5.1. The slow potential-decay 

between point I and II is caused by the chemical reaction between the platinum oxide and the 
reducing species which takes place at a platinum surface that is completely covered by PtO 
(Oxley et a!., 1964). For ethanol this reaction is given in equation 5.8. 

(5.8) 

The main product of the chemical reaction between ethanol and platinum oxide is 

acetaldenyde (Hollnagel and Lohse, 1966). 
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This chemical reaction follows an Eley-Ridcal mechanism because the ethanol molecules 
cannot adsorb on the oxide-covered platinum surface. Its rate is given by (Oxley et al., 1964): 

(5.9) 

This rate can be calculated from the observed change of the platinum potential during a 
chronopotentiometric study: 

r (5.10) 

At small potential intervals around a potential of interest, the relation between S0 and V is 
calculated from the cyclic voltammogram of platinum in the blank electrolyte for the potential 

interval in which the reduction rate is measured as was described in section 2.2. From this 

relation d8JdV can be calculated as long as the potential interval is small enough to allow 

linearisation of the S0 versus V curve. The rate of reaction (5.8) is calculated at a small 

interval around S0 =1, which is at point koxl in Figure 5.1. 
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Figure 5.1. Relaxation of the potential of an oxidized platinum foil in the presence of 10 molm·' ethanol in 0.1 M 
HOO, at 298 K. 

The fast potential decay between point II and III can be caused by the mixed 

electrochemical process of the reduction of the platinum oxide and the oxidation of the 

reducing species. For ethanol it can be written as (Oxley et al., 1964): 
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(5.11) 

Pt 
PtO + 2 H • + 2 e - -+ Pt + f40 (5.12) 

Before this mixed electrochemical process is able to take place, free platinum sites must be 

available on which the alcohol or aldehyde can be dehydrogenated. This is only possible at 

potentials lower than that at point II, where the catalysis of the oxide reduction by free 

platinum sites becomes possible. The main difference between the process taking place 

between point I and II and that taking place between point II and III is that the former is a 

direct oxidation of the reducing species by the platinum oxide, whereas the latter is a 

dehydrogenation of the reducing species followed by the reduction of the platinum oxide by 

the abstracted hydrogen atoms. The possibility that the platinum oxide is chemically reduced 

by hydrogen atoms cannot be excluded, provided the surface diffusion of adsorbed hydrogen 

is fast. 

For the sake of simplicity the rate expression for this reaction is taken the same as 

equation (5.9), i.e. corresponding to a chemical reaction between the alcohol and the oxide 

following an Eley-Rideal mechanism. A Langrnuir-Hinshelwood mechanism between 

adsorbed ethanol and the platinum oxide is possible because at the partly reduced platinum 

surface the ethanol molecules can adsorb, in contrast to the situation described in equation 

(5.8). For the oxide reduction by ethanol this would mean that the equilibrium constant of 

ethanol, which was calculated in chapter 3 for low pH and in chapter 4 for high pH, is 

incorporated in the rate expression. This would however not allow to calculate the rate 

coefficient of the oxide reduction by acetaldehyde as the equilibrium constant of the 

physisorption of acetaldehyde on platinum is not known. The rate of reaction (5.11-5.12) is 

calculated at a small interval around 6 0 =0.5, which is at point k..xn in Figure 5.1. The rate 

coefficient of the slow oxide reduction is reported as k..u whereas that of the fast oxide 

reduction is reported as k..xn· It has to be kept in mind that these rate coefficients, which can 

directly be calculated from equation (5.9) by inserting 60 , in casu 1 or 0.5, and the bulk 

concentration of ethanol or acetaldehyde, in casu 10 molm-3
, are only valid in a small interval 

around the degree of platinum coverage by oxygen of 1 respectively 0.5. 

The values of k are calculated in order to have a quantitative measure for the rate of 

oxide reduction by ethanol, acetaldehyde and acetic acid. The mechanistic value of equation 

(5.9) should not be taken to strong. 

5.2.4. Chronoamperometric study of the dehydrogenation of acetaldehyde and acetic acid 

The rate of dehydrogenation of ethanol, acetaldehyde and acetic acid was measured 
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at a reactant concentration of 10 molm-3 at 298 Kat a potential of 0.4 V in 0.1 M HC104 and 

0.1 M NaOH. The procedure was the same as described in chapter 3. Platinum foil was used 

as a catalyst. 

5.2.5. Determination of the degree of platinum coverage by molecular oxygen 

The degree of platinum coverage by molecular oxygen was determined by measuring 
the open-circuit potential of a platinized platinum electrode in a 0.1 M HCI04 solution 

saturated with different partial pressures of molecular oxygen. 

It was established by Wroblowa et al.(1967) that the degree of platinum coverage by 

oxygen formed at the potential set spontaneously by the presence of oxygen in solution and 

that formed potentiostatically at the same potential in a deaerated solution are the same. The 

relation between the measured potential and the corresponding degree of platinum coverage 
by oxygen was determined separately by application of the potential of interest on the 

platinum electrode, followed by a cathodic potential scan from which the reductive charge of 

the platinum oxide reduction was determined. The degree of platinum coverage by oxygen 

is given by: 

(5.13) 

The factor 2 originates from the fact that the charge transfer accompanying the 

reduction of a monolayer PIO is twice the charge accompanying the oxidation of a monolayer 

PI H. 

5.2.6. Liquid phase heterogeneous catalytic oxidation of ethanol by molecular oxygen 

The oxidation of ethanol towards acetaldehyde and acetic acid or sodium acetate was 

studied in a CSTR using graphite supported catalysts. The reaction conditions were varied 
within the ranges given in Table 5.2. 
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Table 5.2. Range of conditions for the oxidation of ethanol with molecular oxygen on PI/graphite 

condition 

catalyst concentration (kgm-3
) 

oxygen partial pressure (kPa) 

temperature (K) 

pH 

ethanol concentration (molm-3
) 

acetaldehyde concentration (molm-3
) 

acetic acid/acetate concentration (molm-3
) 

range 

1- 3.3 

25- 101 

298- 323 

1- 13 

0- 198 

1-59 

2-98 

Chapter 5 
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5.3. Results 

5.3.1. Electrochemical behaviour of ethanol, acetaldehyde and acetic acid 

low pH 

59 

The cyclic voltammogram of a platinum foil in 0.1 M HC104 before and after addition 

of 10 molm-3 ethanol, acetaldehyde, acetic acid is given in Figure 5.2. 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 

E [V vs RHE) 

Figure 5.2.a. Cyclic vollammogram of a platinum foil 
in 0.1 M HOO •. T=298 K, scan rate=lOO mV/s. 
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Figure 5.2.c. As a, with 10 molm-' acetaldehyde. 
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Figure 5.2.b. As a, with 10 molm-' ethanol. 
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Figure 5.2.d. As a, with 10 molm-' acetic acid. 

Ethanol can be oxidized at potentials higher than 0.5 V. In the anodic scan, the 

oxidation is hindered by chemisorbed species that are formed in the hydrogen region. As soon 
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as these species are oxidized, the oxidation rate of ethanol is increased and reaches a 

maximum at 0.9 V. In this first maximum, the main product of ethanol oxidation is 

acetaldehyde (Hollnagel and Lohse, 1966; Hitmi et al., 1994). The oxidation current decreases 

above 0.9 V because the platinum is oxidized to platinum hydroxide, which is less active 

toward the electrooxidation of ethanol than platinum in the zero-valent state. In the second 

anodic maximum, at 1.35 V, ethanol is oxidized to acetic acid (Hollnagel and Lohse, 1966; 

Hitmi et al., 1994, Leung and Weaver, 1988; Leung et al., 1989) . The platinum surface is 

covered by a PtO layer in this potential region. At the potential where PtO is converted to 

Pt02, the oxidation current decreases. In the cathodic scan, ethanol can be oxidized as soon 

as the platinum oxide is partly reduced. The sharp increase of the oxidation current is caused 

by the autocatalytic oxidation in which zero-valent platinum sites become available as 

platinum oxide is reduced during the oxidation of ethanol. The reaction is autocatalytic 

because on one hand these zero-valent sites are necessary for the dehydrogenation of ethanol, 

and on the other hand the abstracted hydrogen atoms reduce the platinum oxide to zero-valent 

platinum sites. The main product in the oxidation maximum in the cathodic scan is acetic acid 

(Leung et al., 1989). The decrease of the oxidation current at potentials lower than 0.7 Vis 

caused by the decrease of the driving force of the electrochemical oxidation, which is the 

potential of the platinum electrode. The current in the cathodic scan is in this region higher 

than the current in the anodic scan because the platinum surface is less occupied by 

chemisorbed species, which are mainly formed in the hydrogen region. 

It follows from Figure 5.2 that the chemisorbed species which are formed from 

acetaldehyde block the platinum surface stronger than the chemisorbed species formed from 

ethanol. This is concluded from the smaller amount of adsorbed hydrogen which is formed 

cathodically and oxidized anodically in the potential region between 0.1 V and 0.4 V. In the 

anodic scan acetaldehyde is oxidized only at potentials higher than 0.75 V in two oxidation 

maxima, one at 0.9 V and one at 1.35 V. In the cathodic scan, the oxidation maximum is 

much smaller than the oxidation maxima in the anodic scan. The products of acetaldehyde 

oxidation are acetic acid and carbon dioxide (Hollnagel and Lohse, 1966; Rasch and lwasita, 

1990). The amount of C02 produced is higher than during ethanol oxidation (Leung et al., 

1989). In comparison to ethanol it can be stated that on the zero-valent and hydroxide 

covered platinum surface, ethanol is easier to oxidize than acetaldehyde. On the platinum 

oxide however, higher currents are measured during the oxidation of acetaldehyde than 

ethanol. 

The fact that the oxidation of acetaldehyde on zero-valent platinum is much slower 

than that of ethanol suggests that at potentials lower than 1 V, the oxidations of ethanol and 

acetaldehyde are dehydrogenations. The dehydrogenation of acetaldehyde is limited by the 

rate of aldehyde hydration, which is at low pH a slow process (Mallat and Baiker, 1994). At 

potentials higher than 1 V, the platinum surface is partly covered by oxygen atoms causing 

ethanol and acetaldehyde to be oxidized rather than dehydrogenated. At an oxygen covered 

platinum electrode the production of acetic acid is possible by direct insertion of an oxygen 
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atom into the aldehyde molecule, without its hydration to the gem-diol. 

From the cyclic voltammogram of acetic acid, it can be concluded that acetic acid is 

not oxidized or reduced between 0.1 and 1.5 V. One effect of acetic acid is measured, which 

is equivalent to the effect of strongly adsorbing electrolyte anions such as sol~ and P043~: 
the cathodic formation and the anodic oxidation of hydrogen atoms show a formation of two 

sharp maxima, one associated with strongly adsorbed hydrogen, at 0.3 V, and one associated 

with weakly adsorbed hydrogen, at 0.15 V. 
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high pH 

The cyclic voltammogram of a platinum foil in 0.1 MaOH before and after addition 

of 10 molm-3 ethanol, acetaldehyde, acetic acid is given in Figure 5.3. 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 

E (V vs RHE) 

Figure S.3.a. Cyclic voltammogram of a platinum foil, 
0.1 M NaOH. T=298 K, scan rate=lOO mV/s. 
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Figure S.3.c. As a, wiltt 10 molm·' acetaldehyde. 
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Figure S.3.b. As a, with 10 molm_, ethanol. 
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Figure S.3.d. As a, with 10 molm"' sodium acetate. 

The oxidation of ethanol in alkaline medium shows only one oxidation maximum in 

the anodic scan and one oxidation maximum in the cathodic scan. The oxidation maximum 

in the anodic scan is much broader than in acid medium, and shifted to lower potentials. This 

is caused by the higher oxidizability of the chemisorbed species, which on its tum is caused 

by the availability of adsorbed hydroxide species in alkaline medium. The maximum current 

in the anodic scan is comparable to the maximum current in acid medium, the corresponding 
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potential is however more than 0.1 V lower. The maximum current in the cathodic scan is 

lower than in acid medium. This is caused by the lower potential at which the platinum oxide 

is reduced, which leads to a lower driving force of the electrochemical oxidation of ethanol 

at the freshly reduced platinum sites. The main product of ethanol oxidation in alkaline 

medium is sodium acetate (Lopez-Atalaya et al., 1994). In alkaline medium, the platinum 

oxide is inactive toward the electrochemical oxidation of ethanol. 

From the voltammogram of acetaldehyde in alkaline medium follows the same 

conclusion as in acid medium: the chemisorbed species formed from acetaldehyde block the 

platinum surface more strongly than the chemisorbed species formed from ethanol. The anodic 

scan shows two oxidation maxima, one at 0.85 V and one at 1.2 V. The maximum currents 
are lower than in acid medium. The maximum in the cathodic scan has a maximum current 

density of 55 Am-2 which means that this oxidation is completely determined by the rate of 

mass transfer. This extremely high activity at the reduced platinum surface in comparison with 

that at low pH is related to the catalysis of the hydration of the aldehyde at high pH. The 

hydration of the aldehyde at high pH is 2 orders faster than the hydration at low pH (Bell et 

al., 1956), and is followed by rapid oxidative dehydrogenation. The fact that at high pH the 

activity for aldehyde dehydrogenation is much higher than for ethanol dehydrogenation means 

that the gem-diol, which is the hydrated form of the aldehyde, is dehydrogenated much faster 

than the corresponding primary alcohoL In acid medium it was concluded that the rate of 

formation of this gem-diol was rate-determining in the dehydrogenation of the aldehyde, with 

the consequence that the reactivity of this gem-diol could not be assessed. 

It follows from the voltammogram of sodium acetate that sodium acetate cannot be 

reduced or oxidized in the potential region between 0.1 and 1.5 V. In contrast to the 

behaviour of acetic acid in acid medium, no influence is seen on the formation and oxidation 

of adsorbed hydrogen and on the oxidation of platinum. 

5.3.2. Reactivity of ethanol, acetaldehyde and acetic acid toward platinum oxide 

low pH 

The relaxation of the potential of an oxidized platinum foil in the absence and 

presence of 10 molm-3 ethanol, acetaldehyde and acetic acid in 0.1 M HCI04 at 298 K is 

shown in Figure 5.4. 
It follows from Figure 5.4 that both ethanol and acetaldehyde are able to reduce the 

platinum oxide layer completely, the potential of the platinum surface after reduction 

corresponding to a platinum surface that is partly covered by adsorbed hydrogen. The 

potential versus time curve for ethanol and acetaldehyde can be divided in three parts. 

In the first part, a fast drop of the potential to ca 1 V occurs. The initial potential drop 

is probably caused by the displacement of adsorbed 02> which is formed at 1.5 V, by the 

physisorption of ethanol or acetaldehyde on top of the platinum oxide. After the first inflexion 

point, the rate of potential drop is slow, until a steep fall of the potential to ca 0.30 V occurs, 
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which is followed by an increase of potential. The slow potential decrease is in the case of 

ethanol comparable to the rate at which the potential decreases when no reducing species is 

present. It is therefore reasonable to assume that the decrease of platinum coverage by oxygen 

is also possible by desorption rather than by reduction. The rate of desorption is much lower 

than at the initial potential drop because these oxygen atoms are part of a rearranged platinum 

oxide layer, whereas the initial oxygen was adsorbed on top of this oxide layer, and thus more 

reactive. Ethanol is apparently not capable to accelerate the slow process of oxygen 

desorption, in contrast to acetaldehyde. 

The steep fall corresponds to the mixed electrochemical reaction of the reactant with 

the platinum oxide, in which zero-valent platinum sites are created. As both ethanol and 

acetaldehyde are dehydrogenated on zero-valent platinum, the potential drops to values below 

0.4 V, corresponding to a platinum surface which is partially covered by hydrogen adatoms. 
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Figure 5.4. Potential-time curve of the relaxation of platioum oxide io a: 0.1 M HCI04, b: with 10 maim·' ethanol, 
c: with 10 maim·' acetaldehyde, d: with 10 maim·' acetic acid. 

The potential rise after the minimum potential is reached upon ethanol chemisorption can be 

caused by the reduction of acetaldehyde (Horanyi, 1974) according to: 

(5.14) 

The reduction of acetaldehyde by adsorbed hydrogen causes a decrease of the degree of 

platinum coverage by adsorbed hydrogen, which on its turn causes a rise of potential. 

The formation of gaseous ethane has indeed been measured upon the chemisorption of ethanol 

and acetaldehyde on platinum (Podlovchenko, 1964). In principle it is also possible that the 

reduction of acetaldehyde leads to ethanol, the minimum in the potential-time curve being 
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caused by "overshooting". 

The time needed for complete reduction of the platinum oxide by the reactant, which is 

defined as the time before a potential of 0.5 V has been reached, the degree of platinum 

coverage by hydrogen at the potential minimum, as calculated from equation (2.2), the rate 

coefficient of the slow direct reduction of the platinum oxide at 9 0= 1 by the reducing species 

according to: 

(5.15) 

and the rate coefficient of the fast electrochemical reduction of the platinum oxide at 9 0 =0.5 
according to: 

PtO + 2 H ' + 2 e. - Pt + HzO (5.16) 

(5.17) 

are given in Table 5.3. 

Table 5.3. Reduction time, hydrogen coverage and rate coefficients for the reduction of platinum oxide by 10 molm·' 

ethanol, acetaldehyde and acetic acid at 298 K in 0.1 M HCIO,. 

reactant 

ethanol 145 0.38 

acetaldehyde 26 0.38 

acetic acid 00 0 

9.4 10-5 

7.2 10-4 

0 

0.29 

0.044 

0 

Acetic acid has no reducing activity at aU, the potential-time curve being identical to 

the potential-time curve recorded in the blank electrolyte. Acetaldehyde has a stronger 

reducing activity on the fully oxidized platinum surface than ethanol. On the half reduced 

surface however, ethanol has a stronger reducing activity. The degree of platinum coverage 

by hydrogen atoms in the potential minimum is for both reactants the same. In the case 

of acetaldehyde chemisorption the potential rises faster after the minimum has been reached 

and leads to a final potential which is higher than in the case of ethanol chemisorption. The 

increase of potential corresponds to the removal of the adsorbed hydrogen atoms from the 

platinum surface by reaction with acetaldehyde. The faster raise of potential in the case of 

aldehyde chemisorption means that the adsorbed hydrogen is able to hydrogenate the 

acetaldehyde from solution. 
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high pH 

The platinum oxide which is formed upon oxidation in alkaline solution at 1.5 V 
cannot be reduced by ethanol in a 10 molm-3 ethanol solution within 1200s. In alkaline 

solution the platinum was therefore oxidized at a lower potential amounting to 1.35 V. 

The time needed for complete reduction of the platinum oxide by the reactant, the 
degree of coverage by hydrogen at the potential minimum and the rate coefficients of the 
reaction between the reducing species and the platinum oxide at 0 0 =1 and 0 0 =0.5 are given 
in Table 5.4. 

Table 5.4. Reduction time, hydrogen coverage and rate coefficients for the reduction of platinum oxide by ethanol, 

acetaldehyde and acetic acid at 298 Kin 0.1 M NaOH. 

reactant t,ed (s) eH (EmJ 

ethanol 497 0.81 

acetaldehyde 4.1 0.81 

sodium acelate 00 0 

3.2 w-s 
9.2 w-3 

0 

0.0074 

0.2 

0 

The most important differences with the oxide reduction in acid solution is the much 

higher reactivity of acetaldehyde and the much lower reactivity of ethanol. The low reactivity 
of ethanol toward the platinum oxide in alkaline solution was already noticed in the cyclic 

voltammogram in Figure 5.3.b. The degree of platinum coverage by hydrogen in the potential 

minimum is much higher than in acid medium. The fact that the chemisorption of ethanol and 

acetaldehyde lead in alkaline solution to a much higher degree of coverage by hydrogen than 
in acid medium is in agreement with the conclusion of chapter 4 that beyond the rate 

determining abstraction of the first hydrogen atom the further dehydrogenation of the reducing 

species is easier in alkaline solution than in acid solution. 
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The dependence of the degree of coverage by chemisorbate, as calculated from 

equation (2.6), on the concentration of ethanol, acetaldehyde and acetic acid in the bulk 

solution is given in Figure 5.6. 
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Figure 5.6. Steady state degree of coverage by chemisorbate on platinized platinum at 0.4 V vs RHE versus sorptive 

concentration in 0.1 M HC104 at 298 K. Symbols: experimental degrees of coverage as calculated from equation 

(2.6):=ethanol, D=acetaldehyde, o=acetic acid . Full line: degree of coverage calculated from equation (3.11) for 

ethanol and (5.18) for acetaldehyde and acetic acid and using parameter estimates from Table 5.5. 

The degree of coverage by chemisorbed species versus ethanol concentration is well 

described by equation (3.11), which as was discussed in chapter 3, has the same form as the 

Langmuir isotherm but should be interpreted as a steady state in which the dependence of the 

rate of formation and oxidation of the chemisorbed species on the degree of coverage by 

chemisorbed species is the same. 

In the case of chemisorption of acetaldehyde and acetic acid the degree of coverage 

is determined by the ratio of the rate of formation and the rate of oxidation of chemisorbed 

species. As in the case of ethanol chemisorption, the sorbate is not in an adsorption 

equilibrium with acetaldehyde or acetic acid in solution. The dependence of the steady-state 

degree of coverage by chemisorbed species which are formed upon adsorption of acetaldehyde 

and acetic acid on the concentration of sorptive is well described by the Frumkin isotherm 

(Frumkin, 1925; Bard and Faulkner, 1980): 
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0 acs 
K,;;C ,. ~exp(g,.OaJ 

cs 
(5.18) 

Equation (5.18) follows directly from equations (3.12) and (3.13), in which g..= g2 g.. and 

K,. = k2(6cs=O)K/k.,,(8cs=0). Note that if the interaction parameter g.. in equation (5.18) 
equals zero, the Langmuir isotherm is obtained in its implicit form. The Frumkin isotherm can 
be regarded as an extension of the Langmuir isotherm, the extension being that the Gibbs 

energy of adsorption is a linear function of the degree of coverage by chemisorbed species: 

(5.19) 

The origin of this linear dependence is the attraction or repulsion between adsorbed species. 

Another isotherm which takes into account the linear dependence of the free energy of 
adsorption and the degree of coverage by chemisorbed species is the Temkin isotherm 

(Temkin, 1941; Bard and Faulkner, 1980): 

K!c = exp(g.,SaJ (5.20) 

Note that the Temkin isotherm emerges from the Frumkin isotherm if 8/1-8 
approaches 1, i.e. if 6 approaches 0.5. The Temkin isotherm can only describe coverages 
between 0.2 and 0.8. In both isotherms a negative value of g.. corresponds to a decrease of 

the Gibbs energy of adsorption with coverage, which can only be caused by a positive 

interaction between adsorbed species. A positive value of g.. corresponds to an increase of 

the Gibbs energy of adsorption which can either be caused by a negative interaction between 

adsorbed species or by the non-uniformity of the catalytic surface. 
Table 5.5 gives the K_<l., and the interaction parameter g.. for ethanol, acetaldehyde and 

acetic acid in 0.1 M HC104 • The type of interaction is based on the value of the parameter 
g.. in the Frumkin isotherm. As was discussed in chapter 3, the heterogeneity parameter g.. 
can be regarded as the result of the heterogeneity parameters of chemisorption and successive 

oxidation: 

(5.21) 

As was discussed in chapter 3, the value of zero in the case of ethanol adsorption is the result 

of the positive value of g.. for chemisorption and the positive value of g.. for the oxidation 

of the adsorbate. 
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Table 5.5. Parameter estimates with 95% confidence limits for the steady state adsorption of ethanol, acetaldehyde 

and acetic acid at 0.4 V vs RHE in 0.1 M HOO, obtained by the regression analysis of experimental degrees of 

coverage with equations 3.11 for ethanol and 5.18 for acetaldehyde and acetic acid. 

component Ko 
" 

(m3mot1
) g., type of interaction, 

ethanol 61 ± 5 0 none, Langmuir 

acetaldehyde 79 ± 4 -1.4 ± 0.4 attractive, Frumkin 

acetic acid 577 ± 116 68 ± 10 repulsive, Frumkin 

It can be concluded from Figure 5.6 that at the same oxidative conditions acetaldehyde 

leads to a higher degree of coverage by chemisorbed species than ethanol. According to 

equation (3.14), a higher degree of coverage by chemisorbed species at steady-state can either 

be caused by a higher chemisorption rate or by a lower rate of the oxidation of the 

chemisorbed species. The chemisorption rates of ethanol and acetaldehyde were measured by 

chronoamperometry in 0.1 M HC104 at 0.4 V vs RHE at a concentration of 10 molm-3 and 

a temperature of 298 K. The chemisorption rate of acetaldehyde was measured in to be twice 

as high as that of ethanol, the chemisorption rate amounted to 2.6 s-1 versus 1.2 s-1 which was 

measured for ethanol. The higher degree of coverage by chemisorbed species at steady-state 

formed upon the adsorption of acetaldehyde compared to that of ethanol is thus the result of 

a higher chemisorption rate. 

The adsorption of acetic acid does not lead to a high coverage by chemisorbed species. 

It should be noted that the experimental procedure is such that only irreversibly adsorbed 

species are measured. If the adsorbed species are in a dynamic adsorption equilibrium with 

the species in solution, desorption of the adsorbed species will take place during the exchange 

of solutions between the adsorption and the determination of the amount of adsorbate. 

Radiotracer studies of the adsorption of labelled <!Cetic acid (Krauskopf and Wieckowski, 

1989; Kazarinov and Girina, 1967) and Infrared spectroscopy (Rodes et al., 1994) showed that 

acetic acid is indeed reversibly adsorbed on platinum. 

The influence of this reversibly adsorbed acetic acid on the chemisorption kinetics of 

ethanol is shown in Figure 5.7. Acetic acid has already at low concentrations a strong 

negative influence on the dehydrogenation rate of ethanol. The experimental results are well 

described by equation (5.22), which describes the turnover frequency of ethanol chemisorption 

in the presence of acetic acid. 

(5.22) 

The symbols in equation (5.22) are the same as in equation (3.4). The values of g2 and K1 are 

the same as in chapter 3. For k2 a value of 5.84 was used instead of the value of 5.36 in 

chapter 3, in order to have an adequate description of the chemisorption rate at an ethanol 
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concentration of 100 molm-3 in the absence of acetic acid. The adsorption of reversibly 

adsorbed acetic acid is described by a Langmuir equilibrium. The estimate of the equilibrium 

constant KHAc is equal to 0.54 :t 0.11 m3mol-1 (95% confidence interval). The equilibrium 

constant of the physisorption of ethanol was calculated in chapter 3 and amounts to 0.0264 
:t 0.0017 m3mor' (95% confidence interval). 

tl z 
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Figure 5.7. Influence of acetic acid on the lcinetics of ethanol chemisorption at Ocs,a011=0.05. 100 motm·' ethanol, 

298 K, 0.4 V. Symbols: experimental turnover frequencies as calculated from equation (2.9), with standard deviation. 

Full lines: the turnover frequencies calculated from equation (5.22) with KHAc = 0.54 :t 0.11 m'mor'. 

The presence of acetic acid did not lead to a lower steady state coverage by chemisorbed 

species originating from ethanol. The potential at which the chemisorbate is oxidized is 
shifted to higher values when acetic acid is present during ethanol chemisorption. 

The influence of acetaldehyde on ethanol dehydrogenation was not examined as both 

ethanol and acetaldehyde are, in contrast to acetic acid, dehydrogenated, such that no 
distinction can be made as to which compound is dehydrogenated and at which rate. 

The oxidation profiles of the chemisorbed species which are formed upon the 

chemisorption of ethanol and acetaldehyde on platinum in acid medium are shown in Figure 
5.8. The similarity of the two oxidation profiles suggests that the chemisorbed species formed 

upon the chemisorption of ethanol and acetaldehyde are the same. It can only be stated that 
at equal concentrations the chemisorption of acetaldehyde leads to a higher degree of 
coverage than the chemisorption of ethanol. The chemisorbed species itself is not more 
strongly bound to the platinum surface. 

The isotherms shown in Figure 5.6 are measured at an adsorption potential of 0.4 V. 

At 0.4 V, the platinum surface is devoid of adsorbed hydrogen and oxygen atoms, and the 
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Figure 5.8. Oxidation profile of chemisorbate on platinized platinum at 8cs= 0.80 at 0.4 V vs RHE in 0.1 M HClO, 
at 298 K. Scan rate = 5 mV/s. Full line: ethanol, dashed line: acetaldehyde. 

steady state oxidation of ethanol only takes place at potentials higher than 0.4 V. The effect 

of the adsorption potential on the degree of coverage by chemisorbed species is shown in 
Figure 5.9 for the case of ethanol. 
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Figure 5.9. Steady state degree of coverage by chemisorbate on platinized platinum as a function of adsorption 
potential. 0.1 molm-' ethanol, 298 K, 0.1 M HClO,. 

The degree of platinum coverage by chemisorbed species at constant sorptive 

concentration is maximum at 0.4 V. At lower potentials, the adsorption of ethanol has to 

compete with the reductive adsorption of protons. At higher potentials, the adsorption of 

hydroxide ions hinders the adsorption of ethanol. Moreover, the oxidation rate of the 

chemisorbed species increases with increasing potential, leading to a lower steady state 
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coverage. 

high pH 

The dependence of the degree of coverage by chemisorbate, as calculated from 

equation (2.6), on the concentration of ethanol, acetaldehyde and acetic acid in the bulk 
solution is given in Figure 5.10. In all three cases the experimental results could be well 

described by the Frumkin isotherm, equation (5.18), with a repulsive interaction parameter 

g,, see Table 5.6, with the exception of acetaldehyde adsorption at a high degree of coverage 
by chemisorbed species, in which the interaction is attractive. According to equation (5.21), 

a positive value of g, can be caused by a value of g.. which is close to zero or negative. A 

negative value for &,, means that the chemisorbate is the subject of desorption rather than 
oxidation, as its removal is facilitated by an increase of the degree of coverage by 

chemisorbed species. The fact that ethanol, and thus possibly also acetaldehyde, was 
concluded in chapter 4 to lead to a chemisorbate which corresponds to CO, makes its 
desorption rather unlikely. The other species which is formed upon the chemisorption of 

ethanol at high pH, glyoxylic acid, may desorb, especially taking into account that glyoxylate 

will be formed at this high pH rather than glyoxylic acid. 

The experimental observations in the case of acetaldehyde chemisorption could only 
be described by two different isotherms, one describing the observations at coverages lower 

than 0.4, the other describing the observations at coverages higher than 0.4. This discontinuity 

suggests that the adsorbed species undergo a change in orientation due to the limited number 

of adsorption sites. The species adsorbed at a degree of coverage higher than 0.4 have either 
a positive interaction with the species already adsorbed at a low degree of coverage or with 
the species formed at a degree of coverage higher than 0.4. A sudden change of the oxidation 
profile of the chemisorbed species at a coverage of 0.4, which would be expected, was not 
observed. 

The chemisorption rates of ethanol and acetaldehyde were measured by 

chronoamperometry in 0.1 M NaOH at 0.4 V vs RHE at a concentration of 10 molm-3 and 

a temperature of 298 K. The chemisorption rate of acetaldehyde was measured to be much 
higher than that of ethanol. The chemisorption rate of acetaldehyde amounted to 14.3 s-1 

versus 0.33 s-1 which was measured for 10 molm-3 ethanol. The higher degree of coverage 

by chemisorbed species at steady-state formed upon the adsorption of acetaldehyde compared 
to that of ethanol is thus the result of a higher chemisorption rate. 

Sodium acetate has no influence on the chemisorption kinetics of ethanol in alkaline 
medium up to an acetate concentration of 100 molm-3• 
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Figure 5.10. Steady state degree of coverage by chemisorbate on platinized platinum at 0.4 V vs RHE versus sorptive 

concentration in 0.1 M NaOH at 298 K. Symbols: experimental degrees of coverage as calculated from equation 

(2.6):=ethanol, D=acetaldehyde, <>=acetic acid . Full line: degree of coverage calculated from equation (5.18) and 

using parameter estimates from Table 5.6. 

Table 5.6 gives the K0
., and the heterogeneity parameter g, for ethanol, acetaldehyde 

and acetic acid in 0.1 M NaOH. The type of interaction is based on the value of the 
parameter g in the Frumkin isotherm. 

Table 5.6. Parameter estimates with 95% confidence limits for the steady state adsorption of ethanol, acetaldehyde 

and sodium acetate on platinum in 0.1 M NaOH obtained by the regression analysis of experimental degrees of 

coverage with equation 5.18. 

component K_O .. (m3mor1
) g type of interaction, 

isotherm 

ethanol 276:!: 39 5.1 :!: 1.3 repulsive, Frumkin 

acetaldehyde, 8cs<0.4 103:!: 11 8.9:!: 1.2 repulsive, Frumkin 

6cs>0.4 0.5 :!: 0.3 -3.7:!: 0.3 attractive, Frumkin 

sodium acetate 0.012 :!: 9 10-4 4.8:!: 1.3 repulsive, Frumkin 

The oxidation profiles of the chemisorbed species which are formed upon the 

chemisorption of ethanol and acetaldehyde on platinum in alkaline medium are shown in 

Figure 5.11. 
As in the case of chemisorption at low pH, the oxidation profiles of the chemisorbate formed 

upon adsorption of acetaldehyde and ethanol look similar. There is no reason to suggest that 

acetaldehyde adsorption leads to stronger chemisorbed species than ethanol. 
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Figure 5.11. Oxidation profile of chemisorbate on platinized platinum at llcs= 0.80 in 0.1 M NaOH at 298 K. Scan 
rate = 5 m V /s. Full line: ethanol, dashed line: acetaldehyde. 

The effect of the adsorption potential on the degree of coverage by chemisorbed 
species is shown in Figure 5.12 for the case of ethanol. 
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Figure 5.12. Steady state degree of coverage of chemisorbate on platinized platinum as a function of adsorption 
potential. 1 molm"' ethanol, 298 K, 0.1 M NaOH. 

The coverage-potential curve is, compared to that at low pH, asymmetric. The branch at the 
low potential side is much steeper than the branch at the high potential side. This may be 

caused by a negatively charged chcmisorbate. The fact that in spite of this Coulomb
interaction a maximum occurs at 0.3 V is caused by the higher rate at which the adsorbate 
is oxidized when the potential is increased. 
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5.3.4. Chemisorption of molecular oxygen 

In the majority of the kinetic models of oxidative dehydrogenation of alcohols by 

molecular oxygen (Schuurman et al., 1992a; Van den Tillaart et al., 1994; Nondek et al., 

1981) the adsorption of oxygen is described by a Langmuir equilibrium. The correctness of 

this assumption was checked on a platinized platinum electrode in 0.1 M H004. The degree 

of platinum coverage by oxygen versus the partial pressure of oxygen in 0.1 M HC104 at 

298K is given in Figure 5.13. 
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Figure 5.13. Equilibrium degree of platinum coverage by oxygen on platinized platinum versus oxygen partial 

pressure in 0.1 M HOO, at298 K. Symbols: experimental degree of coverage calculated from equation (5.13). Full 

line: degree of coverage calculated from (5.20) with K=692 ± 82 Pa-1 and g=35 ± 2. 

The experimental results are well described by equation (5.20), which describes adsorption 

according to Temkin. The estimate of the parameter K is equal to 692 : 82 Pa-1 (95% 

confidence interval), that of the heterogeneity parameter g is equal to 35 ± 2 (95% confidence 

interval). The experimental observations could not be described by a Langmuir isotherm. The 
description of oxygen adsorption according to Langmuir in kinetic models is thus not correct. 

It was however demonstrated by Boudart (1956) that the final rate expression in the case of 

a Langmuir approach can be almost identical to that obtained by taking the non-uniformity 
of the catalytic surface into account, provided that the degree of coverage does not vary over 

a too wide range. 
The degree of platinum coverage by oxygen shows only a weak dependence on the 

partial pressure of oxygen. In the case of an adsorption equilibrium of oxygen before a rate

determining surface reaction between adsorbed oxygen and adsorbed alcohol, the dependence 

of the reaction rate on the oxygen partial pressure will be correspondingly low. This is in fact 

what has been measured by Schuurman et al. (1992a) and Van den Tillaart et a1.(1994). 
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The kinetics of oxygen reduction and adsorption are hard to determine due to the low 

oxygen solubility of oxygen in water. Only a rotating disc electrode enables the measurement 
of the oxygen reduction kinetics without the influence of mass transfer. 

5.3.5. Oxidative dehydrogenation of ethanol with molecular oxygen 

Throughout the electrochemical work a comparison has been made between the 
kinetics at low and high pH. The oxidative dehydrogenation with molecular oxygen is 

typically performed around a pH of 8 (Mallat and Baiker, 1994). The performance of 
electrochemical measurements at a pH of 8 is however difficult. Without the use of a buffer, 

large differences in pH are likely to occur between the surface layer, where protons are 

produced or consumed, and the bulk of the solution. The use of a buffer, such as carbonate 
or phosphate buffers lead to strong adsorption of anions in the case of phosphate, and to the 

formation of adsorbed CO in the case of carbonate. 

The oxidative dehydrogenation of ethanol with molecular oxygen was therefore 

performed at 298 K and a pH of 1, 8 and 13, in order to make a comparison with the 

electrochemical data. The CSTR set-up, which is described in chapter 2, was fed with a 
solution of 116 molm-3 ethanol. At the start of the reaction, the reactor composition was the 
same as that of the feed solution. The measured rates are given in Table 5.7. 

Table S. 7. Steady state disappearance and production rates of ethanol, acetaldehyde and acetic acid using a 4.4 wt% 

PI/graphite catalyst with a concentration of 3.33 kgrn-' as a function of pH at 298 K, p02=100 kPa, feed concentration 

ethanol=116 molm-', feed flow rate=0.25 10-" m's-1
• 

pH Reth.,ol Racetilldehyde R ... tic acid xethanol 

(mmolkg-\,, s-1
) (mmolkg-\,, s-1

) (mmolkg-1
cat s-1

) 

1 -2.8 1.6 1.2 0.20 

8 -3.2 0.14 3.1 0.57 

13 -1.0 0.20 0.76 0.09 

For the oxidative dehydrogenation of ethanol at each pH examined a steady-state was 

reached within 5 ks and deactivation was observed only at a pH of 13 and that to a very 
minor extent. 

The activities at a pH of 1 and 13 can be compared to the electrochemical 

chemisorption rates reported in chapter 3 and 4. Table 5.8 gives the recalculated values of 

Table 5.7 to turnover frequencies and the ethanol chemisorption rates at zero coverage 

obtained from chapter 3 and 4. A site is considered to consist of 1 platinum atom in the case 

of the oxidative dehydrogenation. 
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Table 5.8. Turnover frequencies of the oxidative dehydrogenation of ethanol with molecular oxygen and of the 

chemisorption of ethanol at zero coverage. Conditions during oxidative dehydrogenation as in Table 5.7. During 

ethanol chemisorption: 100 maim'' ethanol, 298 K, 0.4 V vs RHE, platinum foil. 

pH 

1 

13 

steady-state turnover frequency 

of oxidative dehydrogenation 
(s-1) 

0.023 

0.0083 

turnover frequency of 

chemisorption at zero coverage 
(s-1) 

4.88 

1.51 

The ratio between the chemisorption rates in acid and alkaline medium is in perfect agreement 

with the ratio between the activities of the oxidative dehydrogenation of ethanol with 

molecular oxygen in acid and alkaline medium. By means of the heterogeneity parameter g2 

of equation 3.4 it can be calculated that only at a fraction of free sites equal to 0.09 a 

turnover frequency as low as 0.023 s'1 emerges for ethanol chemisorption at a pH of 1. 

The influence of acetic acid on the oxidative dehydrogenation of ethanol with 

molecular oxygen was examined by adding acetic acid at steady-state and is given in Table 

5.9. As can be seen, the presence of acetic acid strongly inhibits the oxidative 
dehydrogenation of ethanol with molecular oxygen. The catalyst activity was restored to its 

original value after this addition of acetic acid had been stopped. 

Table 5.9. Influence of acetic acid on the disappearance rates of ethanol using a 4.4 wt% PI/graphite catalyst with 

a concentration of 1 kgm-3 at 313 K, p02=2S I<Pa, pH=4, feed flow rate=0.2S 10-< ro's·'. 

reactor feed composition 

200 molm-3 ethanol 

200 molm-3 ethanol + 100 molm-3 acetic acid 

8.8 

3.3 

The effect of adding 60 molm-3 acetaldehyde to 140 molm-3 ethanol at 313 Kat a pH 

of 8 and an oxygen partial pressure of 25 kPa is shown in Table 5.10. As can be seen from 

Table 5.10 no ethanol is converted at all when acetaldehyde is present in high concentration. 

Only acetaldehyde itself is oxidized to acetic acid. The presence of acetaldehyde thus prevents 
the physisorption of ethanol to such an extent that it cannot be dehydrogenated. The presence 

of acetaldehyde did not cause any deactivation of the catalyst in terms of permanent loss of 

catalyst activity. 
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Table s.10. Influence of acetaldehyde on the disappearance rates of ethanol using a 4.4 wt% PI/graphite catalyst with 
a concentration of 1 kgm·' at 313 K, p02=25 kPa, pH=8, feed flow rate=0.25 10 .. m's·•. 

reactor feed composition 

200 molm-3 ethanol 

140 molm-3 ethanol+ 60 molm-3 acetaldehyde 

4.6 

0 

5.4. Relation between oxidative dehydrogenation of ethanol with molecular oxygen and 

electrochemical observations. 

In the case of the oxidative dehydrogenation of ethanol by molecular oxygen a finite 

steady-state can be reached. This is in contrast to the oxidation of methyl-a-D

glucopyranoside, which is accompanied by deactivation, i.e. a continuously decreasing 

reaction rate caused by over-oxidation. It was already pointed out by Vleeming et al. (1994) 

that this difference is caused by the fact that ethanol is a better reducing agent than methyl
a-D-glucopyranoside. From Tables 5.3 and 5.4 it can be concluded that the degree of 

platinum coverage by oxygen will be even lower in the presence of acetaldehyde. The rate 

of oxygen consumption is in the case of ethanol oxidation so high that the deactivation due 

to over-oxidation will not take place in the case of ethanol oxidation up to almost full 

conversion. 

The increase of acetic acid production with increasing pH is in agreement with the 

increase of chemisorption rate of acetaldehyde with increasing pH which was reported in 

section 5.3.3. All electrochemical data, e.g. Table 5.3 and section 5.3.3, indicate that 
acetaldehyde reacts immediately to acetic acid at a pH of 13. At low pH, e.g. Table 5.2 and 

section 5.3.3, acetaldehyde is of lower reactivity than ethanol, as long as the platinum surface 
is not mainly covered by oxygen, which will in general be the case. The decrease of the 
selectivity to the aldehyde with increasing pH was explained by Mallat and Baiker (1994) by 

the fact that the hydrated form of the aldehyde is a stronger acid than the alcohol and that this 
gem-diol is converted to its anion at high pH. The reactivity of this anion would be higher 
than the undissociated gem-diol. The catalysis of hydration by hydroxide ions (Bell, 1956) 

was not considered by Mallat and Baiker (1994). 

From the comparison between the kinetics of ethanol chemisorption with the oxidative 

dehydrogenation of ethanol with molecular oxygen in chapter 3 it followed that in both cases 

the rate-determining step consists of the abstraction of a hydrogen atom and that the rate 

coefficient of this step is the same, when in the case of the chemisorption of ethanol the 
fraction of free platinum sites is taken the same as that calculated for the oxidative 

dehydrogenation with molecular oxygen. It follows from Table 5.8 that the rate of ethanol 

chemisorption, which can be regarded the same as that of ethanol dehydrogenation, is 

potentially 2 orders of magnitude faster. The fraction of platinum sites which is devoid of 
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chemisorbed species, i.e. the fraction of free sites, determines this rate of dehydrogenation. 

The rate-determining step in the oxidative dehydrogenation of ethanol with molecular oxygen 

is given by Van den Tillaart et al. (1994): 

(5.23) 

The production of free sites is thus part of the rate-determining step. From Figures 5.6 and 

5.10 was concluded that even the presence of very low concentrations of acetaldehyde leads 

to a high degree of platinum coverage by chemisorbed species. From Table 5.10 follows that 
the presence of acetaldehyde totally inhibits the dehydrogenation of ethanol. It can be 

concluded from these facts and the fact that the abstraction of hydrogen from adsorbed 

ethanol is potentially 2 orders of magnitude faster, that the chemisorption of acetaldehyde 

must be included in order to obtain an adequate description of the kinetics of ethanol 

dehydrogenation. 

5.5. Conclusions 

The measurement of the electrochemical reactivity of reactants and products at various 

potentials, combined with the study of their chemisorption on platinum gives insight in the 

phenomena observed during the liquid phase oxidation of ethanol by molecular oxygen on 

supported platinum catalysts both at low and high conversion. 
The rate of the steady-state oxidative dehydrogenation of ethanol on graphite 

supported platinum catalyst by molecular oxygen is two orders of magnitude slower than the 

maximum rate of ethanol dehydrogenation on unsupported platinum. From this it can be 

concluded that the steady-state rate of the oxidative dehydrogenation of ethanol is determined 

by the rate at which free platinum sites are regenerated. For an adequate description of the 

kinetics of the oxidative dehydrogenation of ethanol by molecular oxygen the influence of 

acetaldehyde and acetic acid should be included. 

At low pH, high concentrations of acetaldehyde and acetic acid have a negative 

influence on the rate at which ethanol is dehydrogenated. At high pH, sodium acetate has no 

influence at all. Acetaldehyde is instantaneously oxidized to acetic acid, due to the high rate 

of the hydration of acetaldehyde at high pH. 
The rate of the oxidative dehydrogenation of ethanol at high pH is lower than at low 

pH, partially because the adsorption of hydroxy-species inhibits the physisorption of ethanol. 
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Chapter 6 

On-line Characterization of Platinum/Graphite Catalysts 
during Liquid Phase Oxidations using Cyclic Voltammetry 

6.1. Introduction 

There is an increasing trend toward the replacement of the stoichiometric liquid phase 

oxidations practised up to now by catalytic alternatives. Especially the production of fine 

chemicals and pharmaceuticals generates large quantities of inorganic salts that can 

accumulate up to 100 kg per kg of the desired product (Sheldon, 1994). Noble metal 

catalyzed oxidations with molecular oxygen are an attractive alternative, as the oxidant is 

converted to water and the oxidations are in general more selective (Van Bekkum, 1990). 

Carbon is the usual support (Sheldon, 1994; Mallat and Baiker, 1994), although in some cases 
alumina and silica are better alternatives. 

The major drawback of the catalytic oxidations with oxygen is the limited life time 

of the catalyst (Mallat and Baiker, 1994). Possible causes of deactivation during liquid phase 

oxidations are: oxidation of the active metal (Van Dam et al., 1990), loss of active surface 

area due to site coverage by either reaction components or poisons (Bronnimann et al., 1994), 

particle growth (Schuurman eta!., 1992) and corrosion of the metal (Bronnimann et al., 1994; 
Schuurman et a!., 1992). The actual cause of activity loss depends on the type of reaction and 

the conditions applied. It seems that when the oxidation rate is controlled by the gas/liquid 

transfer of oxygen, the catalysts are more likely to be the subject of coverage by carbonaceous 

products than when the catalysts are applied in the kinetic regime (Mallat et al., 1992; Mallat 
et al., 1993a,b,c). This phenomenon is reported to be more pronounced when the catalyst is 

prereduced by the organic reactant (Bronnimann et al., 1994; Mallat et aL, 1993a). When the 

oxidation is performed in the kinetic regime, strong chemisorption of oxygen can take place 

on the active metallcading to what is referred to as over-oxidation (Schuurman eta!., 1992; 

Mallat eta!., 1992; Vleeming et al., 1994). It was found recently (Jelemensky et a!., 1995) 

that during the oxidation of ethanol up to three steady-states can occur at the same reaction 

conditions, depending on the start-up procedure. A low steady-state activity was established 
with an oxidative start-up and a high steady-state activity with a reductive start-up. This 

behaviour could only be described when the formation of sub-surface oxygen was taken into 
account (Jelemensky et al., 1996). Under oxygen transfer limited conditions, it is less likely 

that this sub-surface oxygen will be formed. As the reactivity of the alcohol has a strong 

influence on the oxygen coverage during oxidation (Hronec et al., 1993; Van den Tillaart et 
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al., 1994), it will also determine the extent to which sub-surface oxygen is formed. This 

explains why over-oxidation is observed in the oxidation of methyl a-D-glucopyranoside, 

leading to a low steady-state, and not in the oxidation for ethanol, while in both cases a 

reductive start-up is used (VIeeming et al., 1994). Additionally, the oxidized platinum can 

be subject to dissolution and redeposition so that the already low activity becomes even lower 

and a steady-state is never reached (Schuurman et al., 1992). 

The performance of platinum catalysts is often enhanced by the deposition of a 

promoter metal on the platinum surface. Good results have been achieved with bismuth 

(Mallat et al., 1993a,b,c; Hendriks et at., 1990), lead (Mallat et at., 1993c; Smits et at., 1986) 

and tin (Mallat et al., 1993c). Promoter metals can however also be the subject of corrosion 

(Bronnimann, 1994), and optimal performance depends on the degree of coverage by the 

promoter metal (Mallat et al., 1993a; Kimura et al., 1993). Beyond this optimal degree of 

coverage, the promoter metal acts as a poison, decreasing the availability of active sites 

necessary for reactant adsorption. 

Prevention of deactivation during reaction demands a characterization technique 

capable to discriminate between the above mentioned causes for activity losses. Transfer of 

the catalyst from the liquid phase to the gas phase or vacuum can create changes in adsorbate 

coverage or surface states leading to misinterpretations, hence the characterization can best 

be performed in the liquid phase. 

Electrochemical techniques such as open-circuit potential measurements and cyclic 

voltammetry are well suited to provide information on the surface state and adsorbate 

coverage of platinum surfaces during reactions (Horanyi, 1994). The measurement of the 

open-circuit potential can be performed in-situ, i.e. during reaction. From this potential, the 

coverage of hydrogen and oxygen atoms can be evaluated (Mallat et at., 1993c, Mallat and 

Baiker, 1995). 

Cyclic voltammetry is a technique that can be considered as the liquid phase 

equivalent of the gas/solid temperature programmed techniques TPD, TPO and TPR (Lowde 

et at., 1978; McNicol, 1980). The main parameter in cyclic voltammetry is the electric 

potential of the catalyst, which is changed linearly in time, just as the temperature is increased 

linearly in the temperature programmed techniques. As a function of the catalyst potential 

an electric current is measured. Cyclic voltammetry has been mainly used for the 

characterization of fuel cell electrodes, consisting of carbon supported platinum catalysts (Tran 

and Langer, 1993; Attwood et al., 1980; Mahmood et al., 1981; Tran et at., 1993; Antonucci 

et al., 1994), to study the influence of the preparation method on the eleetrocatalytic 

performance. It has also been applied as an ex-situ technique for the characterization of 

graphite supported catalysts before and after the oxidation of alcohols and carbohydrates 

(VIeeming et al., 1994; De Bruijn et al., 1992). The prereduction of platinized platinum by 

the organic reactant as followed in-situ by cyclic voltammetry showed that a dramatic 

decrease of the available platinum surface area was caused by the formation of by-products 

(Bronnimann et at., 1994; Mallat et at., 1993a, Malta! et at., 1995). 
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In this paper an electrochemical cell is described which offers the possibility of quasi 

in-situ characterization of graphite-supported platinum catalysts, both unpromoted and 

promoted, during reaction. Tin was used as a model to study the possibility of characterizing 

catalysts promoted with metals such as tin, lead and bismuth. Emphasis is put on the 

quantitative determination of the platinum particle size and the degree of coverage of platinum 

by carbonaceous species for the unpromoted catalysts, and on the determination of the degree 

of platinum coverage by tin. 

6.2. Experimental 

6.2.1. Catalyst 

A 4.4 wt% platinum on graphite catalyst was used. The preparation method and 

catalyst properties have been described in chapter 2. 

Tin promoted catalysts were prepared in the reactor set-up by the addition of a 

solution of 0.1 M HC104 containing SnS04 at 298 K to a platinum on graphite catalyst that 

was treated with molecular hydrogen at 363 K during half an hour. A tin/graphite catalyst was 

prepared in the same way by using the preoxidized graphite support instead of the 

platinum/graphite catalyst. 

Immediately after the addition of the SnS04 solution, the gas flow was switched from 

nitrogen to hydrogen. The concentration of the SnS04 used for promotion was varied between 

1.5 10-1 and 1 mol m-3
• The pH of the final solution during promotion amounted to 2. After 

half an hour the gas flow was switched to nitrogen and the catalyst was washed with 4 litres 

of Millipore superQ water (18 MQ em). Reactions with promoted catalysts were performed 

immediately after promotion, i.e. without exposure to ambient conditions. The tin content of 

the catalyst was analyzed after preparation and after reaction using a spectrophotometric 

method. After preparation the amount of tin deposited was equal to the amount of tin added 

to the promoting solution. 

6.2.2. Reactions 

All reactions were carried out in a continuous flow stirred three phase reactor with a 

liquid volume amounting to 0.6 10-3 m3
• The reactor was operated at a constant molar feed 

flow rate of the organic reactant and atmospheric pressure. The pH was measured and kept 

constant by adding a 0.1 M NaOH solution with a titration unit. Oxygen and nitrogen were 

fed by mass flow controllers in such way that the oxygen concentration in the liquid phase 

was constant. 

A catalyst concentration of 3.33 kg m-3 was used in all experiments. Platinum/graphite 

or tin promoted platinum/graphite catalysts were used for the oxidation of methyl a-D-
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glucopyranoside, ethanol or ethylene glycol at various reaction conditions. In addition the 

platinum graphite catalyst was subjected to a hydrogen treatment and the tin promoted catalyst 

to an oxygen treatment. 

Before reaction all platinum on graphite catalysts were prereduced in the liquid phase 

by molecular hydrogen at 363 K for half an hour. The pH was not kept constant during this 

reduction but was generally between 4 and 5. One experiment consisted of a hydrogen 

treatment in the liquid phase at a pH of 13 during a prolonged period. The tin promoted 

catalysts were used as such. 

The oxidation of methyl a-0-glucopyranoside was started by introducing oxygen gas 

in the reactor after the methyl a-0-glucopyranoside had been in contact with the catalyst for 

15 to 40 minutes. In the case of ethanol oxidation, oxygen and ethanol were introduced in the 

reactor simultaneously. For both reactions the start-up procedure applied was found to give 

the highest reaction rate and the best reproducible results. All reported reaction rates are free 

of any mass or heat transfer limitation, i.e. the reactions are performed in the kinetic regime. 

6.2.3. CO-pulse chemisorption 

The surface area of the platinum metal was determined on a modified Carlo Erba gas 

chromatograph equipped with a thermal conductivity detector. Helium was used as carrier gas. 

Catalysts were dried overnight at 333K at 5 kPa. Before the chemisorption measurement, the 

platinum was reduced by hydrogen at 373 K for half an hour. CO-pulse chemisorption 

measurements were performed on the fresh catalyst and on catalysts used for reaction. An 

amount of 100 mg was used for surface area determination in duplicate. The fraction of 

exposed platinum atoms was calculated assuming a 1:1 stoichiometry (Scholten et al., 1985), 

leading to: 

(6.1) 

It is implicitly assumed that the number of exposed platinum atoms is equal to the number 

of surface atoms, which is determined by the platinum particle size. For spherical and 

hemispherical particles, the relation between the platinum particle diameter and the fraction 

of exposed platinum atoms is given by (Scholten et al., 1985): 

~ = 1.25 nm 
FE 

(6.2) 

assuming a platinum atom density of 1.31 1019 m-2 (rrasatti and Petrii, 1992). All measured 

fractions of exposed platinum atoms are reported in terms of the platinum particle size as 

calculated from equation (6.2). 

In promoted catalysts, the degree of coverage of platinum by tin-atoms can be 
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calculated by the ratio of the fraction of exposed platinum atoms before and after tin 

deposition: 

FE~ e;.c> = 1 -
FEoco 

as CO does not adsorb on tin (Verbeek and Sachtler, 1976). 

6.2.4. Cyclic voltammetry 

(6.3) 

A novel electrochemical cell has been designed which enables the direct 

characterization of a catalyst suspended in water without the need of drying the catalyst 

sample. A schematic representation of this electrochemical cell is given in Figure 6.1. 

A volume of 1.6 ml catalyst slurry with a catalyst concentration equal to 3.33 kg m-3 

is sampled from the reactor and introduced in the compartment of the working electrode. The 

sampling is performed with a glass pipette. The working electrode compartment consists of 

a Millipore GVWP09050 membrane filter with 0.22 !IITI poresize, mounted on a perspex sieve, 

on top of which a platinum sieve is mounted. After the introduction of the catalyst slurry, 

argon purged 0.5 M sulphuric acid is pumped via the inlet of the working electrode 

compartment and the counter electrode outlet through the electrochemical cell. This electrolyte 

flow causes the reaction liquid to be pumped off leaving the catalyst as a fixed catalyst bed 

on the membrane filter with the platinum sieve on top of the bed. During characterization the 

electrolyte flow rate is zero. Via the platinum sieve electric contact is made between the 

catalyst particles and the Autolab PGSTAT 20 potentiostat. If the catalyst suspension is 

sufficiently mixed in the reactor, the catalyst slurry is homogeneous and the sampling of 

catalyst is reproducible. It was tested that the reproducibility of the sampled mass of catalyst 

is within 5%. The counter electrode consists of a platinum coil, Hg/Hg2S04 is used as 

reference electrode. All reported potentials are referred to the reversible hydrogen electrode 

(RHE). 
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Figure 6.1. a. Schematic representation of the experimental setup for catalyst characterization by cyclic voltammetry. 
WE; working electrode, RE= reference electrode, CE = counter electrode. b. Detailed scheme of working electrode. 

Catalyst characterization is performed by cycling the working electrode potential 

between 0 and 1.3 V vs RHE at a scan rate of 2 mV/s. Figure 6.2 shows the resulting 
voltammogram. The part of the cyclic voltammogram ranging from 0 to 0.4 V corresponding 

to the reductive adsorption of protons in the cathodic scan and the subsequent oxidation of 
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the hydrogen adatoms in the anodic sean is called the hydrogen region. The degree of 

hydrogen coverage ranges from zero at 0.4 V to monolayer coverage at 0 V. The surface area 

of the platinum metal can be determined from the charge associated with the anodic oxidation 

of the monolayer of hydrogen adatoms taking place between 0 and 0.4 V. Assuming a Pt:H 

stoichiometry of 1:1 and a platinum number surface density of 1.31 1019 m-2
, 2.1 cm-2 is 

transferred during the oxidation of a monolayer of hydrogen adatoms (Trasatti and Petrii, 

1992). The dashed line represents the non-faradaic current, which is not caused by the 

oxidation of adsorbed hydrogen. This background current is mainly the result of the capacitive 

current caused by the charging of the graphite support and to a much lesser extent of the 

platinum surface. 

0.00 

reduction of 
protons 

0.25 0.50 

reduction of 
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0.75 

E [V vs RHE] 

1.00 1.25 

Figure 6.2 Voltammogram of 4.4 wt% platinum/graphite after potential cycling in 0.5 M H2SO,, room temperature. 
Scan rate= 2 mV/s. Dashed line gives capacitive current. 

It is common use in cyclic voltammetry to characterize the metallic surface by 

recording several consecutive cycles. Starting the voltammogram at 0.3 V in negative 

direction, the platinum surface area can be measured without oxidizing the carbonaceous 
adsorbed species. Hence, the first cyclic voltammogram allows to obtain the fraction of the 

platinum surface area which is devoid of adsorbed organic species. By the potential cycling, 
these carbonaceous adsorbates can be oxidatively removed, until no further change is 

recorded, in particular between 0 and 0.4 V during the anodic scan. The difference between 

the first and the last cycle gives the degree of coverage of the platinum particles by 

carbonaceous species: 
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(6.4) 

The fraction of exposed platinum atoms is calculated by: 

(6.5) 

and the platinum particle diameter by equation (6.2). 

The experimental error of the determination of the platinum particle diameter and the 

degree of coverage by carbonaceous species for the catalyst exposed to ambient conditions 

amounts to 7% respectively 9%, based on 11 determinations. 

Information on surface oxides can be obtained by starting at 0.9 V in the negative 
direction. Platinum oxides are reduced below this potential, while the electrochemical 

oxidation of the platinum surface, starts only above 0.9 V. This means that a cathodic current 
measured during the first scan in negative direction is caused by a platinum oxide already 

present on the catalytic surface before the introduction of the catalyst in the electrochemical 
cell. The degree of oxygen coverage can be calculated according to: 

(6.6) 

The factor 2 originates from the fact that the reduction of PtO is accompanied by the transfer 

of 2 electrons, while the oxidation of PtH is accompanied by the transfer of 1 electron. An 

oxygen coverage of 1 corresponds thus to a monolayer of PtO, whereas an oxygen coverage 
of 0.5 can be assigned to a monolayer of PtOH, as the reduction of PtOH is accompanied by 

the transfer of one electron. An oxygen coverage of 2 corresponds to a monolayer of Pt02• 

It must be kept in mind however that the degree of oxygen coverage as measured by cyclic 

voltammetry after a catalytic reaction is not representative for the steady state degree of 

oxygen coverage on the platinum surface during the reaction. Due to the low oxygen 
solubility of oxygen in water, circa 1 mol m-3 ,compared to the concentration of organic 

reactants which are usually in the order of 100 mol m-3 or higher, the oxygen containing 
species such as 0 and OH on the platinum surface can be removed by the organic reactant 
as soon as the stirring in the reactor is stopped, generally resulting in a zero-valent platinum 

surface. The only way to obtain insight in the oxidation state during the catalytic reaction is 

by measuring the open-circuit potential of the catalyst (Mallat et al., 1993b,c; De Bruijn et 

a!., 1992). 
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For fresh promoted catalysts, the degree of platinum coverage by tin-atoms can be 

calculated from the amount of hydrogen adatoms oxidized between 0 an 0.4 V vs RHE before 
and after tin deposition: 

(6.7) 

Equation (6. 7) is based on the fact that no reductive adsorption of protons on tin takes place 

(Sobkowski et al., 1985; Furuya and Motoo, 1979; Lamy-pitara eta!., 1992). As dihydrogen 

does not adsorb on tin (Verbeek and Sachtler, 1976), the spillover of hydrogen from platinum 
to tin is unlikely. In the bimetallic catalysts, platinum atoms can thus selectively be titrated 

with hydrogen. 

The anodic charge accompanying the electrooxidation of adsorbed tin between 0.5 and 
0.9 V vs RHE can be used as an additional diagnostic tool, the number of moles of tin-atoms 
being given by: 

oo• 
Sn 

n = 
Sn :r-p-

(6.8) 

assuming that the electrooxidation of tin is a 2-eleetron process in this potential region 

(Lamy-Pitara et al., 1992). Whether this is the oxidation of Sn(O) to Sn(II) or of Sn(H) to 

Sn(IV) is still a matter of debate. 

6.3. Results and Discussion 

6.3.1. Characterization of unpromoted catalysts 

Comparison between the determination of the platinum particle diameter by CO chemisorption 

and cyclic voltammetry 

Table 6.1. gives the platinum particle diameter before and after some pretreatments 

or reactions performed with unpromoted catalysts, as measured by cyclic voltammetry and 

CO chemisorption. 
CO chemisorption and cyclic voltammetry give comparable values for the platinum 

particle diameter. The agreement is satisfactory, especially taking into account that a gas 

phase technique is compared with a liquid phase technique. 
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Table 6.1. Platinum particle diameter of PI/graphite catalysts as determined by CO-chemisorption and cyclic 
voltammetry using equations (6.1), (6.2) and (6.5). 

reaction/treatment pH dco 
PI 

dcv 
PI 

(nm) (nm) 

as prepared 2.4 2.7 

oxidation of 8 2.8 2.8 

methyl a-D-glucopyranoside• 10.5 3.6 3.1 

oxidation of 1 2.7 3.2 
ethanolb 8 2.5 2.7 

13 9.6 3.3 

hydrogen treatment< 13 31 7.4 

323K, 100 molm-3 methyl a-0-glucopyranoside, p02= 100 kPa, 25 ks. 

b 298K, 100 molm-' ethanol, p02= 100 kPa, 15 ks. 

c 363K, pill= 100 kPa, 54 ks 

Only in the case of the experiments performed at a pH of 13, is the platinum particle diameter 

as determined by CO chemisorption much larger than that determined by cyclic voltammetry. 

As pointed out by Scholten et a!. (1985), poisoning of the platinum surface leads to a too 

large estimate of the platinum particle diameter. The fact that by cyclic voltammetry a smaller 

particle diameter is measured means that the adsorbed species cannot desorb in a gas-phase 

environment, but can be desorbed oxidatively or reductively from the platinum surface in 0.5 

M H2S04, used as electrolyte for cyclic voltammetry. Adsorbed ionic species will in general 

be desorbed more easily in the liquid phase than in the gas phase. If the CO chemisorption 

is preceded by oxidative and reductive pretreatments, the poisoning species may be desorbed, 

but the platinum particle diameter may be altered at the same time. It was verified that the 

potential cycling during cyclic voltammetry did not lead to a change of the platinum particle 

diameter for the catalyst used in this work, which was prepared by means of ion-exchange. 

Hence, cyclic voltammetry provides a more accurate platinum particle diameter than CO pulse 

chemisorption. 

Moreover, as the amount of catalyst needed for the characterization by CO 

chemisorption is approximately 10 times larger than for the characterization by cyclic 

voltammetry, it is only convenient to perform catalyst characterization by CO chemisorption 

before the start-up and after the shut-down of a reactor. In the following sections, results 

from the characterization of unpromoted catalysts by cyclic voltammetry at the various stages 

of the investigated reactions or treatments are given. 
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Hydrogen treatment in the liquid phase 

After the gas phase reduction of the platinum/graphite catalyst with molecular 
hydrogen at 573 K, the catalyst is stored at ambient conditions until it is used for the liquid 

phase reaction. It was shown previously that exposure of carbon-supported catalysts to 
ambient conditions leads to the oxidation of the platinum surface (De Bruijn eta!., 1992; Van 
den Tillaart et al., 1993). As the alcohol oxidation takes place on zero-valent platinum sites 
(Mallat and Baiker, 1994), the catalyst is pretreated reductively in the liquid phase before the 
oxidation reaction is started, as described in the experimental section. 

With cyclic voltammetry, the efficiency of the reductive liquid phase pretreatment can 

be verified. Figure 6.3 shows the first cathodic scan of the graphite supported catalyst before 
and after the standard liquid phase pretreatment. As can be seen from the large 

0.00 0.25 0.50 0.75 1.00 1.25 

E [V vs RHE] 

Figure 6.3. Cyclic Voltammogram of 4.4 wt% platinum/graphite exposed to ambient conditions, fJ.rSt scan. Full line: 

exposed to ambient conditions. Dashed line: after exposure to molecular hydrogen dissolved in water at 363 K during 

30 minutes. Scan rate= 2 mV/s. 

cathodic reduction peak at 0.6 V for the catalyst exposed to ambient conditions, the platinum 
surface is covered by an oxide layer. The charge transferred during the reduction of the 

platinum oxide is approximately twice the charge transferred during the oxidation of a 
monolayer of adsorbed hydrogen. According to equation (6.6), this corresponds to a platinum 
surface covered with a monolayer of oxygen adatoms. The sharp oxidation peak at 0.45 V 
during the cathodic scan of the catalyst exposed to ambient conditions can be attributed to the 
oxidation of carbonaceous species on the electrochemically reduced platinum surface. It is 

thus shown that some poisoning species, e.g. CO, formed during exposure to ambient 
conditions or during the gas phase reduction at 573 K of the platinum/graphite catalyst, can 

only be oxidized electrochemically when the platinum is partly reduced. 
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After the standard liquid phase hydrogen pretreatment, no cathodic reduction peak is 

observed around 0.6 V, confirming that the platinum oxide is indeed completely reduced as 

a result of this pretreatment (Van den Tillaart et al., 1993). The absence of the sharp oxidation 

peak after the standard hydrogen treatment can have two causes. Either the adsorbed species 
can be desorbed at the reductive conditions, or the adsorbed species cannot be oxidized 
electrochemically on the completely reduced platinum surface. In both catalysts samples, 

the surface area as measured in the first scan is up to 20% lower than in the final scan after 

electrochemical cycling, indicating that a significant part of the platinum surface is covered 

by carbonaceous species. These species can be formed upon exposure to ambient conditions, 

or formed by interaction with the graphite support during the gas phase hydrogen treatment 

at 573 K. 
The absence of oxidized platinum after the liquid phase hydrogen treatment 

demonstrates that the rather unsophisticated sampling of catalyst slurry by a glass pipette is 

sufficient to exclude the interference of air, as no reoxidation of the platinum has taken place 

during the transfer of the reduced sample. 
The reductive liquid phase pretreatment was also performed at lower temperatures. The 

catalyst exposed to ambient conditions is already reduced at 303 K, the reduction being 

complete after one hour. 

As was reported in an earlier paper (VIeeming et al., 1994), a hydrogen treatment at 

a pH of 13 and 363 K leads to a dramatic decrease of the platinum surface area. This process 
was now followed in time. Figure 6.4 shows the voltammogram, after potential cycling of the 

platinum catalyst, before and after the hydrogen treatment for 1800s. 
As can be seen clearly from the hydrogen area, the surface area of platinum is decreased, 

combined with a positive shift of the reduction potential of the platinum oxide 

electrochemically formed at 1.3 V during the anodic scan. The potential at which the platinum 
oxide is reduced is a function of the particle diameter. The larger the particle diameter, the 

easier the oxides of the particles are reduced, corresponding to a more positive reduction 
potential (Takasu et al., 1989; Frelink et al., 1995). 

After 54 ks this effect of hydrogen treatment is even more pronounced. Figure 6.5 
shows the cyclic voltammogram of the platinum catalyst after 54 ks hydrogen treatment. In 
the first scan, no platinum surface area is measured at all. After the hydrogen treatment for 
54 ks, the catalyst activity was tested for the oxidation of methyl a-D-glucopyranoside at 

323 K and a pH of 8. No oxidation activity was measured during one hour, meaning that the 
platinum surface is covered by species that cannot be removed by molecular oxygen at 323 
K. It is clear that in this case the platinum surface area as measured in the first scan is the 

most representative for the activity of the catalyst, whereas the voltammogram after potential 

cycling gives information on the platinum particle diameter dPt. 
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Figure 6.4. Voltammogram of 4.4 wt% platinum/graphite, after potential cycling. Full line: exposed to ambient 

conditions. Dashed line: after treatment with molecular hydrogen in water during 30 minutes, pH=l3, 363 K. Scan 

rate= 2 mV/s. 
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Figure 6.5. Cyclic Voltammogram of 4.4 wt% platinum/graphite after 15 hours hydrogen treatment in water, pH=l3, 

363 K, effect of potential cycling. Full line: first scan. Dashed line: fiflb scan. Scan rate= 2 m V /s. 

The platinum particle diameter and the degree of coverage of the platinum by 

carbonaceous species is given as a function of time in Figure 6.6. In the first 1800 s, both the 

platinum particle size and the degree of coverage by carbonaceous species increase with 50%, 

which is an indication that the two processes are coupled. 

This coupling of particle growth and site coverage can be explained by the platinum 
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particle mobility which was reported by Vleeming et al. (Vleeming et al., 1996). It can be 

imagined that carbon from the graphite support accumulates on the platinum surface while 
the platinum particle is moving across the graphite surface. 

1.00 
8 

6 0.75 

a: 4 "0 0.50 

2 
0.25 

0.00 
0 10 20 30 40 50 60 

Time [ks] 

Figure 6.6. Platinum particle diameter, equations (6.5) and (6.2), and degree of coverage of platinum by carbonaceous 

species, equation (6.4), of 4.4 wt% platinum/graphite during hydrogen treatment in water, pH=13, 363 K. 

CO chemisorption gives a FEco of 0.04 after the hydrogen treatment during 54 ks, 

which according to equation (6.2) corresponds to a platinum particle diameter amounting to 

31 nm. The combination of site coverage with particle growth, as revealed by cyclic 

voltarnmetry, is thus masked by the measurement of exposed platinum atoms by a gas phase 

chemisorption technique. Combination of CO chemisorption with TEM (Vleeming et al., 
1994) is required to conclude that the small fraction of exposed platinum atoms as measured 
by CO chemisorption is caused by both particle growth and formation of carbonaceous 
deposits. 

Active platinum surface area during the oxidation of Methyl a-D-glucopyranoside 

The oxidation rate of methyl a-D-glucopyranoside at a pH of 10.5 versus time is 

shown in the upper part of Figure 6.7. As can be seen, the reaction rate rapidly decreases 

during reaction. This was shown previously to be the result of over-oxidation (Schuurman 
et a!., 1992). The reactivity of methyl a-D-glucopyranoside is too low to keep the catalyst 
in the reduced state in an oxygen saturated solution. Only upon switching the gas feed from 

oxygen to nitrogen can the catalyst be reduced by the carbohydrate. Between run 1 and run 

2 the catalyst was exposed to the reaction medium without oxygen for 16 hours. 
The regeneration of the catalyst was only partial, the initial reaction rate of the second run 

being circa 30% lower than the initial reaction rate of the first run. The fact that the catalyst 
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can be regenerated partially by switching off the oxygen feed indicates that the decrease of 
the reaction rate during reaction is mainly the consequence of over-oxidation and not the 

cause of the latter (Mallat and Baiker, 1994). If over-oxidation would be caused by catalyst 

deactivation by site coverage, switching off the oxygen feed would only enhance the coverage 

by organic species, and would thus lead to an even lower reaction rate. 
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Figure 6.7. Platinum particle diameter, equations (6.5) and (6.2), and degree of coverage of platinum by carbonaceous 

species, equation (6.4), of 4.4 wt% platinum/graphite during the standard reductive pretreatment, the oxidation ofO.l 

mol m·' methyl a-D-glucopyranoside at 323 K, pH=l0.5, p02= 100 kPa, and the overnight exposure to the reaction 

medium at 323 K without oxygen. 

The lower part of Figure 6.7 shows the platinum particle diameter and the degree of 
coverage by carbonaceous species at different stages, i.e. before and after the reductive 

pretreatment, during reaction and after the regeneration in N2• The degree of coverage by 

carbonaceous species increases at each reductive treatment, i.e. during the reductive 
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pretreatment with molecular hydrogen and during the overnight exposure to the nitrogen 
saturated reaction mixture. The overnight exposure results in an increase of the coverage by 

carbonaceous species by 30% compared to the coverage at the beginning of run 1. As the 

initial reaction rate in run 2 is 30% lower than the reaction rate of run 1, coverage of surface 

platinum atoms by carbonaceous species apparently makes them unavailable for the oxidation 

of methyl a-D-glucopyranoside. During the oxidative conditions in run 2, part of the 
carbonaceous deposits are oxidized resulting in a lower degree of coverage by carbonaceous 

species at the end of run 2. 

The platinum particle diameter can be regarded as being constant within the 

experimental error during the standard pretreatment and the oxidation of methyl a-D

glucopyranoside. Only the overnight exposure to the nitrogen saturated reaction mixture 
results in a significant increase of the platinum particle diameter amounting to 15% compared 

to that at the beginning of run [. 

Similar experiments were perfonned at a pH of 8. The same phenomena were 
observed, but to a so low extent that the initial reaction rate could be restored within the 

experimental error by overnight exposure to the nitrogen saturated reaction mixture and 
subsequent feed of oxygen gas. 

It can thus be stated that the catalyst deactivation during the oxidation of methyl a-D
glucopyranoside is not caused by either growth of the platinum particles nor an increase of 

the degree of coverage by carbonaceous species. Only the exposure to the reaction medium 

without oxygen leads to an increase of the platinum particle diameter and an increase of the 
degree of coverage by carbonaceous species. It must be concluded that reductive rather than 

oxidative conditions lead to a loss of the active platinum surface area of the catalyst. This is 

in agreement with gas phase literature. 

The increase of the platinum particle diameter in a gaseous hydrogen atmosphere has 
been reported for Pt/AI20~ (Ruckenstein and Sushuma, 1988; Lee and Kim, 1984) and Pt/C 
(Bett et at., 1974). The growth rate of the platinum particle diameter in vacuum was found 

to be larger for Pt/C than for Pt/Si02 and Pt!Aip3 (Arai et a!., 1984). In liquid phase 

environments, the mobility of the platinum particles in Pt/C catalysts was found to be much 

larger than in gas phase environment, the liquid phase facilitating the transfer of platinum 
atoms from the platinum surface to the carbon support (Belt et al., 1976). 

6.3.2. Characterization of tin-promoted catalysts 

Interaction of tin with non -supported platinum 

Figure 6.8 shows a cyclic voltammogram of a platinized platinum electrode on which 

SnS04 is deposited in the same way as the graphite supported platinum catalysts are 

promoted. The absence of the support makes the interpretation of the cyclic voltammogram 

easier. 
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The degree of coverage of platinum by tin, as calculated from equation (6.7), 

amounted to 0.74. The tin-atoms adsorbed are oxidized in two stages, one between 0.5 and 

0.9 V, and the other above 1 V, where the platinum surface itself is also oxidized. The 

oxidation of Sn at potentials above 1 V is not displayed as a peak in the cyclic 

voltammogram, but from the change in the reduction of the platinum oxide in the cathodic 

scan, it can be clearly seen that platinum atoms which are covered by tin are not oxidized in 

the same way as uncovered platinum, and that the oxidation current in the anodic region is 

mainly determined by the oxidation of tin and not by the oxidation of platinum itself. 

3 ~ Snt4 Sn(ll)1d Sn(IV).JSn(IV)"~ 

:;(" 0 g 

-3 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 

E (V vs RHE) 

Figure 6.8. Vollarnrnogram of platinized platinum, 0.1 M HC!O, at 298 K. Full line: before deposition of tin. Dashed 

line: after deposition of tin. Degree of coverage of platinum by tin, equation (6.7), amounts to 0.74. Scan rate= 5 

mV/s. 

Metals can be reductively adsorbed on the platinum surface at potentials which can 

be 0.4 to 0.8 V higher than the potential as calculated from Nernst's law (Kolb, 1978), a 

phenomenon called "under potential deposition" (Szab6, 1991). Hence, the standard potentials 

of the redox-couples of Sn/Sn2
• and Sn2•/Sn4

•, amounting to -0.136 and 0.151 V (Deltombre 

et al., 1966), are not very helpful for the interpretation of the cyclic voltammogram. As tin 

can exists in three valency states, (0), (II) and (IV), it can be concluded that tin adsorbed on 

a platinum foil is in the zero-valent state at potentials below 0.5 V, in the (II) state between 

0.5 and 1 V and in the (IV) state above 1 V. The oxidation state of tin after deposition from 

a SnS04 solution saturated with molecular hydrogen, is thus (0). This means that Sn2
• is 

reduced to zero-valent tin by molecular hydrogen, which corresponds to a deposition potential 

of 0 V vs RHE. The formation of zero-valent tin at a deposition potential of 0 V is also 

measured by Lamy-Pitara et al.(Lamy-Pitara, 1992). Bowles and Cranshaw (1965) 

demonstrated the formation of metallic tin on platinized platinum at a deposition potential of 
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0.1 V by Mossbauer Spectroscopy. Even at 0.48 V the majority of the tin was measured to 

be in the metallic state. 

Combination of equation (6.7), (6.8) and the total number of surface platinum atoms 

gives the adsorption stoichiometry of tin on platinum. In the unsupported tin/platinum catalyst 

the Sn:Pt stoichiometry amounts to 1:2, which is a well accepted value (Furuya and Motoo, 
1979; Lamy-Pitara, 1992; Sobkowski et al., 1985). 

The tin-coverage remained unchanged upon cycling between 0 and 1 V, meaning that 

the Sn(II) adspecies, which are formed at 0.5 V, are stable. Cycling up to 1.3 V leads to a 

decrease of the tin-coverage, indicating that Sn(IV) which is formed above 1 V can be 

dissolved. The interaction between the platinum surface with the Sn(O) and Sn(II) adspecies 

is thus strong enough to prevent desorption of these adspecies, whereas the interaction of 

Sn(IV) with platinum is too low to prevent its desorption at high potentials. This is in 

agreement with the much higher solubility of Sn(IV) species compared to Sn(II) species 

(Weast, 1983), which in general will lead to a stronger adsorption of Sn(II) than of Sn(IV) 

on platinum (Gileadi, 1967). 

Interaction of tin with graphite supported platinum 

Freshly prepared 

Figure 6.9 shows the cyclic voltammogram of a graphite supported platinum catalyst 

before and after the deposition of SnS04• The characterization scans of both the unpromoted 

and the promoted catalysts were started at 0.9 V in cathodic direction, in order to determine 

the degree of platinum coverage by tin. The presence of the graphite support makes the 

interpretation of the voltammogram of the supported tin/platinum less unambiguous than that 

of the unsupported tin/platinum catalyst. Especially the oxidation of tin at potentials higher 

than 1 V cannot be separated from the oxidation of both the platinum surface and the graphite 

support. Characterization of tin deposited on the platinum-free support pointed out that these 

tin-atoms do not take part in the electrochemical process, the cyclic voltammogram of 

tin/graphite being indistinguishable from the cyclic voltammogram of graphite without tin. 

Apparently the tin that is adsorbed on the graphite cannot be oxidized or reduced within the 

potential range of the voltammogram. The charge transferred by the oxidation of tin thus 

gives an indication on the amount of tin adsorbed on platinum. The amount of tin as 

determined by chemical analysis gives the amount of tin on both the graphite and the 

platinum surface. Comparison of these two amounts gives the ratio of tin adsorbed on 

platinum and on the support. In the freshly prepared catalyst only 20% of the total tin content 

is adsorbed on the platinum surface. 
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Figure 6.9. Voltammogram of 4.4 wt% platinum/graphite, effect of tin-deposition. Full line: before deposition of 

tin. Dashed line: after deposition of tin. Degree of coverage by tin, equation (6.7), amounts to 0.40. Scan rate= 2 

mvts. 

The number of platinum atoms on which hydrogen can be adsorbed is clearly diminished after 

the deposition of SnS04 • In the cathodic sean an extra reduction is measured at 0.5 V, which 

can be related to the reduction of oxidized tin adatoms. In the anodic scan the corresponding 

oxidation occurs at 0.7 V. In contrast to the unsupported tin/platinum catalyst, tin can be 

desorbed at potentials lower than 0.9 V. It is assumed that the oxidation of tin above 0.5 V, 

as in the case of unsupported tin/platinum, is a 2-electron process. Based on the desorption 

of tin below 0.9 V, it cannot be excluded that the oxidation of tin above 0.5 V represents a 

Sn(II) to Sn(IV) transition instead of a Sn(O) to Sn(II) transition, as is the case in the 

unsupported tin/platinum catalyst. The desorption of tin below 0.9 V was measured to be too 

slow to influence the degree of platinum coverage by tin as measured in the first scan. 

The Sn:Pt stoichiometry in the graphite supported tin/platinum catalyst was determined 

in the same way as for the unsupported platinum. For the tin/platinum/graphite catalyst it is 

calculated to amount to 1:2, as in the case of unsupported tin/platinum. Equation (6.7) can 

only be applied in the abscence of organic reactants. In the presence of organic reactants the 

amount of hydrogen adsorbed on platinum can be diminished by carbonaceous deposits, as 

has been shown in the preceding sections. The electrochemical oxidation of carbonaceous 
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deposits was found to take place at higher potentials than the oxidation of tin adatoms. Hence 

the degree of coverage of platinum by tin adatoms can be determined most reliably from the 

anodic charge transfer accompanying the oxidation of tin adatoms at 0.7 V, i.e. by using 

equation (6.9) rather than equation (6.7): 

(6.9) 

Equation (6.9) follows from equation (6.8) by using the Sn:Pt stoichiometry of 1:2. All 

reported values of the degree of coverage of platinum by tin are calculated by equation (6.9). 

Stability of tin -promoted catalysts during reaction 

When using promoted platinum catalysts, it has to be kept in mind that most promoter 

metals are less noble than the platinum itself. Therefore, the possibility of dissolving the 

promoter metal during reaction is realistic. 

The influence of oxygen in water with the absence of an organic reactant was studied 

first. The degree of coverage of platinum by tin atoms as obtained by cyclic voltammetry 

from equation (6.9) decreases from 0.60 to 0.41 after 5 hours in water at 323 K, at a pH of 

7 and an oxygen partial pressure of 100 kPa. The tin content of the catalyst decreased from 

3.5 wt% to 2.7 wt%. Taking into account the stability of Sn(O) and Sn(II) on the platinum 

surface, it can be concluded that tin is transformed to the Sn(IV) state in an oxygen saturated 

solution. 

During reaction, i.e. in the presence of an organic reactant, the same effect can be 

expected as in the solution saturated with pure oxygen, except that the oxidative conditions 

are somewhat milder. The stability of the adsorbed tin was investigated during the oxidation 

of methyl a-D-glucopyranoside, ethanol and ethylene glycol. 

The degree of platinum coverage by tin as determined by cyclic voltammetry is given 

for the oxidation of methyl a-D-glucopyranoside in Table 6.2 during various stages, i.e. after 

promotion, during reaction and after washing the catalyst. 

The degree of coverage of platinum by tin as measured by CO chemisorption can be 

calculated from equation (6.3). Deposition of carbonaceous species which was shown in the 

preceding sections to take place during reaction, leads to an overestimation of degree of 

platinum coverage by tin as calculated from equation (6.3). The specific determination of the 

tin-coverage by voltammetry is more reliable. 



On-line characterization of platinum/graphite catalysts 101 

Table 6.2. Degree of platinum coverage by Sn of a Pt/Snlgraphite catalysts with 1.5 wt% Sn as determined by cyclic 

voltammetry using equation (6.9), during the oxidation of methyl a-D-glucopyranoside'. 

reaction/treatment 

after preparation 

10 ks oxidation (run I) 

washing 

10 ks oxidation (run II) 

a T = 323K, pH = 8, Pru = 100 kPa, X(run I)= 0.03, X(run II)= 0.11 

0.40 

0.72 

0.09 

0.08 

During the oxidation of methyl o.-D-glucopyranoside, the degree of platinum coverage 
by tin shows a sharp increase rather than a decrease during the first oxidative run, from 0.40 

to 0.72. Apparently tin from the graphite support, which comprises 80% of the tin content 

of the catalyst, is deposited on the platinum surface. During reaction tin ions, adsorbed on the 

graphite support in the freshly prepared catalyst, are desorbed under the influence of oxygen. 

The dehydrogenation of methyl o.-D-glucopyranoside molecules on the platinum surface 
provides a source of hydrogen atoms, capable of reducing the tin ions which are desorbed 

from the graphite support on the platinum surface. 

After the first oxidative run the reaction mixture was pumped off and the catalyst was 
washed at the reaction temperature with Millipore water at an oxygen partial pressure of 100 

kPa. This led to a decrease of the degree of platinum coverage by tin from 0.72 to 0.09 and 

to a decrease of the tin content of the catalyst from 1.5 wt% to 0.9 wt%, indicating a large 
loss of tin during oxidative conditions in the absence of an organic reactant. During the 

second oxidative run, the degree of platinum coverage by tin can be regarded as being 

constant. As the amount of tin on the graphite support is still in the order of 0.9 wt%, this 

means that only a small fraction of the tin on the graphite support can be deposited on the 

platinum surface, possibly those tin atoms that are in the direct vicinity of a platinum particle. 
The oxidation rate of methyl o.-D-glucopyranoside during run I and run II is shown 

in Figure 6.10, together with the oxidation rate without the addition of tin. As can be seen, 

the degree of platinum coverage by tin has a large negative influence on the oxidation rate. 

After the washing of the catalyst between run I and II, the degree of platinum coverage by 
tin decreased from 0.72 to 0.09, leading to an initial oxidation rate in run II which is almost 

a factor 10 higher than that in run I. 

The effects during the oxidation of ethanol were similar to those observed during the 

oxidation of methyl o.-D-glucopyranoside. During the oxidation of ethylene glycol however, 

the coverage by tin as measured by voltammetry decreased to zero, while the tin content of 

the catalyst decreased from 0.7wt% to 0.2 wt%. As the conversion of ethylene glycol to 

sodium glycolate was high, this glycolate possibly acted as a tin-complexing agent. 
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Figure 6.10. Reaction rate during the oxidation of 0.1 mol m-> methyl a-D-glucopyranoside at 323 K, pH=S p00= 
100 kPa using 4.4 wt% platinum/ graphite promoted by tin, with 1.5 wt% tin. 0: without tin, : run I wilh tin ~: 

run II wilh tin. Degree of platinum coverage by tin is given in Table 6.2. 

An alternative explanation for the increase of the degree of platinum coverage by tin 
observed during the first oxidative run of methyl a-0-glucopyranoside and ethanol oxidation 

is the spreading of multilayer tin islands towards submonolayer tin, leading to an increased 
coverage of the platinum surface by tin. However, oxidation on unsupported tin/platinum did 

not lead to an increase of the tin coverage. Moreover, all tin layers adsorbed on platinum do 

contribute to the electrochemical signal. In the supported tin/platinum catalysts no multilayers 
of tin existed at the start of the oxidation of alcohol. 

6.4. Conclusions 

The application of voltammetry on graphite supported platinum catalysts allows the 
quantitative determination of both the platinum particle diameter and the degree of platinum 

coverage by carbonaceous species during liquid phase reactions. It renders at least the same 
information as the combination of CO chemisorption and TEM. As the characterization can 

be performed at different stages of reaction and regeneration, a better insight in the 
deactivation process can be obtained. The characterization can be regarded as an in-situ 

technique, as no transfer of the catalyst from the liquid phase to the gas phase is needed. 

During the oxidation of methyl a-0-glucopyranoside an increase of the platinum 

particle diameter occurs only during reductive treatments. This increase of the platinum 
particle diameter is accompanied by an increase of the coverage of the platinum surface by 

carbonaceous species. Under oxidizing conditions, the adsorbed carbonaceous species are 
only partially removed from the platinum surface. 
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The characterization of tin/platinum/graphite catalysts by voltammetry gives specific 

information on the tin adsorbed on platinum. Under reaction conditions the coverage of the 

platinum surface by tin-atoms changes with respect to the tin-coverage in the freshly 
promoted catalysts. The in-situ characterization of promoted catalysts is thus essential for a 

meaningful relation between coverage by promoter metal and catalyst activity. 
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Chapter 7 

General Conclusions 

The application of electrochemistry in the study of the platinum catalyzed oxidative 

dehydrogenation of ethanol with molecular oxygen has provided valuable information about 

the interaction of reactants and products with the platinum surface and the stability of 

unpromoted and tin-promoted platinum/graphite catalysts. 

Ethanol chemisorbs on platinum under the simultaneous abstraction of hydrogen atoms. 

The kinetics of ethanol chemisorption are well described by a physisorption equilibrium of 

molecular ethanol followed by the rate-determining abstraction of a hydrogen atom. The 

chemisorption takes place far above the isokinetic temperature, the chemisorption rate being 
determined by the preexponential factor rather than by the activation enthalpy. The standard 

activation enthalpy and, more importantly, the standard activation entropy are linearly 

decreasing with increasing degree of coverage by the chemisorbate. 

The ethanol chemisorption follows the same mechanism in acid and alkaline medium. 

The chemisorption of ethanol at 0.4 V vs RHE leads in acid medium to a chemisorbate with 
a composition of C.H40 2• In alkaline medium it leads to a mixture of chemisorbed CO and 

chemisorbed CHOCOOH. The chemisorbed species can in both cases only be oxidatively 

desorbed by increasing the potential of the catalyst. 

Comparison of the rate coefficient of hydrogen abstraction from ethanol on platinum 
as determined by chronoamperometry with the rate coefficient of the abstraction of hydrogen 

from ethanol on platinum which follows from the modelling of the steady-state kinetics of 

the oxidative dehydrogenation with molecular oxygen shows that oxygen adatoms do not 

accelerate the abstraction of hydrogen atoms. 

The reactivity of ethanol and more importantly acetaldehyde prevents the platinum 

surface for deactivation by over-oxidation during the oxidative dehydrogenation of ethanol 

with molecular oxygen. At low pH, both acetaldehyde and acetic acid inhibit the oxidative 

dehydrogenation of ethanol. At high pH, acetaldehyde is instantaneously oxidized to sodium 
acetate which has itself no influence on ethanol dehydrogenation. 

In-situ characterization of platinum/graphite catalysts by cyclic voltammetry gives the 

platinum particle diameter and the degree of platinum coverage by carbonaceous species 

during various stages of reaction and regeneration. 

Only under reducing conditions an increase of the platinum particle diameter occurs, 
which is accompanied by an increase of the degree of platinum coverage by carbonaceous 

species. An increase of pH enhances both processes. Oxidizing conditions lead to only partial 

removal of adsorbed carbonaceous species. 
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Characterization of tin-promoted platinum/graphite catalysts by cyclic voltammetry 

gives specific information on the tin adsorbed on platinum. The degree of platinum coverage 

by tin has a large influence on the catalyst activity for alcohol dehydrogenation. The coverage 

by tin changes under reaction conditions with respect to the tin coverage in the freshly 

promoted catalysts. The in-situ characterization is thus essential for a meaningful relation 

between coverage by promoter metal and catalyst activity. 

Chronoamperometry gives kinetic information about elementary steps with an accuracy 

which is unsurpassed by other methods. The modelling of the transient chemisorption kinetics 

has provided the equilibrium constant of physisorption and rate coefficient of hydrogen 

abstraction which were not available before and which can be implemented in models which 

describe the steady-state kinetics of the oxidative dehydrogenation of ethanol with molecular 

oxygen. 

Voltammetric study of the electrochemical behaviour of reactants and products 

combined with the chronopotentiometric study of the reactivity of reactants and products 

towards an oxygen covered platinum surface has a high predicting value for the activity and 

stability of supported platinum catalysts during the oxidative dehydrogenation of ethanol with 

molecular oxygen over a broad range of conditions. It is recommendable to apply both 

procedures before starting a study of the steady-state kinetics of this type of reactions by 

means of the more generally applied method of studying the reaction rate as a function of 

process parameters in a CS1R. 

With respect to catalyst characterization by cyclic voltammetry it can be stated that 

no other single characterization technique is capable of providing the platinum particle 

diameter, the degree of platinum coverage by carbonaceous species, the degree of platinum 

coverage by oxygen, and in the case of promoted catalysts the degree of platinum coverage 

by promoter metal under conditions which are comparable to those during reaction. In this 

sense cyclic voltammetry is the ideal characterization technique when dealing with carbon 

supported platinum catalysts used for a liquid phase reaction. 
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Determination of mass transfer limitation during 
chronoamperometry 

In order to verify whether the chemisorption kinetics as measured by 

chronoamperometry are influenced by mass transfer, an expression must be derived for the 

flux of the adsorbed component at the catalyst surface. As the chemisorption is measured by 

a transient technique, a time dependent flux should be calculated for the adsorbed component. 

In chronoamperometry, a step perturbation is applied to the potential of the catalytic 

surface. In case of a sudden change of the electrode potential from a value of 1.6 V vs RHE, 

at which potential no adsorption or oxidation of ethanol takes place, to a value of + 0.4 V vs 

RHE, at which potential adsorption of ethanol takes place, the transport of mass at each point 

in the solution is given by Fick 's second law: 

The assumptions made are: 

The boundary conditions are: 

a) C(x,O)=C, 

b) lim,_ C(x,t)=C, 

c) C(O,t)=C,(t) at t>O 

ilC(x,t) ~ D il2C(x,t) 
_il_t_ ~ 

1) the electrode is flat 

2) the solution is unstirred 

At t=O the concentration of ethanol is equal to the 

concentration of the bulk solution 

At sufficient distance from the electrode surface 

(Al.l) 

the concentration of ethanol is equal to the concentration of 

the bulk solution 

The concentration of ethanol in the solution at the electrode 

surface is equal to C,(t) 

The time dependent flux is derived in the same way as the so called Cottrell equation . The 

resulting flux at the surface is given by: 

-J(O,t) = .[i) (Cb - C) 
.[itt 

(A1.2) 
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At the platinum surface electrons are transferred across the platinum/solution interface: 

(A1.3) 

The current measured should thus be proportional to the flux of ethanol at the platinum 

surface: 

- n FA J(O,t) (A1.4) 

The criterion for the abscence of any influence of mass transport on the dehydrogenation 

kinetics as measured by chronoamperometry is: 

c, .. 0.95 c; (Al.S) 

Both c;, and C, are thus treated as time-independant constants. Putting this criterion in 

equation (A1.2) gives: 

.fD -J(O,t) s o.oscb (A1.6) 

The current measured should then satisfy the criterion of: 

I(t) s n F A .fD O.OSCb 
,fit 

(A1.7) 

The diffusion coefficient of ethanol amounts to 1.24 10-9 m•s-1, the surface area of the 

electrode used in the experiments amounts to 7 10-4m2
• Using equation (A1.7) and taking the 

number of electrons transferred during the chemisorption of ethanol equal to 1, it was found 

that at ethanol concentrations larger than 5 mol m-3
, the kinetics are not influenced by mass 

transfer. As in chapter 2 it was concluded that n=4, it can be stated that also at lower ethanol 

concentrations equation (A1.7) is met. 

Reference 

Bard A.J., Faulkner L.R., Electrocbemical Methods, John Wiley and Sons, New York, 1980. 
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Calculation of sticking probability of ethanol chemisorption 
from solution 

The sticking probability of ethanol chemisorption is given by the ratio of the number 

of ethanol molecules chemisorbed per second and the number of ethanol molecules that 
collide with the platinum surface: 

(A2.1) 

In order to calculate the collision frequency z, the volume V is determined that is given by 

the electrode area A and the average displacement .:1x of an ethanol molecule per second: 

Platinum surface 

A V 

ethanol 
solution 

The average displacement .:1x is given by (Atkins, 1982): 

in which De111.,01 1.24 10-9 m2s-1 and t=ls. 

(A2.2) 

The surface area of the platinum electrode amounts to 7 10-4 m2
, which gives the volume V 

amounting to 3.5 w-s m3 from which ethanol is able to collide with the platinum surface 

within 1 second. 
At an ethanol concentration of 100 molm-3

, the number of ethanol molecules within the 

volume V amounts to 2.1 1018
• Half of this ethanol molecules moves in the direction of the 

platinum surface, the other half in the opposite direction. The collision frequency Z amounts 

in this case to 1.05 1018 s-1
• 

The turnover frequency Ncs at 298 K and 100 molm-3 ethanol amounts to 5 s-1
, the surface 
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concentration at monolayer coverage rm amounts to 5.45 10-6 molm-2• 

Application of equation (A2.1) leads to an initial sticking probability of 0.011. According to 

Boudart (1984), the measured values for the sticking probablity are generally in the range 
between 10-6 and 1. 

Re(erentes 

Atkins P.W., Physical Chemistry, Oxford University Press, Oxford, 1982, p.905. 

- Boudart M., Djega-Mariadassou G., Kinetics of Heterogeneous Catalytic Reactions", Princeton University 

Press, Princeton NJ, 1984. 
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Steady-state potential of platinum catalysts during reaction 

The analogy between a liquid phase heterogeneous catalytic reaction and an 

electrochemical reaction has been treated by several authors (Mallat and Baiker, 1994; Spiro, 
1986; Horanyi, 1994; Creeth and Spiro, 1991; Farchmin et al., 1993). The hydrogenation of 

maleic acid by molecular hydrogen on platinum was measured to proceed at the same rate as 

the electrochemical reduction of maleic acid on platinum (Lamy-Pitara et al., 1995). 
Part of the liquid phase heterogeneous catalytic reactions can be regarded as two 

electrochemical half-reactions proceeding on the same surface.The heterogeneous catalytic 

oxidation of ethanol to the corresponding aldehyde by molecular oxygen is in this way 

composed of: 

oxidation: 

tf= 0.18 v (A3.1) 

reduction: 

0 2 + 4 H • + 4 e - ...... 2 ~0 tf= 1.23 v (A3.2) 

global reaction: 

(A3.3) 

In order to compare the rate of the chemical reaction with that of the electrochemical 

reaction, it has to be known at which potential the chemical reaction takes place. The current

potential curve of the mixture of two redox-couples is obtained by the addition of the two 

separate current potential curves. This is known as the Wagner and Traud additivity principle 

(Wagner and Traud, 1938). The steady-state potential during a chemical reaction, that consists 

of two electrochemical half-reactions, is obtained when the steady-state current equals zero, 
as illustrated in Figure A3.1. The current of the separate anodic and cathodic half reaction at 

the potential E., corresponds to this steady-state rate. 
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2 

alcohol 

< 1 oxidation 

E E .. ...... 
0 

-1 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 

E [V vs RHEJ 

Figure A3.1. Additivity principle of Wagner Traud. Full lines: current-potential curves for ethanol oxidation and 

oxygen reduction; dashed line: !.,. ; current obtained by the addition of the current-potential curves of oxidant and 

raductant. E., ; potential at I..., ; 0. 

The additivity principle is only valid if the two redox couples act independently. In the 

case of alcohol oxidation by molecular oxygen, this means that the anodic oxidation of the 

alcohol may not be hindered by the presence of oxygen, and that the presence of the alcohol 

may not hinder the cathodic reduction of oxygen. 
Both assumptions are likely to be invalid. This means that the steady state current

potential curves are not sufficient to explain the catalytic behaviour observed during the 

oxidation of an alcohol with molecular oxygen. The suggested extension (Creeth and Spiro, 

1991; Farchmin et al. 1993) on the Wagner and Traud principle, which consists of the 

measurement of the separate current-potential curves in the presence of the interfering redox
couple is not practical for the prediction of the behaviour of the heterogeneous catalytic 

reaction at different conversions, as the current-potential curves should be recorded at a large 

range of concentrations of reactants and products. Moreover, the mechanism of catalysis and 

deactivation is not revealed by this method. 

References 

- Creeth A.M., Spiro M., J.Electroanal.Chem., 312(1991), 165. 

- Farclunin R.O., Nickel U., Spiro M., J.Chem.Soc.Faraday Trans., 89(1993), 229. 

Spiro M., Chem.Soc.Rev., 15(1986), 141. 

- Horanyi 0., Catai.Today, 19(1994), 285. 

- Lamy-Pitara E., Belegridi I., Barbier J., Catai.Today, 24(1995), 151. 

- Wagner C., Traud W., Z.Elektrochem., 44(1938), 391. 
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