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Samenvatting
Koolhydraten zoals sucrose, glucose, cellulose en zetmeel zijn goedkope, sterk
gefunctionaliseerde en hernieuwbare bronnen van koolstof. Het zijn interessante
grondstoffen voor de productie van fijnchemicaliën en farmaceutica. Syntheseroutes
bevatten vaak oxidatiestappen, die traditioneel worden uitgevoerd met stoichiometrische hoeveelheden van oxidatoren zoals permanganaat en chroomzuur, waardoor
een giftige afvalstroom ontstaat. Wanneer men gebruik maakt van platina of palladium als katalysator, kan de selectieve oxidatie van veel alcoholen uitgevoerd
worden met lucht of zuurstof als oxidator. Dat is een veel schoner proces.
In het algemeen kan een onderscheid gemaakt worden tussen twee verschillende
reactieregimes: het zuurstoftransportlimiteringsregime (het zuurstoftransport naar de
katalytisch actieve plaatsen bepaalt de reactiesnelheid) en het intrinsiek kinetische
regime (alle concentraties zijn uniform in het hele reactiesysteem). De belangrijkste
stofoverdrachtsstappen zijn geëvalueerd. De hoeveelheid zuurstof die aanwezig is
op het katalysatoroppervlak heeft een grote invloed op het gedrag van de platina
katalysator, en vooral op de katalysatordeactivering. De mechanismes die betrokken
zijn bij katalysatordeactivering zijn onder andere katalysatoroveroxidatie, katalysatorvergiftiging en corrosie.
Het werk dat in dit proefschrift is beschreven heeft als doel de platina-gekatalyseerde
selectieve oxidatie van alcoholen te onderzoeken, met de nadruk op katalysatordeactivering en kinetiek. De toepasbaarheid van door platina gekatalyseerde oxidatieprocessen is beoordeeld. De bestudeerde reacties, die dienen als modelreacties voor
oxidatie van koolhydraten, zijn de selectieve oxidatie van methyl-α-D-glucopyranoside (MGP) naar 1-O-methyl-α-D-glucuronzuur (MG), en van cyclohexanol (CL) naar
cyclohexanon (CN). Drie experimentele benaderingen zijn gebruikt: in situ katalysatorkarakterisering onder reactiecondities met XAFS (X-ray Absorption Fine Structure)
spectroscopie, elektrochemische studies naar de mechanismes van alcoholoxidatie
en katalystordeactivering, en kinetische metingen in een geroerde slurryreactor.
Met een speciale XAFS-meetcel en een platina-op-koolstoffibrillenkatalysator werd
de interactie van platina met zuurstof en alcoholen onder verschillende reactiecondities waargenomen. Blootstelling van een gereduceerde platinakatalysator aan met
stikstof verzadigde alcoholoplossingen (MGP of CL) leidt tot de vorming van sterk
gechemisorbeerde verbindingen, die ook de morfologie van de platinadeeltjes beïnvloeden. De gechemisorbeerde verbindingen zijn met behulp van elektrochemische
methodes geïdentificeerd als koolstofhoudende residuen. Katalystordeactivering
onder zuurstofarme condities (het zuurstoftransportlimiteringsregime) wordt toege-
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schreven aan deze koolstofhoudende residuen. Een vergiftigde katalysator kan gereactiveerd worden door elektrochemische oxidatie van de koolstofhoudende residuen,
en mogelijk ook door blootstelling aan zuurstof in water.
Blootstelling van een gereduceerde platinakatalysator aan met zuurstof verzadigde
oplossingen leidt tot de vorming van platina-oxide aan het oppervlak, zoals waargenomen is met in situ EXAFS (Extended XAFS) spectroscopie. In de literatuur wordt
dit verschijnsel vaak overoxidatie genoemd. De platinadeeltjes zijn niet helemaal
geoxideerd: er blijft onder alle omstandigheden een metallische kern over. Deze
oxidevorming veroorzaakt een significante afname van de katalysatoractiviteit: meer
dan 80% na 2 uur. Elektrochemische studies geven aan dat een geoxideerd platinaoppervlak minder dan 0,2% van de activiteit van een metallisch platinaoppervlak voor
alcoholoxidatie heeft. Een overgeoxideerde katalysator kan helemaal gereactiveerd
worden door de reactant alcohol in afwezigheid van zuurstof. Zoals waargenomen is
met in situ EXAFS, impliceert deze katalysatorreactivering reductie van het geoxideerde platinaoppervlak.
De XANES (X-ray Absorption Near Edge Structure) en AXAFS (Atomic XAFS) regio’s
van platina-röntgenabsorptiespectra vertoonden opvallende verschillen als functie
van de pH. De AXAFS-piek werd groter en verschoof naar een kortere interatomaire
afstand bij stijgende pH. Het signaal als gevolg van de Pt-H anti-bindende toestand
vormresonantie geeft aan dat de elektronische structuur van platina verandert met de
pH. De pH beïnvloedt ook de interactie tussen platina en waterstof: de Pt-H binding
is sterker bij pH 13. Blootstelling van een gereduceerde platina katalysator aan een
met stikstof verzadigde ammoniaoplossing leidde niet tot veranderingen in de platina
EXAFS, maar aansluitende blootstelling aan met zuurstof verzadigde NH3-oplossing
veroorzaakte de vorming van een adsorbaat dat geïdentificeerd is als N.
Het reactiemechanisme van platina-gekatalyseerde alcoholoxidatie is bestudeerd in
een elektrochemische cel met een geplatiniseerde platina-elektrode. Er is waargenomen dat alcoholoxidatie ook plaatsvindt op platina dat vrij is van zuurstof. Daaruit
volgt dat geadsorbeerde zuurstof niet nodig is voor elektrochemische alcoholdehydrogenering, en er wordt geconcludeerd dat geadsorbeerde zuurstof niet betrokken
is bij de snelheidsbepalende stap van alcoholoxidatie. Geadsorbeerd zuurstof blokkeert actieve platinaplaatsen die nodig zijn voor alcoholdehydrogenering, maar het
voorkomt ook de vorming van vergiftigende koolstofhoudende residuen.
Met behulp van de informatie die verkregen is uit XAFS-spectroscopie en elektrochemische experimenten zijn kinetische modellen geconstrueerd, die de platina-gekatalyseerde selectieve oxidatie van twee alcoholen beschrijven: methyl-α-D-glucopyranoside en cyclohexanol. De modellen beschrijven ook platina-katalysatordeactivering
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door overoxidatie en katalysatorreactivering. Er wordt aangenomen dat zuurstofadsorptie en alcoholadsorptie elkaar niet beïnvloeden: de adsorptie van alcoholen en
reactieproducten wordt beschreven als fysisorptie. Reactiesnelheidsdata, die
verkregen zijn uit experimenten in een geroerde slurryreactor, zijn gebruikt om de
modellen te valideren. De beste beschrijving van de data werd bereikt met een model
dat gebaseerd is op elektrochemie: de alcoholdehydrogeneringssnelheid wordt
bepaald door twee elektrochemische halfreacties. De experimentele data, inclusief
katalysatordeactivering en in situ reactivering, werden goed beschreven door de
kinetische modellen. De kinetische modellen zijn alleen met intrinsiek kinetische data
gevalideerd, d.w.z. in afwezigheid van stoftransportlimiteringen. Het elektrochemische model voor MGP-oxidatie is aangepast voor zuurstoftransportgelimiteerde
oxidatie door rekening te houden met zuurstofdiffusie in het katalysatordeeltje.
Een procesontwerp voor de platina-gekatalyseerde selectieve oxidatie van MGP tot
MG is ontwikkeld, gebaseerd op het geconstrueerde kinetische model. De gebruikte
reactor is een continu doorstroomde geroerde slurry tankreactor. Deactivering van de
katalysator door overoxidatie (vorming van inactief platinaoxide) werd overwonnen
door cyclische blootstelling van de katalysator aan reducerende en oxiderende
omstandigheden, een zgn. redoxcyclus. Dit wordt bereikt door een tijdelijke verlaging
van de reactor-roersnelheid, waardoor het zuurstoftransport van gas naar vloeistof
sterk verminderd wordt. Deze behandeling is voldoende om de katalysatorreactivering op een zeer korte tijdsschaal plaats te laten vinden (een minuut), en maakt
het aantrekkelijk om met hoge redoxcyclusfrequenties te werken.
Om zuurstoftransportlimitering, wat katalysatorvergiftiging zou kunnen veroorzaken,
te voorkomen worden de maximale temperatuur en katalysatorconcentratie (bepalen
beide de zuurstofconsumptie) en de optimale roersnelheid (bepaalt het zuurstoftransport van gas naar vloeistof) berekend. Het productiefste proces gebruikt zuurstof als
gasvoeding, en de reactie wordt uitgevoerd bij 60 °C. De jaarlijkse productie die
bereikt wordt in een reactor van 20 m3 is 2854 ton natrium 1-O-methyl-α-D-glucuronaat.

Summary
Carbohydrates such as sucrose, glucose, cellulose, and starch are cheap, highly
functional, and renewable carbon sources. They are interesting starting materials in
the production of fine chemicals and pharmaceuticals. Synthesis routes often include
oxidation steps, which are traditionally performed using stoichiometric quantities of
oxidants such as permanganate and chromic acid, creating a toxic waste stream.
Using platinum or palladium as the catalyst, the selective oxidation of many alcohols
can be performed with air or oxygen as the oxidant, which is a much cleaner process.
In general, two different reaction operation regimes can be distinguished: the oxygen
transport limitation regime (oxygen transport towards the catalytic sites determines
the reaction rate) and the intrinsic kinetic regime (all concentrations are uniform
throughout the reactive system). The most important mass transfer steps are evaluated. The amount of oxygen present at the catalyst surface has a large influence on
the behaviour of the platinum catalyst, especially on catalyst deactivation. The
mechanisms involved in catalyst deactivation include catalyst over-oxidation, catalyst
poisoning, and corrosion.
The work described in this thesis aims to explore platinum catalysed selective
oxidation of alcohols, with the emphasis on catalyst deactivation and kinetics. The
applicability of platinum catalysed oxidation processes is examined. The investigated
reactions, which serve as model reactions for carbohydrate oxidation, were the selective oxidation of methyl α-D-glucopyranoside (MGP) towards 1-O-methyl α-D-glucuronic acid (MG), and of cyclohexanol (CL) towards cyclohexanone (CN). Three experimental approaches have been used: in situ catalyst characterisation under reaction
conditions using XAFS (X-ray Absorption Fine Structure) spectroscopy, electrochemical studies of the mechanisms of alcohol oxidation and catalyst deactivation, and
kinetic measurements in a stirred slurry reactor.
Using a purpose-built XAFS measurement cell and a carbon fibrils supported platinum catalyst, the interaction of platinum with oxygen and alcohols under various
reaction conditions was observed. Exposure of a reduced platinum catalyst to nitrogen saturated alcohol solutions (MGP or CL) leads to the formation of strongly
chemisorbed species, which also affects the morphology of the platinum particles.
The chemisorbed species have been identified as carbon containing residue by
electrochemical methods. Catalyst deactivation under oxygen lean conditions (the
oxygen transport limitation regime) is attributed to this carbonaceous residue. A
poisoned catalyst can be reactivated by electrochemical oxidation of the carbonaceous residue, and possibly by exposure to aqueous oxygen as well.
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Exposure of a reduced platinum catalyst to oxygen saturated solutions leads to the
formation of platinum surface oxide, as was observed using in situ EXAFS (Extended
XAFS) spectroscopy. In literature, this is often referred to as over-oxidation. The
platinum particles are not completely oxidised: a metallic core remains under all
circumstances. This oxide formation causes a significant decrease of the catalyst
activity, up to 80% after 2 hours. Electrochemical studies indicated that an oxidised
platinum surface site shows less than 0.2% of the activity of a metallic platinum
surface site for alcohol oxidation. An over-oxidised catalyst can be completely reactivated by the reactant alcohol in absence of oxygen. As was observed using in situ
EXAFS, this catalyst reactivation implies reduction of the oxidised platinum surface.
The XANES (X-ray Absorption Near Edge Structure) and AXAFS (Atomic XAFS)
regions of platinum x-ray absorption spectra showed remarkable differences as a
function of pH. The AXAFS peak increased and shifted to lower interatomic distance
with increasing pH. The signal due to Pt-H anti-bonding state shape resonance indicated that the electronic structure of platinum changes with pH. The pH also influences the interaction between platinum and hydrogen: the Pt-H bond is stronger at pH
13. Exposure of a reduced platinum catalyst to nitrogen saturated pH 13 NH3 solution
did not lead to changes in the platinum EXAFS, but subsequent exposure to oxygen
saturated NH3 solution led to the formation of an adsorbate that was identified as N.
The reaction mechanism of platinum catalysed alcohol oxidation was studied in an
electrochemical cell using a platinised platinum electrode. It was observed that alcohol oxidation also takes place on platinum that is void of oxygen. Hence, adsorbed
oxygen is not necessary for electrochemical alcohol dehydrogenation to take place,
and it must be concluded that adsorbed oxygen is not involved in the rate
determining step of alcohol oxidation. Adsorbed oxygen blocks active platinum sites
that are necessary for alcohol dehydrogenation, but it also prevents the formation of
poisoning carbonaceous residue.
Using the information obtained from XAFS spectroscopy and electrochemical experiments, kinetic models are constructed, which describe platinum catalysed selective
oxidation of two alcohols: methyl α-D-glucopyranoside and cyclohexanol. The models
include platinum catalyst deactivation by over-oxidation, and catalyst reactivation.
Oxygen adsorption and alcohol adsorption are assumed not to influence each other:
adsorption of alcohols and reaction products is described as physisorption. Reaction
rate data, that were obtained from experiments in a stirred slurry reactor, were used
to validate the models. The most adequate description of the data was achieved with
a model based on electrochemistry: the alcohol dehydrogenation rate is determined
by two electrochemical half-reactions. The experimental data, including catalyst
deactivation and in situ reactivation were accurately described by the kinetic models.

Summary
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The kinetic models have been validated with intrinsic kinetic data only, i.e. in absence
of mass transfer limitations. The electrochemical model for MGP oxidation has been
adapted for oxygen transfer limited oxidation by considering intraparticle oxygen
diffusion.
A process design for the platinum catalysed selective oxidation of MGP towards MG
has been developed, based on the constructed kinetic model. The reactor used was
a continuous flow stirred slurry tank reactor. Deactivation of the catalyst by overoxidation (formation of inactive platinum oxide) was overcome by cyclic exposure of
the catalyst to reductive and oxidative conditions, a so-called redox-cycle. This was
achieved by a temporary decrease of the reactor stirring rate, thus decreasing gasliquid oxygen transfer significantly. This treatment is sufficient for catalyst reactivation
to take place at a very short time scale (one minute), and makes it attractive to
operate at high redox-cycle frequencies.
In order to avoid oxygen transport limitation, which could cause catalyst poisoning,
the maximum temperature and catalyst concentration (both determining oxygen
consumption), and the optimal stirring rate (determining gas-liquid oxygen transport)
are calculated. The most productive process uses oxygen as the gaseous feed, and
the reaction is performed at 60 °C. The annual production achieved in a 20 m3
reactor is 2854 metric tons sodium 1-O-methyl α-D-glucuronate.
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Introduction

1.1

Platinum catalysed alcohol oxidation

Carbohydrates such as sucrose, glucose, cellulose, and starch are cheap, highly
functional, and renewable carbon sources. They are interesting starting materials in
the production of fine chemicals and pharmaceuticals. Biomass conversion to organic
raw materials may replace fossil resources for energy production and bulk chemistry
in the near future [Okkerse and van Bekkum, 1999].
Carbohydrate based chemicals usually have advantageous biodegradability and
biocompatibility properties. The sugar alcohols sorbitol (from glucose) and xylitol
(from xylose) are used as noncariogenic and low-caloric food sweeteners. The
annual worldwide production of sorbitol is about 450 000 tons. Dehydration of
pentoses (xylose) yields furfural, which is a versatile intermediate towards solvents
(furan, tetrahydrofuran) and resins. Lactic acid (produced by fermentation of sugars)
is used in the production of biodegradable polymers for medical applications
[Ullmann, 1999].
The pathway to the desired products often includes hydrogenation and oxidation
steps. Two industrial scale examples are the manufacturing processes leading to Dgluconic acid and L-ascorbic acid (vitamin C). D-Gluconic acid is used for the removal of calcareous and rust deposits from metals, and for pharmaceutical applications.
It is produced by selective oxidation of D-glucose, using either microorganisms or
carbon supported platinum metals [Ullmann, 1999].
CH2OH
HO

OH

CH2OH
HO

COOH

HO

O

D-gluconic acid

OH
HO
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OH

CH2OH
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HO
HO

O
OH

Figure 1.1. Examples of industrial products from carbohydrates

L-ascorbic acid
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L-Ascorbic acid is manufactured from D-glucose as well. The classical synthesis
[Reichstein and Grüssner, 1934] includes seven steps, one of which is the oxidation
of acetone protected L-sorbose towards acetone protected 2-keto-L-gulonic acid
using potassium permanganate. The procedure followed in industry is a modification
of the Reichstein route, in which this oxidation step is performed using sodium
hypochlorite, electrochemically on nickel electrodes, or catalytically with palladium or
platinum on carbon [Ullmann, 1999].
The catalytic oxidation of alcohols and carbohydrates has received considerable
attention over the years. Using platinum or palladium as the catalyst, the oxidation of
many alcohols can be performed selectively, with air or oxygen as the oxidant. Moreover, the impact of platinum catalysed oxidation processes on the environment is far
lower than that of traditional oxidation processes using stoichiometric quantities of
toxic oxidants such as permanganate, chromic acid and hypochlorite. In order to
obtain a large active surface, the noble metal is usually supported by carbon. The
selectivity and stability of the catalyst can be improved by adding a promoter (an
inactive metal), such as bismuth, lead, or tin. The oxidation is performed under mild
conditions: 20-90 °C, atmospheric pressure, and pH 7-10. The reaction proceeds via
an oxygen assisted dehydrogenation mechanism [Mallat and Baiker, 1994].
Within our laboratory catalytic oxidation of alcohols has been subject of kinetic
studies since 1967, when van der Baan and de Wilt started exploring catalytic
conversion of sugars as renewable raw materials. The platinum catalysed oxidation
of glucose to gluconic acid was the first reaction studied [de Wilt and van der Baan,
1972], followed by its further oxidation to glucaric acid [Dirkx et al., 1977; Dijkgraaf et
al., 1988]. Using lead promoted platinum, the selectivity for further oxidation of
sugars changed from aldaric to 2-ketocarboxylic acids [Smits et al., 1987]. For the
development of new routes for vitamin C synthesis and applications of carbohydrates
in detergents, the platinum catalysed oxidation of alkyl glucosides was undertaken
[Schuurman et al., 1992; Vleeming et al., 1997a]. Ethanol was used as model reactant for in depth kinetic studies with in-situ catalyst characterisation [van den Tillaart
et al., 1994; Jelemensky et al., 1996]. Bismuth promoted palladium was used for
lactose oxidation [Hendriks et al., 1990] and bismuth, lead, and tin promoted platinum
for propylene glycol oxidation [Pinxt et al., 2000].
In order to give a proper treatment of the kinetic aspects of this reaction, we need to
discern two extreme regimes. The first one is the so-called intrinsic kinetic regime,
i.e. the reaction rate is only determined by the chemistry at the catalytic site and not
limited by mass transfer and diffusion effects. The second one is the full oxygen
mass transfer limited regime, i.e. the reaction rate only depends on oxygen mass
transfer and diffusion. Generally, the reactions using unpromoted platinum fall in the
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first category, whereas those using promoted platinum and palladium fall in the
second category [Kluytmans et al., 2000]. The amount of oxygen present at the
catalyst surface has a large influence on the behaviour of the platinum catalyst,
especially on catalyst deactivation. Catalyst deactivation is a major issue in platinum
catalysed oxidations, which will be discussed in the next section.

1.2

Catalyst deactivation

A major bottleneck for commercial operation of platinum catalysed alcohol oxidation
is catalyst deactivation. Mallat and Baiker dedicated a large part of their review on
platinum metals catalysed alcohol oxidations [1994] to the mechanisms involved in
catalyst deactivation: catalyst over-oxidation, catalyst poisoning, and corrosion. The
result of all mechanisms is a decrease in the number of active catalytic sites.
The reaction is generally assumed to take place on reduced (zero-valent) platinum
sites. On exposure to oxygen the platinum surface is oxidised, resulting in the
formation of an inactive surface platinum oxide. This is also referred to as overoxidation, oxygen dermasorption, and sub-surface oxygen formation. It is most likely
to occur in the absence of oxygen mass transfer limitation. An 80% catalyst activity
decrease in 2 hours has been observed in the platinum catalysed oxidation of methyl
α-D-glucopyranoside [Vleeming et al., 1997a]. The catalyst activity can be completely
restored by in situ reduction of the catalyst by alcohols in the absence of oxygen, as
was observed for 2-propanol [Nicoletti and Whitesides, 1989] and methyl α-Dglucopyranoside [Vleeming et al., 1997a].
The catalytic sites may be blocked by strongly adsorbing by-products or feed
impurities as well. When the oxygen transport to the catalyst is limited, and the
catalyst surface is largely unoccupied, catalyst poisoning is likely to occur. The
nature of alcohol degradation products on platinum electrodes has been studied by
several authors with a view to fuel cell applications [Gootzen et al., 1997; Li et al.,
1997a, 1997b]. Reactants and products containing aldehydic groups are vulnerable
to aldol condensation and polymerisation at high pH. Polymer or tar formation
(coking) from reactive intermediates results in pore filling and loss of activity.
Carboxylic acids may adsorb strongly at low pH, preventing the starting reactant from
reaching the catalytic site. This can be avoided by working at pH>7 [Abbadi and van
Bekkum, 1995] or by removing the product by e.g. ion-exchange or electro-dialysis.
Under extreme conditions irreversible types of deactivation may occur. Particle
migration and growth has been observed under aqueous hydrogen at pH 13 and 90
°C [Vleeming et al., 1997b]. Under prolonged oxidative conditions and in the
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presence of strong chelating agents, small platinum particles may dissolve and
redeposit, leading to particle growth (Ostwald ripening) and a smaller active platinum
surface [Schuurman et al., 1992].

1.3

Scope and outline of the thesis

The scope of this thesis is the behaviour of carbon supported platinum catalysts
during the selective oxidation of alcohols and carbohydrates. The purpose is to find
an accurate kinetic model for platinum catalysed aqueous alcohol oxidation under
catalyst deactivation circumstances. Special attention is given to the nature and
causes of catalyst deactivation, using several catalyst characterisation methods.
Kinetic models for the alcohol oxidation reaction, catalyst deactivation, and catalyst
reactivation are derived and validated using reaction rate measurements. These
kinetic models are used for slurry reactor design.
The experimental conditions for kinetic measurements in a laboratory scale stirred
slurry reactor are described in chapter 2. The aspects considered are the platinum
catalyst, reactants and products, HPLC analysis, the continuous flow slurry reactor
set-up, reactor operation, and mass transfer.
An in situ study of the nature of platinum catalyst deactivation with X-ray Absorption
Fine Structure spectroscopy (XAFS) is presented in chapter 3. Using a special
measurement cell, the state of a platinum catalyst was observed during alcohol
oxidation and various oxidative and reductive treatments. The influence of pH on
platinum catalyst behaviour is studied using AXAFS (Atomic X-ray Absorption Fine
Structure) and XANES (X-ray Absorption Near Edge Structure) spectroscopy. The
interaction between platinum and aqueous ammonia is studied.
Electrochemical methods are applied in chapter 4 to study the oxidation mechanisms
of alcohols and carboxylic acids on platinum and on platinum oxide. The role of
carbonaceous poisoning species in platinum catalysed alcohol oxidation is
investigated.
In chapter 5, kinetic models for alcohol oxidation, catalyst deactivation, and catalyst
reactivation are constructed and evaluated. The models are validated with reaction
rate data measured in a stirred slurry reactor. The alcohols used are methyl-α-Dglucopyranoside (product is 1-O-methyl α-D-glucuronic acid) and cyclohexanol
(product is cyclohexanone). The applicability of an electrocatalytic model for platinum
catalysed alcohol oxidation is explored.

1 Introduction
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The implications of the deactivation and reactivation behaviour of the platinum
catalyst for practical use are discussed in chapter 6. The redox-cycle concept is
introduced and implemented in a slurry reactor design for selective oxidation of the
alcohol methyl-α-D-glucopyranoside. Special attention is given to the mass transfer
properties of the reactor system.
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2

Catalyst, reactants, and reactor set-up

The kinetics of platinum catalysed aqueous alcohol oxidations were determined by
reaction rate measurements in a stirred slurry reactor. The catalyst support consisted
of high surface area graphite. The reactant alcohols used were methyl α-D-glucopyranoside and cyclohexanol. The experimental details and the mass transfer criteria
for intrinsic kinetic measurements are discussed below. The results of these experiments are reported in chapter 5. The details of the XAFS (X-ray Absorption Fine
Structure) and electrochemical experiments are treated in chapters 3 and 4
respectively.

2.1

The platinum catalyst

A commercial platinum on graphite (Johnson Matthey JM287) catalyst was used for
the kinetic measurements. According to the manufacturer’s specifications the
average graphite particle size was 7 µm, and 95% of the particles was smaller than
15 µm. The total porosity of the catalyst as determined by mercury porosometry was
0.40. The platinum content of the catalyst was determined by UV/VIS spectrophotometry at 403 nm of a stable yellow Sn-Pt complex formed by platinum ions and SnCl2
in the presence of excess chloride ions [Charlot, 1961]. The platinum was released
and dissolved from the support by boiling the catalysts in aqua regia. The platinum
content of the fresh catalyst was 4.67% by weight. According to the manufacturer’s
specifications, the catalyst is an intermediate type catalyst: the platinum particles are
located mainly in the outer shell of the catalyst.
The fraction of platinum surface atoms was determined using two methods: CO pulse
chemisorption and cyclic voltammetry. CO pulse chemisorption measurements were
performed using a Micromeritics ASAP2000 analyser. Prior to CO chemisorption, the
catalyst was reduced with hydrogen at 100 °C and evacuated. The fraction of platinum surface atoms as determined by this method was 0.063.
A novel electrochemical cell, designed by de Bruijn [1996], was used to characterise
the catalysts by cyclic voltammetry. A packed bed of the catalyst was used as the
working electrode. The counter electrode consisted of a platinum coil; Hg/Hg2SO4
was used as a reference electrode. The electrode potentials were controlled using an
Autolab PGSTAT20 potentiostat. Catalyst characterisation was performed by cycling
the working electrode potential between 0 and 1.5 V vs. RHE (reversible hydrogen
electrode) at a scan rate of 2 mV s-1. The number of platinum surface atoms was
determined from the charge involved in the anodic oxidation of a monolayer of adsor-
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bed hydrogen. The fraction of platinum surface atoms of the reduced catalyst as
determined by this method was 0.156. The specific number of platinum surface
atoms Lt, calculated from the fraction exposed determined with cyclic voltammetry,
was 0.0373 mol kgcat-1. All platinum sites involved in electrochemical hydrogen
adsorption were assumed to be available for chemisorption.

2.2

Reactants and products

Two reaction systems have been investigated: the selective oxidation of methyl α-Dglucopyranoside towards 1-O-methyl α-D-glucuronic acid, and the selective oxidation
of cyclohexanol towards cyclohexanone.

2.2.1 Methyl α-D-glucopyranoside
The oxidation of methyl α-D-glucopyranoside (MGP) has been the subject of several
studies within this laboratory, notably by Schuurman [1992] and Vleeming [1997a].
The main oxidation product of MGP is 1-O-methyl α-D-glucuronic acid (MG), via the
intermediate product methyl α-D-6-aldehydoglucopyranoside (MAGP). MGP is
industrially prepared by reacting glucose with methanol in the presence of a cation
exchange material. It is a solid at room temperature (mp 168 °C). The solubility of
MGP at 20 °C is 1.08 kg in 1 kg water. It is used as an intermediate for various fatty
acid esters, plasticizers, and non-ionic surfactants [Budavari, 1996]. The oxidation
products MAGP and MG are not commercially available.
CH2OH
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Figure 2.1. Methyl α-D-glucopyranoside oxidation pathway
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2.2.2 Cyclohexanol
Cyclohexanol has been chosen as a model reactant for secondary alcohols. The
expected product of cyclohexanol oxidation is the ketone cyclohexanone. Further
oxidation under more extreme conditions causes opening of the ring, resulting in
adipic acid, various other (di)acids, and carbon dioxide. Cyclohexanol and cyclohexanone are produced commercially by catalytic oxidation of cyclohexane and
catalytic hydrogenation of phenol. Both processes give a mixture of cyclohexanol and
cyclohexanone.
OH

O
COOH
COOH

cyclohexanol

cyclohexanone

adipic acid

Figure 2.2. Cyclohexanol oxidation pathway

Pure cyclohexanol is a solid at room temperature (mp 23 °C, bp 161 °C), and cyclohexanone is a liquid (mp –47 °C, bp 157 °C). Cyclohexanol and cyclohexanone are
mainly used as intermediates for the production of polyamides, via adipic acid and
caprolactam. They are also used as solvents for resins and lacquers, and as intermediates for various pharmaceuticals and insecticides. The solubility of cylohexanol
in water at 30 °C is 43 kg m-3 (0.43 kmol m-3). The solubility of cylohexanone in water
at 30 °C is 50 kg m-3 (0.51 kmol m-3).

2.2.3 HPLC analysis
The composition of the outlet liquid of the stirred slurry reactor was determined with
an on-line HPLC set-up (Thermo Separation Products). The components were separated on a 280x7.8 mm ID Lichroma SS tube packed with a cation exchange resin
(Benson BC-X8) having sulfonic acid groups. The analysis was performed at 80 °C
using 0.50 ml min-1 of a 5 mol m-3 H2SO4 solution as eluent. The eluent was degassed using helium and pumped through the column with a HPLC pump (P100).
Samples were automatically introduced by an injection valve (Valco) equipped with a
sample loop. The loop was continuously filled by pumping part of the liquid phase
outlet through a Millipore filter and through the sample loop. The components were
detected with a differential refractometer (RefractoMonitor IV). Data was collected
using an integrator (DataJet). The chromatograms were reanalysed by a reinte-
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gration program (Winner on Windows, Thermo Separation Products). The data was
quantified with external standard solutions.
Because only a very limited amount of sodium 1-O-methyl α-D-glucuronate (NaMG)
was available, potassium gluconate was used as a calibration standard instead. The
intermediate product methyl α-D-6-aldehydoglucopyranoside (MAGP) was not available. The molar response of NaMG was assumed equal to that of potassium gluconate. The molar response of MAGP was assumed equal to that of methyl α-D-glucopyranoside (MGP). The retention times for MGP, NaMG, and potassium gluconate
were 12.2, 11.0, and 15.2 minutes, respectively. MAGP was not detected.
In measurements of cyclohexanol oxidation the same procedure was followed. The
eluent flow rate was 1 ml min-1. Standard solutions of cyclohexanol, cyclohexanone,
and adipic acid were used. The retention times for cyclohexanol, cyclohexanone, and
adipic acid were 10.0, 7.6, and 3.1 minutes, respectively.

2.3

Continuous flow slurry reactor set-up

A continuous flow three-phase slurry reactor was used to perform alcohol oxidation
experiments, see figure 2.3. This set-up was described in detail by Pinxt [1997]. All
experiments were performed at constant pH, temperature, and oxygen partial
pressure. The reactor set-up can be divided into three sections: the inlet section, the
reactor section, and the outlet section. The three sections were controlled and
monitored by a computerised control system (Intouch).

2.3.1 Inlet section
Gases were introduced using Bronkhorst mass flow controllers with a range of 0-500
ml min-1. Three gases were used: nitrogen, oxygen, and hydrogen. Oxygen was used
for the alcohol oxidation reaction. Hydrogen was used to reduce catalysts prior to
reaction. Nitrogen was used as diluting and purging gas. A small flow of nitrogen (2
ml min-1) was flushed through an immersion pipe which was used for liquid level
measurement. All reported gas flows are at ambient pressure and temperature.
Two aqueous solutions were fed to the reactor: the reactant alcohol feed, and sodium
hydroxide for pH control. The supply vessels were held under a nitrogen atmosphere.
Liquids were pumped to the reactor using two Cole-Parmer Masterflex pumps (752335). The alcohol and sodium hydroxide solutions were mixed shortly before
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introduction into the reactor. The inlet liquid flow rate was measured by recording the
mass loss of the liquid supply vessels using 2 balances (Sartorius I8100P).

Figure 2.3. Stirred slurry reactor set-up for alcohol oxidations. Gas inlet system in the upper
left, liquid inlet system in the lower left, gas outlet in the upper right, liquid outlet in the lower
right. Abbreviations used in the scheme: FI 6 (wet gas meter at outlet), FIC 1-5 (mass flow
controllers feed gases), HI 1 (liquid feed pumps), HI 2 (stirrer), LIC 1 (level indicator), OP
(operating point), PA 1-3 (pressure alerts), QIC 1 (sensor for dissolved oxygen), QIC 2 (pH
electrode), QIR 3 (sensor for oxygen in gas outlet) , SI 2 (liquid outlet pump), SP (set point),
TIC (thermocouple), WI 1-2 (weight indicators for feed vessels).

2.3.2 Reactor section
The reactor was a double walled glass reactor with a total volume of 1 10-3 m-3. The
reactor was operated with a liquid volume of 0.35 10-3 m-3. The glass reactor was
equipped with four baffles and a hollow glass turbine impeller, propelled by a motor
(Janke&Kunkel RE 162) to obtain ideal mixing. A specially designed filterholder,
containing a Millipore filter (pore diameter 0.45 10-6 m), shut off the bottom side of the
glass reactor, allowing pumping off of the reaction mixture while maintaining the
catalyst in the reactor.
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The reactor temperature was measured with a platinum resistance probe (Pt 100
thermocouple). The wall of the reactor was connected to a thermostatic bath (Lauda
C6 and R22). The glass reactor was equipped with a pH electrode (Radiometer) and
an oxygen electrode (Ingold). The electrochemical potential of the catalyst was measured using a bright platinum wire and a Ag/AgCl (0.139 V vs. Standard Hydrogen
Electrode) reference electrode. The platinum wire adapts to the average open-circuit
potential of the platinum catalyst particles [Mallat and Baiker, 1995]. Liquids were
introduced via a liquid inlet at the side of the glass reactor. The liquid level in the
reactor was measured using the pressure drop over the immersion pipe, the tip of
which ended just above the Millipore filter. The immersion pipe and the atmosphere
above the reactor liquid were connected to a differential pressure sensor.

2.3.3 Outlet section
The gas outlet flow was cooled to room temperature with a water cooler, and the
condensed vapour was recycled to the reactor. The outlet gas flow rate was measured with a wet laboratory gas meter (Meterfabriek Dordrecht). The gas outlet was
led along an oxygen electrode (Ingold) to determine the oxygen concentration. The
reaction liquid was pumped out of the glass reactor through the Millipore filter using a
Cole-Parmer Masterflex pump. From the outlet liquid stream, a small liquid stream
was tapped off, using a Masterflex pump, to flush the sample loop of the HPLC analyser. The volume of the tap off lines and the sample loop was kept small to obtain a
high refreshing rate of the liquid. The liquid outlet stream ended in a waste vessel.

2.3.4 Process control and data acquisition
The whole reactor set-up was controlled and monitored by a computerized control
system. The reactor operating program was developed by the Central Technical
Department (Eindhoven University of Technology) using the software package
Intouch (Wonderware Comp.). The developed operating program runs on a personal
computer under Windows. The program allows the user to open and close gas and
liquid valves, to switch the stirrer, liquid pumps and thermostatic bath on and off, and
to set the various gas and liquid flow rates, the reactor temperature, the liquid level,
and the pH of the reactor liquid. Safety precautions have been taken to avoid mixing
of oxygen and hydrogen. The pH and liquid level are controlled via PID control (Eurotherm). The temperature is controlled by a thermostatic bath (Lauda C6 and R22).
The PLC system monitors and controls the reactor set-up, including the control loops.
The PLC reports data to Intouch, sending process values. The values are logged in a
real-time database.
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Reactor operation

Prior to the actual kinetic measurements in the continuous flow stirred slurry reactor,
the platinum catalyst was subjected to some standard pre-treatments. The catalyst
was dispersed in 20 ml water in an ultrasonic bath and put into the reactor. The liquid
volume was adjusted to 250 ml with water. The oxygen electrodes were calibrated at
reaction temperature in a pure oxygen feed. The reactor was purged with nitrogen,
and the catalyst was reduced for 1800 s at 323 K under a 150 ml min-1 hydrogen
flow. Once more, the reactor was purged with nitrogen and brought to the desired
reaction temperature.
After the desired reaction temperature had been reached, a solution containing the
organic reactant (cyclohexanol or methyl α-D-glucopyranoside) and the oxidation
product(s), if available, was added. The liquid volume was adjusted to 350 ml with
water. The liquid level control was calibrated at the stirring rate applied during
reaction (16.7 s-1). The stirring rate was reduced to 3.3 s-1 and at 240 s after
introduction of the reactant solution the oxygen flow rate was set at the rate desired
during reaction. At 300 s after introduction of the reactant solution, the stirring rate
was set at 16.7 s-1. Since this action introduces oxygen to the catalyst surface, it is
considered to be the start of the oxidation reaction. At the same time, the pH and
liquid level control were started.
The operation procedures for the oxidation of cyclohexanol and methyl α-D-glucopyranoside differ in one essential detail. In the case of cyclohexanol, the ketone
cyclohexanone is the main product. This implies that pH control is only necessary to
adjust the pH of the cyclohexanol feed solution and to neutralise minor acidic degradation products, such as carbon dioxide or adipic acid. The flow rate of the cyclohexanol solution is fixed.
In the case of methyl α-D-glucopyranoside (MGP), the main product is the carboxylic
acid 1-O-methyl α-D-glucuronic acid (MG). The pH is kept constant by neutralisation
of the acid using sodium hydroxide solution. By feeding the organic reactant solution
in a rate proportional to the consumption of sodium hydroxide, the concentrations of
reactant and product can be kept constant. The MGP oxidation rate is directly
proportional to the consumption of sodium hydroxide (equation 2.1).
R w, MGP (t ) =

( FL , NaOH + FL , MGP )c NaMG
Wcat

(2.1)

Since the concentrations in the reactor are constant, the degree of catalyst
deactivation can be derived from the sodium hydroxide consumption directly
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[Vleeming et al., 1997b]. The deactivated catalyst was reduced in situ by replacing
the oxygen flow by a nitrogen flow. The pH, temperature, liquid volume, and concentrations remained unchanged during this procedure. The progress of the catalyst
reactivation was monitored using the catalyst open circuit potential, as measured with
the bright platinum electrode.

2.5

Mass transfer

For the oxidative dehydrogenation of an alcohol to proceed, the alcohol and oxygen
have to be present on the platinum catalyst surface. Oxygen has to be transferred
from the gas phase to the liquid phase, through the liquid to the catalyst particle and,
finally, has to diffuse to the catalytic site inside the particle. The alcohol has to be
transferred from the liquid bulk to the catalyst particle and to the catalytic site inside
the particle. The reaction products have to be transferred in the opposite direction.
Since the purpose of this kinetic study is to determine the intrinsic reaction kinetics,
the absence of mass transfer limitations has to be verified. Criteria for the absence of
transfer limitations have to be set for each relevant mass transfer step (figure 4).
Reaction enhancement by adhesion of catalyst particles to gas bubbles, which plays
a significant role in oxygen mass transfer limited systems [Kluytmans et al., 2000], is
neglected here.
Gas phase

pO
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Particle

2
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2
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2
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Figure 2.4. Oxygen concentration gradients in catalytic gas-liquid-solid systems

The solubility of oxygen in water is very low, typically 1 mol/m3 at ambient conditions
using 100% oxygen gas and pure water. The alcohol concentration is generally in the
range of 100-1000 mol m-3. The diffusion coefficients of oxygen and the organic reactants and products are in the same range, which is 0.59 - 3.6 10-9 m2s-1 according to
the correlation given by Siddiqi and Lucas [1986]. The estimated molar volumes used
in this correlation are 25.6 cm3 mol-1 for oxygen, 190.9 cm3 mol-1 for methyl α-Dglucopyranoside (MGP), 200.1 cm3 mol-1 for 1-O-methyl α-D-glucuronic acid (MG),
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125.6 cm3 mol-1 for cyclohexanol, and 118.2 cm3 mol-1 for cyclohexanone. The
diffusion coefficient for oxygen is 3.0 times the value for MGP and 2.4 times the value
for cyclohexanol under identical circumstances.

2.5.1 Gas to liquid mass transfer
Oxygen transfer from the gas phase to the liquid phase is described with equation
2.2. The gas phase and the liquid bulk are assumed to be ideally mixed. The Henry
coefficient for oxygen is assumed not to depend on carbohydrate concentration, as
has been observed for aqueous glucose solutions up to 1000 mol m-3 in this
laboratory [Duisters, 1985].
FO2 = k GL,O2 a GLV L ( H O2 p O2 − cO2 ) = ν O2 V L c cat R w

(2.2)

The criterion for absence of oxygen transfer limitation is set at 5% deviation in the
oxygen bulk liquid concentration from saturation. The mass transfer factor for oxygen
transfer from gas to liquid, kGLaGL, is estimated to be 0.50 s-1 for the laboratory
reactor used [van den Tillaart, 1994]. The oxygen mass transfer equals the consumption of oxygen by the oxidation reaction. The stoichiometric factor νO2 is unity for the
oxidation of MGP, and 0.5 for the oxidation of cyclohexanol. The specific reaction
rate Rw thus has to satisfy equation 2.3:
Rw ≤

0.05k GL,O2 a GL H O2 pO2

ν O2 c cat

(2.3)

For a typical situation (experiment H3, T=323.15 K, pO2=40 kPa, ccat=2 kg/m3,
reactant is MGP), this implies that Rw must be below 4.6 10-3 mol kg-1 s-1.

2.5.2 Liquid to solid mass transfer
Mass transfer from the liquid phase to the catalyst needs to be examined for oxygen,
the reactant alcohol, and the reaction product. Mass transfer of reactant X is
described with equation 2.4. The liquid bulk is assumed to be ideally mixed.
FX = k LS , X a LSV L (c X , L − c X , S ) = ν X V L c cat R w

(2.4)

Similar to the gas-liquid situation, the criterion for absence of mass transfer limitation
is set at 5% deviation between the concentrations at the catalyst surface and in the
liquid bulk. The mass transfer coefficient from liquid to solid, kLS, is calculated from
the dimensionless Sherwood number according to equation 2.5 [Sano et al., 1974]:
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Sh = 2 + 0.4 Re1 / 4 Sc 1 / 3 =

k LS , X d p
DX

(2.5)

For the laboratory reactor system (see appendix 4), the Reynolds number, as
calculated from equation 2.6, lies between 1 and 5.
Re =

N P d I5 N I3 d p4 ρ L3
VL µ

3
L

(2.6)

The Schmidt number (Sc=µL ρL-1 DX-1) is about 200 for oxygen and about 600 for the
carbohydrates. The Sherwood number is 5.1 for oxygen and 6.5 for the carbohydrates. The resulting mass transfer coefficient kLS lies between 6.2 and 12 10-4 m
s-1 for oxygen and between 2.6 and 5.2 10-4 m s-1 for the carbohydrates. Since
aLS=6ccat/dpρp, the specific reaction rate Rw has to satisfy equation 2.7:
Rw ≤

0.05c X , L 6k LS , X

ν Xdpρp

(2.7)

For a typical situation (experiment H3, T=323.15 K, pO2=40 kPa, ccat=2 kg/m3,
cMGP=90 mol/m3), oxygen is the most critical reactant. In this case, Rw must be below
5.4 10-3 mol kg-1 s-1. For carbohydrate transfer to become critical, the reaction may be
two orders of magnitude larger.

2.5.3 Pore diffusion
The reactants have to diffuse into the pores of the catalyst in order to reach the
active platinum surface. The Weisz-Prater modulus CWP is a powerful criterion for
determination of the significance of internal diffusion to the catalytic reaction.
Assuming first order dependence of the reaction rate on the concentration
considered, the Weisz-Prater criterion is given by equation 2.8 [Fogler, 1999].
CWP =

ν X R w ρ p d p2
4 D Xeff c X , L

<1

(2.8)

This is valid for catalysts in which the active catalytic sites are homogenously
distributed over the catalyst particle. In the catalyst used for this kinetic study the
active sites are assumed to be mainly in the outer shell of the catalyst. If the active
sites are only in the outer 50% by volume of the catalyst particle, diffusion is four
times more effective. All this considered, the specific reaction rate Rw has to satisfy
equation 2.9:
Rw ≤

16D X c X , L ε p

ν X ρ p d p2τ p

(2.9)
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As for liquid to solid mass transfer, oxygen is the most critical reactant. For a typical
situation (experiment H3, T=323.15 K, pO2=40 kPa, ccat=2 kg/m3, cMGP=90 mol/m3),
Rw must be below 5.6 10-3 mol kg-1 s-1. For carbohydrate transfer to become critical,
the reaction rate may be two orders of magnitude larger.
The Weisz-Prater criterion in the form in which it is used above (equations 2.8 and
2.9) is only valid for first order reactions. Actually, the MGP and CL oxidation rates
have a more complex dependence on oxygen concentration, see chapters 5 and 6.
In the oxygen concentration range considered, the apparent reaction order in oxygen
lies between 0 and –1, i.e. the reaction rate increases when the oxygen concentration decreases. The pore diffusion model for MGP oxidation, which is given in
appendix 5 and also used in chapter 6, is used in order to assess oxygen transport
limitation for the experiments V1-V12 and V22-V24. The particle averaged initial
MGP oxidation rate was calculated using this model, first with the actual diffusion
coefficients Deff (third column in table 2.1), then with a diffusion coefficient that is 100
times higher (fourth column in table 2.1). It can be assumed that the latter case is the
intrinsic kinetic reaction rate.
observed model ME model A5 model A5,
The observed initial reaction
rate
DO2*100
rates are given in the first
mmol/kg s mmol/kg s mmol/kg s mmol/kg s
column, and the values calV1
1.96
3.40
2.89
culated using the complete
V2
2.09
2.86
2.78
2.56
reactor model, which is given
V3
2.22
2.01
2.37
2.19
in appendix 2 (model ME),
V4
1.62
1.46
1.58
1.55
are shown in the second
V5
1.34
1.21
1.18
1.16
column. The results of the
V6
1.31
1.66
1.59
1.56
diffusion model (3rd column)
V7
2.04
2.30
2.63
2.41
are within 10% difference
V8
2.29
2.40
2.75
2.52
from the “intrinsic” results (4th
V9
0.61
0.61
0.66
0.64
column) for all experiments
V10
3.17
3.55
3.78
3.44
except V1. This indicates that
V11
2.22
2.71
2.97
2.76
the effect of pore diffusion is
V12
1.57
1.26
1.22
1.20
smaller than the experimental
V22
0.56
0.62
0.70
0.66
accuracy for most of the
V23
1.13
1.13
1.11
1.08
experiments, and that experiV24
3.28
3.40
3.52
3.33
ment V1 should not be used.
Table 2.1. Observed and calculated initial weight specific MGP oxidation rates [mmol kgcat-1
s-1]. Experimental conditions are given in appendix 1. First column observed rates, second
column rates calculated using model ME (appendix 2), third column rates calculated using
the diffusion model (appendix 5), fourth column rates calculated using the same model with
100 times higher diffusion coefficients.

32

Platinum catalyst deactivation and reactivation during aqueous oxidation of alcohols

As established in the preceding paragraphs, oxygen gas-liquid transfer is the most
critical mass transfer step under the reaction circumstances considered. However,
the reaction rate measurements can only be accepted as intrinsic kinetic measurements if they satisfy all mass transfer criteria. This is demonstrated in figure 2.5. A
MGP oxidation experiment satisfies the mass transfer criteria if the maximum MGP
oxidation rate does not exceed any of the critical MGP oxidation rates. In figure 2.5,
all ratios should be below 1. This is the case for all experiments except V1, which is
rejected from regression.
2.0

gas-liquid
liquid-solid
pore diffusion

1.5

1.0

0.5

0.0
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V2

V3

V4

V5
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V9 V10 V11 V12 V22 V23 V24 M1

M2 M3 M4

M5 M6

M7 M8

M9

Figure 2.5. Verification of absence of mass transfer limitations. Maximum observed MGP oxidation rates divided by critical MGP oxidation rates with respect to gas-liquid, liquid-solid,
and pore diffusion oxygen transfer.

Since no actual oxidation rates are measured in cyclohexanol (CL) experiments, the
verification of the absence of mass transfer limitation is less straightforward. The CL
oxidation rate used for the assessment of mass transfer limitations is the simulated
initial CL oxidation rate. The results are shown in figure 2.6. The measurements used
for regression (C1-C12) are well within the constraints set by oxygen mass transfer.
Experimental details of the MGP (V1-V24, M1-M9) and CL (C1-C12) oxidation experiments are given in appendix 1. Heat effects are assumed to be insignificant in the
thermostated dilute aqueous solutions considered.
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2 Catalyst, reactants, and reactor set-up
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Figure 2.6. Verification of
absence of mass transfer
limitations. Simulated initial
CL oxidation rates divided
by critical CL oxidation
rates with respect to gasliquid, liquid-solid, and pore
diffusion oxygen transfer.
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In situ XAFS investigation of platinum catalysed alcohol oxidation

In this chapter the effect of reaction circumstances on both the structural and
electronic properties of platinum catalysts is studied using X-ray Absorption Fine
Structure spectroscopy (XAFS). The purpose is to elucidate the mechanisms of
platinum catalysed alcohol oxidation, catalyst deactivation, and catalyst reactivation.
Special attention is given to the influence of oxygen on catalyst deactivation. XAFS
also gives the opportunity to study the nature of deactivating platinum catalysts in
situ. In a special experimental cell, the structure of a carbon supported platinum
catalyst is observed during alcohol oxidation and various oxidative and reductive
treatments. The influence of pH on the electronic structure of platinum is studied
using atomic XAFS (AXAFS) and X-ray Absorption Near-Edge Structure (XANES),
including Pt-H anti-bonding state shape resonance.

3.1

Introduction

Platinum catalysed aqueous oxidation of alcohols has received a lot of attention over
the past 16 decades. It is generally accepted that the reaction takes place through
oxygen assisted alcohol dehydrogenation. The rate determining step is believed to
be the abstraction of a hydride ion from the alcohol’s α-carbon by platinum. The alcohol consequently loses a proton, forming an aldehyde or a ketone, and the hydride
recombines with an oxygen atom on the platinum surface, forming a hydroxide ion or
water. Aldehydes can be oxidised further towards carboxylic acids. It was observed
from isotope studies that aldehyde oxidation takes place through the hydrate
RCH(OH)2 [Rottenberg and Baertschi, 1956]. The role of platinum in alcohol dehydrogenation is not quite clear. It is believed that metallic platinum is more active than
platinum oxide [Mallat and Baiker, 1994].
A major bottleneck for commercial operation of platinum catalysed alcohol oxidation
is catalyst deactivation. Mallat and Baiker dedicated a large part of their review on
platinum metals catalysed alcohol oxidations [1994] to the mechanisms involved in
catalyst deactivation: catalyst over-oxidation (platinum oxide formation), catalyst
poisoning by alcohol degradation products, and corrosion. All mechanisms point to a
decrease in the number of active catalytic sites. They stated that platinum overoxidation is caused or preceded by platinum (self-) poisoning [Mallat and Baiker,
1994]. This hypothesis is controversial, as Vleeming et al. [1997b] demonstrated:
they observed complete catalyst reactivation after in situ replacement of oxygen by
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nitrogen for 1000 seconds. Hence, poisoning cannot play a significant role under
those circumstances.
The reaction circumstances are supposed to have a large influence on the nature
and extent of platinum catalyst deactivation. For a proper understanding of the
behaviour of the platinum catalyst in situ catalyst characterisation is necessary.
Unfortunately, most characterisation techniques (e.g. XPS, AES, SIMS, LEIS, XRD,
LEED, and EELS) cannot be applied under reaction circumstances. During reaction
conditions, typically 1-5 wt-% 1-2 nm platinum crystallites, supported on 5-20 µm
carbon particles, are suspended in an aqueous solution, at ambient pressure and
temperature. Techniques that can be applied in situ are Mössbauer, IR, and XAFS.

3.1.1 Platinum XAFS
Supported platinum catalysts have been the subject of several EXAFS (Extended
XAFS) studies, in presence and absence of water. A contribution of the catalyst
support has been observed, especially for small particles. Vaarkamp et al. [1996]
observed two different Pt-O distances (2.66 Å and 2.25 Å) in γ-Al2O3 supported
reduced platinum, depending on the pre-treatment. Pinxt et al. [1998] and van den
Tillaart et al. [1993] observed a Pt-C coordination at 2.61 Å in reduced Pt/graphite in
water. The same distance was observed for a platinum on carbon electrode in an
electrochemical cell [Lampitt et al., 1999]. Upon exposure to aqueous oxygen [Pinxt
et al., 1998; van den Tillaart et al., 1993] or a potential above 0.8 V vs. RHE
(Reversible Hydrogen Electrode) [Yoshitake et al., 1993; Mukerjee et al., 1995], a
decrease in Pt-Pt coordination number and a new Pt-O coordination at 2.03-2.05 Å
were observed. This was attributed to the formation of a platinum surface oxide.
Exposure of small (less than 0.7 nm) supported platinum particles to gaseous oxygen
leads to total oxidation towards PtO2, whereas bigger particles show surface oxide
formation [McCabe et al., 1988]. So far no platinum EXAFS measurements under
aqueous reaction conditions have been reported.
Platinum catalysed aqueous ammonia (NH3) oxidation has been the subject of a
kinetic study by Ukropec et al. [1999]. The oxidation products found were nitrogen
(N2), nitrous oxide (N2O), and nitrite (NO2-1), depending on the reaction conditions.
The selectivity strongly depends on the oxygen concentration in the liquid, and on the
start-up procedure. An over-oxidised catalyst is less reactive and shows a higher
selectivity towards oxidised nitrogen compounds (N2O, NO2-1). After temporary elimination of oxygen, the catalyst activity increases and the selectivity towards N2
reaches 100%. The mechanism of platinum catalysed NH3 oxidation has not been
elucidated completely. Electrochemical studies indicated that NH2,ads and NHads may
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be active intermediates, and that Nads acts as a poison [Gootzen et al., 1998; de
Vooys et al., 2000]. The temperature range studied for NH3 oxidation (150-180 °C
[Ukropec et al., 1999]) is much higher than the temperatures at which alcohol oxidation takes place (typically 20-80 °C). Although NH3 oxidation is not expected to take
place at ambient conditions, XAFS might give valuable information on poisoning by
adsorbates.
The scope of the present work is characterisation by XAFS of a carbon supported
platinum catalyst during aqueous alcohol oxidation and various oxidative and reductive treatments. A special cell is used, in order to allow in situ XAFS measurement.
Reaction circumstances are approximated by feeding a continuous flow of an oxygen
saturated alcohol solution to the catalyst sample. Situations in which a rapid change
in the catalyst structure is expected, e.g. platinum over-oxidation or poisoning, are
studied with a faster XAFS scanning mode, in which a complete Pt LIII spectrum
takes 72 seconds. The chosen reactants are the alcohols methyl α-D-glucopyranoside (MGP) and cyclohexanol (CL), and ammonia.
XAFS spectroscopy does not only give information about the geometry of platinum
and its neighbours. Recently, two XAFS phenomena have found application as
probes for the electronic structure of supported platinum particles: AXAFS [Ramaker
et al., 1998 and 2000a] and Pt-H anti-bonding state shape resonance [Ramaker et
al., 1999; Koningsberger et al., 2000c]. These techniques will be used to study the
influence of pH on the electronic structure of the Pt particles. The results will be used
to understand the pH dependence of the catalytic activity of platinum.

3.2

Experimental set-up, procedures and methods

3.2.1 Reactants and reaction procedures
The reactants used in this investigation are the alcohols methyl α-D-glucopyranoside
(MGP) and cyclohexanol (CL), and ammonia. Selective oxidation of MGP and CL
with oxygen leads to 1-O-methyl α-D-glucuronic acid (MG) and cyclohexanone (CN),
respectively. The reactor cell is operated at room temperature. Since the pH is
expected to have a large effect on catalyst activity [Abbadi and van Bekkum, 1995;
Harmsen et al., 1997], most of the measurements are performed in buffered solutions
at pH 1 (0.1 M HClO4), pH 8 (0.047 M NaH2PO4 and 0.027 M Na2B4O7), and pH 13
(0.1 M NaOH). Prior to measurement, the catalyst is reduced in situ by leading a
hydrogen saturated buffered solution through the cell. After catalyst reduction has
been completed, the cell is purged with a nitrogen saturated buffer solution.
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The reaction procedures were:
a) pre-oxidation: the reactor cell containing a reduced catalyst is exposed to a flow
of oxygen saturated buffer solution;
b) oxidative start-up: after 90 minutes of pre-oxidation (procedure a), the catalyst is
exposed to a flow of oxygen saturated buffered alcohol solution. During this
treatment alcohol oxidation takes place;
c) reactivation: the liquid flow is interrupted, causing the oxygen present in the cell to
be used up by the alcohol oxidation reaction. Consequently, the catalyst is
reduced by the reactant alcohol;
d) alcohol adsorption: the reactor cell containing a reduced catalyst is exposed to a
flow of nitrogen saturated buffered alcohol solution;
e) reductive start-up: after at least 30 minutes of alcohol adsorption (procedure d),
the catalyst is exposed to a flow of oxygen saturated buffered alcohol solution.
During this treatment alcohol oxidation takes place.

3.2.2 XAFS spectroscopy

normalised absorbance

X-ray Absorption Fine Structure (XAFS) spectroscopy is a very powerful and versatile
characterisation technique. The absorption coefficient for x-ray radiation generally
decreases with increasing photon energy. However, when the photon energy is
1.4
XANES
EXAFS
sufficient to eject an electron out of its
1.2
orbital, the absorption coefficient increa1.0
ses sharply. This sharp increase is
called an absorption edge. As the elec0.8
tron energy levels are element specific,
0.6
Pt LIII edge 11564 eV
absorption edges are also element
0.4
specific. For instance, the platinum LIII
edge (the transition from the 2p3/2 orbital
0.2
to the 5d5/2 and 5d3/2 orbitals) lies at
0.0
11564 eV (figure 3.1). The structure
-0.2
within 30 eV from the edge is called
11.4
11.8
12.2
12.6
XANES (X-ray Absorption Near-Edge
photon energy [keV]
Structure).
Figure 3.1. Normalised x-ray absorption spectrum of the reduced carbon supported platinum
catalyst around the platinum LIII edge, demonstrating the XANES (x-ray absorption near-edge
structure) and EXAFS (extended x-ray absorption fine structure) regions.
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The EXAFS (Extended XAFS) oscillations are observed at photon energies typically
30-1000 eV past the x-ray absorption edge. These are the result of interference
between outgoing and backscattered (by neighbouring atoms) photoelectron waves
[Koningsberger and Prins, 1988; Koningsberger et al., 2000b]. The XAFS technique
can be applied in situ (at reaction conditions and in the presence of reactants) and
gives information that is very suitable for the characterisation of supported catalysts.
This includes interatomic distance R, coordination number N, and the Debye-Waller
factor ∆σ2 (mean square displacement), which is a measure for system disorder.
XAFS is element specific, and because x-ray absorption at the platinum LIII edge (the
transition from the 2p3/2 orbital to the 5d5/2 and 5d3/2 orbitals) is much more sensitive
to platinum than to other elements, it is possible to work with supported catalysts in
water. XAFS is a bulk technique: all atoms in the sample contribute to the absorption
spectrum. If information on surface atoms is required, particles with a high fraction
exposed should be used.

3.2.3 Atomic XAFS and Pt-H anti-bonding state shape resonance
Recently, new analysis methods have been developed for the interpretation of two
phenomena, which have been found in x-ray absorption fine structure data of small
supported platinum clusters: atomic XAFS [Ramaker et al., 1998 and 2000a] and a
shape resonance due to the anti-bonding state (AS) of the Pt-H interaction [Ramaker
et al., 1999; Koningsberger at el., 2000c]. Atomic XAFS (AXAFS) is observed as a
peak in the Fourier transform of an EXAFS spectrum at a distance which cannot be
attributed to a meaningful bond length of neighbouring atoms, in Pt LIII spectra
typically between 0.7 and 1.2 Å. AXAFS appears in the absorption spectrum as a low
frequency sine wave.
Ufree
AXAFS is caused by
scattering
of
the
R mt
photoelectron by elecEf
trons in the periphery of
the absorbing atom, and
can therefore be used to
Vcut
monitor changes in the
Uemb A
electronic structure of the
absorbing atom.
Figure 3.2. Illustration of the muffin-tin approximation to the interatomic potentials showing
the positions of Rmt and Ef. The shape and intensity of the Fourier transform of the AXAFS is
determined by the black shaded area between Uemb and Ufree and below Vcut as defined in
[Ramaker et al., 2000a].
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The shape and intensity of the AXAFS signal is determined by the difference between the free atom potential Ufree and the embedded potential Uemb, below the cutoff potential Vcut, as illustrated in figure 3.2. It should be noted that only the deeper
localised valence band electrons, and not the electrons in the conduction band, give
rise to AXAFS scattering [Ramaker et al., 1998 and 2000a].
The AS (anti-bonding state) shape resonance is caused by interaction of the photoelectron and the empty Pt-H anti-bonding orbitals (see figure 3.3), and can therefore
only be detected in the presence of adsorbed hydrogen. It is observed as a distortion
in the XANES region, within 20 eV from the adsorption edge. Since several other,
larger effects take place in this region (most of all the edge itself), its isolation from
the spectrum requires high spectrum quality.
The AS shape resonance is isolated by subERes
EFermi
traction of Pt LIII and LII spectra in the presence and absence of adsorbed hydrogen.
Therefore, in contrast to the bulk techniques
EXAFS and AXAFS, the AS shape resonance is surface specific. The information to
be obtained is directly related to the
Pt 5d
H 1s interaction between adsorbed hydrogen and
the platinum surface [Ramaker et al., 1999].
Figure 3.3. Molecular orbital picture showing formation of bonding and anti-bonding orbitals
derived from a surface Pt orbital and the H 1s orbital.

Since both the AXAFS spectra and Pt-H AS shape resonances are sensitive to
changes in the bonding energy of the Pt electrons, valuable information is expected
from the application of these techniques. Koningsberger et al. [2000a] applied both
AXAFS and Pt-H AS shape resonances to study the metal-support interactions in Pt
on various Y zeolites. They found significant changes in both AXAFS and Pt-H shape
resonance as a function of support oxygen charge. A more acidic zeolite, with more
positively charged oxygen in the platinum-zeolite interface, resulted in a larger
AXAFS peak at lower R, and shifted the Pt-H shape resonance peak to higher
energy. In this work, the influence of the pH of the solution on platinum will be studied
using AXAFS and Pt-H AS shape resonance.

3.2.4 Experimental set-up
The XAFS cell used (figure 3.4) is a modification of a cell described in detail by Pinxt
et al. [1998]. A continuous liquid flow is now led through the cell during pre-treat-
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ments and measurements. The cell consists of a reactor chamber with an x-ray beam
path of 3 mm, a liquid supply tube and a liquid outlet tube. The reactor is filled with a
packed bed of carbon supported platinum, which is kept in the reactor by a paper
filter and a thin layer of quartz powder. An aqueous solution is led through the cell.
Before it is fed to the cell the liquid is saturated with hydrogen, nitrogen, or oxygen.
The low oxygen solubility (typically 1.3 mol m-3) and diffusion rate set strict demands
upon the in situ XAFS cell and the catalyst. In order to obtain a homogeneous
sample the oxygen concentration should be uniform throughout the cell. This implies
that large microporous catalysts should be avoided, because oxygen gradients are
likely to occur in the inner
liquid flow
gas inlet regions of the particles, causing inhomogeneous reaction
conditions. This problem could
catalyst
be solved by using smaller
particles, but those cannot be
used due to the high pressure
drop. Carbon fibrils are not
x-rays
porous, but do have a high
surface area, which makes
them very suitable for XAFS
mylar window
filter
O2 sensor
purposes.
Figure 3.4. Cell for in situ XAFS measurement during platinum catalysed alcohol oxidation.

The catalyst, 5.7 wt% platinum on carbon fibrils, was prepared by ion-exchange
using a tetrammineplatinum(II) hydroxide (Pt(NH3)4(OH)2) solution [Vleeming et al.,
1997a]. The characteristics of the catalyst are described in the same paper. The
surface area averaged platinum particle diameter as determined with Transmission
Electron Microscopy (dsTEM) is 1.8 nm. In further particle size calculations it is
assumed that all platinum particles have the same size, i.e. the catalyst is monodispers. The platinum fraction exposed as measured with CO chemisorption is 0.53.
The carbon fibrils are typically 10 nm in diameter and 1-10 µm in length.
The packing density of the catalyst bed is typically 200 kg/m3. This implies a very
open bed structure, in which only 9% is occupied by carbon. It can be assumed that
the distance to be bridged by oxygen diffusion is shorter than 10 µm. According to
the Weisz criterion for pore diffusion (section 2.5.3, equation 2.9), oxygen transport
limitation is expected at MGP oxidation rates over 22 mmol kgcat-1 s-1, which is more
than 50 times the expected reaction rate at ambient temperature (see section 5.2.3,
figure 5.5). The catalyst content of the cell is between 50 and 100 mg. The pressure
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drop over the catalyst bed (typical height 4 mm, typical superficial velocity 1.5 mm/s)
is below 0.3 bar. The residence time is about 3 s, which infers a very low conversion
of reactants and near homogeneity of the liquid stream.

3.2.5 XAFS data collection and analysis
XAFS measurements were performed at two synchrotron facilities: the Synchrotron
Radiation Source (SRS) at Daresbury Laboratory (UK) and the Hamburger
Synchrotronstrahlungslabor (HASYLAB) in Hamburg, Germany. At the SRS, station
9.2 was used with an electron beam energy of 2 GeV and a stored current varying
between 140 and 250 mA. The wiggler was operated at 5.0 T. Data were collected in
transmission mode at the Pt LIII edge from 11.37 keV to 13.63 keV (29 minutes) using
a Si(220) monochromator detuned to 50% harmonic rejection.
At HASYLAB, platinum LIII and LII data were collected at station RÖMO II, beamline
X1 in transmission mode. The electron beam energy was 4.445 GeV and the stored
current varied between 140 and 60 mA. Two operation modes were used: regular
scans at the platinum LIII (11400-12600 eV, 30 minutes) and LII edges (13000-13800
eV, 18 minutes), and quick scans at the platinum LIII edge (11400-12600 eV, 72
seconds). The Si(311) monochromator was detuned to 50% harmonic rejection. At
both SRS and HASYLAB, the energy calibration was monitored using a platinum foil
and a third ion chamber and was set at 11.564 keV for the Pt LIII edge.
Data analysis was performed using the computer program XDAP (developed by
XAFS Services International, Utrecht). Energy calibration was monitored using a
platinum foil and a third ion chamber, and was set at 11.564 keV for the Pt LIII edge.
The pre-edge background was subtracted using a Victoreen approximation. The
XAFS oscillations were isolated from the post-edge background using a cubic spline
approximation. The parameter SM was continuously varied, and the parameter WE
was set to zero. For proper isolation of the EXAFS and AXAFS signals, a new
background subtraction method was applied [Ramaker et al., 1998]. The criteria for
post-edge background removal are: minimisation of the free atom contributions at R
< 0.5 Å and maximisation of the EXAFS signal at R > 1.5 Å, both in k1- and k3weighting for different k-ranges, including low k-values down to 1.5 Å-1 [Ramaker et
al., 1998]. The XAFS data were normalised by division by the absorption edge step
height at 50 eV past the absorption edge.
The phase shift and amplitude functions used here were generated utilising the
FEFF7 code [Koningsberger et al., 2000b], and were calibrated with experimental
XAFS spectra for Pt foil [Wyckoff, 1963] and Na2Pt(OH)6 [Trömel and Lupprich, 1975]
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for the Pt-Pt and Pt-O references. Regression was performed by multiple shell fitting
using a minimisation routine incorporated into the program XDAP. Data from the krange 3-14 Å-1 were regressed in R-space 1.5-3.2 Å. In the fast EXAFS scans, the krange had to be reduced to 3-11 Å-1 due to the higher noise level. The sum of square
residuals between the observed and calculated EXAFS χ-data was minimised. The
regressions were performed using k2-weighted χ-data for the Pt shell and k1weighted χ-data for the O shell. The optimal combination of the coordination number
and the Debye-Waller factor was determined with the difference file technique, i.e. by
optimisation of the individual contributions of the different shells to the k1 and k3
weighted Fourier transforms [Koningsberger, 1994].
The atomic XAFS was isolated according to the procedure given by Koningsberger et
al. [2000a]. The k1-weighted Fourier transform of the difference file (raw data minus
calculated Pt-Pt EXAFS) was taken for the k-range 2.5-8 Å-1. For the isolation of the
Pt-H anti-bonding state shape resonances, the normalised LIII and LII edges of the
carbon fibrils supported platinum samples under aqueous hydrogen (H-Pt) and under
aqueous nitrogen (N-Pt) were used. The LII edge of H-Pt was aligned with the LII
edge of N-Pt. The LIII edges of H-Pt and N-Pt were shifted so that the EXAFS
oscillations in the energy range 50-400 eV (relative to the edge) were aligned for both
LIII and LII edges. After alignment, the AS shape resonance, the EXAFS difference
induced by hydrogen chemisorption (∆XAFS), and the contribution due to the partially
empty 5d5/2 valence band (∆VB) are isolated by subtraction of specific spectra,
according to equations 3.1-3.3. The details and explanation of this procedure are
given by Ramaker et al. [1999].
∆XAFS = LII (H-Pt) - LII (N-Pt)
∆VB = LIII (N-Pt) - LII (N-Pt)
AS = LIII (H-Pt) - LII (H-Pt) - LIII (N-Pt) + LII (N-Pt)

(3.1)
(3.2)
(3.3)

The Pt-H AS shape resonance signal can be described with the Fano expression,
from which the resonance energy Eres can be isolated. Eres equals the energy
difference between the Fermi level and the Pt-H anti-bonding state, see figure 3.3
[Ramaker et al., 1999].

3.3

Results

3.3.1 The interaction of reduced platinum with alcohols in the absence of oxygen
The EXAFS spectra of the catalyst under hydrogen and under nitrogen were as
expected for reduced 1.8 nm platinum catalyst particles [Kip et al., 1987]. The results
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are shown in table 3.1. Only Pt-Pt coordination was detected, with coordination
numbers 8.2-9.4 and at distance 2.74-2.76 Å. Contrary to earlier results with carbon
supported platinum catalysts [van den Tillaart et al., 1993; Pinxt et al., 1998] no Pt-C
coordination (attributed to the carbon support) was detected. The EXAFS spectra
under hydrogen and under nitrogen are very similar, but some small differences are
observed. The Pt-Pt distance is 0.01 Å shorter under nitrogen than under hydrogen.
The Pt-Pt coordination number increases with increasing pH for samples under
hydrogen, whereas it is constant for samples under nitrogen. The near edge region of
the absorption spectra and the AXAFS region also showed remarkable differences as
a function of pH. These will be presented in section 3.3.5.
Shell

N
[-]

∆σ2
[10-22 m2]

R
Ecorr
-10
[10 m] [eV]

unbuff., hydrogena

Pt

9.2

0.4

2.75

2.5

pH 1, hydrogen

Pt

8.2

0.3

2.76

0.9

pH 1, nitrogen

Pt

9.0

0.4

2.75

1.9

pH 8, hydrogen

Pt

9.0

0.4

2.76

0.9

pH 8, nitrogen

Pt

9.0

0.4

2.75

1.6

pH 13, hydrogen

Pt

9.4

0.4

2.75

0.5

pH 13, nitrogen

Pt

8.6

0.4

2.74

0.2

pH 8, nitrogen,

Pt

7.4

0.5

2.73

2.0

0.05 M MGP

O

1.0

0.7

2.02

2.0

pH 8, nitrogen,

Pt

6.5

0.5

2.73

1.4

0.05 M CL

O

1.4

1.0

2.04

-2.2

unbuff., nitrogen,

Pt

7.1

0.5

2.74

2.4

0.05 M CL

O

1.1

0.5

2.03

1.9

unbuff., nitrogen,

Pt

7.4

0.5

2.73

2.7

O

0.8

0.6

2.02

1.9

a

a

0.01 M CL

Table 3.1. EXAFS analysis results for carbon fibrils supported platinum. The accuracies of
the results are: Pt coordination number (N) 5%, O coordination number 10%, Debye-Waller
factor (∆σ2) 5%, atomic distance (R) 0.01∙10-10 m, and energy correction (Ecorr) 10%. All data
were measured at HASYLAB, except data marked a (SRS Daresbury). MGP is methyl α-Dglucopyranoside, CL is cyclohexanol.

Exposure of the platinum catalyst to nitrogen saturated alcohol solutions causes
major changes in the EXAFS spectra, as is clearly shown in figure 3.5. The EXAFS
spectra of the catalyst exposed to nitrogen saturated alcohol solutions (pH 8 and
unbuffered) showed significantly lower Pt-Pt coordination numbers (7.4 for methyl αD-glucopyranoside, 6.5-7.4 for cyclohexanol) at a slightly shorter distance (2.73-2.74
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Å), see table 3.1. A new coordination
was detected between platinum and a
light atom (carbon or oxygen). Unfortunately, it is impossible to distinguish
between
carbon
and
oxygen.
Assuming oxygen, the coordination
number and distance were 1.0 and
2.02 Å for methyl α-D-glucopyranoside, and 0.8-1.4 and 2.02-2.04 Å for
cyclohexanol (table 3.1). Assuming
carbon, the coordination distance
would be 2.07-2.08 Å, and the coordination number would be 25% higher.

Figure 3.5. Fourier transforms (k1-weighted, ∆k: 3-14 Å-1, absolute value) of experimental Pt
LIII EXAFS data from Pt/carbon fibrils catalyst under nitrogen at pH 8 in blank solution (thin
black line), 50 mol m-3 cyclohexanol (thick black line), and 50 mol m-3 methyl α-Dglucopyranoside (thick grey line).

3.3.2 Interaction between platinum with aqueous oxygen (over-oxidation)
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Upon exposure to oxygen saturated
aqueous solutions, the platinum catalyst
undergoes fast and dramatic changes,
which are clearly visible in EXAFS
spectra. This is demonstrated in figure
3.6, in which Fourier transforms of three
quick (72 seconds) Pt LIII scans during
exposure to oxygen saturated pH 8
buffer solution are shown (procedure a:
pre-oxidation). The decrease of the PtPt contribution to the EXAFS spectrum
(peaks at R between 2 and 3 Å) and
increase of the Pt-O contribution (peaks
at R between 1 and 2 Å) are obvious.

Figure 3.6. Fourier transforms (k1-weighted, ∆k: 3-14 Å-1, absolute value) of quick Pt LIII
EXAFS scans from reduced Pt/carbon fibrils catalyst exposed to oxygen saturated pH 8
buffer solution for 0 s (thin black line), 960 s (thick black line), and 4680 s (thick grey line).
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The accuracy of the fast spectra is high enough to allow quantitative analysis of the
EXAFS oscillations. Each measured EXAFS spectrum was analysed separately
according to the procedure described in section 3.2.5. The analysis results for the
same experiment (pre-oxidation at pH 8) are displayed in figure 3.7. The Pt-Pt and
Pt-O coordination numbers are shown as a function of time.
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Figure 3.7. Pt-Pt (black line) and Pt-O (grey line) coordination numbers obtained from quick
Pt LIII EXAFS scans from reduced Pt/carbon fibrils catalyst exposed to oxygen saturated pH
8 buffer solution from t = 0 s (procedure a: pre-oxidation).

During the first 500 seconds, the Pt-Pt coordination is constant, and the Pt-O
coordination number gradually increases. In this period the Pt-Pt atomic distance is
constant at 2.72-2.73 Å, and Pt-O atomic distance is 2.00 Å. Then, in addition to a
further increase in Pt-O coordination number, the Pt-Pt coordination number starts
decreasing, and the Pt-O Debye-Waller factor ∆σ2 gradually decreases from 0.8∙10-22
m2 to 0.5∙10-22 m2. After approximately 35 minutes a more or less steady state is
reached, with Pt-Pt coordination number 5.0 and distance 2.72 Å, and Pt-O
coordination number 2.0 and distance 2.00 Å.
The formation of platinum surface oxide was also observed at pH 1 and 13. The time
after which a steady state was reached was about 85 minutes at pH 1 and 35
minutes at pH 13, the same as at pH 8. It was confirmed that the catalyst was in
steady state by comparison of six consecutive scans. The steady state EXAFS
analysis results are displayed in table 3.2. The steady state degree of platinum
oxidation was significantly lower under alkaline and acidic conditions than under
neutral conditions (pH 8 and unbuffered solution), but the Pt-Pt and Pt-O distances
were equal: 2.72-2.73 Å and 1.99-2.00 Å respectively.
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Shell

N

∆σ2

R
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[-]

[10-22 m2]

[10-10 m]

[eV]

unbuffered,
pre-oxidationa

Pt
O

4.9
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0.6
0.3

2.72
2.00

3.7
3.6

pH 1,
pre-oxidation

Pt
O

6.7
2.0

0.6
0.6

2.73
1.99

2.4
4.0

pH 8,
pre-oxidation

Pt
O

5.0
2.0

0.6
0.4

2.72
2.00

2.9
3.6

pH 13,
pre-oxidation

Pt
O

7.0
1.7

0.5
0.4

2.73
1.99

2.9
3.9

Table 3.2. EXAFS analysis results for carbon fibrils supported platinum after pre-oxidation
(see section 3.2). The accuracies of the results are: Pt coordination number (N) 5%, O
coordination number 10%, Debye-Waller factor (∆σ2) 5%, atomic distance (R) 0.01∙10-10 m,
and energy correction (Ecorr) 10%. All data were measured at HASYLAB, except data
marked a (SRS Daresbury).

3.3.3 In situ platinum EXAFS during aqueous alcohol oxidation
The pre-oxidised catalysts were subsequently exposed to a continuous flow of
oxygen saturated alcohol solutions. This procedure is called “oxidative start-up”
(procedure b, section 3.2.1). The oxidative start-up was compared with the reductive
start-up (procedure e), in which the catalyst is first exposed to nitrogen saturated
alcohol solution (procedure d), and then to a flow of oxygen saturated alcohol
solutions. Alcohol oxidation is expected to take place upon exposure of the platinum
catalyst to oxygen saturated alcohol solutions. The reactions were monitored using
quick EXAFS scans. A steady state, in which the consecutive scans showed no
significant changes, was reached after typically 90-120 minutes. The steady state
results, which are obtained from averages of 5-10 scans, are displayed in table 3.3.
Table 3.3 also lists experiments that were performed at SRS Daresbury. In these
experiments EXAFS data were obtained from averages of 4-6 regular (29 minutes)
LIII scans. Again it was verified that the spectra to be averaged were identical.
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2.73

2.5
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a
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Table 3.3. Steady state EXAFS analysis results for carbon fibrils supported platinum during
alcohol oxidation (procedures see section 3.2). The accuracies of the results are: Pt
coordination number (N) 5%, O coordination number 10%, Debye-Waller factor (∆σ2) 5%,
atomic distance (R) 0.01∙10-10 m, and energy correction (Ecorr) 10%. All data were measured
at HASYLAB, except data marked a (SRS Daresbury). MGP is methyl α-D-glucopyranoside,
CL is cyclohexanol.
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In general, the Pt-Pt coordination decreases and the Pt-O coordination coverage
increases after exposure to oxygen saturated alcohol solutions, even if the catalyst
had been pre-oxidised (oxidative start-up). Again the Pt-Pt interatomic distance is
typical for metallic platinum (2.70-2.74 Å). The oxide coverage is generally higher
after an oxidative start-up than after a reductive start-up. There is one exception to
this, unbuffered 0.05 M cyclohexanol, which shows a higher oxide coverage for the
reductive start-up. The unbuffered cyclohexanol experiments all show lower oxide
coverages than pre-oxidised platinum. There is a significant effect of cyclohexanol
concentration on platinum surface oxide coverage: the highest oxide coverages (i.e.
the lowest Pt-Pt coordination numbers) are found at the lowest cyclohexanol
concentration (0.01 M).
The effect of pH on Pt-Pt and Pt-O coordination in the presence of MGP (table 3.3) is
even larger than in the absence of alcohols (table 3.2). Again, the samples at pH 1
and pH 13 are less oxidised than the samples at pH 8. The platinum catalyst
behaviour at pH 1 is unexpected: it appears that the catalyst is not oxidised at all,
and that instead a layer of adsorbates has been formed, similar to those found after
exposure of reduced catalyst to nitrogen saturated alcohol solutions (section 3.3.1).
The large Pt-O distance observed (2.07-2.09 Å) certainly supports this suggestion.
The lower oxide coverage for the unbuffered cyclohexanol experiments may result
from a pH effect similar to this: the pH value of unbuffered cyclohexanol solutions is
typically 6-6.5.
In one sample (pH 8, 0.05 M CL, oxidative start-up) an extremely high oxide content
has been found: Pt-Pt coordination number 2.5 and Pt-O coordination number 3.2.
Assuming spherical particles containing 180 Pt atoms each (Pt-Pt coordination
number 9.0), the oxide layer takes up more than two thirds of the particle, leaving a
metallic kernel of less than 60 Pt atoms (Pt-Pt coordination number 7.8, or 2.6
averaged over the entire particle [Kip et al., 1987]). The Pt-Pt distance dropped to
2.70 Å, indicating strong contraction of the remaining metallic platinum kernel. The
reductive start-up gave completely different results: the sample was similar to the
corresponding MGP sample (pH 8, 0.05 M MGP, oxidative start-up).

3.3.4 Platinum catalyst reactivation
It was observed in kinetic experiments in stirred slurry reactors (chapter 5 of this
thesis), that over-oxidised platinum catalysts are reactivated by reactant alcohols
(e.g. CL and MGP) in the absence of oxygen. This catalyst reactivation was also
monitored using quick EXAFS scans. The catalyst was exposed to a flow of oxygen
saturated reactant solution (oxidative start-up) for at least 90 minutes, after which the
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liquid flow was stopped. A typical experiment using a pH 8 0.05 M MGP solution is
shown in figure 3.8.
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Figure 3.8. Pt-Pt (black line) and Pt-O (grey line) coordination numbers obtained from quick
Pt LIII EXAFS scans from Pt/carbon fibrils catalyst exposed to oxygen saturated pH 8 0.05 M
MGP solution (oxidative start-up), of which the flow had been stopped at t = 0 s. At t = 0, the
Pt-Pt coordination number is 4.4 and the Pt-O coordination number is 2.1.

Interruption of the liquid flow causes the oxygen present in the cell to be used up by
the alcohol oxidation reaction in 40-150 minutes. The Pt-Pt coordination number is
nearly constant in this period; the Pt-O coordination number gradually decreases
(from 2.1 to 1.8). When all oxygen is consumed the Pt-Pt coordination number
abruptly increases, and the Pt-O coordination number further decreases. This
catalyst reduction is completed within 10 minutes. The state of the catalyst after
reactivation is similar to that of a reduced catalyst after alcohol adsorption (see
section 3.3.1). The Pt-O distance after reactivation is 2.02-2.06 Å.
Catalyst reactivation experiments were also performed using pH 1 0.05 M MGP
solution, pH 13 0.05 M MGP solution, and pH 8 0.05 M CL solution. At pH 1 no
significant change was detected on interruption of the liquid flow, which is not
surprising since no oxide formation had been observed (section 3.3.3, table 3.3). At
pH 13 no changes were observed as well, but the time allowed for reactivation (60
minutes) might have been too short. Reactivation was achieved in pH 8 0.05 M CL
solution within 50 minutes from flow interruption, even though the catalyst had been
severely oxidised (see section 3.3.3, table 3.3, oxidative start-up).
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3.3.5 The influence of pH on platinum electronic structure

0.04

0.04

pH 8

N2

0.02

0

0

-0.02

-0.02

FT [Å-2]

0.02

pH 8

pH 1

pH 13

pH 13

H2

pH 1
-0.04

-0.04
0

0.5

1
R [Å]

1.5

2

0

0.5

1

1.5

2

R [Å]

Figure 3.9. Fourier transforms (k1-weighted, ∆k: 2.5-8 Å-1, absolute value and imaginary part)
of AXAFS signals, isolated by subtraction of calculated Pt-Pt EXAFS from raw data. Carbon
fibrils supported platinum catalyst in pH 1 (thick grey line), pH 8 (thin black line), and pH 13
(thick black line) buffer solutions. Left figure: nitrogen saturated solutions; right figure:
hydrogen saturated solutions.

There is a significant effect of pH on the Fourier transform atomic XAFS (AXAFS) of
the platinum catalyst, as shown in figure 3.9. As the pH value increases, the FT
AXAFS peak size increases, and the peak maximum shifts to a lower value of R. This
effect is stronger under nitrogen than under hydrogen.
The high quality of the spectra, and the fact that the Pt LIII EXAFS spectra of the
catalyst under hydrogen and under nitrogen were nearly identical, allowed the
isolation of the signals due to Pt-H EXAFS (∆XAFS), the partially empty 5d5/2 valence
band (∆VB) and Pt-H AS shape resonance. The effect of pH on these signals is
shown in figures 3.10 and 3.11. Samples under hydrogen saturated solutions are
referred to as H-Pt, and N-Pt for nitrogen saturated solutions. The difference between
the LII edges under hydrogen and under nitrogen (∆XAFS, figure 3.10) presents itself
as two peaks, one with its maximum at 6-8 eV past the edge, and a smaller one at
26-28 eV past the edge. The first peak, which is attributed to Pt-H EXAFS, strongly
depends on the pH of the solution. While pH 1 and pH 8 show nearly identical
signals, the peaks are more than three times higher at pH 13. The difference
between the LIII and LII edges under nitrogen (∆VB, figure 3.10) is also pH
dependent: the peak size increases and it shifts to lower energy with increasing pH.
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Figure 3.10. ∆XAFS (left figure, LII (H-Pt) - LII (N-Pt)) and ∆VB (right figure, LIII (N-Pt) - LII (NPt)) signals. Carbon fibrils supported platinum catalyst in pH 1 (thick grey line), pH 8 (thin
black line), and pH 13 (thick black line) buffer solutions.
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The signal due to Pt-H AS shape
resonance is shown in figure 3.11.
The pH of the solution has a very
strong effect on the shape and the
position of the peaks. Regression was
performed in order to describe the PtH AS signals with Fano profiles. The
fit parameter Eres, the energy difference between the Pt-H anti-bonding
orbital and the Fermi level, decreases
with increasing pH: at pH 1 Eres is 2.0
eV, at pH 8 Eres is 1.0 eV, and at pH
13 Eres is -0.9 eV.

Figure 3.11. Pt-H AS shape resonance (LIII (H-Pt) - LII (H-Pt) - LIII (N-Pt) + LII (N-Pt)) signal.
Carbon fibrils supported platinum catalyst in pH 1 (thick grey line), pH 8 (thin black line), and
pH 13 (thick black line) buffer solutions.
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3.3.6 The interaction of platinum with ammonia

FT [Å-2]

0.10

Exposure of a reduced platinum
catalyst to a nitrogen saturated pH 13
0.05 M NH3 solution (equivalent to
alcohol adsorption, see procedure d
in section 3.2.1) causes only minor
changes in the EXAFS spectrum, as
is clearly shown in figure 3.12.
Analysis of the spectrum (table 3.4)
indicates that exposure of reduced
platinum to ammonia does not lead to
a new coordination of platinum with a
light atom, such as nitrogen.
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Figure 3.12. Fourier transforms (k1-weighted, ∆k: 3-14 Å-1, absolute value) of Pt LIII EXAFS
scans from reduced Pt/carbon fibrils catalyst exposed to nitrogen saturated pH 13 buffer
solution (thin black line), nitrogen saturated pH 13 0.05 M NH3 solution (thick grey line), and
oxygen saturated pH 13 0.05 M NH3 solution (thick black line, reductive start-up, see section
3.2.1).
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Table 3.4. EXAFS analysis results for carbon fibrils supported platinum. The accuracies of
the results are: Pt coordination number (N) 5%, O coordination number 10%, Debye-Waller
factor (∆σ2) 5%, atomic distance (R) 0.01∙10-10 m, and energy correction (Ecorr) 10%. All data
were measured at HASYLAB.

54

Platinum catalyst deactivation and reactivation during aqueous oxidation of alcohols

Exposure to oxygen saturated ammonia solution leads to very different results,
depending on the start-up procedure, see table 3.4. A pre-oxidised catalyst sample
that is exposed to oxygen saturated pH 13 0.05 M NH3 solution (oxidative start-up,
procedure b in section 3.2.1) is very deeply oxidised, similar to the pH 8 0.05 M
cyclohexanol oxidative start-up experiment (section 3.3.3, table 3.3). The Pt-Pt
coordination number drops to 2.2 and the Pt-O coordination number rises to 3.4. The
Pt-Pt distance drops to 2.70 Å, indicating strong contraction of the remaining metallic
platinum kernel. The reductive start-up (procedure e in section 3.2.1) gave completely different results: in spite of the presence of oxygen, the catalyst sample was
completely reduced (figure 3.12, table 3.4). A new Pt-O (or another light atom)
coordination was observed at a very short distance (1.96 Å).
The deeply oxidised platinum catalyst sample under oxygen saturated pH 13 0.05 M
NH3 solution (oxidative start-up) was subjected to a catalyst reactivation experiment
(procedure c in section 3.2). The pH 13 0.05 M NH3 solution was unable to reactivate
the catalyst, which agrees with the low reactivity of ammonia at room temperature.

3.4

Discussion

3.4.1 The interaction of reduced platinum with alcohols in the absence of oxygen
In the EXAFS spectra of the carbon fibrils supported platinum catalyst only Pt-Pt
coordination was detected. Contrary to earlier results with carbon supported platinum
catalysts [van den Tillaart et al., 1993; Pinxt et al., 1998] no Pt-C coordination
(attributed to the carbon support) was detected. This is probably due to the larger
platinum particles used in the present work. A small, but significant effect of pH on
the Pt-Pt coordination number of platinum under hydrogen was observed. This effect
is reversible, and it is absent under nitrogen. The most plausible explanation is that
the platinum particle is less spherical (lower coordination number) under hydrogen in
acidic solution. This is further discussed in section 3.4.5.
The Pt-Pt atomic distance for the nitrogen samples is 0.01 Å shorter than for the
hydrogen samples (table 3.1). This difference equals the experimental accuracy, but
since it is present at pH 1, 8, and 13, it is probably systematic. A contraction of the
Pt-Pt coordination distance upon desorption of chemisorbed hydrogen has been observed for many supported noble metal catalysts, including Ir/Al2O3 [Kampers and
Koningsberger, 1990], Pt/Al2O3 [Koningsberger et al., 2000c], and Pt/LTL zeolite
[Mojet et al., 1999]. The amount of contraction increases with decreasing particle
size. The contraction of the metal-metal coordination distance with decreasing

3 In situ XAFS investigation of platinum catalysed alcohol oxidation

55

particle size is due to a dehybridisation of the metal s,p,d orbitals [Delley et al., 1983].
Chemisorbed hydrogen tends to cancel the effect of dehybridisation.
Adsorption of the alcohols MGP and CL to platinum particles has dramatic effects on
platinum EXAFS: a new coordination with a light atom (O or C) is formed, and the PtPt coordination number decreases. The atomic distance between Pt and the light
atom is 2.02-2.04 Å, which is significantly longer than the distance found for platinum
oxides (1.99-2.00 Å, see section 3.3.2). The adsorbates causing this Pt-O or Pt-C
coordination must be identical with the carbonaceous residue that is formed when a
reduced platinum electrode is exposed to an alcohol solution, see chapter 4 of this
thesis. Adsorbed CO, which is suggested by several authors as a cause of platinum
catalyst deactivation [Li and Sun, 1998; Mallat and Baiker, 1994] is unlikely, since
this would result in a much shorter Pt-C distance (1.9 Å according to Mojet and
Koningsberger [1996]). It must be concluded, in agreement with the results of Gootzen et al. [1997], that the adsorbates
formed upon exposure of reduced platinum to the alcohols methyl α-D-glucopyranoside and cyclohexanol consist of
partially dehydrogenated and/or dehydrated alcohols, see figure 3.13.

Pt

C

Figure 3.13. Proposed structure of a carbon supported platinum particle partially covered
with carbonaceous residue.

In agreement with the results obtained in electrochemical studies (section 4.4), equal
concentrations of CL and MGP give rise to different amounts of residue formed: the
Pt-O (or Pt-C) coordination number is higher for 0.05 M CL than for 0.05 M MGP. The
interaction of platinum with alcohols also causes dramatic changes in particle
morphology. Several effects may be responsible for the decrease in Pt-Pt
coordination number: extreme roughening of the platinum surface (Pt-adsorbate
bonds are formed at the expense of Pt-Pt bonds), or deformation of the particles to
disk shape. Again, the effect is stronger for CL. Since the carbonaceous residue
blocks active platinum sites, it causes platinum catalyst deactivation. The most
important conclusion of this in situ EXAFS study is that carbonaceous residue is the
most likely cause of catalyst deactivation during oxygen transport limited alcohol
oxidation.
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3.4.2 Interaction between platinum with aqueous oxygen (over-oxidation)
The Pt-O interatomic distance observed for platinum exposed to aqueous oxygen,
2.00 Å, is typical for platinum oxides [Pinxt et al., 1998; van den Tillaart et al., 1993].
However, there is still a Pt-Pt contribution at a metallic, be it somewhat shorter
interatomic distance (2.72 vs. 2.75 Å), which indicates that metallic platinum (Pt0) is
still present. The low remaining Pt-Pt coordination number (5.0 vs. 8.5 for reduced
particles) suggests that most of the platinum surface has been oxidised towards a
platinum oxide. The oxide coverage is lower for both alkaline and acidic solutions.
This effect of pH is not yet understood.
The proposed structure of an oxidised platinum particle is a kernel of metallic
platinum, covered by an incomplete monolayer of platinum oxide, see figure 3.14. As
was observed by electrochemical methods in section 4.4, the activity of platinum
oxide towards alcohol oxidation is much
PtO x
lower than the activity of metallic platinum. Hence, it can be concluded that plaPt
tinum oxide formation is the most likely
cause of catalyst deactivation during intrinsic kinetic alcohol oxidation, i.e. when
the catalyst is saturated with oxygen.

C

Figure 3.14. Proposed structure of a partially oxidised carbon supported platinum particle.

3.4.3 In situ platinum EXAFS during aqueous alcohol oxidation
Two different pre-treatments have been used in the EXAFS experiments during
aqueous alcohol oxidation: the oxidative start-up (procedure b in section 3.2.1) and
the reductive start-up (procedure e in section 3.2.1). As was demonstrated in
sections 3.4.1 and 3.4.2, these pre-treatments cause dramatic, and fundamentally
different changes in the platinum surface structure: in the oxidative pre-treatment the
platinum surface is partly oxidised, and in the reductive pre-treatment the platinum
surface is partly covered with carbonaceous residue. The results presented in table
3.3, section 3.3.3, demonstrate that both start-up procedures result in platinum
catalysts that are partly covered with platinum oxide, and that the amount of oxide
depends on the start-up procedure. The work of Jelemensky et al. [1996] on platinum
catalysed ethanol oxidation suggests the existence of different steady states,
depending on the start-up procedure. This hypothesis is supported by the observations made in section 3.3.3.
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Evaluation of differences in the degree of oxide formation, for which the Pt-O and PtPt coordination numbers are the most useful parameters, shows that the steady state
platinum oxide content is generally higher after the oxidative start-up. An interesting
deviant from this observation is found in pH 1 MGP solutions, in which no platinum
oxide is observed, even after pre-oxidation. Instead, carbonaceous residue is found,
with a relatively long Pt-O distance (2.07-2.09 Å). Apparently, this residue effectively
protects the platinum surface from oxide formation. A possible explanation for this
surprising behaviour is that acid catalyses carbohydrate degradation.
Prior to a reductive start-up, carbonaceous residue is formed (see section 3.3.1). It
would be interesting to know whether this residue is oxidised in the presence of
aqueous oxygen. As Vleeming et al. [1997b] observed, aqueous oxygen was unable
to completely reverse platinum catalyst poisoning due to overnight storage in MGP
solution under a nitrogen atmosphere. On the other hand, adsorbates formed on
platinum electrodes were completely removed by electrochemical oxidation, see
chapter 4. Unfortunately it is very difficult to distinguish between Pt-O (or Pt-C) coordinations from carbonaceous residue and Pt-O coordinations from platinum surface
oxide: the only parameter that is significantly different is the Pt-O interatomic
distance, which is 0.02-0.09 Å longer for carbonaceous adsorbate than for platinum
oxide. However, after the reductive start-up the steady state Pt-O atomic distance is
equal to the oxidic distance (2.00 Å), and significantly smaller than the Pt-O distance
found after alcohol adsorption (2.02-2.04 Å, see table 3.1). This is a very strong
indication that carbonaceous residue is removed under oxidative circumstances.

3.4.4 Platinum catalyst reactivation
It was observed in sections 3.4.2 and 3.4.3 that platinum catalyst deactivation under
oxygen rich circumstances (intrinsic kinetic regime) is caused by platinum surface
oxidation. This deactivation can be reversed under reductive circumstances, such as
a low potential (see chapter 4) or a reactant alcohol in the absence of oxygen (see
chapter 5). Using EXAFS spectroscopy (see section 3.3.4), the latter has been
confirmed: in 40-150 minutes the oxygen that is present in the experimental cell is
consumed by alcohol oxidation; then the platinum surface oxide is abruptly reduced
within 10 minutes. The state of the catalyst after reactivation is equal to that of a
reduced catalyst exposed to alcohol (section 3.3.1): Pt-Pt coordination number 6.47.7, distance 2.72 Å, Pt-O coordination number 0.7-0.9, distance 2.02-2.06 Å.
Clearly, the carbonaceous adsorbates are formed immediately after the platinum
surface has been reduced. The time necessary for catalyst reactivation is much
longer than what was observed in chapter 5 (typically 5 minutes). This difference is
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mainly caused by the lower temperature during the EXAFS experiments, which
retards alcohol oxidation, and hence oxygen consumption.

3.4.5 The influence of pH on platinum electronic structure
The fact, that the Fourier transform AXAFS peak and the position of the Pt-H antibonding state orbital with respect to the Fermi level are functions of the pH, is a direct
indication that the electronic structure of the carbon supported Pt particles depends
on the applied pH. The observation that the AXAFS peak is larger and at lower R in
alkaline solution is very informative. This can be interpreted using figure 3.2: the size
and the position of the AXAFS peak are determined by the area between Uemb (the
embedded potential), Ufree (the free atom potential), and Vcut (the cut-off potential).
Two effects can play a role: the inductive effect (implies charge transfer through
bonds, influences Vcut), and the field effect (implies overlap of nearby atomic
potentials, influences Uemb) [Ramaker et al., 2000a]. As O’Grady and Ramaker [1998]
demonstrated using a Pt/C electrode, application of a positive charge increases the
AXAFS peak size, but does not shift the peak to lower R. However, Koningsberger et
al. [2000a] observed the same trends (larger AXAFS peaks at lower R) with
increasing acidity of the zeolite support, which was attributed to increasing positive
charge δ+ on the support oxygen. It was suggested that for a shift of the AXAFS peak
to lower R, an increased “roll-over” of Uemb, i.e. polarisation of the platinum particle, is
necessary [Ramaker et al., 2000a].

Phenomenon
AXAFS peak size
AXAFS peak position
∆VB peak position
Pt-H AS Eres

Pt/LTL zeolite
incr. supp. acid.
increase
lower R
lower E
increase

Pt/carbon fibr.
incr. sol. acid.
decrease
higher R
higher E
increase

Table 3.5. Comparison of the effect of increasing the support acidity for Pt/LTL zeolite
catalysts [Ramaker et al., 1998 and 1999] and increasing the solution acidity for Pt/carbon
fibrils on AXAFS and XANES.

For the interpretation of the effect of pH on AXAFS and Pt-H AS shape resonance, a
comparison is made with experiments performed by Ramaker et al. [1998 and 1999]
using Pt/LTL zeolite catalysts, see table 3.5. In these experiments LTL zeolites with
different acidities were used as the support, which had a large effect on platinum
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AXAFS and Pt-H AS. There are some fundamental differences between their data
(indicated Z) and the data presented here (indicated C): the platinum particle size (45 atoms for Z, 100-200 atoms for C), the conductivity of the support (isolator for Z,
conductor for C), and the environment of the catalyst (gases at 77 K for Z, aqueous
solutions at ambient for C).
With increasing support acidity, the Pt/zeolite catalysts showed an increase in the FT
AXAFS peak size, a shift of the FT AXAFS peak to lower R, a shift of the ∆VB signal
to lower E, and an increase of Eres (isolated from the Pt-H anti-bonding state
resonance). The observed phenomena were explained with changes in the metalsupport interaction, which also influence the catalytic properties of the platinum
catalysts. In a more acidic support, the support oxygen atoms are more positively
charged (δ+). The platinum ionisation potential is higher, and the width of the Pt 5dband is reduced, resulting in less metallic character. With increasing support acidity,
the energies of the Pt valence orbitals and the H 1s orbital become more similar, and
the Pt-H bond becomes stronger and more covalent [Ramaker et al., 1998 and 1999;
Koningsberger et al., 2000a].
The Pt/C catalyst used in the present work showed a decrease in AXAFS peak
intensity, a shift of the AXAFS peak to higher R, a shift of the ∆VB signal to higher E,
and an increase of Eres with increasing acidity of the solution (see table 3.5). It is
obvious that the effect of solution acidity is very different from the effect of support
acidity. The conductivity of the carbon fibrils is crucial, but it is as yet unclear whether
the interface between the support and platinum is conducting as well. A model to explain the observed AXAFS results for the Pt/C catalyst is given in figure 3.15. Adsorption of anions (e.g. OH-) to the support and platinum charges the catalyst as a
whole. Due to the conductivity of the support, the carbon atoms in the interface with
the platinum particle form a positively charged “image” of the negative charge on the
platinum particle. Now the AXAFS
results can be explained in a simiOH
OH
lar way as for platinum supported
δ
δ
on an acidic non-conductive supOHOH port. Hence, the FT AXAFS peak
δ+
δ+
δδwill be larger and positioned at
lower R in alkaline solutions.

Pt

C

Figure 3.15. Proposed structure of a carbon supported platinum particle in an alkaline
solution.

An apparent contradiction with a more metallic behaviour of the Pt particles at high
pH values is the pH dependence of the number of empty density of states (∆VB,
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figure 3.10). The ∆VB peak size increases and it shifts to lower energy with
increasing pH. The shift of the ∆VB signal to lower energy is caused by a larger corehole electron attraction. At high pH the core-hole, that is formed by excitation of a
core electron due to photon absorption, is less shielded (hence the larger core-hole
electron attraction), which suggests that the platinum particle has a more metallic
character. However, recent XAFS studies on supported Pt particles show that the
metallic character of the Pt particles does not monotonously increase with increasing
particle size: first the metallic character increases, then it decreases and it further
increases. The decrease and further increase occur around a Pt-Pt coordination
number of 9. This behaviour can be explained with the occurrence of a Mott transition
[Ramaker et al., 2000b]. Further discussion is beyond the scope of this thesis, but it
can fully explain the behaviour of ∆VB as a function of pH.
The larger ∆XAFS (=Pt-H EXAFS) peaks (figure 3.10) indicate that more hydrogen is
adsorbed, or that adsorbed hydrogen is less mobile at pH 13. Since it can be expected that the entire platinum surface is covered with adsorbed hydrogen upon exposure to aqueous hydrogen independent of pH, the latter (less mobile hydrogen) is the
most likely. It implies that the Pt-H bond is stronger at pH 13.
The parameter Eres, the energy difference between the Pt-H anti-bonding orbital and
the Fermi level, decreases with increasing pH: at pH 1 Eres is 2.0 eV, at pH 8 Eres is
1.0 eV, and at pH 13 Eres is -0.9 eV. Two options are possible: the Fermi level is
higher at high pH (the platinum particle is more negatively charged), or the energy of
the AS orbital is lower. The latter suggests that the Pt-H bond is weaker and less
covalent at high pH [Ramaker et al., 1999]. This is contradicted by the larger Pt-H
EXAFS observed at high pH.
Another strong indication for differences in Pt-H bonding as a function of pH is the
change in the first shell Pt-Pt coordination number after desorption of hydrogen. At
pH 13 the Pt-Pt coordination number decreases from 9.4 to 8.6 upon desorption of
hydrogen. The decrease in Pt-Pt coordination number can be explained by a small
change in the Pt particle morphology from more (half) spherical to a more flat type
structure. The Pt surface becomes coordinatively unsaturated after desorption of
hydrogen. Making more bonds with the carbon support can decrease the surface free
energy. The reverse behaviour is observed after hydrogen desorption at pH 1. The
Pt-Pt coordination number increases from 8.2 to 9.0. A different more protonic type of
Pt-H+ bond, in which more electron density of Pt is involved, can only explain this.
After desorption of hydrogen the higher electron density within the Pt particle leads to
a more spherical structure, thereby increasing the Pt-Pt coordination number.
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It was observed that the activity of platinum catalysts for neopentane hydrogenolysis
increases substantially with increasing zeolite support acidity [Koningsberger et al.,
2000a]. The influence of pH on the rate of aqueous alcohol oxidation is more
complex: the solution pH affects adsorption of reactants [Harmsen et al., 1997] and
oxidation products [Abbadi and van Bekkum, 1995], catalyst poisoning by side
reactions such as aldol condensation [Mallat and Baiker, 1994], and repulsion of
active anions by negatively charged support surface groups at high pH [Harmsen et
al., 1997]. Several aldoses, including glucose and lactose, were found to dehydrogenate on a Pt/C catalyst in alkaline solutions (pH>11) in the absence of oxygen,
under evolution of hydrogen gas [de Wit et al., 1981], see equation 3.4:
RCHO + OH-

→

RCOO- + H2

(3.4)

Most of the effects mentioned above are related to ion adsorption or the occurrence
of ions in the rate-determining step. However, this cannot explain the large effect of
pH on cyclohexanol dehydrogenation (see section 5.3.2). The dehydrogenation rate
of cyclohexanol is largest at pH 6-7.5, lower in acidic solutions, and virtually absent at
pH 12. This effect is most probably related to an optimum Pt-H bond strength as a
function of pH. The rate-determining step in platinum catalysed alcohol dehydrogenation is the abstraction of a hydride ion from the alcohol. The interaction between
the abstracted hydrogen and the platinum surface may be too strong in alkaline
solutions, and too weak (so that the hydrogen abstraction rate is too low) in acidic
solutions. The change in hydrogen adsorption strength is most likely caused by the
observed pH dependent changes in the platinum electronic structure.

3.4.6 The interaction of platinum with ammonia
The fact that no coordination between Pt and a light atom (N, O, or C) is observed
upon exposure of reduced platinum to ammonia in absence of oxygen does not
completely exclude adsorption of a nitrogenous species. The results indicate that
either there is no strong adsorbate present (but possibly a weakly adsorbed species),
or the nitrogen atoms are shielded by hydrogen atoms from the adsorbate molecule.
Recent work on electrochemical NH3 oxidation on platinum electrodes [Gootzen et
al., 1998; de Vooys et al., 2000] proved the formation of nitrogenous adsorbates (N
and NH) in the doublelayer region (reduced platinum void of adsorbed oxygen or
hydrogen). At potentials over 0.57 V vs. RHE, the adsorbed species is believed to be
N [de Vooys et al., 2000]. This adsorbed N is very strongly adsorbed, and it inhibits
NH3 oxidation and the adsorption of oxygen. Adsorbed N cannot be removed by
oxidation, but it is reduced in the hydrogen region. The maximum surface coverage

62

Platinum catalyst deactivation and reactivation during aqueous oxidation of alcohols

they observed was 0.6 monolayer [Gootzen et al., 1998]. Strongly adsorbed N is very
likely to be the source of the coordination at 1.96 Å observed for the platinum catalyst
exposed to oxygen saturated NH3 solution. The low Debye-Waller factor observed
indicates strong adsorption. The interatomic distance 1.96 Å is in agreement with
simulations of N adsorbed on Pt (111). The fact that the catalyst is not oxidised in
spite of the presence of oxygen proves the inhibition of oxide formation by adsorbed
N.
Combination of the EXAFS experiments described in section 3.3.6 and the
electrochemical studies discussed above leads to the following mechanism: on
reduced platinum exposed to ammonia, the adsorbate NH is formed, which is weakly
adsorbed and invisible in EXAFS. Upon exposure to oxygen this adsorbate is
oxidised towards N, which is strongly adsorbed, and effectively prevents platinum
oxide formation.

3.5

Conclusions

EXAFS spectroscopy is very suitable for determination of the state of supported
platinum catalysts during aqueous phase reactions. With the described set-up it is
possible to measure platinum EXAFS in situ under well-defined reaction conditions
and without oxygen transfer limitations.
Aqueous hydrogen at room temperature fully reduces carbon-supported platinum
particles. The regular XAFS spectra of the catalyst under hydrogen and under
nitrogen were as expected for reduced 1.8 nm platinum catalyst particles. Only Pt-Pt
coordination was detected: coordination numbers 8.6-9.4 and distance 2.74-2.76 Å.
The pH had a small effect on the EXAFS spectra of platinum particles under aqueous
hydrogen: the Pt-Pt coordination number increases with increasing pH, indicating a
change in particle morphology.
EXAFS spectra of the catalyst exposed to nitrogen saturated alcohol solutions (pH 8)
showed significantly lower Pt-Pt coordination numbers (7.4 for methyl α-D-glucopyranoside, 6.5 for cyclohexanol) at a slightly shorter distance (2.73 Å). A new coordination was detected between platinum and a light atom. Unfortunately, it was
impossible to distinguish between carbon and oxygen. Assuming oxygen, the
coordination number and distance were 1.0 and 2.02 Å for methyl α-Dglucopyranoside, and 1.4 and 2.04 Å for cyclohexanol. Apparently, chemisorption of
these alcohols to platinum particles causes dramatic changes in particle morphology.
Combination with electrochemical studies led to the conclusion that platinum is partly
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covered by carbonaceous residue, which causes platinum catalyst deactivation under
oxygen lean conditions.
Treatment of platinum with oxygen saturated buffer solutions leads to a significantly
lower Pt-Pt coordination number and a high Pt-O coordination number. This indicates
restructuring of the platinum surface, due to surface oxide formation. The oxidised
platinum particles consist of a kernel of metallic platinum, covered by an incomplete
monolayer of platinum oxide. The oxide formation reaction was observed using quick
EXAFS scans, at pH 1, 8, and 13. After 35-85 minutes a more or less steady state
was reached. The degree of platinum surface oxidation was maximum at pH 8: Pt-Pt
coordination number 5.0 and distance 2.72 Å, Pt-O coordination number 2.0 and
distance 2.00 Å. This platinum surface oxide was identified as the cause of platinum
catalyst deactivation under oxygen rich conditions.
Subsequent exposure to oxygen saturated alcohol solution (oxidative start-up)
caused an increase in oxide content under all conditions except pH 1 0.05 M MGP
solution, which reduced the platinum catalyst. Under pH 8 0.05 M CL and pH 13 0.05
M NH3 solution the catalyst was severely oxidised: Pt-Pt coordination number 2.2-2.5
and distance 2.69-2.70 Å, Pt-O coordination number 3.2-3.4 and distance 1.99-2.00
Å. The reductive start-up gave similar results, but the final oxide coverage was less
than after an oxidative start-up. After a reductive start-up as well as after an oxidative
start-up the degree of platinum oxidation depends on the cyclohexanol concentration.
The lowest degree of platinum oxidation was found after a reductive start-up with the
highest CL concentration.
Prior to a reductive start-up, carbonaceous residue is formed. The fact that the steady state Pt-O atomic distance found on exposure of a poisoned catalyst to oxygen
saturated alcohol solutions is equal to the oxidic distance (2.00 Å), and significantly
smaller than the Pt-O distance found after alcohol adsorption (2.02-2.04 Å, see table
3.1), indicates that carbonaceous residue (the cause of platinum catalyst deactivation
under oxygen lean conditions) is probably removed under oxidative circumstances.
Catalyst reactivation after platinum surface oxidation was observed using quick
EXAFS scans. Interruption of the liquid flow caused the oxygen present in the cell to
be used up by the alcohol oxidation reaction in 40-150 minutes. Then the Pt-O
coordination suddenly decreased, the Pt-Pt coordination increased, and all platinum
surface oxide was reduced within 10 minutes. The state of the catalyst after
reactivation was similar to the reduced catalyst after alcohol adsorption.
The near edge region of the absorption spectra and the AXAFS region showed
remarkable differences as a function of pH. The AXAFS peak increased and shifted
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to lower R with increasing pH. From the ∆XAFS signal it was deduced that adsorbed
hydrogen is less mobile at pH 13. The signal due to Pt-H anti-bonding state shape
resonance indicated that the platinum particle is more negatively charged at high pH.
An influence of pH is also observed in platinum catalysed alcohol oxidation. Most
probably, this is related to a change in the nature of hydrogen chemisorption, caused
by changes in the electronic structure of platinum.
Exposure of a reduced platinum catalyst to nitrogen saturated pH 13 NH3 solution did
not lead to changes in the platinum EXAFS, but subsequent exposure to oxygen
saturated NH3 solution led to the formation of an adsorbate that was identified as N.
This adsorbate prevented the formation of platinum surface oxide. However, pre-oxidised platinum is further oxidised in the presence of oxygen saturated NH3 solution.

3.6

References

A. Abbadi and H. van Bekkum, J. Mol. Catal. A: Chem., 97 (1995) 111
B. Delley, D.E. Ellis, A.J. Freeman, E.J. Baerends and D.Post, Phys. Rev. B:
Condens. Matter, 27 (1983) 2132
J.F.E. Gootzen, A.H. Wonders, A.P. Cox, W. Visscher and J.A.R. van Veen, J. Mol.
Catal. A: Chem., 127 (1997) 113
J.F.E. Gootzen, A.H. Wonders, W. Visscher, R.A. van Santen and J.A.R. van Veen,
Electrochim. Acta, 43 (1998) 1851
J.M.A Harmsen, L. Jelemensky, P.J.M. van Andel-Scheffer, B.F.M. Kuster and G.B.
Marin, Appl. Catal. A, 165 (1997) 499
L. Jelemensky, B.F.M. Kuster and G.B. Marin, Chem. Eng. Sci., 51 (1996) 1767
F.W.H. Kampers and D.C. Koningsberger, Faraday Discuss. Chem. Soc., 89 (1990)
137
B.J. Kip, F.B.M. Duivenvoorden, D.C. Koningsberger and R. Prins, J. Catal. 105
(1987) 26
“X-Ray Absorption: Principles, Applications, Techniques of EXAFS, SEXAFS and
XANES”, eds. D.C. Koningsberger and R. Prins (John Wiley & Sons, 1988)
D.C. Koningsberger, in: “Neutron and synchrotron radiation for condensed matter
studies, Vol. 2”, eds. J. Baruchel, J.L. Hodeau, M.S. Lehmann, J.R. Regnard and C.
Schlenker, Springer Verlag, (1994) ch. 10
D.C. Koningsberger, J. de Graaf, B.L. Mojet, D.E. Ramaker and J.T. Miller, Appl.
Catal. A, 191 (2000a) 205
D.C. Koningsberger, B.L. Mojet, G.E. van Dorssen and D.E. Ramaker, Top. Catal.,
10 (2000b) 143
D.C. Koningsberger, M.K. Oudenhuijzen, J.H. Bitter and D.E. Ramaker, Top. Catal.,
10 (2000c) 167

3 In situ XAFS investigation of platinum catalysed alcohol oxidation

65

R.A. Lampitt, L.P.L. Carrette, M.P. Hogarth and A.E. Russell, J. Electroanal. Chem.,
460 (1999) 80
N.-H. Li and S.-G. Sun, J. Electroanal. Chem., 448 (1998) 5
T. Mallat and A. Baiker, Catal. Today, 19 (1994) 247
R.W. McCabe, C. Wong and H.S. Woo, J. Catal., 114 (1988) 354
B.L. Mojet and D.C. Koningsberger, Catal. Lett., 39 (1996) 191
B.L. Mojet, J.T. Miller, D.E. Ramaker and D.C. Koningsberger, J. Catal., 186 (1999)
373
S. Mukerjee, S. Srinivasan, M.P. Soriaga and J. McBreen, J. Electrochem. Soc., 142
(1995) 1409
W.E. O’Grady and D.E. Ramaker, Electrochim. Acta, 44 (1998) 1283
H.H.C.M. Pinxt, B.F.M. Kuster, D.C. Koningsberger and G.B. Marin, Catal. Today, 39
(1998) 351
D.E. Ramaker, B.L. Mojet, D.C. Koningsberger and W.E. O’Grady, J. Phys.:
Condens. Matter, 10 (1998) 8753
D.E. Ramaker, B.L. Mojet, M.T. Garriga Oostenbrink, J.T. Miller and D.C. Koningsberger, Phys. Chem. Chem. Phys., 1 (1999) 2293
D.E. Ramaker, G.E. van Dorssen, B.L. Mojet and D.C. Koningsberger, Top. Catal.,
10 (2000a) 157
D.E. Ramaker, M.K. Oudenhuijzen and D.C. Koningsberger, to be published Phys.
Rev. Lett. (2000b)
M. Rottenberg and P. Baertschi, Helv. Chim. Acta, 39 (1956) 1973
J.A.A. van den Tillaart, B.F.M. Kuster and G.B. Marin, ACS Symp. Ser., 523 (1993)
298
M. Trömel and E. Lupprich, Z. Anorg. Chem., 414 (1975) 160
R. Ukropec, B.F.M. Kuster, J.C. Schouten and R.A. van Santen, Appl. Catal. B, 23
(1999) 45
M. Vaarkamp, J.T. Miller, F.S. Modica and D.C. Koningsberger, J. Catal., 163 (1996)
294
J.H. Vleeming, B.F.M. Kuster and G.B. Marin, Catal. Lett., 46 (1997a) 187
J.H. Vleeming, B.F.M. Kuster, G.B. Marin, F. Oudet and P. Courtine, J. Catal., 166
(1997b) 148
A.C.A. de Vooys, M.T.M. Koper, R.A. van Santen and J.A.R. van Veen, to be
published (2000)
G. de Wit, J.J. de Vlieger, A.C. Kock-van Dalen, R. Heus, R. Laroy, A.J. van
Hengstum, A.P.G. Kieboom and H. van Bekkum, Carbohydr. Res., 91 (1981) 125
R.W.G. Wyckoff, “Crystal Structures, vol. 1”, 2nd Ed., Wiley, New York (1963)
H.Yoshitake, T. Mochizuki, O. Yamazaki and K. Ota, J. Electroanal. Chem., 361
(1993) 229

4

Electrochemical study of platinum catalysed oxidation of organic reactants

The purpose of this chapter is to investigate the reaction mechanisms of the
oxidation of alcohols and carboxylic acids on platinum by electrochemical methods.
The reactants chosen are methyl α-D-glucopyranoside (MGP), cyclohexanol (CL),
sodium formate (FA), and sodium oxalate (OA). MGP and CL are primary and
secondary alcohols respectively, and the platinum catalysed oxidation of MGP and
CL is the subject of EXAFS and kinetic studies as well (chapters 3 and 5 of this
thesis). The carboxylates FA and OA were chosen for comparison of the oxidation
mechanisms. OA oxidation involves C-C bond rupture, which could require different
circumstances. The reaction circumstances chosen are typical for catalytic oxidation
reactions, being 40 °C and pH 8. Two catalytic oxidation regimes are distinguished:
the intrinsic kinetic regime, and the oxygen transport limitation regime. The regime is
expected to determine the nature of the reactions taking place at the catalyst surface,
including catalyst deactivation.

4.1

Introduction

Platinum catalysed alcohol oxidations are usually performed using oxygen as the
oxidant. In general, two different reaction operation regimes can be distinguished: the
oxygen transport limitation regime and the intrinsic kinetic regime. The amount of
oxygen present at the catalyst surface has a large influence on the behaviour of the
platinum catalyst, especially on catalyst deactivation. Catalyst deactivation is a major
bottleneck for commercial operation of platinum catalysed alcohol oxidation [Mallat
and Baiker, 1994].
If the oxygen transport from the gas phase to the active catalytic sites is limited, the
alcohol oxidation rate strongly depends on oxygen mass transfer and diffusion. The
catalyst surface is largely unoccupied and reduced, and catalyst poisoning is likely to
occur. Carbonaceous reactant degradation products are strongly adsorbed to the
catalyst surface, thus blocking the active sites. These degradation products have
been studied by various authors using electrochemical methods [Gootzen et al.,
1997a; Li et al., 1997a, 1997b], and they have been observed using EXAFS
spectroscopy (section 3.3.1 of this thesis).
In the intrinsic kinetic regime, where oxygen is present in excess at the catalyst
surface, the reaction rate is only determined by the chemistry at the catalytic site and
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not limited by mass transfer and diffusion. Platinum catalyst over-oxidation occurs, as
was observed using in situ EXAFS spectroscopy (section 3.3.2 of this thesis).
Platinum oxides are formed on the catalyst surface, dramatically decreasing the
catalyst activity. Under extreme or long-term oxidative circumstances, and in the
presence of strong chelating agents, also platinum dissolution has been observed
[Vleeming et al., 1997a].
Catalytic oxidation of organic reactants requires the presence of an oxidator, e.g.
oxygen, that is consumed stoichiometrically. This is demonstrated in equation 4.1 (R1
and R2 are H or (cyclo)alkyl):
R1R2CHOH + ½ O2 → R1R2CO + H2O

(4.1)

As stated by Horányi [1994] and Mallat and Baiker [1995], noble metal catalysed
oxidations can be considered as electrochemical reactions. Alcohol oxidation takes
place in two half reactions: alcohol dehydrogenation (producing electrons, equation
4.2) and oxygen reduction (consuming electrons, equation 4.3):
R1R2CHOH → R1R2CO + 2 H+ + 2 eO2 + 4 H+ + 4 e- → 2 H2O

(4.2)
(4.3)

Electrochemistry offers the opportunity to study this catalytic oxidation of organic
reactants in absence of gaseous or dissolved oxygen, because an electrode can
serve as the electron acceptor instead. The electrochemical method used here is
cyclic voltammetry: the potential of a platinum electrode is changed linearly, and the
electric current is measured. A cyclovoltammogram consists of two parts: in the
anodic part the potential increases, and in the cathodic part the potential decreases.
The corresponding currents that are measured strongly depend on the nature of the
electrode and the solution in which it is immersed. Positive currents indicate that an
oxidation takes place, and negative currents indicate reductions.
All potentials in this chapter are referred to the reversible hydrogen electrode (RHE),
which is the potential of a platinum electrode under 101 kPa hydrogen at the current
pH value and temperature. Two important phenomena limit the range in which a
cyclovoltammogram is recorded: below 0 V vs. RHE hydrogen gas is evolved due to
water reduction, and above 1.55 V oxygen gas is evolved due to water oxidation. In
figure 4.1 a typical cyclovoltammogram of a platinised platinum electrode in pH 8
buffer solution is shown.
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Figure 4.1. Cyclic voltammogram (potential range 0.03-1.46 V ) of a platinised platinum
electrode in blank pH 8 buffer solution under argon atmosphere at 40 °C, scan rate 5 mV s-1.
Electrode potential on the horizontal axis [V vs. RHE], current density on the vertical axis [μA
cm-2]. Peak A corresponds with hydrogen adsorption, B with hydrogen desorption, C with
oxygen adsorption and platinum oxide formation, D with oxygen desorption and platinum
oxide reduction.

Starting from 0.4 V towards lower potential (cathodic scan), water is reduced and
adsorbed hydrogen atoms are formed on the platinum surface (peak A in figure 4.1).
At 0.03 V monolayer coverage is reached, and the anodic scan (towards higher
potential) is started. The hydrogen adatoms are now oxidised to water (peak B) until
the platinum surface is completely free of adsorbates at 0.4 V. The fact that the
peaks A and B are at the same potential indicates that hydrogen adatom formation is
completely reversible. In the region between 0.4 and 0.8 V no adsorbates are
present, and the small observed current is only due to charging of the electric
doublelayer. Therefore this region is known as the doublelayer region. Starting from
0.8 V water is oxidised to form oxygen adatoms, and platinum is oxidised towards a
platinum oxide (peak C). This platinum oxide is most likely identical with the platinum
surface oxide observed using EXAFS (section 3.4 of this thesis). In the consecutive
cathodic scan, the oxygen species at the platinum surface (including platinum
surface oxide) are reduced to water (peak D). Clearly, the position and shape of peak
D is completely different from peak C. This points at irreversibility, which is caused by
the surface reconstruction taking place, due to the oxidation of the platinum surface
[Angerstein-Kozlowska et al., 1973; Burke and Lyons, 1986].
The purpose of this chapter is to elucidate reaction and deactivation mechanisms
using cyclic voltammetry at pH 8. Topics that need evaluation are the role of adsorbed oxygen in the alcohol oxidation mechanism, platinum poisoning by reactant degradation, and the activity of platinum oxide towards alcohol oxidation. This information will be used for the construction of reaction models in chapter 5 of this thesis.
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Most publications on electrochemical oxidation of organic reactants report data from
strong acid or alkaline solutions [Gootzen et al., 1997a; Li et al., 1997a, 1997b,
Bockris and Jeng, 1992]. In practice, selective catalytic alcohol oxidations are
preferably carried out in neutral or slightly alkaline solutions, in order to avoid
undesirable side reactions [Mallat and Baiker, 1994]. The experiments in this chapter
were all performed in pH 8 buffer solutions.

4.2

Experimental procedures

Cyclic voltammetric measurements were performed in a thermostated three-compartment 120 ml electrochemical cell, see figure 4.2. Potentials and currents were controlled by means of an Autolab PGSTAT20 potentiostat/galvanostat (Ecochemie). An
aged platinised platinum electrode with a geometric surface area of 3.5 cm2 and a
hydrogen adsorption capacity of 38.4 mC (3.98∙10-7 moles e- or Had, real surface area
183 cm2 assuming 2.18∙10-9 mol Pts cm-2) was used as the working electrode.
Another platinised platinum electrode served
as the counter electrode. A Hg/Hg2SO4/ sat.
K2SO4 reference electrode was used. All
potentials are referred to the reversible hydrogen electrode (RHE). The potential scan rate
was 5 mV/s in all experiments. The compartments containing the counter electrode and
the reference electrode were separated from
the compartment containing the working electrode by a porous sintered glass plate, which
permits ion transport.

RE

WE CE

Figure 4.2. Electrochemical cell with working electrode (WE), counter electrode (CE), and
reference electrode (RE).

All solutions used were prepared with Millipore superQ water (18 MΩ/cm) and
analytical grade reagents. All solutions were buffered at pH 8 using 46.5 mol/m3
sodium dihydrogen phosphate and 26.8 mol/m3 sodium tetraborate. The conductivity
of the solutions was improved by adding 500 mol/m3 sodium perchlorate. For
comparison with catalytic reaction circumstances, all measurements were performed
at 313 K, while argon was bubbled through the solution. The organic reagents used
were cyclohexanol (CL), methyl α-D-glucopyranoside (MGP), sodium oxalate (OA),
and sodium formate (FA).
Four types of cyclovoltammetric experiments were performed:
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full scans (0.03-1.46 V), which cover the complete potential range between
hydrogen evolution and oxygen evolution,
oxidic scans (0.77-1.46 V), during which the platinum surface is completely
covered with platinum oxide,
extended oxidic scans (0.67-1.46 V), in which the platinum surface is reduced in a
part of each scan, and
adsorbate measurements.

In an adsorbate experiment a reduced electrode is first exposed to a 100 mol/m3 pH
8 solution of the organic reactant (CL, MGP, OA, or FA) for 30 minutes, during which
the electrode potential is kept at 0.67 V, which is in the doublelayer region. The
electrode is rinsed with demineralised water and placed in a blank pH 8 electrolyte.
Starting from 0.67 V in negative direction, cyclic voltammograms are recorded in the
range 0.03 - 1.46 V at scan rate 5 mV/s. This procedure is referred to as 'indirect
oxidation' by Gootzen et al. [1997a].

current density [µA/cm2]

20
10

B

C

0
-10
start

-20
-30
0

0.5

1

potential [V]

1.5

Figure 4.3. Adsorbate experiment with
100 mol m-3 CL. Cyclic voltammograms
(potential range 0.03-1.46 V ) of a platinised platinum electrode in blank pH 8
buffer solution under argon atmosphere
at 40 °C, scan rate 5 mV s-1. The thick
line corresponds with the first scan after
electrolyte replacement (starting from
the arrow), the thin line for the second
scan. Electrode potential on the horizontal axis [V vs. RHE], current density
on the vertical axis [μA cm-2]. Peak B
corresponds with hydrogen desorption
and C with oxygen adsorption, platinum
oxide formation, and carbonaceous residue oxidation.

An adsorbate experiment with CL is shown in figure 4.3. From the first scan, the
differences in peak area in the hydrogen region (0.03 - 0.37 V, peak B) and the
oxygen region (0.75 - 1.46 V, peak C) are examined. When reactants or their degradation products are adsorbed at the platinum electrode, the area of peak B will be
smaller, and oxidation of adsorbates causes an increase in the area of peak C. As
Gootzen et al. [1997a; 1997b] showed for several alcohols, including MGP, this
increase can be attributed to complete oxidation of carbonaceous residues towards
carbon dioxide. The second and later scans are identical with cyclic voltammograms
recorded with a clean platinum electrode in fresh, blank electrolyte.
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4.3

Platinum catalysed alcohol dehydrogenation and oxygen
reduction

Since pH is expected to play a very important role in platinum catalysed oxidations,
the buffering capacity of the electrolyte needs to be examined. If the buffering
capacity is low, the local pH at the electrode surface will change due to surface
reactions. This can distort the voltammograms dramatically, as observed by Pletcher
and Sotiropoulos using unbuffered neutral solutions [1994]. They observed a 360 mV
shift of the hydrogen desorption peak relative to the hydrogen adsorption peak, which
was caused by the production of hydroxide ions during hydrogen adsorption and
protons during hydrogen desorption (equations 4.4 and 4.5):
Pt + H2O + e- → Pt-H + OHPt-H → Pt + H+ + e-

(4.4)
(4.5)

The electrolyte near the electrode will therefore be more alkaline during hydrogen
adsorption, and more acidic during hydrogen desorption, which causes the peaks to
shift to a more negative and a more positive potential, respectively. From the
hydrogen adsorption and desorption peaks in blank electrolyte (figure 4.1), a peak
shift of +50 mV is observed. This corresponds to a 0.85 pH difference, which is
acceptable.
MGP (C7H14O6) + H2O
MGP (C7H14O6) + 8 H2O
CL (C6H12O)
CL (C6H12O) + 11 H2O
OA (C2H2O4)
FA (CH2O2)


→

→

→

→

→

→

MG (C7H12O7) + 4 H+ + 4 e7 CO2 + 30 H+ + 30 eCN (C6H10O) + 2 H+ + 2 e6 CO2 + 34 H+ + 34 e2 CO2 + 2 H+ + 2 eCO2 + 2 H+ + 2 e-

(1)
(2)
(3)
(4)
(5)
(6)

Table 4.1. Selective (equations 1 and 3) and complete (equations 2, 4, 5, and 6)
electrochemical oxidation reactions.

The reactions expected to take place in the presence of alcohols are given in table
4.1. The alcohols MGP and CL can undergo selective oxidation towards 1-O-methyl
glucuronic acid (MG) and cyclohexanone (CN), respectively. Complete oxidation of
all organic reactants results in carbon dioxide formation.
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Figure 4.4. Cyclic voltammograms in the range 0.03 - 1.46 V, scan rate 5 mV s-1, 40 °C, pH
8, Ar atmosphere. Electrode potential [V vs RHE] on the horizontal axis, current density [μA
cm-2] on the vertical axis. The thin black line represents blank electrolyte, the thick black line
100 mol m-3 CL, the thick grey line 100 mol m-3 MGP. Peaks E and F correspond with alcohol
oxidation, and G with carbonaceous residue oxidation.

The presence of organic reactants introduces several significant new peaks to the
voltammogram. This is demonstrated in figure 4.4, in which the voltammograms of a
platinised platinum electrode in blank electrolyte and in 100 mol m-3 solutions of
methyl α-D-glucopyranoside (MGP) and cyclohexanol (CL) are compared. Starting
from the oxide reduction region in the cathodic scan (peak D in figure 4.1), a large
oxidation current with a maximum around 0.6 V (peak E in figure 4.4) is observed in
the presence of the alcohols MGP and CL. The alcohol oxidation current is smaller in
the positive going scan (peak F in figure 4.4), notably for CL, which is attributed to
inhibitive adsorption of alcohols or their degradation products. The alcohol oxidation
current is expected to increase with increasing potential, but it decreases due to
inhibitive oxygen adsorption at potentials over 0.7 V. In the oxide formation region of
the anodic scan a third new peak appears (peak G in figure 4.4) with a maximum
around 1.15 V. This peak is attributed to oxidation of carbonaceous adsorbates.
The two alcohols MGP and CL show two oxidation routes: a direct, selective
oxidation route and an indirect, complete oxidation route via carbonaceous residue.
Since carbonaceous residue decreases the number of platinum sites available for
alcohol oxidation, it is a poison. The formation of carbonaceous residue is further
discussed in section 4.4. The same behaviour has been observed for various alco-
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hols, including ethylene glycol [Lebedeva et al., 1998], and 1-butanol [Li and Sun,
1997b; Bockris and Jeng, 1992]. The shape of the alcohol oxidation peak clearly
indicates that the alcohol oxidation rate increases with increasing potential, and that
the presence of adsorbates (oxygen and carbonaceous residue) decreases the
alcohol oxidation rate. The fact that alcohol oxidation takes place in the absence of
adsorbed oxygen (below 0.7 V) indicates that adsorbed oxygen is not involved in
electrochemical alcohol oxidation.
The maximum MGP oxidation current in the doublelayer region (at 0.68 V, figure 4.4)
is 49.2 µA cm-2, which is equivalent to a turnover frequency of 5.9∙10-2 s-1, assuming
selective oxidation (4 e- per mol MGP). The turnover frequency of a graphite
supported platinum catalyst under similar circumstances is 1.6∙10-2 s-1 [Vleeming et
al., 1997b]. Though the mechanisms of alcohol oxidation are similar for MGP and CL,
there are some striking differences: the maximum oxidation rate on clean platinum
(peak E in figure 4.4) is more than four times larger for CL than for MGP (taking note
that selective MGP oxidation produces four electrons, and CL two electrons), and
platinum deactivation due to carbonaceous residue (compare peaks E and F in figure
4.4) is much more severe for CL. The catalytic oxidation rates of MGP and CL are in
the same order of magnitude, see chapter 5.

current density [mA/cm²]

The cyclic voltammograms of the two carboxylates sodium oxalate (OA) and sodium
formate (FA) are displayed in figure 4.5. Sodium formate is extremely reactive, and
its oxidation is diffusion and conductivity controlled over most of the cyclic voltammogram, which is observed from the
0.4
linear increase of current density with
potential over 0.5 V (1.3 V for OA).
0.3
Similar to the alcohols MGP and CL,
FA oxidation takes place at potentials
0.2
above 0.4 V, just above the hydrogen
adsorption region. Sodium oxalate
0.1
(OA) shows a large current in the
oxidic region, above 1.1 V vs. RHE.
0.0
The mechanism of OA oxidation may
be similar to carbonaceous adsorbate
-0.1
0
0.5
1
1.5
oxidation: C-C bond rupture by insertion of oxygen.
potential [V]
Figure 4.5. Cyclic voltammograms in the range 0.03 - 1.46 V, scan rate 5 mV s-1, 40 °C, pH
8, Ar atmosphere. Electrode potential [V vs. RHE] on the horizontal axis, current density [mA
cm-2] on the vertical axis. The thin black line represents 100 mol m-3 FA, the thick black line
100 mol m-3 OA.
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On exposure to oxygen, the open circuit potential (the potential at which oxidation
and reduction currents at the electrode are equal, i.e. net zero current) of a graphite
supported platinum catalyst reaches about 1.0 V vs. RHE [Vleeming et al., 1997b;
section 5.1.2 of this thesis]. Cyclohexanol, methyl α-D-glucopyranoside and sodium
formate are oxidised in this region, but sodium oxalate is not. Oxalates are often
found as unreactive side products of platinum catalysed carbohydrate oxidation
[Dirkx et al., 1977], which is supported by this observation.
In catalytic alcohol oxidation the produced electrons have to be consumed by reduction of an oxidant, e.g. oxygen. Oxygen reduction on platinum electrodes has been
studied by various authors, but no reaction mechanism has been generally accepted.
The rate-determining step is assumed to be the transfer of an electron to adsorbed
oxygen [Tammeveski et al., 1999]. According to Sepa et al. [1987] four different
situations can be distinguished: acid (pH under 7) and alkaline solutions, at low
(under 30 µA cm-2) and high current densities. Each situation shows a different
dependence of the oxygen reduction rate on pH, potential, and oxygen partial
pressure. The adsorbed oxygen coverage approaches zero in the high current
density region, in which the oxygen reduction rate is dominated by diffusion.
Marković et al. [1996] and Grgur et al. [1997] found inhibition by adsorbed hydroxyl
ions in 0.1 M KOH, and by adsorbed bisulfate ions in 0.05 M H2SO4, respectively. In
the kinetic models for platinum catalysed oxidation of MGP and CL, which are
constructed in chapter 5 of this thesis, a simplified oxygen adsorption and reduction
mechanism is used (equations 4.6 and 4.7):
O2 + 2 *
O* + H+ + 2 e-

4.4


→

→

2 O*
OH- + *

R = k cO2 θ∗2
(4.6)
R’ = k’ θO cH+ exp(-EF/RT) (4.7)

Platinum catalyst deactivation: over-oxidation and poisoning

In order to investigate the reactivity of oxidised, deactivated platinum towards the
alcohols MGP and CL, the platinum electrode potential was cycled between 0.77 and
1.46 V vs. RHE. After 10 consecutive scans the cyclovoltammograms were constant,
and it was assumed that a full oxide layer had been formed. The results are shown in
figure 4.6 (left graph). The currents in the voltammograms are very low, and they are
largely due to doublelayer charging. The net charge consumption in one scan in
blank electrolyte was 14 µC cm-2, in MGP 47 µC cm-2, and in CL 69 µC cm-2. For
MGP, assuming selective oxidation (4 e- per MGP), this amounts to an average
turnover frequency of 1.0∙10-4 s-1. The maximum oxidation current in the doublelayer
region (at 0.68 V, figure 1) was 49.2 µA cm-2, which is equivalent to a turnover
frequency of 5.9∙10-2 s-1. For CL the corrsponding turn over frequencies are 2.9∙10-4
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s-1 for platinum oxide and 0.18 s-1 for metallic platinum. Clearly, free Pt0 sites are
much more active for alcohol oxidation, but the reaction pathway via platinum oxide
is significant for the relation between reactant concentration and oxide coverage in
deactivated catalysts, and for catalyst reactivation. For methanol, formaldehyde and
formic acid, this pathway has been observed by Oxley et al. [1964] using open-circuit
potential decay measurements.
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Figure 4.6. Cyclic voltammograms in the ranges 0.77 - 1.46 V (left figure) and 0.67 - 1.46 V
(right figure), scan rate 5 mV s-1, 40 °C, Ar. Electrode potential [V vs. RHE] on horizontal
axes, current density [mA cm-2] on vertical axes. Dotted lines represent blank electrolyte, thin
black lines 100 mol m-3 CL, thick black lines 100 mol m-3 MGP.

The formation of carbonaceous residues was incited by expanding the potential
range towards the doublelayer region. The platinum electrode potential was cycled
between 0.67 and 1.46 V vs. RHE. In the section between 0.67 and 0.77 V the
platinum surface is partially reduced. The results are shown in figure 4.6 (right
graph). The net charge consumed in one scan in blank electrolyte was 0.07 mC cm-2,
in MGP 0.86 mC cm-2, and in CL 1.74 mC cm-2. This indicates that carbonaceous
residue is only formed in the doublelayer region. The charge involved in oxidation of
carbonaceous residue is larger for CL than for MGP. Two explanations are possible:
CL is less stable on clean platinum surface and forms more residue, or CL residue
requires more electrons for complete oxidation.
The formation of carbonaceous residues was studied quantitatively by performing
adsorbate experiments (see section 4.2). The results are presented in table 4.2. The
decrease in hydrogen peak charge (0.03 - 0.37 V, indicated H-reg. in table 4.2) is a
measure for the number of platinum surface sites blocked by the reactant or its
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degradation products. This adsorbate coverage is considerable for all reactants,
ranging from 14% from MGP until 55% for OA. In the oxygen region (0.75 - 1.46 V,
indicated O-reg. in table 4.2), all reactants showed an increase of the peak charge in
the first scan. Division of the increase in oxidation charge in the oxygen region by the
decrease in the hydrogen oxidation charge gives the number of electrons involved in
residue oxidation per occupied adsorption site. This is 6.7 for CL, 2.9 for MGP, 2.1
for OA, and 2.7 for FA. Assuming that adsorbate oxidation requires the same number
of electrons as complete oxidation of the original reactant (see table 4.1), this
indicates that adsorbates from OA and FA occupy only one adsorption site, CL
adsorbate about 5 sites, and MGP adsorbate about 10 chemisorption sites.
reactant H-reg.
[µC cm-2]
CL
-68
MGP
-30
OA
-115
FA
-46

H-reg.
[%]
-32
-14
-55
-22

O-reg.
[µC cm-2]
454
86
244
123

O-reg.
[%]
216
41
116
58

Table 4.2. Results of adsorbate
studies of various organic reactants on platinised platinum at
0.67 V vs. RHE. Peak charge increase (µC cm-2 and percentage
of blank hydrogen peak) in the hydrogen region (0.03 - 0.37 V) and
the oxygen region (0.75 - 1.46 V).

Gootzen et al. [1997a] measured 250 µC cm-2 residue oxidation charge after
adsorption of a 5 mol m-3 MGP solution at pH 13, which is three times more than the
charge found for a 100 mol m-3 MGP solution at pH 8 (table 4.2). The difference may
be due to side reactions at high pH. As mentioned by Mallat and Baiker [1994],
carbohydrate oxidations should be performed at a pH between 7 and 9, due to side
reactions at higher and lower pH. These side reactions, forming carbonaceous residue, are the cause of platinum deactivation in the oxygen transport limitation regime.
When discussing the implications of these findings for platinum catalyst
performance, one should consider some important differences between platinised
platinum electrodes and commercial supported platinum catalysts. The platinum
particle size in commercial catalysts is approximately 2 nm. The formation of
carbonaceous residues probably requires several adjacent platinum surface sites.
On very small particles, or in the presence of adsorbed oxygen, these clusters may
not be available (ensemble effect). Still, poison formation is likely to occur under
oxygen transport limited circumstances. Also, mass transfer restrictions within the
catalyst may cause oxygen and reactant concentration gradients.
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Conclusions

The platinum catalysed aqueous oxidation reactions of cyclohexanol (CL), methyl aD-glucopyranoside (MGP), sodium oxalate (OA), and sodium formate (FA) have been
studied using cyclic voltammetry. The experimental conditions, 40 °C and pH 8, are
unusual in electrochemistry, but have been chosen for comparison with heterogeneous catalysis. The dehydrogenation of the alcohols CL and MGP has been
observed to take place on clean, metallic platinum. Platinum oxide shows very low
activity towards alcohol dehydrogenation. Sodium formate oxidation, like alcohol
oxidation, is catalysed by metallic platinum. Sodium oxalate is only oxidised at very
high potential (over 1.1 V vs. RHE). The most probable reason for this difference is
that oxalate oxidation requires C-C bond rupture in stead of C-H bond rupture.
In the platinum doublelayer region, i.e. in the absence of adsorbed hydrogen or
oxygen, the formation of carbonaceous residues has been established for all
investigated reactants. These residues are oxidised in the oxygen adsorption region,
at platinum potentials around 1.15 V vs. RHE. Under oxygen transport limitation
circumstances, the platinum catalyst potential will be in the doublelayer region.
Therefore, carbonaceous poison formation is the main cause of platinum catalyst
deactivation in the oxygen transport limitation regime.
On exposure to a large excess of oxygen, the open circuit potential of a graphite
supported platinum catalyst reaches about 1.0 V vs. RHE. Cyclohexanol, methyl a-Dglucopyranoside and sodium formate are oxidised in this region, but sodium oxalate
is not. Catalyst deactivation by platinum oxide formation is obvious in the intrinsic
kinetic regime. Deactivation by carbonaceous poison formation is unlikely in the
intrinsic kinetic regime.
Adsorbed oxygen was found not to be involved in the rate determining step of
selective alcohol oxidation, but it does inhibit alcohol oxidation by occupying catalytic
sites. Platinum oxide was observed to oxidise alcohols, but the reaction is two orders
of magnitude slower than metallic platinum catalysed alcohol oxidation.
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5

Kinetics of platinum catalysed oxidation of
alcohols

The purpose of this chapter is the construction of kinetic models for the platinum
catalysed selective oxidation of alcohols. These models will be used for the optimisation of alcohol oxidation processes (chapter 6). Two alcohols, methyl α-D-glucopyranoside and cyclohexanol, have been chosen as model reactants. The selective
oxidation of methyl α-D-glucopyranoside has already received considerable attention
[Schuurman et al., 1992a-b; Vleeming et al., 1997a], and serves as a model for
carbohydrate oxidations. Cyclohexanol was chosen for the simplicity of its reaction
network (one product) and for the low volatility of reactant and product. As demonstrated by EXAFS spectroscopy (chapter 3) and electrochemistry (chapter 4), catalyst
deactivation by over-oxidation is an important aspect of platinum catalyst behaviour.
The kinetic models presented in this chapter are validated with intrinsic kinetic data
regarding alcohol oxidation, catalyst deactivation, and in situ catalyst reactivation by
the reactant alcohols. These measurements were performed in stirred slurry reactors,
in the absence of mass transfer limitations.

5.1

Introduction

5.1.1 Platinum catalysed oxidation of alcohols
As stated by Horányi [1994] and Mallat and Baiker [1995], noble metal catalysed
oxidations can be considered as electrochemical reactions. Alcohol oxidation takes
place in two half reactions: alcohol dehydrogenation (producing electrons) and
oxygen reduction (consuming electrons). The open circuit potential of the catalyst is
determined by the kinetics of these half reactions. The potential of the platinum
particles also determines other reactions taking place on the catalyst surface. At low
potentials (<0.4 V vs. Reversible Hydrogen Electrode), the surface is covered with
hydrogen adatoms. At high potentials (>0.8 V vs. RHE), the surface is covered with
oxygen species, and platinum oxide is formed. The most favourable potential range
for alcohol oxidation would theoretically lie between 0.4 and 0.8 V (vs. RHE).
However, poisoning by carbonaceous alcohol degradation products may occur in this
region, as demonstrated in chapter 4 of this thesis.
Many factors are expected to influence the alcohol oxidation rate and platinum
catalyst deactivation: the concentrations of the reactant alcohol, reaction products,
oxygen, and the catalyst, the nature of the alcohol (primary, secondary), the solvent
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(usually water), the pH of the solution, the temperature, the platinum particle size, the
supporting material, and the mass transfer properties of the system. Oxygen mass
transfer is of crucial importance, since the catalyst behaviour is completely different
under oxygen mass transfer limited conditions.
When the oxygen transport to the catalyst is limited, and the catalyst surface is
largely un-occupied, the catalyst activity is usually higher, but catalyst poisoning is
likely to occur. Carbonaceous reactant degradation products are strongly adsorbed to
the catalyst surface, thus blocking the active sites. These degradation products are
discussed in chapters 3 and 4 of this thesis. In the intrinsic kinetic regime, where
oxygen is present in excess, platinum catalyst over-oxidation occurs, as shown by in
situ EXAFS spectroscopy (chapter 3 of this thesis). Platinum oxides are formed on
the catalyst surface, dramatically decreasing the catalyst activity.
The influence of pH on the rate of alcohol oxidation is not yet fully understood. Only a
few publications have been devoted to a systematic investigation of this parameter.
The effect of pH may be manifold: activation of a reactant by proton dissociation as in
the case of formic acid [Harmsen et al., 1997], inhibitive adsorption of acidic products
at low pH [Abbadi and van Bekkum, 1995], formation of poisoning aldol condensation
products at high pH [Mallat and Baiker, 1994], and repulsion of active anions by
negatively charged support surface groups at high pH [Harmsen et al., 1997].
Several aldoses, including glucose and lactose, were found to dehydrogenate on a
Pt/C catalyst in alkaline solutions (pH>11) in the absence of oxygen, under evolution
of hydrogen gas [de Wit et al., 1981]. A direct effect of zeolite support acidity on the
electronic state of platinum catalysts has been observed by Mojet et al. [1999] using
XANES spectroscopy.

5.1.2 Catalyst deactivation and reactivation
Fast deactivation of the catalyst hinders large scale use of this type of alcohol
oxidations in fine chemistry processes. Several mechanisms for the deactivation of
platinum have been proposed, e.g. formation of strongly adsorbing by-products, coke
deposition, oxidation of the platinum surface (over-oxidation), leaching, and Ostwald
ripening of the platinum particles [Mallat and Baiker, 1994]. As discussed in the
previous section, the oxygen mass transfer conditions have a large influence on the
nature of catalyst deactivation. The present study focuses on the intrinsic kinetics of
platinum catalysed oxidation of alcohols.
Under intrinsic kinetic conditions, i.e. in absence of mass transfer limitations, the
platinum catalyst exhibits fast deactivation. This is demonstrated for a typical
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situation (experiment M8: cMGP 47 mol m-3, cMG 4.9 mol m-3, T 323 K, pO2 100 kPa, pH
8) in figure 5.1. The open circuit potential of the catalyst is high and constant during
deactivation, typically 0.44 V vs. SHE (0.95 V vs. RHE). At this potential the platinum
surface is expected to be covered with oxygen species [Burke and Lyons, 1986]. As
demonstrated in chapter 3 of this thesis, the surface of the platinum particles
undergoes reconstruction under oxygen rich circumstances, and a platinum surface
oxide is formed. Since platinum oxide shows little activity towards the oxidation of
alcohols, the formation of platinum oxide involves deactivation of the catalyst.

-0.2
8500

Figure 5.1. Redox-cycle experiment M8 with alternating oxygen (MGP oxidation and catalyst
deactivation) and nitrogen (catalyst reactivation) feed. In both figures the black line indicates
MGP oxidation rates (left axis), and the grey line indicates the catalyst potential vs. SHE
(right axis). The right side figure shows a detail of the left side figure.

When the gaseous feed is switched from oxygen to nitrogen, oxygen is removed from
the reactor system, and the catalyst potential drops rapidly (typically 0.5 V). At the
potential reached (0.46 V vs. RHE, -0.05 V vs. SHE) the platinum surface is expected
to be free from oxygen species [Burke and Lyons, 1986]. When the gaseous feed is
switched back to oxygen, the catalyst activity is equal to that of a fresh reduced
catalyst, and the catalyst potential rises sharply. The whole reactivation procedure is
completed within 400 seconds. This redox-cycle treatment is an effective and facile
method to restore catalyst activity completely. An interesting phenomenon is the
initial rapid increase, followed by a rapid decrease in MGP oxidation rate when
switching from oxygen to nitrogen. This is discussed in section 5.2.3.
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5.1.3 Existing kinetic models for alcohol oxidation and catalyst deactivation
Although platinum catalysed aqueous alcohol oxidations have been studied
extensively [Mallat and Baiker, 1994], only a few authors have published detailed
kinetic models for this type of reactions. A survey of recently published models is
presented in table 5.1.
authors
Nicoletti and
Whitesides
[1989]
van den Tillaart
et al. [1994]
Jelemensky et
al. [1996]

catalyst
Pt/SiO2,
Pt/C

reactant
2-propanol

deactivation
platinum oxide,
product inhibition

characteristics
zero order in
2-propanol

Pt/graphite

ethanol

-

Pt/C

ethanol

subsurface
oxygen

Li and Sun
[1998]
Pinxt [1997]

Pt electrode

1,3butanediol
1,2propanediol
methyl α-Dglucopyranoside
methyl α-Dglucopyranoside

adsorbed CO

steady state
kinetics
three adsorbed
oxygen
species
main product
CO2
four reaction
products
chemisorbed
organic
reactants
physisorbed
organic
reactants

Schuurman et
al. [1992a,
1992b]
Vleeming et al.
[1997a]

Pt/graphite
Pt/C

Pt/graphite

subsurface
oxygen
strong oxygen
chemisorption
subsurface
oxygen

Table 5.1. Examples of kinetic models for platinum catalysed aqueous alcohol oxidation.

The need for well-defined mass transfer properties is demonstrated by Nicoletti and
Whitesides [1989]. Their measurements with a silica supported platinum catalyst are
clearly mass transfer limited, which is expressed in the first order dependence of the
2-propanol oxidation rate on oxygen partial pressure in their proposed kinetic model.
Oxygen adsorption is generally assumed to be dissociative, but the reversibility of
oxygen adsorption is disputed. There is no consensus on the nature of adsorption of
organic reactants.
Various mechanisms for catalyst deactivation by over-oxidation have been proposed.
Jelemensky et al. [1996] described multiple steady state behaviour in ethanol
oxidation with three oxygen species: adsorbed OH, adsorbed O and subsurface O.
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Vleeming et al. [1997a] and Pinxt [1997] used subsurface oxygen (or, less
ambiguous: platinum surface oxide) to describe reversible catalyst deactivation under
intrinsic kinetic circumstances successfully. No kinetic model has so far been able to
describe in situ catalyst reactivation in the absence of oxygen. The model proposed
by Vleeming et al. [1997a] will be used as the basis for the construction of models for
alcohol oxidation.

5.2

Kinetic modelling of methyl α-D-glucopyranoside (MGP)
oxidation

Kinetic models for platinum catalysed selective methyl α-D-glucopyranoside oxidation
towards 1-O-methyl glucuronic acid are presented in this section. These models
include deactivation and reactivation of the catalyst. Catalyst reactivation involves in
situ reduction of oxidised platinum by the reactant alcohol in absence of oxygen. As
Vleeming et al. [1997a] found in their investigation of methyl α-D-glucopyranoside
oxidation at 30-60 °C, this reactivation takes less than 1000 s. The models are based
on kinetic measurements in a three phase continuous flow stirred slurry tank reactor,
and electrochemical experiments that were discussed in chapter 4 of this thesis.

5.2.1 Experimental
The kinetics of platinum catalysed aqueous alcohol oxidations were determined by
reaction rate measurements in a stirred slurry reactor, using graphite supported
platinum catalysts. Most of the reaction rate data used for regression were taken
from Vleeming et al. [1997b]. Additional reaction rate measurements and reactivation
experiments were performed using a similar reactor set-up and a similar catalyst. The
used catalyst, the reactor, the reaction procedures, and the HPLC analysis were
described in chapter 2 of this thesis. The experimental conditions of all used experiments are given in appendix 1.
The reaction studied was the selective oxidation of methyl α-D-glucopyranoside
towards 1-O-methyl glucuronic acid. The catalysts used in this study and in the
kinetic experiments by Vleeming et al. [1997b] were slightly different: in the latter
experiments, the platinum load was smaller (3.3 vs. 4.7 wt.-%) and the specific
catalyst surface was larger (0.073 vs. 0.037 mol Pts kgcat-1). The diameter of 95% of
the graphite particles was smaller than 15 µm for both catalysts. As in the
experiments from Vleeming et al. [1997b], the concentrations of reactants and
products in the reactor were kept constant by adjusting the reactant feed rate
proportional to the sodium hydroxide consumption rate at constant pH.
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Since the purpose of this work is to study the intrinsic kinetics of the reaction, the
absence of mass transfer limitations was verified for all experiments, see section 2.5.
The concentration of oxygen in the liquid during reaction was monitored, and was
observed to be over 95% of saturation for all experiments, which indicates that gasliquid mass transfer was sufficient. Reactivation of the catalyst was performed by
replacing the oxygen feed by nitrogen. The electrochemical potential of the catalyst
was measured using a bright platinum wire and a Ag/AgCl (0.139 V vs. Standard
Hydrogen Electrode) reference electrode. The platinum wire adapts to the average
open-circuit potential of the platinum catalyst particles [Mallat and Baiker, 1995].
Catalyst reactivation can be monitored using this potential, since the potential of
reduced platinum is typically 0.5 V lower than the potential of oxidised platinum (see
section 5.1.2). The time assumed necessary for complete reactivation was the time at
which the potential had dropped 80% of the total potential difference before and after
reactivation. The reactivation times measured ranged from 141 to 414 seconds.

5.2.2 Kinetic models
Two kinetic models were constructed for the selective oxidation of methyl α-Dglucopyranoside (MGP) towards 1-O-methyl α-D-glucuronic acid (MG), using oxygen
as the oxidant. It should be noted that at pH 8 the product MG will be present in its
dissociated form, 1-O-methyl α-D-glucuronate. The models are displayed in table 5.2.
The first model, MB, is a regular Langmuir-Hinshelwood type of surface reaction
model. The second model, ME, contains electrochemical reactions. Equations 1, 2, 3
and 4 are used by both models. Equations 5, 5a, 6, 7 and 7a (the grey part in table
5.2) are only used by model MB, and equations 8, 8a, 9 and 10 are only used by
model ME.
Each of the reaction and adsorption steps is discussed separately below:
1 (MB+ME) Oxygen chemisorption on platinum is dissociative at the temperatures
considered (30-60 °C). Oxygen chemisorption is believed to be irreversible, in
contrast to the reversible oxygen chemisorption assumed by Vleeming et al. [1997a].
This is supported by the electrochemical observation, that the reverse reaction, i.e.
oxygen evolution, only occurs at very high potentials [Burke and Lyons, 1986].
2+3 (MB+ME) As in the model by Vleeming et al. [1997a], it is assumed that oxygen
and the organic reactants (MGP and MG) adsorb independently. Adsorption of
organic reactants and products is assumed to take place through physisorption,
which does not interfere with oxygen adsorption. In both models (MB and ME) the
oxidation of MGP takes place in two steps, via the intermediate product methyl α-D-

87

5 Kinetics of platinum catalysed oxidation of alcohols

6-aldehydoglucopyranoside (MAGP). This aldehyde has been found only in very
small amounts in the reaction mixture [Schuurman et al., 1992a; Vleeming et al.,
1997a]. It is assumed to react much faster than MGP (according to Schuurman et al.
[1992a] at least two orders of magnitude), and as a reactive intermediate, it will have
a low surface coverage.
4 (MB+ME) In both models catalyst deactivation is described with the formation of
platinum surface oxide. This platinum oxide shows little activity towards alcohol
oxidation. It is believed that the species “subsurface oxygen” [Jelemensky et al.,
1996; Vleeming et al., 1997a] is identical with platinum surface oxide. Regression of
the data did not allow the introduction of a third oxygen species, as suggested by
Jelemensky et al. [1996].
k1
O2 + 2 * →
2 O*

R1 = k1 cO2 θ∗2

(1)

2
MGP + *p ←→
MGP*p

θMGP = K2 cMGP θ∗p

(2)

3
MG + *p ←→
MG*p

θMG = K3 cMG θ∗p

(3)

k4
O* + *s →
ox* + *i

R4 = k4 θO (1- θox)

(4)

5
MGP*p + O* + * →
MAGP*p + H2O + 2 *

R5 = k5 θMGP θO θ∗

(5)

MAGP*p + O* + * 
→ MG*p + 2 *

fast

(5a)

k6
ox* →
O*

R6 = k6 θox exp(-gSO θO)

(6)

k7
MGP*p + ox* →
MAGP*p + H2O + *

R7 = k7 θMGP θox

(7)

MAGP*p + ox* 
→ MG*p + *

fast

(7a)

k4
MGP*p + * →
MAGP*p + 2 H+ + 2 e- + *

R8 = k8θMGP θ∗ exp(EF/RT)

(8)

MAGP*p + H2O + * 
→ MG*p + 2 H+ + 2 e- + *

fast

(8a)

9
ox* + H+ + 2 e- + * →
OH- + 2 *

R9 = k9 θox θ∗ cH+ exp(-EF/RT)(9)

10
O* + H+ + 2 e- →
OH- + *

R10 = k10θOcH+exp(-EF/RT)

MGP + O2 
→ MG + H2O

overall reaction

K

K

k

k

k

(10)

Table 5.2. Reaction scheme for MGP oxidation, with rate equations. Equations 1-4 are used
in both models, equations 5-7a only in model MB, and equations 8-10 only in model ME.

5+5a (MB) The rate-determining step of model MB, most probably the abstraction of
the α-hydrogen, is included in equation 5 (table 5.2). It is assumed to involve one
physisorbed MGP molecule, one chemisorbed oxygen atom, and one free
chemisorption site. A third order elementary reaction step is very unusual. Most likely,
both reaction steps 5 and 5a are not elementary steps, but rather combinations of
elementary steps. As shown in chapter 4, electrochemical MGP oxidation starts
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outside the oxygen adsorption region. Adsorbed oxygen is not necessary for the
electrochemical reaction, but it increases the platinum open circuit potential, thus
activating the active platinum sites. Reaction step 5a is assumed to be much faster
than reaction step 5 (according to Schuurman et al. [1992a] at least two orders of
magnitude).
6 (MB) Platinum oxide formation is reversible, but the reverse reaction is assumed to
be inhibited by adsorbed oxygen. This is implemented in the exponential feedback
parameter gSO (table 5.2): a low oxygen coverage is necessary for reaction step 6 to
proceed. This parameter is needed to describe the fast reactivation of the catalyst in
an oxygen-free environment. The same approach was chosen by Jelemensky et al.
[1996] to explain multiple steady-state behaviour in platinum catalysed ethanol
oxidation.
7+7a (MB) Direct reduction of platinum oxide by MGP is believed to play a minor role
in this reaction network, though other reactants may show a higher reactivity towards
platinum oxide. This reaction step introduces a decrease of oxide coverage with
increasing MGP concentration.
8+8a (ME) In model ME the alcohol oxidation step is described as two
electrochemical half reactions: alcohol dehydrogenation (equations 8 and 8a in table
5.2), and oxygen reduction (equation 10 in table 5.2). The surface specific MGP
oxidation rate R8 increases with increasing potential E, and decreases with
decreasing free sites ratio θ*. Like reaction step 5a in model MB, reaction step 8a
(MAGP oxidation) is assumed to be much faster than step 8.
9 (ME) Catalyst reactivation, platinum oxide reduction, is described by reaction step
9. The platinum surface oxide reduction rate decreases with increasing potential.
Since the potential increases with oxygen coverage θO, adsorbed oxygen will inhibit
platinum oxide reduction.
10 (ME) The electrons produced in reaction steps 8 and 8a are consumed by
adsorbed oxygen in reaction step 10. The adsorbed oxygen reduction rate decreases
with increasing potential. Oxygen reduction and platinum oxide reduction are pH
dependent, which is expressed in their first order dependence on proton
concentration. The dependence on pH and potential chosen here is just one of
several possibilities. Discrimination was impossible due to lack of experimental data
at different pH values.
The site balances used in both models are:
• chemisorption
1 = θ* + θO + θox
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•
•

physisorption
oxide
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1 = θ*,p + θMGP + θMG
1 = θ*,s + θox

Using the physisorption site balance and the equilibrium equations in table 5.2, the
coverage of physisorbed MGP can be calculated from equation 5.1:

θ MGP =

K 2 c MGP
1 + K 2 c MGP + K 3 c MG

(5.1)

Combining the site balances and the equations given in table 5.2, the following
differential equations are derived for model MB:
dθ O
= 2 R1 − R4 − 2 R5 + R6 = 2 k1cO 2θ *2 − k 4θ O (1 − θ ox ) − 2 k 5θ MGPθ Oθ * + k 6θ ox exp( − g SOθ O )
dt
(5.2)

dθ ox
= R4 − R6 − 2 R7 = k 4θ O (1 − θ ox ) − k 6θ ox exp( − g SOθ O ) − 2 k 7θ MGPθ ox
dt

(5.3)

The consumption of the reactant MGP (and the production of the product MG) per
kilogram of catalyst per second for model MB is given by equation 5.4:

R MGP = Lt ( R 5 + R 7 ) = L t ( k 5θ MGP θ Oθ * + k 7θ MGP θ ox )

(5.4)

As this equation demonstrates, both adsorbed oxygen and free chemisorption sites
are necessary for MGP dehydrogenation to proceed. For a fresh catalyst (in the
absence of oxide) the optimal adsorbed oxygen coverage for MGP dehydrogenation
is 0.5.
In the electrochemical model ME the potential is determined by the reaction rates R8
and R10, and to a minor extent by R9, according to the electron balance
4R8=2R10+2R9. This results in equation 5.5:
E=

RT  c H + (k 10θ O + k 9θ oxθ * ) 

ln
2 F 
2k 8θ MGP θ *


(5.5)

Combining the site balances and the equations given in table 5.2, the following
differential equations are derived for model ME:

dθ O
EF
= 2 R1 − R 4 − R10 = 2 k 1 c O 2θ *2 − k 4θ O (1 − θ ox ) − k 10θ O c H + exp( −
)
dt
RT

(5.6)

dθ ox
EF
= R 4 − R 9 = k 4θ O (1 − θ ox ) − k 9θ ox θ * c H + exp( −
)
dt
RT

(5.7)
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The consumption of the reactant MGP (and the production of the product MG) per
kilogram of catalyst per second for model ME is given by equation 5.8:
R MGP = L t R8 = Lt k 8θ MGP θ * exp(

EF
)
RT

(5.8)

Substitution of EF/RT, which follows from equation 5.5, into equation 5.8 gives more
insight into the parameters influencing the MGP oxidation rate:
R MGP = Lt k 8θ MGP θ * c H + (k 10θ O + k 9θ oxθ * ) / 2

(5.9)

As for model MB (and in the absence of other electron acceptors than oxygen), both
adsorbed oxygen and free chemisorption sites are necessary for MGP
dehydrogenation to proceed. Again, for a fresh catalyst (in the absence of oxide) the
optimal adsorbed oxygen coverage for MGP dehydrogenation is 0.5.
The kinetic model equations for both models MB and ME were implemented in
reactor models with four independent differential equations regarding the variables
pO2 (partial oxygen pressure in the gas phase), cO2 (bulk liquid oxygen concentration), θO (platinum surface oxygen coverage), and θox (platinum surface oxide
coverage). The differential equations are given in appendix 2. The concentrations of
the reactant MGP and the product MG are constant. In the absence of mass transfer
limitations, the oxygen concentration inside the catalyst particles can be assumed to
be equal to the bulk liquid oxygen concentration. The catalyst potential (used in
model ME), which follows from equation 5.5, is uniform over the catalyst particles.

5.2.3 Validation
The reaction models MB and ME have been validated using MGP oxidation rate data
from Vleeming et al. [1997b] and new reactivation data, measured according to the
procedures described in section 5.2.1 and chapter 2. All data were measured in a
stirred slurry reactor using platinum on graphite catalysts, at pH 8. The catalyst
concentration was 2-10 kg m-3. The reaction parameters studied were MGP concentration (5.6-420 mol m-3), oxygen partial pressure (20-100 kPa), temperature (30-60
°C), and degree of conversion (ratio MG/MGP 0.028-0.85). Mass transfer calculations (see section 2.5) showed that all experiments were carried out under intrinsic
conditions.
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2.5

500

2

400
reactivation time [s]

MGP oxidation rate [mmol/kg s]

Nine reactivation times and fourteen reaction rate profiles, with 40 data points each,
taken from Vleeming et al. [1997b, numbers 2-12 and 22-24 in Appendix A.1], were
used for regression. The kinetic parameters were varied using the Marquardt routine
ODRPACK. The differential equations were solved numerically using the NAG library
routine D02EJF. The criterion used for the regression
Model MB
Model ME
was the minimisation of the
Parameter
Value
Parameter
Value
weighted sum of squares: Σ
k1 (m3/mol s) 2.96∙10-1 k1 (m3/mol s) 6.5∙103
((Rcalc – Rexp)/Rexp)2 and Σ
3
-2
3
-2
K2 (m /mol)
9.22∙10
K2 (m /mol)
1.26∙10
((tcalc – texp)/texp)2. The para3
-1
3
K3 (m /mol)
1.32∙10
K3 (m /mol)
1.77∙10-1
meter sets giving the best
Ao,4 (1/s)
1.20∙103 Ao,4 (1/s)
5.80∙101
fits for models MB and ME
Ea,4 (J/mol)
3.93∙104 Ea,4 (J/mol)
2.89∙104
are shown in table 5.3. The
Ao,5 (1/s)
4.15∙105 Ao,8 (1/s)
2.76∙105
results are shown in the
Ea,5 (J/mol)
4.01∙104 Ea,8 (J/mol)
6.71∙104
figures below. For convek6 (1/s)
1.05∙1012 k9 (1/s)
1.61∙1012
nience of comparison, only
k7 (1/s)
6.29∙10-5 k10 (1/s)
3.53∙1013
experimental and simulated
gSO (-)
4.11∙102
data at 0, 1000, and 10,000
Table 5.3. Kinetic parameters for MGP oxidation models
seconds after start-up are
MB and ME
displayed.
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0

100
200
300
400
MGP concentration [mol/m3]

Figure 5.2. Influence of MGP concentration on experimental and calculated MGP consumption rates at t=0 (diamonds and drawn lines), t=1 ks (triangles and dashed lines), and t=10 ks
(circles and dotted lines) in the left side figure. Grey lines indicate model MB, black lines
indicate model ME. Experimental and calculated reactivation times in the right side figure.
Other parameters: cMG/cMGP 0.11, pO2 40 kPa in the left figure, 100 kPa in the right figure, T
323 K, ccat 2 kg m-3, Lt 0.073 mol kg-1 in the left figure, 0.037 mol kg-1 in the right figure.
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reactivation time [s]

MGP oxidation rate [mmol/kg s]

Both models MB and ME give a good description of the dependence of MGP oxidation rate
on MGP concentration. Initial catalyst deactivation is faster for model ME than for model MB,
but the MGP oxidation rate for largely deactivated catalysts (at 10,000 s) is nearly equal for
both models. Catalyst reactivation is slightly better described by model MB for low MGP
concentrations.
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Figure 5.3. Influence of oxygen partial pressure on experimental and calculated MGP
consumption rates at t=0 (diamonds and drawn lines), t=1000 s (triangles and dashed lines),
and t=10,000 s (circles and dotted lines) in the left side figure. Grey lines indicate model MB,
black lines indicate model ME. Experimental and calculated reactivation times in the right
side figure. Other parameters: cMGP 90 mol m-3, cMG 10 mol m-3, T 323 K, ccat 2 kg m-3, Lt
0.073 mol kg-1 in the left figure, 0.037 mol kg-1 in the right figure.

An interesting phenomenon is the temporary increase in MGP oxidation rate in the
initial stage of reactivation. This is observed under all circumstances, also at oxygen
partial pressures as low as 20 kPa (figure 5.4). During the initial stage of reactivation,
dissolved oxygen is removed from the reactor system by nitrogen purge and by
reaction. The increasing MGP oxidation rate with decreasing oxygen concentration
indicates a negative apparent reaction order in oxygen. This behaviour is predicted
by model ME, but model MB predicts a maximum reaction rate around 60 kPa
oxygen. Under the reaction conditions studied, the catalyst coverage with oxygen
species as calculated with the model ME exceeds 98%. Since the reaction rate
reaches its maximum at 50% oxygen coverage (θO≈0.5(1-θox)), a decrease in oxygen
coverage will temporarily increase the MGP oxidation rate.
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3.0

Figure 5.4. Redox-cycle experiment M7 (cMGP
47 mol m-3, cMG 4.9 mol m-3, T 323 K, pO2 20
kPa, pH 8). Gas feed switches from oxygen to
nitrogen at t=7,200 s. Symbols indicate
experimental MGP oxidation rates, the grey line
and the black line indicate MGP oxidation rates
as predicted by models MB and ME,
respectively.
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Figure 5.5. Influence of temperature on experimental and calculated MGP consumption rates
at t=0 (diamonds and drawn lines), t=1000 s (triangles and dashed lines), and t=10,000 s
(circles and dotted lines) in the left side figure. Grey lines indicate model MB, black lines
indicate model ME. Experimental and calculated reactivation times in the right side figure.
Other parameters: cMGP 90 mol m-3, cMG 10 mol m-3, pO2 40 kPa in the left figure, 100 kPa in
the right figure, ccat 2 kg m-3, Lt 0.073 mol kg-1 in the left figure, 0.037 mol kg-1 in the right
figure.

In both models MB and ME only oxide formation (equation 4 in table 5.2) and MGP
dehydrogenation (equations 5 and 8 respectively) are assumed to be temperature
dependent. Other reaction steps might be temperature dependent as well, but this
could not be verified due to the limited amount of data at different temperatures. A
remarkable deviation between models MB and ME is observed at temperatures
above 323 K. Examination of the simulated data showed that model MB predicts a
shift towards oxygen adsorption (equation 1 in table 5.2) as the rate limiting step at
high MGP oxidation rates.
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It should be noted that the present models have only been validated with intrinsic
kinetic data, assuming no concentration gradients for oxygen and the organic
reactants inside the catalyst particles (see section 2.5). The model ME might hold
under mass transfer limited conditions if concentration gradients inside the catalyst
particles are considered. Model MB predicts low reactivity at low oxygen
concentration, and is probably not suited for mass transfer limited conditions, under
which high reactivity is expected.
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Figure 5.6. Reactivation as described by models MB (left figure) and ME (right figure) for
identical reaction circumstances (cMGP 90 mol m-3, cMG 10 mol m-3, T 323 K, pO2 40 kPa, pH
8). Responses of dissolved oxygen concentration cO2 [mol m-3], adsorbed oxygen coverage
θO [-], oxide coverage θox [-], and potential E [V vs. SHE] to a step in gaseous oxygen feed
from 40 kPa to 0 kPa at t=0 after 7200 s of reaction (same y-axis for all variables).

Simulation of catalyst reactivation gives insight into the processes taking place during
the reductive part of redox-cycle operation. Figure 5.6 shows the catalyst potential,
surface coverages, and oxygen concentration against time for a typical reactivation
situation, as simulated with models MB and ME. Note that the initial surface
coverages as predicted by the models are very different, in spite of identical reaction
circumstances. According to model MB, first the dissolved oxygen has to be removed
from the reactor system (by nitrogen purge and by reaction) until (at t=80 s) a
threshold oxygen concentration, and corresponding adsorbed oxygen coverage have
been reached. After that the platinum oxide can decompose (equation 6 in table 5.2),
which takes about 80 s under the present circumstances. According to model ME,
oxide reduction takes place in three consecutive steps. In the first step (until t=145 s)
oxygen adsorption is fast enough to maintain an oxygen covered surface. As the

5 Kinetics of platinum catalysed oxidation of alcohols

95

dissolved oxygen concentration approaches zero, the adsorbed oxygen coverage
and the potential decay rapidly. After a threshold oxygen coverage is reached (t=165
s), the potential has dropped sufficiently for the actual platinum oxide reduction to
begin. This oxide reduction is completed within 25 seconds.
In conclusion, the electrochemical reaction model ME fits the experimental data
slightly better than model MB, with the same number of kinetic parameters. An
interesting field of improvement would be the introduction of intraparticle oxygen
diffusion into the reaction model. This might make the models (ME more likely than
MB) suitable for oxygen transfer limited alcohol oxidations. However, in that case
gas-liquid mass transfer and adhesion of catalyst particles to the gas-liquid interface
need to be described in more detail [Kluytmans et al., 2000].

5.3

Kinetic modelling of cyclohexanol (CL) oxidation

5.3.1 Experimental
The reaction studied was the selective oxidation of cyclohexanol (CL) towards
cyclohexanone (CN). The used catalyst, the reactor, the reaction procedures, and the
HPLC analysis were described in chapter 2 of this thesis. The catalyst contained 4.7
wt.-% platinum, supported on graphite, and had 0.037 mol Pts kgcat-1 specific catalyst
surface. Since the purpose of this work is to study the intrinsic kinetics of the
reaction, the absence of mass transfer limitations was verified for all experiments.
Two types of experiments were performed: in batch and with a continuous, constant
feed of CL solution. Since the only reaction product is a ketone (CN), only small
quantities of sodium hydroxide were used for pH control. In order to avoid catalyst
wetting problems, 0.15 g l-1 sodium dodecylbenzenesulfonate (a surfactant) was
added to the liquid feed. It was verified that the surfactant concentration had no
influence on CL oxidation.
The disadvantage of the reactant CL is that the product is a ketone, CN. Direct reaction rate measurement via pH control, that was used in the kinetic analysis of MGP
oxidation, is impossible. The only available way to collect reaction rate data is by
measuring the variation of CL and CN concentrations in time. The concentrations of
CL and CN in the liquid outlet stream were measured using HPLC analysis. No side
products were detected. Some qualitative catalyst reactivation experiments were performed by replacing the oxygen feed by nitrogen. Recovery of catalyst activity was
achieved within 600 seconds. Due to the different concentrations at the start of each
experiment, it was impossible to distinguish if the catalyst reactivation had been
complete. Longer exposure to nitrogen did not lead to higher catalyst activity.
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5.3.2 The effect of pH on cyclohexanol oxidation
The effect of the pH of the reaction mixture on the platinum catalysed oxidation rate
of cyclohexanol (CL) was investigated in batch and under continuous flow of
reactants. The batch and continuous flow experiments were performed in the same
type of reactor, which was described in section 2.3. Strictly speaking, the batch
experiments were fed batches, with a constant feed of oxygen. All batch experiments
were started with a 100 mol m-3 CL solution containing 10 kg m-3 4.7 wt-% platinum
on graphite catalyst, which was described in section 2.1. If necessary, the pH was
adjusted with sulfuric acid or sodium hydroxide solutions. Small samples were taken
periodically, and the CL and cyclohexanone (CN) concentrations were determined
using HPLC (section 2.2.3). Four different pH values were applied: 3, 6, 9, and 12.

conversion [-]

The results of the batch experiments are demonstrated in figure 5.7. The conversion
is defined as the amount of CN formed divided by the initial amount of CL. The initial
stages of CL oxidation may have been oxygen transport limited, but the only purpose
of the batch experiments is to give a qualitative impression of the influence of pH. It is
clear that the effect of pH on CL
1
oxidation is large. The highest reaction
pH 6
rates are found at pH 6 and 9. A more
0.8
acidic environment (pH 3) decreases the
pH 9
CL oxidation rate, but not as dramatic as
0.6
an alkaline environment (pH 12). CompH 3
plete conversion of CL to CN was only
reached at pH 6. It appears that the
0.4
initial reaction rate is largest for pH 9, but
the reaction rate decreases rapidly after
0.2
50% conversion has been reached. This
pH 12
might be due to competitive adsorption
0
0
5000
10000 15000 20000
of side products, but these were not
time [s]
detected.
Figure 5.7. Batch cyclohexanol oxidation experiments at pH values 3, 6, 9, and 12.
Conversion is defined as the amount of cyclohexanone formed divided by the initial amount
of cyclohexanol.

In the continuous flow experiments a constant 5.4∙10-8 m3 s-1 flow of a 50 mol m-3 CL
solution was led through the slurry reactor. The catalyst concentration was 2 kg m-3.
Six different pH values were examined: 4.5, 6, 7.5, 9, 10, and 11. The results are
depicted in figure 5.8. The oxidation rate of CL, which is the formation rate of CN, is
monitored using the CN concentration in the reactor. Initially, the reaction rate is high,
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and CN concentration increases rapidly.
The CN concentration decreases after
approx. 10000 s due to catalyst deactivation. As in the batch experiments, the
activity is low under alkaline conditions
(pH > 10). The highest activity is found
under neutral and mild acidic conditions
(4.5 < pH < 7.5).

pH 11

0
0

20000
40000
time [s]

Figure 5.8. Continuous flow cyclohexanol
oxidation experiments at pH values 4.5, 6,
60000 7.5, 9, 10, and 11. Cyclohexanone concentration [mol m-3] in the reactor on the y-axis.

Due to the limited amount of experimental data, it is impossible to describe the effect
of pH on cyclohexanol oxidation and platinum catalyst deactivation in a quantitative
and reliable way. Inhibitive adsorption of acidic products at low pH [Abbadi and van
Bekkum, 1995] is unlikely, since no acidic products are formed. Cyclohexanol proton
dissociation is insignificant at the conditions considered (pKa ≈ 17). Although no aldol
condensation products have been detected in the reaction liquid, they may have
caused low activity at high pH values. Other significant effects could be changes in
the electronic configuration of the catalyst, which might be caused by proton
dissociation of carboxylic groups on the catalyst support or specific ion adsorption.

5.3.3 Kinetic model
The kinetic model for the selective oxidation of cyclohexanol (CL) towards
cyclohexanone (CN) presented in this section is based on the kinetic model ME for
methyl α-D-glucopyranoside (MGP) oxidation presented in section 5.2. The model
CLE is displayed in table 5.4.
The reaction scheme of cyclohexanol (CL) oxidation is simpler than that of methyl αD-glucopyranoside (MGP) oxidation. Since CL is a secondary alcohol, the only
oxidation product is the ketone cyclohexanone (CN). The reaction steps 1, 4, 6, and
7 are exactly the same as reaction steps 1, 4, 9, and 10 in model ME, and they will
not be discussed here. The adsorption of the reactants CL and CN is assumed to
take place through physisorption, similar to MGP adsorption. CL dehydrogenation
(reaction step 5) yields CN, which is not further oxidised. Consequently, oxidation of
one mol CL only requires 0.5 mol O2, in contrast to the equimolar oxygen
consumption in MGP oxidation.
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k1
O2 + 2 * →
2 O*

R1 = k1 cO2 θ∗2

(1)

CL + *p ←→ CL*p

θCL = K2 cCL θ∗p

(2)

CN + *p ←→ CN*p

θCN = K3 cCN θ∗p

(3)

R4 = k4 θO (1- θox)

(4)

R5 = k5 θCL θ∗ exp(EF/RT)

(5)

R6 = k6 θox θ∗ cH+ exp(-EF/RT)

(6)

O* + H + 2 e → OH + *

R7 = k7 θO cH+ exp(-EF/RT)

(7)

CL + ½ O2 
→ CN + H2O

overall reaction

K2

K3

O* + *s → ox* + *i
k4

+

-

CL*p + * → CN*p + 2 H + 2 e + *
k5

+

-

-

ox* + H + 2 e + * → OH + 2 *
+

-

k6

k7

-

Table 5.4. Reaction scheme for CL oxidation, with rate equations.

The site balances used are:
• chemisorption
1 = θ* + θO + θox
• physisorption
1 = θ*,p + θCL + θCN
• oxide
1 = θ*,s + θox
Using the physisorption site balance and the equilibrium equations in table 5.4, the
coverage of physisorbed CL can be calculated from equation 5.10:

θ CL =

K 2 c CL
1 + K 2 c CL + K 3 c CN

(5.10)

As in model ME, the alcohol oxidation step is described as two electrochemical half
reactions: alcohol dehydrogenation (equation 5 in table 5.4), and oxygen reduction
(equation 7 in table 5.4). The potential is determined by the reaction rates R5 and R7,
and to a minor extent by R6, according to the electron balance 2R5=2R7+2R6. This
results in equation 5.11:
E=

RT  c H + (k 7θ O + k 6θ oxθ * ) 

ln
k 5θ CLθ *
2 F 


(5.11)

Catalyst deactivation (platinum oxide formation) and reactivation (platinum oxide
reduction), are described by equations 4 and 6 respectively (table 5.4). Combining
the site balances and the equations given in table 5.4, the following differential equations are derived for model CLE:

dθ O
EF
= 2 R1 − R 4 − R10 = 2 k 1 c O 2θ *2 − k 4θ O (1 − θ ox ) − k 7θ O c H + exp( −
)
dt
RT
dθ ox
EF
= R 4 − R 6 = k 4θ O (1 − θ ox ) − k 6θ oxθ * c H + exp( −
)
dt
RT

(5.12)
(5.13)
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The consumption of the reactant CL (and the production of the product CN) per
kilogram of catalyst per second for model CLE is given by equation 5.14:
R CL = L t R 5 = L t k 5θ CL θ * exp(

EF
)
RT

(5.14)

Since EF/RT follows from equation 5.11, equation 5.14 can be rewritten as:
RCL = Lt k 5θ CLθ * c H + (k 7θ O + k 6θ oxθ * )

(5.15)

As for MGP dehydrogenation, both adsorbed oxygen and free chemisorption sites
are necessary for CL dehydrogenation to proceed. Again, for a fresh catalyst (in the
absence of oxide) the optimal adsorbed oxygen coverage for CL dehydrogenation is
0.5.
The kinetic model equations for models CLE were implemented in a reactor model
with six independent differential equations regarding the variables cCL (liquid phase
cyclohexanol concentration), cCN (liquid phase cyclohexanone concentration), pO2
(partial oxygen pressure in the gas phase), cO2 (bulk liquid oxygen concentration), θO
(platinum surface oxygen coverage), and θox (platinum surface oxide coverage). The
differential equations are given in appendix 2. In the absence of mass transfer
limitations, the oxygen concentration inside the catalyst particles can be assumed to
be equal to the bulk liquid oxygen concentration. The catalyst potential, which follows
from equation 5.11, is uniform over the catalyst particles.

5.3.4 Validation
The reaction model CLE has been validated using data from twelve CL oxidation
experiments, measured according to the procedures described in section 5.2.1 and
chapter 2. All data were measured in a stirred slurry reactor using a 4.7 wt-%
platinum on graphite catalyst, at pH 9. The catalyst concentration was 2-10 kg m-3.
The reaction parameters studied were CL concentration (10-270 mol m-3), oxygen
partial pressure (25-100 kPa), temperature (30-50 °C), and degree of conversion
(ratio CN/CL 0.01-1.03). The average duration of the experiments was 60,000
seconds, and samples were taken every 960 seconds. Mass transfer calculations
(see section 2.5) showed that all experiments were carried out under intrinsic
conditions.
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Model CLE
Parameter
3

k1 (m /mol s)
K2 (m3/mol)
K3 (m3/mol)
Ao,4 (1/s)
Ea,4 (J/mol)
Ao,5 (1/s)
Ea,5 (J/mol)
k6 (1/s)
k7 (1/s)

Value
6.5∙103
1.98∙10-2
4.26∙10-2
5.80∙101
2.89∙104
3.38∙107
7.67∙104
1.61∙1012
3.53∙1013

Table 5.5. Kinetic parameters
for CL oxidation model CLE

Regression was performed in order to describe the
cyclohexanone concentration as a function of time.
718 data points were used for the regression. The
non alcohol specific parameters k1, Ao,4, Ea,4, k6 and
k7 were taken from the regression results of model
ME. The other kinetic parameters were varied using
the Marquardt routine ODRPACK. The differential
equations were solved numerically using the NAG
library routine D02EJF. The criterion used for the
regression was the minimisation of the weighted sum
of squares: Σ ((cCN,calc – cCN,exp)/ cCN,exp)2. The
parameter set giving the best fit results is presented
in table 5.5. A typical experiment (C2) and the
corresponding simulation are displayed in figure 5.9.
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1.5

2.5

cCNsim/cCNexp [-]

CN concentration [mol/m3]

3

2
1.5
1

1.0

0.5
0.5
0
0

20000

40000

60000

0.0

time [s]

Figure 5.9. Experimental (symbols) and simulated (line) cyclohexanone concentration
[mol m-3] as a function of time for experiment
C2.

Figure 5.10. Simulated cyclohexanone concentrations divided by experimental cyclohexanone concentrations for all used experiments.

Figure 5.10 shows the quotient of simulated and experimental cyclohexanone
concentrations for all experiments. Since this quotient is close to unity for all experiments, the model CLE gives a proper description of platinum catalysed cyclohexanol
oxidation. The cyclohexanol oxidation rates, deactivation rates, and their dependence
on reaction circumstances are very similar to methyl α-D-glucopyranoside oxidation
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behaviour. The initial alcohol oxidation rates are in the same order of magnitude,
which is 0.7-4∙10-3 mol kgcat-1 s-1 under the investigated circumstances. The reaction
rate also increases with increasing alcohol concentration and decreasing oxygen
partial pressure. The CL oxidation rate is stronger temperature dependent: the
activation energy of the alcohol dehydrogenation step is 76.7 kJ mol-1 for CL and
67.1 kJ mol-1 for MGP.

CL oxidation rate [mmol/kg s]

The dependence of CL oxidation rate on pH as predicted by model CLE is very
strong, due to the nearly first order in proton concentration. This is clearly shown in
figure 5.11. The decrease in oxidation rate with increasing pH was also observed in
the experiments discussed in section 5.3.2, but the values simulated for lower pH
values are not realistic. Several options for
8
better description of the pH effect could be
suggested: different alcohol dehydrogenation
and/or oxygen reduction mechanisms in acidic
6
and alkaline environment; reactant and/or
product degradation (e.g. aldol condensation) in
4
extremely acidic or alkaline environment,
causing catalyst poisoning; influence of pH on
2
reactant and/or product adsorption. Proper
description of the CL oxidation rate as a
0
function of pH requires an in depth kinetic study
8
9
10
11
at a wide range of pH values, which is not the
pH [-]
scope of this work.
Figure 5.11. Influence of pH on simulated cyclohexanol oxidation rates at t=0 (drawn lines),
t=1000 s (dashed lines), and t=10,000 s (dotted lines) as predicted by model CLE.

The deactivation of the catalyst has been observed for a much longer period in the
CL oxidation experiments than in the MGP oxidation experiments: typically 50-70 ks
vs. 10 ks. The kinetic parameters for platinum oxide formation and reduction were
taken from the regression results of MGP oxidation data, and have been validated
until 10 ks only. Nevertheless, the long term deactivation behaviour, as measured
during CL oxidation, is described accurately.

5.4

Conclusions

The selective oxidation of two alcohols, methyl α-D-glucopyranoside and cyclohexanol (CL), over graphite supported platinum catalysts has been investigated using
a stirred slurry reactor set-up. The reaction products were 1-O-methyl α-D-glucuronic
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acid and cyclohexanone, respectively. The influence of reactant concentration,
product concentration, oxygen partial pressure, temperature, and pH on alcohol
oxidation have been studied. The absence of mass transfer limitations was verified.
Kinetic models have been constructed in order to be able to predict the alcohol
oxidation rate, the catalyst deactivation rate, and the time necessary for in situ
catalyst reactivation. Two models for methyl α-D-glucopyranoside oxidation have
been evaluated: a model with a Langmuir-Hinshelwood type surface reaction as the
rate determining step, and a model with an electrochemical half reaction as the rate
determining step. In both models, catalyst deactivation was described with platinum
surface oxide formation (over-oxidation). Both models were able to describe the
experimental data accurately. The electrochemical model is more suitable for low
oxygen concentrations than the other model. In situ catalyst reactivation is accurately
predicted by both models.
The electrochemical model has been adapted for cyclohexanol oxidation as well.
Cyclohexanol was found to react at similar rates as methyl α-D-glucopyranoside, but
the reaction product is a ketone (cyclohexanone) in stead of a carboxylic acid. The
experimental data at pH 9 were properly predicted by the model. The pH has a large
influence on the cyclohexanol oxidation rate. The highest reactivity is achieved under
neutral and mild acidic conditions. The present kinetic model cannot describe this
behaviour.
The kinetic models have been validated with intrinsic kinetic data only, i.e. in absence
of mass transfer limitations. The only mass transfer step that has been considered is
gas-liquid oxygen transfer. An interesting field of improvement would be the
introduction of intraparticle oxygen diffusion into the reaction model. This might make
the models suitable for oxygen transfer limited alcohol oxidations.
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6

Platinum catalysed alcohol oxidation in
practice

In this chapter the practical applicability of platinum catalysed alcohol oxidations is
demonstrated using the selective oxidation of methyl α-D-glucopyranoside towards 1O-methyl α-D-glucuronic acid as an example. The kinetic model ME, that was
constructed and validated in chapter 5, is adapted for use under oxygen transport
limited conditions, and implemented into a reactor model. The redox-cycle concept
(alternating catalyst deactivation and reactivation) is explored. Suggestions are made
for optimal reactor configuration and operation, resulting in a process design for
selective methyl α-D-glucopyranoside oxidation.

6.1

Introduction

6.1.1 Platinum catalysed oxidation of alcohols
Platinum catalysed selective oxidation of alcohols provides useful products and
intermediates for various applications in fine chemistry. A promising field of
application is the selective oxidation of carbohydrates towards valuable sugar acids.
Two industrial scale examples are the manufacturing processes leading to Dgluconic acid and L-ascorbic acid (vitamin C), starting from D-glucose. The platinum
catalysed alcohol oxidation process is characterised by low environmental impact,
high selectivity, and mild reaction conditions.
Selective oxidation of the chosen model carbohydrate, methyl α-D-glucopyranoside
(MGP), leads to 1-O-methyl α-D-glucuronic acid (MG). This oxidation step is part of a
possible synthesis route towards ascorbic acid (vitamin C) [Ullmann, 1999]. Oxidation
of long-chain alkyl glucopyranosides leads to alkylglucuronides, which is an
interesting class of surfactants. MG is easily hydrolysed towards D-glucuronic acid,
which, usually in its γ-lacton form, is used as a detoxicant [Budavari, 1996]. Apart
from the industrial significance of MGP oxidation, this process primarily serves as a
model for platinum catalysed selective oxidation of (poly)alcohols and aldehydes.
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6.1.2 Catalyst deactivation and reactivation
As was outlined in chapters 3, 4, and 5 of this thesis, platinum catalyst deactivation is
very significant during aqueous alcohol oxidation. Prevention and reversion of
catalyst deactivation therefore require attention during alcohol oxidation process
design. The nature of catalyst deactivation depends on the reaction circumstances:
under oxygen rich conditions, the platinum surface will be oxidised, whereas under
oxygen transfer limitation conditions strong, inhibitive alcohol adsorption can take
place.
Catalyst deactivation by platinum surface oxidation has been found to be reversible:
in the absence of oxygen reactive alcohols such as cyclohexanol and MGP reduce
the over-oxidised platinum surface, and the catalyst activity is completely restored
(chapters 3 and 5 of this thesis). This offers an opportunity to improve catalyst
performance by applying alternating oxidative and reductive conditions, a so-called
redox-cycle (see section 6.2).
Catalyst deactivation by inhibitive adsorption (poisoning), which is likely to occur
under oxygen limited conditions, might be reversed by applying oxidative treatments.
Carbonaceous adsorbates have been completely removed by electrochemical
oxidation (chapter 4). However, aqueous oxygen was unable to completely reverse
platinum catalyst poisoning due to overnight storage in MGP solution under a
nitrogen atmosphere [Vleeming et al., 1997]. Redox-cycles including prolonged
exposure of a reduced catalyst to alcohol solution require detailed information on
adsorbate formation and oxidation, which is not available at present.

6.1.3 Process lay-out
The methyl α-D-glucopyranoside (MGP) oxidation process presented in this chapter
is based on the process designs constructed by Schuurman [1992] and Vleeming
[1997] for selective oxidation of MGP towards 1-O-methyl α-D-glucuronic acid (MG),
or its sodium salt NaMG (equation 6.1).
MGP + O2 + NaOH → NaMG + 2 H2O
(6.1)
A simplified process flow sheet is given in figure 6.1. The reactor is a continuous
three-phase slurry reactor, equipped with a microporous filter in order to retain the
catalyst inside the reactor. A problem is the formation of side products (oxidation of
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secondary alcoholic groups and C-C bond rupture) at MGP conversions over 10%
[Schuurman, 1992]. In the present process design, as in the designs by Schuurman
[1992] and Vleeming [1997], MGP conversion is therefore limited to 10%. The low
conversion level chosen infers a large recycle stream.
NaOH and
MGP feeds

gas outlet

slurry reactor
gas feed
(air, O 2 or N2)

electrodialysis
separator

MGP recycle

NaMG
Figure 6.1. Simplified process flow sheet for selective methyl α-D-glucopyranoside oxidation.

For optimal selectivity and activity, the reactor liquid should be neutral or slightly
alkaline, e.g. pH 8. Since the oxidation product MG is an acid, it must be neutralised
with sodium hydroxide. Similar to laboratory reactor operation (section 2.4), the MGP
feed rate is chosen to be proportional to the sodium hydroxide consumption rate. The
combined liquid feed (fresh MGP, MGP recycle and sodium hydroxide feed) has
constant concentrations: 1000 mol m-3 MGP and 100 mol m-3 NaOH. Several options
have been suggested for separation of MG from the reactor outlet stream: membrane
separation, ion exchange [Schuurman, 1992], and electrodialysis [Vleeming, 1997].
Electrodialysis was found to be the most suitable separation technique, giving over
99% selectivity towards MG [Kunz and Recker, 1995]. In the present process MG is
isolated as its sodium salt. For certain applications it might be desirable to isolate MG
as the free acid. This has the extra advantage that sodium hydroxide can be recycled
as well.
It is assumed here that all MG is removed from the reactor outlet stream in the
electrodialysis separator. In practice it is energetically more favourable to leave 110% MG in the recycle stream [Ullmann, 1999]. In the present process design the
electrodialysis apparatus is simplified as an apparatus that splits every 1 m3 of
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reactor outlet solution (containing 100 mol m-3 NaMG and 900 mol m-3 MGP) in 0.1
m3 1000 mol m-3 NaMG solution and 0.9 m3 1000 mol m-3 MGP solution. The
purification of the product will not be discussed.
In order to cope with catalyst deactivation, the reactor is operated in a redox-cycle,
i.e. alternating oxidative and reductive conditions (section 6.2). For the oxidative part,
the gas feed can be air, oxygen, or a mixture of oxygen and an inert gas, such as
nitrogen. In the reductive period oxygen can be removed from the reactor liquid by
stopping the oxygen feed or by purging with nitrogen.

6.2

Redox-cycle operation

Redox-cycle operation implies alternating exposure of the active phase (the catalyst)
to oxidative and reductive circumstances. In view of the rapid catalyst deactivation
observed, which exceeds 80% after 5000 s, the catalyst performance can be
improved substantially by applying reactivation treatments. It was shown in chapter 5
of this thesis that deactivation by over-oxidation can be reversed by interrupting the
oxygen flow for a short period, typically 200 s. The reactivation can be monitored
using the catalyst open circuit potential [Mallat and Baiker, 1995]. As demonstrated in
section 5.1.2, the open circuit potential of the platinum catalyst drops significantly
upon reactivation. As several organic reactants are likely to form poisoning
degradation products on reduced platinum, the reductive period of the redox-cycle
should be minimised.
There are two methods by which catalyst deactivation by over-oxidation can be
reversed:
A. switching the gas feed from air or oxygen to nitrogen
B. eliminating gas-liquid oxygen transfer, which can be accomplished by stopping
the gas feed and decreasing the stirring rate
If the gas phase in the reactor can be replaced quickly, which is the case for the used
laboratory reactor (gas residence time typically 40 seconds), method A is applicable.
The advantage of method A is that dissolved oxygen is stripped from the solution,
which enhances catalyst reactivation especially at low reaction rates (low
temperature, low reactant or catalyst concentrations). In systems with a large gas
residence time gas replacement is slow, and using method A, during most of the
reactivation process there will still be oxygen transport from the gas phase to the
liquid phase. Using method B, all dissolved oxygen has to be consumed by alcohol
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oxidation. On the other hand, oxygen transfer from the gas phase to the liquid phase
is negligible under these circumstances.

MGP consumption [mol/kg h]

The benefits of redox-cycle operation are demonstrated in figure 6.2, in which the
MGP consumption per hour in a laboratory reactor (liquid volume 350 ml) is plotted
against the duration of the oxidative period of the redox-cycle for three different
reactivation times (240, 360, and 600 seconds). Reactivation method A (switching
between oxygen and nitrogen) has been used in all simulations. In the oxidative
period 40 kPa oxygen and 60 kPa nitrogen are fed, and in the reductive period 100
kPa nitrogen is fed. It is obvious that the shortest reactivation period gives the
highest MGP consumption in all cases,
5
since the reductive part of the redoxcycle is the least productive. It is
surprising that the optimal oxidation
4
240
period is extremely short, e.g. 100
seconds for the 360 seconds reduction
3
period. Using this redox-cycle, oxygen
360
is fed during only 22% of the time.
0
500
2
Since the gas residence time is
600
relatively long (typically 40 seconds),
oxygen is also present during part of
1
the reductive period. This clearly
indicates the advantage of applying
0
redox-cycles during platinum catalysed
0
2000
4000
6000
oxidation period [s]
aqueous alcohol oxidations.
Figure 6.2. Influence of the length of the oxidative period of the redox-cycle on time-averaged
MGP consumption for three different reactivation times (240, 360, and 600 seconds). The
inset is a detail, showing the MGP consumption for oxidation periods up to 500 seconds.
Reaction parameters: cMGP 90 mol m-3, cMG 10 mol m-3, pO2 40 kPa, T 323 K, ccat 2 kg m-3, Lt
0.037 mol kg-1.

6.3

Reactor design

The purpose of the present reactor design is to reach the highest possible NaMG
production rate, while preventing irreversible platinum catalyst deactivation, i.e.
catalyst poisoning by carbonaceous adsorbates. Due to the negative apparent
reaction order in oxygen, which was observed in chapter 5, it would be preferable to
work at the lowest possible oxygen concentration. However, as was observed in
electrochemical experiments (chapter 4), platinum is vulnerable to poisoning by the
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reactant alcohol in the absence of adsorbed oxygen. Presumably, large clusters of
free platinum sites are necessary for poison formation to take place. For reactor
design purposes, it is assumed that 10% platinum coverage by adsorbed oxygen is
sufficient to prevent poison formation. This adsorbed oxygen criterion implies that a
small amount of oxygen has to reach the innermost part of the catalyst particles. This
will be elaborated in section 6.3.1. Since oxygen concentration gradients are
expected in the catalyst particles, the kinetic model ME, which was constructed in
chapter 5, is implemented in a diffusion model of a catalyst particle.

6.3.1 Oxygen transfer
The reactor configuration is primarily determined by the mass transfer properties of
the reactants. Because the solubility of oxygen in aqueous solutions is very low
(typically 1 mol m-3), oxygen mass transfer from the gas phase towards the catalyst is
most critical. The transfer of oxygen towards the catalyst has to be sufficiently high to
achieve the minimum level of adsorbed oxygen coverage (10%). Due to the negative
order of the MGP oxidation rate in oxygen concentration the highest productivity of
the process is expected at low oxygen concentrations in the liquid. This means that it
is more favourable to work in the (partly) oxygen transfer limited regime, rather than
in the intrinsic kinetic regime. For that reason, the mass transfer criteria for the
intrinsic kinetic regime, that were used in chapters 2 and 5, will not be used in the
present reactor design.
The catalyst chosen is 3.7 wt-% platinum on graphite, with specific platinum surface
Lt 0.073 mol kgcat-1. The reactor liquid volume chosen is 10 m3. This is an arbitrary
choice, since NaMG is not produced at large scale at present, and this reactor design
serves mainly as an example for platinum catalysed alcohol oxidation processes. The
reactor has 2.34 m inner diameter, and the liquid height at rest is 2.34 m. A Rushton
impeller with diameter 0.78 m (one third of the reactor diameter) is chosen
[Trambouze et al., 1988]. The reactor is operated at 10% conversion (in order to prevent the formation of side products), and total carbohydrate concentration 1000 mol
m-3 (900 mol m-3 MGP and 100 mol m-3 NaMG). The MGP feed rate is adjusted
proportional to the consumption of sodium hydroxide, which is proportional to the
NaMG production rate at constant pH.
As in section 2.5.3 of this thesis, it is assumed that the active phase (platinum) is
present in the outer 50% by volume of the 15 µm graphite particles. This means that
platinum is only to be found in the outer 1.55 µm of the particles. The poisoning
criterion requires that the adsorbed oxygen coverage θO is higher than 0.10
throughout the particle, i.e. θO is still larger than 0.10 at 1.55 µm from the surface of
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the catalyst particles. The oxygen concentration, surface coverage, and MGP
oxidation rate profiles inside the catalyst were calculated for various degrees of
catalyst deactivation. The catalyst particle model is summarised in appendix 5. The
results for a fresh catalyst at 60 °C in a 900 mol m-3 MGP, 100 mol m-3 NaMG, and
0.1 mol m-3 oxygen solution are demonstrated in figure 6.3.
It is observed that the reaction is oxygen transport limited under the conditions used
in figure 6.3: oxygen does not penetrate the catalyst particle further than 1.1 µm from
the surface. While the oxygen concentration inside the catalyst particle decreases
gradually, the adsorbed oxygen coverage θO is close to unity for most of the catalyst
particle, except for a thin layer around 1.0 µm distance from the catalyst surface.
Since the reaction rate is highest when θO is 0.5 (see section 5.2.2), this region is
also the most active part. At distances further than 1.1 µm from the surface, the MGP
oxidation rate is zero.
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Figure 6.3. Oxygen concentration, oxygen surface coverage, and volumetric MGP oxidation
rate as a function of distance from the catalyst particle surface at 60 °C at 60 seconds after
oxygen is admitted, as simulated using the model described in appendix 5. The oxygen
concentration at the catalyst surface is 0.1 mol m-3, and the oxide coverage θox is 0.

The MGP oxidation rate averaged over the complete catalyst particle was calculated
as a function of exterior oxygen concentration and platinum oxide coverage θox. The
result for θox = 0 at 60 °C is displayed in figure 6.4. All results in figures 6.3 and 6.4
are at steady state, at 60 seconds after oxygen is admitted to the catalyst, at
constant platinum oxide coverage. There is a sharp transition from the oxygen transport limited regime to the intrinsic kinetic regime, at oxygen concentration 0.16 mol m3
in figure 6.4. At lower oxygen concentrations only part of the catalyst is reached,
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the negative order in oxygen
concentration under intrinsic kinetic
conditions is clearly visible. It was
calculated that at 60 °C the poisoning
criterion (θO is larger than 0.1 throughout the catalyst) is met at oxygen
concentrations over 0.156 mol m-3 at
the catalyst surface. At steady state,
the MGP oxidation rate RMGP averaged
over the catalyst particle for the
exterior oxygen concentration of 0.156
mol m-3 is 9.5 mmol kgcat-1 s-1.
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Figure 6.4. Average MGP oxidation rate [mmol kgcat-1 s-1] as a function of exterior oxygen
concentration at 60 °C after 60 seconds of oxygen admittance (symbols). The line shows the
approximation using equation 6.2.

In order to estimate the activity of the deactivating catalyst in this reactor design, the
average MGP oxidation rate is calculated for a range of exterior oxygen
concentrations and degrees of deactivation (i.e. oxide coverage θox). An empirical
correlation is constructed in order to predict the catalyst activity:

R MGP = ( 4.09 − 5.09 exp( −151c O 2 ) + 6.69 exp( −18.9 c O 2 − 0.132 + 0.197θ ox ))(1 − θ ox ) 2
(6.2)
Equation 6.2 describes the simulated average MGP oxidation rate (in mmol kgcat-1 s-1)
accurately in the oxygen concentration range 0-0.8 mol m-3 and the oxide coverage
range 0-0.5. The somewhat peculiar absolute value operation is necessary to
describe the abrupt transition from the oxygen transport limitation regime to the
intrinsic kinetic regime. The catalyst deactivation rate is approximated using equation
6.3:

dθ ox
= k 4 (1 − θ ox ) 2
dt

(6.3)

Equation 6.3 is a simplification of equation 5.7 (section 5.2.2), in which θO is assumed
to equal (1-θox) (i.e. all available adsorption sites are occupied by oxygen), and oxide
reduction is neglected. Both assumptions introduce only a very small error in the
oxide formation rate. Catalyst reactivation is described in two phases: removal of
dissolved oxygen, followed by the actual platinum oxide reduction. The first step can
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be described using equation 6.2. Based on the results obtained in section 5.2.3, the
second step is estimated to last 40 seconds at the present conditions, and the MGP
oxidation rate during this period is neglected.
Diffusion inside the catalyst particles is not the only oxygen transfer step to be
considered. Oxygen also has to be transferred from the gas phase towards the liquid
phase, and from the bulk of the liquid towards the catalyst surface. At steady state,
the drop in oxygen concentration when going from the gas phase (pO2HO2) to the
catalyst surface (cO2,S) is described by equation 6.4 [Trambouze et al., 1988]:

K ( p O 2 H O 2 − c O 2, S ) = R MGP c cat

(6.4)

The overall mass transfer factor K is determined by the mass transfer coefficients kGL
and kLS, and the specific surfaces aGL and aLS (=6ccat/dpρp), see equation 6.5
[Trambouze et al., 1988]:
dpρp
1
1
=
+
(6.5)
K k GL a GL 6c cat k LS
As an initial estimate K is taken to be 0.185 s-1, the desired oxygen concentration at
the catalyst surface is 0.156 mol m-3, and the maximum MGP oxidation rate is 9.5
mmol kgcat-1 s-1. Using these restrictions the maximum catalyst concentration is
calculated from equation 6.4 for two feed gases: air and pure oxygen. At 60 °C, the
Henry constant for oxygen in water is 8.62∙10-6 mol m-3 Pa-1. The catalyst
concentration should not exceed 0.52 kg m-3 for air and 14 kg m-3 for oxygen. This
implies that it is not practical to use air, since the productivity of the process will be
low. Therefore oxygen is chosen as the feed gas. For a 10 m3 reactor, the maximum
MGP consumption rate is 1.33 mol s-1. The oxygen feed rate should exceed this, and
is taken to be 1.65 mol s-1. The excess oxygen is (partly) recirculated.
The impeller revolution speed NI determines the gas-liquid oxygen transfer and the
gas hold-up εG. The impeller power draw is calculated from the impeller power draw
in an ungassed reactor, which follows from equation 6.6 [Lee and Tsui, 1999]:
PU = N P ρ L N I3 d I5

(6.6)

For an impeller rotation speed of 3.5 s-1 this power PU amounts to 66 kW. The
relation between the impeller power in a gassed reactor and in an ungassed reactor
is found from equation 6.7 [Nagata, 1975; Trambouze et al., 1988]:

d
PG
= exp − 442 I
PU
 dR
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 d NI µL

 ρ
L

2
I






0.115

 dI N

 g


2
I






1.96 d I
dR

 Fv ,G

 N d3
 I I








(6.7)
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PG/PU is 0.98 according to equation 6.7, which implies that PG is 64 kW for the
present case. Using PG the gas hold-up εG is calculated according to equation 6.8
[Lee and Tsui, 1999]:
P
ε G = 0.23 G
 VL





0.31

u G0.67

(6.8)

The gas hold-up εG is 0.44, which is rather high. This implies that the total reactor
volume should be 20 m3: 10 m3 for the liquid phase, 8 m3 for the gas phase, and an
additional 2 m3 for gas-liquid phase separation. A correlation for the gas-liquid mass
transfer coefficient kGL,O2a (assuming no mass transfer resistance in the gas phase)
is given by Yagi and Yoshida [1975]. This correlation is rewritten as equation 6.9 (all
SI units):
k GL ,O 2 a = 0.060d I1.51 DO0.25 N I2.2 ρ 1L.0 µ L−0.4 g −0.19 u g0.28σ −0.6

(6.9)

According to equation 6.9, kGL,O2a is 0.53 s-1, which is unrealistic for 10 m3 reactors.
Apparently, equation 6.9 is not suitable for this reactor size. For further calculations
the value 0.20 s-1 is assumed for kGL,O2a [Trambouze et al., 1988]. For the given
reactor system, the liquid-solid mass transfer
coefficient kLS,O2 is 6.9∙10-4 m s-1 (see section
Parameter
Value
2.5.2). Using equation 6.5, the overall oxygen
cMGP (mol m-3)
900
-3
transfer coefficient K is calculated to be 0.183
cNaMG (mol m )
100
-3
s-1. The reactor design parameters are sumccat (kg m )
14
marised in table 6.1. Additional parameters are
Fv,G (m3 s-1)
0.045
given in Appendix 4. The complete model that
T (K)
333
-1 -1
-3
describes the performance of the reactor is
Rw,max (mol kg s ) 9.5∙10
given in Appendix 6. The differential equations
VL (m3)
10
in the model are solved using the program
VG (m3)
10
Polymath. Results of these calculations are
NI (s-1)
3.5
demonstrated in the next section.
PG (kW)
64
kGL,O2a (s-1)

0.20
Table 6.1. Reactor design parameters.

6.3.2 Redox-cycle
As demonstrated in section 6.2, redox-cycle operation can increase the mean activity
of the platinum catalyst considerably. Therefore, this operation mode was also
applied in the process design.
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Figure 6.3. Simulated redox-cycles for the process design discussed in section 6.3.1. Left
figures: oxidative period 1000 s, reductive period 148 s. Right figures: oxidative period 100 s,
reductive period 54 s. Top figures MGP consumption rates [mmol kgcat-1 s-1], middle figures
oxygen concentration at the catalyst surface [mol m-3], bottom figures oxide (θox) surface
coverages [-].
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Since the gas residence time is relatively large (222 seconds in the present process
design), reactivation method B (interrupting oxygen transport from the gas phase to
the liquid phase, see section 6.2) is applied. Using method B, all dissolved oxygen
has to be consumed by alcohol oxidation. On the other hand, oxygen transfer from
the gas phase to the liquid phase is negligible under these circumstances. In practice
it is impossible to exclude oxygen dissolution completely, but this is not necessary. A
mere reduction of the stirring rate from 3.5 s-1 to 0.6 s-1 results in a decrease of the
mass transfer coefficient kGL,O2a from 0.53 s-1 to 0.01 s-1 [Yagi and Yoshida, 1975],
which is sufficiently low for catalyst reactivation to take place.
The effect of redox-cycles on MGP consumption rate, dissolved oxygen
concentration, and platinum catalyst surface coverage with oxide are shown in figure
6.3 for the process design discussed in section 6.3.1. The oxygen partial pressure is
101 kPa throughout the redox-cycles. In order to facilitate calculations, it was
assumed that the reactor is ideally mixed throughout the redox-cycles, that catalyst
deactivation is completely reversible, and that the transitions from oxidative to
reductive period and vice versa are immediate (the oxygen transfer factor K changes
abruptly from 0 to 0.183 s-1 and back).
An interesting phenomenon is observed in the top graphs in figure 6.3 showing the
MGP consumption rates: the maximum activity is maintained for only 20 seconds,
and then the MGP consumption rate suddenly decreases. The reason for this can be
found in the graphs showing the exterior oxygen concentration: due to deactivation
the reaction is no longer oxygen transport limited, and the oxygen concentration
increases rapidly after 20 seconds. This implies that the productivity might be
increased by reducing oxygen transfer from the gas phase to the catalyst
proportionally, e.g. by decreasing the impeller stirring rate. It is expected that catalyst
deactivation is about as fast as under intrinsic kinetic conditions, since the adsorbed
oxygen coverage (which determines the deactivation rate) is close to unity for most of
the catalyst, as is the case under intrinsic conditions. The MGP consumption rate
plots in figure 6.3 (top figures) clearly show that the catalyst productivity is highest for
the shortest oxidative period (100 s). Slightly higher productivities are probably found
for even shorter oxidative periods. This is also demonstrated in table 6.2:
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Parameter

Value

oxidation time (s)
min. reduction time (s)
production (mol kg-1)
prod. rate (mmol kg-1 s-1)
prod. rate (mol s-1)

1000
148
1.70
1.48
0.208

500
85
1.30
2.22
0.311

250
64
0.912
2.90
0.407

100
54
0.542
3.52
0.492

Table 6.2. Simulated redox-cycles for the process design discussed in section 6.3.1 using
oxygen as gaseous feed, with four different oxidation periods (1000, 500, 250, and 100
seconds). Minimal reduction time, NaMG production per kg catalyst per redox-cycle,
average NaMG production rate per kg catalyst, and average NaMG production rate for the
entire process.

The advantages of a shorter oxidation period are obvious: less platinum surface
oxide is formed, the average catalyst activity is higher, and the time required for
catalyst activation is shorter. However, an actual stirred slurry reactor will require
some time to reach its new stirring rate, and some time for the gas phase and liquid
phase to separate. The latter will slow down the catalyst reactivation process, and
make it impossible to work with high frequency redox-cycles (oxidation period shorter
than 100 seconds).
Stream
MGP and NaOH feed
gaseous feed
gaseous reactor outlet
liquid reactor outlet
product stream
recycle stream

MGP
0.0956
0
0
0.8605
0
0.8605

NaMG
0
0
0
0.1133
0.1133
0

NaOH
0.0197
0
0
0
0
0

O2
0
0.0527
0.0369
0.0001
0
0.0001

H2O
0.4084
0
0.0051
4.2107
0.4211
3.7896

Table 6.3. Time averaged process streams (see figure 6.1) for the process discussed in
section 6.3 [kg s-1]. Redox-cycle with oxidative period 100 s, and reductive period 54 s.

It was assumed throughout this process design that the MGP feed was adjusted to
the sodium hydroxide consumption, in order to maintain constant MGP and NaMG
concentrations in the reactor. However, since the average liquid residence time (2.0
ks) is 13 times larger than the time involved in one redox-cycle (154 s), the variation
in MGP and NaMG concentrations will be minimal at constant liquid feed rate. Only
0.4% variation in NaMG concentration was observed by Vleeming [1997] for a 650 s
redox-cycle (500 s oxygen feed + 150 s nitrogen feed) at 10 ks liquid residence time.
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The gaseous outlet is mainly oxygen, which is (partly) recirculated. The annual
NaMG production of the present process (details given in tables 6.1, 6.2, and 6.3),
assuming 7000 hours on stream per year, and choosing the shortest oxidative period
(100 s) is 1.24∙107 mol, which is equivalent with 2854 metric tons.

6.3.3 Heat effects
The selective oxidation of MGP towards MG is an exothermic reaction. The reaction
enthalpy for the oxidation of MGP towards MG, and subsequent neutralisation of MG
towards NaMG (equation 6.1) is estimated to be –409 kJ mol-1. This value was used
by Pinxt [1997] for the oxidation and subsequent neutralisation of propylene glycol
towards sodium lactate, which involves rupture and formation of the same number
and type of bonds. In theory, heat could accumulate in the catalyst particles,
accelerating the reaction, which could finally result in a thermal runaway. However,
as Vleeming [1997] and Pinxt [1997] demonstrated for similar reaction systems, the
heat produced by the reaction is very efficiently dissipated by intra-particle and liquidsolid heat transfer, and the effect of heat accumulation in the particles on the reaction
rate is negligible.
The macroscopic heat effects of MGP oxidation have to be taken into account when
considering the reactor heat balance. The heat capacity of MGP and NaMG is
assumed to be 1.3 kJ kg-1 K-1 [van den Tillaart, 1989]. The heat capacities for the
other compounds are: oxygen 0.917 kJ kg-1 K-1, nitrogen 1.040 kJ kg-1 K-1, liquid
water 4.181 kJ kg-1 K-1, water vapour 1.865 kJ kg-1 K-1, graphite 0.711 kJ kg-1 K-1, and
sodium hydroxide 1.489 kJ kg-1 K-1 [Atkins, 1988]. The vaporisation enthalpy of water
is 44.02 kJ mol-1 [Atkins, 1988]. The heat balances are evaluated, using the process
design parameters chosen in section 6.3.1 (table 6.1) and a 100 seconds oxidation
period (see table 6.2). The liquid and gas feeds are assumed to be at 20 °C and
ambient pressure. The gas feed is assumed to contain no water. The reactor, the
electrodialysis separator, and all flows leaving them (including recycle and product
streams) are assumed to be at the same temperature (60 °C). Energy loss towards
the environment is neglected.
The difference between the heat produced by the reaction and the heat necessary for
water evaporation and heating the feed streams to the reactor temperature, as
calculated using equation 6.10, determines whether the reactor needs to be cooled
or heated:
− Q = ΣFw,i c P ,i ∆T + R w c cat V L ∆ r H − FH 2O , g ∆H vap

(6.10)
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The average reaction rate Rw is 3.52 mmol kg-1 s-1, resulting in an average liquid feed
flow of 0.524 kg s-1. Heating the liquid feed from 20 °C to 60 °C requires 74.4 kW.
Heating the gas feed from 20 °C to 60 °C requires 1.9 kW, and water evaporation
requires 0.2 kW. The reaction supplies 201.4 kW, which means that 124.8 kW
cooling power is required to keep the reactor at 60 °C. This can be achieved by either
cooling the reactor exterior (surface about 40 m2) or inserting cooling tubes. If only
the reactor exterior is used as a heat exchanger, and cooling water of 20 °C is used,
the heat transfer coefficient U (Q = U A ∆T) must exceed 78 W m-2 K-1. For double
jacketed stirred tank reactors, U lies between 60 and 350 W m-2 K-1 [Trambouze et
al., 1988]. This indicates that heat transfer is probably sufficient in this type of
reactors. Complete conversion of 10 m3 1000 mol m-3 MGP solution towards NaMG
produces 4.09 GJ reaction heat, which would increase the reactor temperature 106 K
in the absence of heat transfer towards feed streams or the environment. However,
stopping the oxygen feed quickly quenches the reaction, making the process quite
safe.

6.3.4 Alternative reactor configurations
Other interesting reactor configurations for platinum catalysed selective oxidation of
alcohols are briefly discussed in this section. These include fixed bed reactors,
monolith reactors, and bubble columns.
Since oxygen transfer to the catalyst is a critical factor, the best operating mode for a
fixed catalyst bed would be a trickle bed, in which the catalyst is exposed to both the
alcohol solution and gaseous oxygen. The platinum catalyst should be reactivated
periodically, which can be achieved by purging oxygen from the reactor, replacing it
by an inert gas, i.e. nitrogen. Several structured catalyst packings have been
proposed in order to increase the contact surface between the catalyst and the fluid
phases, e.g. the bead-string reactor [Calis et al., 1998]. A problem which needs to be
solved is pH control, which is rather difficult in a fixed bed.
Monolithic catalysts have attracted attention for their favourable hydrodynamic, mass
transfer, and scale-up properties [Irandoust et al., 1998; Andersson et al., 1998;
Lebens et al., 1999]. The use of a fixed catalyst on a conducting support (e.g.
graphite) also opens up the possibility to apply the redox-cycle to the catalyst by
electrochemical means. Two options need evaluation: reduction of the over-oxidised
catalyst by applying a short low potential, and oxidation of carbonaceous residue by
shortly applying a high potential [Kluytmans et al., 2000].
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For large scale oxidations slurry bubble columns might be the best option. The gasliquid mass transfer properties of bubble columns are favourable [Trambouze et al.,
1988]. One option for catalyst reactivation is stopping the gas feed periodically. As
Kluytmans et al. [2000] suggested, the redox-cycle can also be implemented into a
bubble column, operated as a gas lift loop reactor. The catalyst travels through an
aerobic zone (the riser), and an anaerobic zone (the downcomer), in which
reactivation takes place. This elegant solution has the advantage of being a
completely continuous process.

6.4

Conclusions

A process design for the platinum catalysed selective oxidation of methyl α-Dglucopyranoside (MGP) towards 1-O-methyl α-D-glucuronic acid has been
developed, based on the kinetic model ME constructed in chapter 5. For this
purpose, the kinetic model was built into a diffusion model for the porous catalyst.
The reactor used was a continuous flow stirred slurry tank reactor. Deactivation of the
catalyst by over-oxidation (formation of inactive platinum oxide) was overcome by
cyclic exposure of the catalyst to reductive and oxidative conditions, a so-called
redox-cycle. This was achieved by a temporary decrease of the reactor stirring rate,
thus decreasing gas-liquid oxygen transfer significantly. This treatment is sufficient
for catalyst reactivation to take place at a very short time scale (54 seconds), and
makes it attractive to operate at high redox-cycle frequencies.
The most productive option uses oxygen as gas feed, and a redox-cycle consisting of
100 seconds oxidation period and 54 seconds reduction period. The annual
production achieved in a 20 m3 reactor is 2854 metric tons sodium 1-O-methyl α-Dglucuronate. This production might be increased by introducing an additional control
loop, decreasing the impeller stirring rate (and thus oxygen transfer towards the
catalyst) as the catalyst deactivates. Another option is to use a catalyst that is less
vulnerable towards poisoning, e.g. a graphite supported platinum catalyst that is
promoted with lead, tin or bismuth. It should be investigated whether poisoning by
carbonaceous residue is reversible under certain conditions. This might introduce the
possibility of a reverse redox-cycle: alcohol dehydrogenation under oxygen transport
limited conditions, alternated with an oxidative period during which poisons are
oxidised.
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7

Conclusions and outlook

In the work described in this thesis platinum catalysed selective oxidation of alcohols
has been investigated, with the emphasis on catalyst deactivation and kinetics. The
investigated reactions were the selective oxidation of methyl α-D-glucopyranoside
(MGP) towards 1-O-methyl α-D-glucuronic acid (MG), and of cyclohexanol (CL)
towards cyclohexanone (CN). Three experimental approaches have been used: in
situ catalyst characterisation under reaction conditions using XAFS (X-ray Absorption
Fine Structure) spectroscopy, electrochemical studies of the mechanisms of alcohol
oxidation and catalyst deactivation, and kinetic measurements in a stirred slurry
reactor.
In general, two different reaction operation regimes can be distinguished: the oxygen
transport limitation regime (oxygen transport towards the catalytic sites determines
the reaction rate) and the intrinsic kinetic regime (all concentrations are uniform
throughout the reactive system). The amount of oxygen present at the catalyst
surface has a large influence on the behaviour of the platinum catalyst, especially on
catalyst deactivation. The mechanisms involved in catalyst deactivation include
catalyst over-oxidation, catalyst poisoning, and corrosion.
The use of a purpose-built XAFS measurement cell and a carbon fibrils supported
platinum catalyst made it possible to observe the interaction of platinum with oxygen
and alcohols under various reaction conditions. Exposure of a reduced platinum catalyst to nitrogen saturated alcohol solutions (MGP or CL) leads to the formation of
strongly chemisorbed species, which also affects the morphology of the platinum
particles. The chemisorbed species have been identified as carbon containing residue by electrochemical methods. Catalyst poisoning under oxygen lean conditions
(the oxygen transport limitation regime) is attributed to this carbonaceous residue. A
poisoned catalyst can be reactivated by electrochemical oxidation of the carbonaceous residue, and possibly by exposure to aqueous oxygen as well.
The XANES (X-ray Absorption Near Edge Structure) and AXAFS (Atomic XAFS)
regions of platinum x-ray absorption spectra showed remarkable differences as a
function of pH. The AXAFS peak increased and its position shifted to lower interatomic distance with increasing pH. The changes in the XANES region indicated that
hydrogen adsorption is stronger at high pH, and that the platinum particle is more
negatively charged at high pH. Exposure of a reduced platinum catalyst to nitrogen
saturated pH 13 NH3 solution did not lead to changes in the platinum EXAFS, but
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subsequent exposure to oxygen saturated NH3 solution led to the formation of an
adsorbate that was identified as N.
Exposure of a reduced platinum catalyst to oxygen saturated solutions leads to the
formation of platinum surface oxide, as was observed using in situ EXAFS (Extended
XAFS) spectroscopy. In literature, this is often referred to as over-oxidation. The
platinum particles are not completely oxidised: a metallic core remains under all
circumstances. This oxide formation causes a significant decrease of the catalyst
activity, up to 80% after 2 hours. Electrochemical studies indicated that an oxidised
platinum surface site shows less than 0.2% of the activity of a metallic platinum
surface site for alcohol oxidation. An over-oxidised catalyst can be completely
reactivated by the reactant alcohol in absence of oxygen. As was observed using in
situ EXAFS, this catalyst reactivation implies reduction of the oxidised platinum
surface.
The reaction mechanism of platinum catalysed alcohol oxidation was studied in an
electrochemical cell using a platinised platinum electrode. It was observed that
adsorbed oxygen is not necessary for electrochemical alcohol dehydrogenation to
take place. Hence, it must be concluded that adsorbed oxygen is not involved in the
rate determining step of alcohol oxidation. Oxygen does play a role as electron
acceptor in catalytic alcohol oxidation, and its presence at the catalyst surface
increases the catalyst potential, thus increasing the alcohol dehydrogenation rate.
However, adsorbed oxygen also blocks active platinum sites that are necessary for
alcohol dehydrogenation. The presence of adsorbed oxygen prevents the formation
of poisoning carbonaceous residue.
Using the information obtained from EXAFS spectroscopy and electrochemical
experiments, kinetic models have been constructed, which describe platinum
catalysed selective oxidation of two alcohols: methyl α-D-glucopyranoside and cyclohexanol. The reaction products are sodium 1-O-methyl α-D-glucuronate and cyclohexanone, respectively. The models include platinum catalyst deactivation by overoxidation, and catalyst reactivation. Reaction rate data, that were obtained from
experiments in a stirred slurry reactor, were used to validate the models. The most
adequate description of the data was achieved with a model based on electrochemistry. As an example, the model equations for the oxidation of cyclohexanol
(CL) towards cyclohexanone (CN) are given below:
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O2 + 2 *
CL + *p
CN + *p
O* + *s
CL*p + *
ox* + H+ + 2 e- + *
O* + H+ + 2 e-

→
↔
↔
→
→
→
→

2 O*
CL*p
CN*p
ox* + *i
CN*p + 2 H+ + 2 e- + *
OH- + 2 *
OH- + *

CL + ½ O2

→

CN + H2O

(1)
(2)
(3)
(4)
(5)
(6)
(7)
overall reaction

The experimental data, including catalyst deactivation and in situ reactivation were
accurately described by the kinetic models. The kinetic models have been validated
with intrinsic kinetic data only, i.e. in absence of mass transfer limitations. Since
higher catalyst activity is expected under oxygen lean conditions, it would be
interesting to know whether the constructed models are applicable under those
conditions as well.
A process design for the platinum catalysed selective oxidation of methyl α-Dglucopyranoside (MGP) towards 1-O-methyl α-D-glucuronic acid has been
developed, based on a kinetic model constructed in chapter 5. The electrochemical
model for MGP oxidation, ME, was expanded with intra-particle oxygen diffusion, in
an attempt to make it suitable for oxygen transport limited conditions. The reactor
used was a continuous flow stirred slurry tank reactor. Deactivation of the catalyst by
over-oxidation (formation of inactive platinum oxide) was overcome by cyclic
exposure of the catalyst to reductive and oxidative conditions, a so-called redoxcycle. This was achieved by a temporary decrease of the reactor stirring rate, thus
decreasing gas-liquid oxygen transfer significantly. This treatment is sufficient for
catalyst reactivation to take place at a very short time scale (one minute), and makes
it attractive to operate at high redox-cycle frequencies. The annual production
achieved in a 20 m3 reactor is 2854 metric tons sodium 1-O-methyl α-D-glucuronate.
This production might be increased by introducing an additional control loop,
decreasing the impeller stirring rate (and thus oxygen transport towards the catalyst)
as the catalyst deactivates.
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Appendix 1. Reaction circumstances oxidation
experiments
Reaction circumstances in the MGP oxidation experiments in a stirred slurry reactor.
The concentrations mentioned are concentrations measured in the reactor effluent.
exp. cMGP

cNaMG

t (°C) pH

code (mol/m3) (mol/m3)

pO2

ckat

(kPa)

(kg/m3)

V1

89

11

50

8

10

2.00

V2

90.3

8.5

50

8

20

2.00

V3

82

8.8

50

8

40

2.00

V4

90

10

50

8

100

2.00

V5

17.5

2.3

50

8

40

2.00

V6

43.2

5.4

50

8

40

2.00

V7

181

18.4

50

8

40

2.00

V8

388

41

50

8

40

2.00

V9

10.8

9.2

50

8

40

2.00

V10

417

10

50

8

40

2.00

V11

92.8

2.6

50

8

40

2.00

V12

70

24

50

8

40

2.00

V22

86.5

10.2

30

8

40

2.00

V23

86.5

10.3

40

8

40

2.00

V24

87.5

9.8

60

8

40

2.00

M1

5.601

0.795

50

8

100

2.16

M2

80.19

11.26

50

8

100

2.91

M3

39.93

5.751

60

8

100

2.09

M4

39.46

5.504

30

8

100

2.14

M5

39.45

5.409

40

8

100

2.13

M6

420.4

21.8

50

8

100

5.02

M7

47.42

4.94

50

8

20

2.02

M8

47.42

4.94

50

8

100

2.02

M9

35.96

16.25

50

8

100

9.95

M10

50.34

3.319

50

10

100

2.04

M11

47.67

5.751

50

6

100

2.04

Experiments V1-V24 from J.H. Vleeming, “Deactivation of carbon-supported platinum
catalysts during carbohydrate oxidation”, Ph.D. thesis, Eindhoven University of
Technology, Eindhoven (1997)

128

Platinum catalyst deactivation and reactivation during aqueous oxidation of alcohols

Reaction circumstances in the CL oxidation experiments in a stirred slurry reactor.
The concentrations mentioned are feed concentrations.
exp. cCL

cCN

t (°C) pH

code (mol/m3) (mol/m3)

pO2

ckat

(kPa)

(kg/m3)

C1

9.95

0.15

30

9

100

2.01

C2

200.2

0.42

40

9

100

2.02

C3

13.95

7.49

50

9

100

2.01

C4

98.57

96.32

30

9

100

10.01

C5

10.41

0

50

9

100

2.01

C6

49.22

50.6

30

9

100

10.01

C7

49.72

17.33

30

9

25

10.02

C8

97

0.35

40

9

100

2.01

C9

47.5

0.2

40

9

100

2.01

C10

269.14

0.51

40

9

100

2.01

C11

171.29

0.54

40

9

100

2.02

C12

10.12

0.06

40

9

100

9.94

C13

49.6

0.16

40

4.53

100

2.01

C14

49.71

0.18

40

6.04

100

2.01

C15

50.21

0.12

40

7.55

100

2.01

C16

49.68

0.15

40

10

100

2.00

C17

49.39

0.1

40

11.15

100

2.01

The experiments M1-M11 and C1-C17 have been performed using the catalyst
described in section 2.1 (Lt 0.037 mol kgcat-1). The experiments V1-V24 have been
performed using a graphite supported platinum catalyst with specific surface Lt 0.073
mol kgcat-1.

129

Appendices

Appendix 2. Reactor model equations
The equations used for reactor simulations in chapters 5 and 6 are given for three
models: MB, ME (both for methyl α-D-glucopyranoside oxidation), and CLE (for
cyclohexanol oxidation). The differential equations are solved using a routine from
the NAG (Numerical Algorithms Group) Fortran library, which is suited for stiff equations: D02EJF. Regression of experimental data is performed using the Marquardt
routine ODRPACK. Symbols are explained in Appendix 3. Since all parameters are
more or less correlated, it is recommended not to free all parameters at once.
Model MB:
The details of model MB are discussed in section 5.2.2. The differential equations
below describe the adsorbed oxygen coverage (A2.1), oxide coverage (A2.2),
oxygen partial pressure (A2.3), and dissolved oxygen concentration (A2.4),
respectively. Other equations can be found in section 5.2.2.

dθ O
= 2 k 1 c O 2θ *2 − k 4θ O (1 − θ ox ) − 2 k 5θ MGP θ Oθ * + k 6θ ox exp( − g SO θ O )
dt

(A2.1)

d θ ox
= k 4θ O (1 − θ ox ) − k 6θ ox exp( − g SOθ O ) − 2 k 7θ MGP θ ox
dt

(A2.2)

dp O 2 Fm RT
( pO 2,in − pO 2 ) − p tot − pO 2 RTV L k GL a ( p O 2 H O 2 − cO 2 )
=
dt
p tot VG
p tot
VG

(A2.3)

dc O 2
= k GL a( p O 2 H O 2 − cO 2 ) − c cat Lt k1c O 2θ *2
dt

(A2.4)

Starting values for k1, K2, K3, and k5 can be found by regression of initial MGP
oxidation rates using the estimation below:

R MGP ,init


k 5θ MGP
= Lt k 1 c O 2 
 k 1 c O 2 + k 5θ MGP





2

(A2.5)

Model ME:
The details of model ME are discussed in section 5.2.2. The differential equations
below describe the adsorbed oxygen coverage (A2.6), oxide coverage (A2.7),
oxygen partial pressure (A2.8), and dissolved oxygen concentration (A2.9),
respectively. Auxiliary equations describing the catalyst potential (A2.10) and the
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MGP oxidation rate (A2.11) are given as well. Other equations can be found in
section 5.2.2.

dθ O
EF
= 2 k 1 c O 2θ *2 − k 4θ O (1 − θ ox ) − k 10θ O c H + exp( −
)
dt
RT

(A2.6)

dθ ox
EF
= k 4θ O (1 − θ ox ) − k 9θ oxθ * c H + exp( −
)
dt
RT

(A2.7)

dpO 2 Fm RT
( pO 2,in − pO 2 )− ptot − pO 2 RTVL kGL a ( pO 2 H O 2 − cO 2 )
=
dt
ptotVG
ptot
VG

(A2.8)

dcO 2
= k GL a( pO 2 H O 2 − cO 2 ) − ccat Lt k1cO 2θ *2
dt

(A2.9)

E=

RT  c H + (k 10θ O + k 9θ oxθ * ) 

ln
2 F 
2k 8θ MGP θ *


R MGP = Lt k 8θ MGP θ * exp(

EF
)
RT

(A2.10)

(A2.11)

Model CLE:
The details of model CLE are discussed in section 5.3.3. The differential equations
below describe the adsorbed oxygen coverage (A2.12), oxide coverage (A2.13),
oxygen partial pressure (A2.14), the dissolved oxygen concentration (A2.15), and the
concentrations of cyclohexanol (A2.16) and cyclohexanone (A2.17) in the liquid,
respectively. Auxiliary equations describing the catalyst potential (A2.18) and the CL
oxidation rate (A2.19) are given as well. Other equations can be found in section
5.3.3.

dθ O
EF
= 2 k 1 c O 2θ *2 − k 4θ O (1 − θ ox ) − k 7θ O c H + exp( −
)
dt
RT

(A2.12)

dθ ox
EF
= R 4 − R6 = k 4θ O (1 − θ ox ) − k 6θ oxθ * c H + exp( −
)
dt
RT

(A2.13)

dp O 2 Fm RT
( pO 2,in − pO 2 ) − p tot − pO 2 RTV L k GL a ( p O 2 H O 2 − cO 2 )
=
dt
p tot VG
p tot
VG

(A2.14)

dc O 2
= k GL a( p O 2 H O 2 − cO 2 ) − c cat Lt k1c O 2θ *2
dt

(A2.15)
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dc CL Fin c CL , feed − Fout cCL − Wcat RCL
=
dt
VL

(A2.16)

dc CN Fin c CN , feed − Fout c CN + Wcat RCL
=
dt
VL

(A2.17)

E=

RT  c H + (k 7θ O + k 6θ oxθ * ) 

ln
2 F 
k 5θ CLθ *


R CL = L t R 5 = L t k 5θ CL θ * exp(

EF
)
RT

(A2.18)

(A2.19)
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Appendix 3. List of symbols
Roman symbols
a
A
Ao
AS
c
CL
CN
cP

volumetric surface area
surface area
pre-exponential Arrhenius factor
Pt-H anti-bonding state
concentration
cyclohexanol
cyclohexanone
heat capacity

CWP
d
D
E
E
Ea
F
F
FA
FT
gSO
H
H
k
k
ki
Ki
LII
LIII
Lt
MAGP
MG
MGP
N
NaMG
NI

Weisz-Prater criterion
diameter
diffusion coefficient
potential
photon energy
energy of activation
flow rate
Faraday’s constant
sodium formate (HCOONa)
Fourier transform
oxide reduction feedback parameter
Henry coefficient
enthalpy
mass transfer coefficient
wave number
reaction rate coefficient
equilibrium constant
transition from 2p1/2 to 5d3/2 orbital
transition from 2p3/2 to 5d5/2 or 5d3/2 orbital
weight specific catalyst surface
methyl α-D-6-aldehydoglucopyranoside
1-O-methyl α-D-glucuronic acid
methyl α-D-glucopyranoside
coordination number
sodium 1-O-methyl α-D-glucuronate
impeller revolution speed

m2 m-3
m2
s-1
mol m-3

J mol-1 K-1 or
J kg-1 K-1
m
m2 s-1
V
eV
J mol-1
m3 s-1 or mol s-1
C mol-1

mol m-3 Pa-1
J mol-1
m s-1
Å-1
var.

mol Pts kgcat-1

s-1
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NP
OA
p
PG
pH
pKa
PU
Q
R
R
Ri
Rw
Re
Sc
Sh
t
T
U
uG
V
VB
W

impeller power number
sodium oxalate ((COONa)2)
pressure
impeller power gassed reactor
-10log(proton concentration)
-10log(acid dissociation constant)
impeller power ungassed reactor
heat production
gas constant
coordination distance
surface specific reaction rate
weight specific reaction rate
Reynolds number
Schmidt number
Sherwood number
time
temperature
heat transfer coefficient
superficial gas velocity
volume
valence band (Pt 5d5/2)
weight

Pa
W

W
W
J mol-1 K-1
Å
mol mol Pts-1 s-1
mol kgcat-1 s-1

s
K or °C
W m-2 K-1
m s-1
m3
kg

Greek symbols
∆
∆σ2
ε
η
θ
µ
ν
ρ
τ
χ

change
Debye-Waller factor
porosity
catalyst effectivity factor
surface coverage
dynamic viscosity
stoichiometric factor
volumetric mass
tortuosity
conversion

Superscripts
eff
sat
TEM

effective
saturation
transmission electron microscopy

m2
mG3 mcat-3

kg m-1 s-1
kg m3
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Subscripts
*
*,p
*,s
calc
cat
CL
CN
corr
exp
feed
G
GL
H+
I
in
L
LS
m
MAGP
MG
MGP
NaMG
NaOH
O
O2
out
ox
p
r
R
RHE
S
s
SHE
v
vap
w
X

free adsorption site
free physisorption site
free site for oxide formation
calculated
catalyst
cyclohexanol
cyclohexanone
correction
experimental
feed
gas
gas-liquid
proton
impeller
inlet
liquid
liquid-solid
molar
methyl α-D-6-aldehydoglucopyranoside
1-O-methyl α-D-glucuronic acid
methyl α-D-glucopyranoside
sodium 1-O-methyl α-D-glucuronate
sodium hydroxide
adsorbed oxygen
oxygen
outlet
surface oxide
particle
reaction
reactor
reversible hydrogen electrode
solid
surface area averaged
standard hydrogen electrode
volumetric
vaporisation
by weight
related to compound X
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Appendix 4. Reactor specifications
I.
reactor
dI
NI
NP
uG
VL
catalyst
ccat
dp
εp
ρp
τp

Laboratory reactor

impeller diameter
impeller revolution speed
impeller power number
superficial gas velocity
liquid volume

value
reference
0.045 m
16.7 s-1
5
[Bates et al., 1963]
-3
-1
2∙10 m s
3.5∙10-4 m3

catalyst concentration
(maximum) particle diameter
particle porosity
particle volumetric mass (wet)
particle tortuosity

value (range)
2-10 kg m-3
15 µm
0.40
1750 kg m-3
4

transport properties
DCL
diffusion coefficient of
cyclohexanol in water
DMGP
diffusion coefficient of methylα-D-glucopyranoside in water
diffusion coefficient of oxygen
DO2
in water
Henry coefficient
HO2
gas to liquid mass transfer factor
kGL,O2aGL
µL
liquid dynamic viscosity
ρL
liquid volumetric mass

value (range) reference
0.72-1.3∙10-9 m2 s-1
0.61-1.2∙10-9 m2 s-1
1.7-3.5∙10-9 m2 s-1
0.86-1.2∙10-5 mol m-3 Pa-1 [Lide, 1998]
0.50 s-1
[van den Tillaart, 1994]
-4
5.0-8.9∙10 Pa s
986-1019 kg m-3
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dI
dR
NI
NP
uG
VG
VL
catalyst
ccat
dp
εp
ρp
τp
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Reactor process design

impeller diameter
reactor diameter
impeller revolution speed
impeller power number
superficial gas velocity
gas volume
liquid volume

value
reference
0.78 m
2.34 m
3.5 s-1
5
[Bates et al., 1963]
-2
-1
1.1∙10 m s
10 m3
10 m3

catalyst concentration
(maximum) particle diameter
particle porosity
particle volumetric mass (wet)
particle tortuosity

value (range)
14 kg m-3
15 µm
0.40
1750 kg m-3
4

transport properties
DMGP
diffusion coefficient of methylα-D-glucopyranoside in water
DO2
diffusion coefficient of oxygen
in water
Henry coefficient
HO2
kGL,O2aGL
gas to liquid mass transfer factor
µL
liquid dynamic viscosity
liquid volumetric mass
ρL

value
7.5∙10-10 m2 s-1

reference

2.2∙10-9 m2 s-1
8.6∙10-6 mol m-3 Pa-1 [Lide, 1998]
0.20 s-1
7.6∙10-4 Pa s
1053 kg m-3

R.L. Bates, P.L. Fondy and R.R. Corpstein, Ind. Eng. Chem. Process Des. Dev., 2
(1963) 310
D.R. Lide ed., “CRC Handbook of Chemistry and Physics”, 79th Ed., CRC Press,
Boca Raton (1998)
J.A.A. van den Tillaart, “Platinum catalysis with oxygen in water. Catalyst
characterization and kinetics of partial ethanol oxidation”, Ph.D. thesis, Eindhoven
University of Technology, Eindhoven (1994)
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Appendix 5. Pore diffusion simulation
The MGP oxidation rate in a porous catalyst is calculated using to the differential
equations below. Since the active platinum sites are only present in the outer 50% by
volume of the catalyst, reaction only takes place in a thin layer. This layer is approximated by a flat plate. Deff is assumed to be 10% of the O2 diffusion coefficient in
water.

dc O 2
d 2 cO 2
d 2 cO 2
= − D eff
− 2 Lt ,eff ρ cat R1 = − D eff
− 2 Lt ,eff ρ cat k 1 c O 2θ *2
dt
dx 2
dx 2

(A5.1)

dθ O
EF
= R1 − R10 = k 1 c O 2θ *2 − k10θ Oθ * c H + exp( −
)
dt
RT

(A5.2)

Catalyst deactivation, i.e. the formation of platinum oxide, and the reduction of
platinum oxide (reactions 4 and 9 in table 5.2) are reactions that are much slower
than the reactions considered here. Therefore the oxide coverage θox is assumed
constant. The oxide coverage influences the effective catalyst surface Lt according to
equation A5.3:

Lt ,eff = Lt (1 − θ ox ) 2

(A5.3)

The volume specific MGP oxidation rate Rv,MGP is calculated using equation A5.4:

Rv , MGP = 2 Lt ,eff ρ cat k 8θ MGPθ * exp(

EF
)
RT

(A5.4)

The catalyst potential E, which is used in equations A5.2 and A5.4, is obtained from
equation A5.5, which is a simplification of equation 5.5.
E=

RT  c H + k10θ O 

ln
2 F  2k 8θ MGPθ * 

(A5.5)

The fraction of free adsorption sites θ* follows from the site balance: θ* = 1 - θO - θox.
The equations were solved using a Matlab program written by Berend van Wachem.
The boundary conditions were:
•
•

at x=0 (the particle surface) cO2 = cO2,outside
at x=1.55 µm (the border of the active zone of the catalyst) dcO2/dt = 0
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In order to reduce calculation time, the catalyst was described as 50 equal ideally
mixed layers. It should be noted that the time step should be chosen small enough: in
this work 1200 steps of 0.05 seconds each were used.
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Appendix 6. Reactor simulation equations
The process design described in chapter 6 has been simulated using the equations
below. The equations were solved using the program Polymath. Equation A6.2 is the
empirical correlation for MGP oxidation rates under oxygen transfer limited conditions
that was constructed in section 6.3.1.
2F , c 2
dcO 2
= K ( pO 2 H O 2 − cO 2 ) − v MGP O − ccat RMGP
dt
VL

(A6.1)

R MGP = ( 4.09 − 5.09 exp( −151c O 2 ) + 6.69 exp( −18.9 c O 2 − 0.132 + 0.197θ ox ))(1 − θ ox ) 2 10 −3
(A6.2)

dθ ox
= k 4 (1 − θ ox ) 2
dt
V c R
Fv , MGP = L cat MGP
c NaOH

(A6.3)
(A6.4)
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