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SAMENVATTING 

De aandacht voor het gebruik van agrarische producten, zoals koolhydraten, als 
grondstof voor de chemische industria, is in de laatste jaren sterk toegenomen. 
Dergelijke processen hebben namelijk het voordeel dat hernieuwbare grondstoffen 
worden gebruikt en dat de producten veelal goed biologisch afbreekbaar · en 

biocompatibel zijn. Bovendien kennen de producten een breed toepassingsgebied. 
Selectieve oxidatie is een belangrijke eerste stap om koolhydraten om te zetten naar 
hoogwaardige producten voor toepassingen in onder andere wasmiddelen, papier, 
farmaceutica, cosmetica en voedingsmiddelen. 

In het in dit proefschrift beschreven onderzoek is de selectieve oxidatie van 
methyl a-D-glucopyranoside, octyl a-D-glucopyranoside en a-cyclodextrine met 
moleculaire zuurstof over koolgedragen platinakatalysatoren onderzocht als model
systeem voor de oxidatie van koolhydraten in waterig milieu. Waardevolle informatie 
werd verkregen over de platina-gekatalyseerde oxidatie van koolhydraten en de 

deactivering van platinakatalysatoren in vloeistoffasereacties. De resultaten zijn 
gebruikt voor het antwerp van een industrieel proces onder periodieke operatie. 

Voor de door platina gekatalyseerde oxidatie van alkyl a-D-glucopyranosides tot 
1-0-alkyl glucuronaten kan bij lage conversie een selectiviteit van meer dan 95% 
worden gehaald. Bij een hoge conversie van 80% bedraagt de selectiviteit nog altijd 
meer dan 85%, maar de selectiviteit neemt af met toenemende pH. Een vereen
voudigd reactieschema wordt gepresenteerd, dat de vorming van bijproducten ver
klaart. Mono- en dicarboxylaten worden gevormd door de oxidatie van secundaire 
hydroxylgroepen, C-C-band splitsing en hydrolyse. De selectiviteit voor 1-0-alkyl 
glucuronaat is hoger voor een grotere alkylsubstituent. 

Vier belangrijke oorzaken voor katalysatordeactivering kunnen worden onder
scheiden: platinadeeltjesgroei, bedekking van de actieve centra door koolhoudende 
verbindingen, platinaverlies en zogenoemde over-oxidatie van de katalysator. Voor 
de bestudering van de deactiveringsmechanismen zijn platinakatalysatoren met 
grafiet, actieve kool en kooldraden als drager gebruikt. De katalysatoren werden 
gekarakteriseerd met ex-situ technieken, zoals transmissie electronenmicroscopie, 
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Rontgendiffractie, chemisorptie- en fysisorptietechnieken, en in-situ technieken zoals 
cyclische voltammetrie en open-circuit potentiaalmetingen. 

Tijdens de oxidatiereactie kan deactivering als gevolg van platinadeeltjesgroei, 
bedekking van de actieve centra door koolhoudende verbindingen en metaalverlies 

verwaarloosd worden op een tijdschaal van dagen. De mate waarin deze katalysator
modificaties optreden hangt namelijk sterk af van de omgeving waarin de katalysator 
zich bevindt. Behandeling van de katalysator in vloeistoffase onder een stikstof- of 

zuurstofatmosfeer leidt niet tot significante katalysatormodificaties, maar onder een 

waterstofatmosfeer vindt een substantieel verlies plaats van het actieve platina
oppervlak, met name bij hoge pH en temperatuur. Dit wordt veroorzaakt door platina

deeltjesgroei en bedekking van de actieve centra door koolhoudende verbindingen. 
Dit vindt plaats als gevolg van de vernietiging van de zuurstofhoudende oppervlakte

groepen, die bepalend zijn voor de platina-drager-interactie. Hierdoor wordt migratie 
van platinadeeltjes mogelijk die plaatsvindt met een snelheid corresponderend met 
een diffusiecoefficient van 0.2 10'18 m2 s·1

• Als gevolg hiervan ontstaan aggregaten 

van platina en wordt door aggregatie van platinadeelljes deeltjesgroei veroorzaakt. 
Bedekking van actieve centra door koolhoudende verbindingen kan ook optreden als 
de katalysator langdurig wordt blootgesteld aan een zuurstofvrije koolhydraat

oplossing. 

Gedurende de oxidatie van methyl a-D-glucopyranoside wordt de belangrijkste 
oorzaak van deactivering gevormd door zogenaamde over-oxidatie, die plaatsvindt 

op een tijdschaal van uren. Over-oxidatie Qaat gepaard met een langzame toename 

van de katalysatorpotentiaal, hetgeen een toename van de zuurstofbedekkingsgraad 
op het platinaoppervlak aangeeft. Over-oxidatie wordt toegekend aan de langzame 

transformatie van zuurstofadatomen in inactieve zuurstof. Deactivering door. over
oxidatie is geheel reversibel, aangezien de reactiesnelheid volledig kan worden 
hersteld door een in-situ reductie van de katalysator. Dit kan worden bereikt door 
zuurstof tijdelijk uit de vloeistoffase te verwijderen, waardoor het platinaoppervlak 
gereduceerd wordt door het koolhydraat via reactie met geadsorbeerd zuurstof. 

De kinetiek van de selectieve oxidatie van methyl a-D-glucopyranoside inclusief 
deactivering door over -oxidatie van de katalysator is bestudeerd in een speciaal voor 

dit doel ontwikkelde continue drie-fase slurryreactor. De experimenten werden 
uitgevoerd onder goed gedefinieerde condities door regeling van de reactor

temperatuur, druk, reactievolume en vloeistofsamenstelling, die constant werden 
gehouden ondanks de optredende deactivering. In dit onderzoek werd de concentratie 
methyl a-D-glucopyranoside gevarieerd van 11 tot 427 mol m·3

, de concentratie van 

methyl a-D~6-aldehydopyranoside van 0.2 tot 6.6 mol m·3, de concentratie van 1-0-
methyl a-D-glucuronaat van 1.5 tot 6.6 mol m..s, de zuurstofpartiaaldruk van 10 tot 100 

kPa, de pH van 8.0 tot 10.0 en de temperatuur van 303 tot 333 K. Er is geverifieerd 
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dat onder deze condities er geen significante invloed is van massa- en warmte
transportlimiteringen. 

Een kinetisch model van het Langmuir-Hinshelwood type wordt gepresenteerd, 
dat zowel de kinetiek van de reactie als de deactivering door over-oxidatie beschrijft 
voor de platina-gekatalyseerde selectieve oxidatie van methyl a-D-glucopyranoside 
tot natrium 1-0-methyl a-D-glucuronaat. De snelheidsbepalende stap in de selectieve 
oxidatie bestaat uit de reactie tussen het dissociatief gechemisorbeerde zuurstof en 
gefysisorbeerd methyl a-D-glucopyranoside. Het over-oxidatie proces kan het best 
worden beschreven door een reversibele transformatie van aan het platinaoppervlak 
gechemisorbeerd zuurstof in inactief 'subsurface' zuurstof. 

In het model wordt een duidelijk onderscheid gemaakt tussen de snelle 
evenwichtsinstelling van de bedekkingsgraden van de reactieve intermediairen aan 
het platinaoppervlak en het langzame over-oxidatie proces. Dit komt tot uitdrukking 
in de reactievergelijking, die kan worden geschreven als het product van een initiele 

snelheid en een deactiveringsfunctie. De deactiveringsfunctie wordt beschreven als 
functie van de bedekkingsgraad door inactief zuurstof. 

Schatting van de Arrhenius-parameters laat zien dat voor de snelheidsbepalende 
stap in de selectieve oxidatie de standaard activeringsentropie -111 ± 12 J mor1 K"1 

en de standaard activeringsenthalpie 51 ± 4 kJ mol"1 bedragen. De standaard reactie
entropie en -enthalpie voor de transformatie van zuurstofadatomen in inactief 
'subsurface' zuurstof zijn respectievelijk gelijk aan -35 ± 16 J mol·1 K"1 en -36 ± 15 
kJ mol"1

• De evenwichtsconstanten voor de adsorptie van methyl a-D-glucopyranoside 
en 1-0-methyl a-D-glucuronaat Iaten geen significante temperatuurafhankelijkheid 
zien, zoals verwacht mag worden voor een fysisorptiestap. 

De katalysatordrager heeft een grater effect op de turnoverfrequentie, die wordt 

berekend als de reactiesnelheid per oppervlak-platina-atoom, dan de platinadeelijes
diameter. Voor een platinadeeltjesdiameter tussen 1.4 en 3.0 nm bedraagt het 
maximale verschil in turnoverfrequentie slechts 35%, terwijl de turnoverfrequentie 
voor een actieve kool of kooldraden gedragen platinakatalystor 3 tot 7 maal groter is 

. dan wanneer grafiet als drager wordt gebruikt. Het dragereffect wordt toegeschreven 
aan het verschil in hydrofiel karakter van de drager, hetgeen de affiniteit van de 
katalysator voor de waterfase en de adsorptie van koolhydraten op het platina
. oppervlak be"invloedt. 

De katalysatoractiviteit neemt sterk af met toenemende molecuulgrootte van het 
te oxideren koolhydraat. De initiele reactiesnelheid van octyl a-D-glucopyranoside is 

10 maal en van a-cyclodextrine 100 maal kleiner dan van methyl a-D
glucopyranoside. Dit kan niet worden toegeschreven aan interne transportlimitering, 
maar is het gevolg van adsorptie-effecten. 
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Een economisch interessant industrieel reactorontwerp wordt gepresenteerd voor 
de platina-gekatalyseerde oxidatie van methyl a-D-glucopyranoside tot natrium 1-0-
methyl a-D-glucuronaat. Om deactivering door over-oxidatie tegen te gaan wordt het 
proces periodiek uitgevoerd door na een oxidatieperiode van 500 s de katalysator 
gedurende 150 s te reduceren. Op deze manier kan een hoge gemiddelde productie
snelheid worden gerealiseerd. De katalysatorkosten per massaeenheid geproduceerd 

natrium 1-0-methyl a-D-glucuronaat hang en sterk af van de snelheid van irreversibele 
deactivering en zijn geschat op 0.12 tot 0.25 US$ kg·1

. · 



SUMMARY 

In recent years there is a growing interest in the application of agricultural 
products, like carbohydrates, as feedstock for the chemical industry. There are 
advantages in these processes, because they are based on renewable resources and 
the biodegradability and biocompatibility of the products is generally good. Moreover, 
many fields of product application can be mentioned. Selective oxidation of 
carbohydrates is an important first step towards valuable products, which can for 
instance be applied in detergents, paper, pharmaceutical products, cosmetics and 
food ingredients. 

In this thesis the selective oxidation of methyl a-0-glucopyranoside, octyl a-0-
glucopyranoside and a-cyclodextrin by molecular oxygen over carbon supported 
platinum catalysts was investigated as a model system for the aqueous phase 
selective oxidation of carbohydrates. This has provided valuable information about 
platinum catalyzed carbohydrate oxidation and deactivation of platinum catalysts in 
aqueous phase reactions. The results are used for the design of a periodically 
operated industrial process. 

At low conversion a selectivity of more than 95% can be reached for the platinum 
catalyzed oxidation of alkyl a-D-glucopyranosides to 1-0-alkyl a-0-glucuronates. At 
a high conversion level of 80% the selectivity is still more than 85%, but the 
selectivity decreases with increasing pH. A tentative reaction scheme is presented, 
which accounts for the formation of side products. Mono- and dicarboxylic anions are 
formed through oxidation of secondary hydroxyl groups, C-C-bond cleavage and 
hydrolysis. The selectivity for 1-0-alkyl a-D-glucuronate is higher for a larger alkyl 
substituent. 

Four main causes of deactivation can be discerned: platinum particle growth, site 
covering by carbonaceous species, platinum leaching and so-called over-oxidation 
of the catalyst. The deactivation mechanisms were studied for graphite, activated 
carbon and carbon fibrils supported platinum catalysts. The catalyst were 
characterized by ex-situ techniques, such as transmission electron microscopy, X-ray 
diffraction and chemisorption- and physisorption techniques, and in-situ techniques, 
like cyclic voltammetry and open-circuit potential measurements. 
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During carbohydrate oxidation deactivation due to platinum particle growth, site 
covering by carbonaceous species and metal leaching can be neglected on a time 
scale of days. The extent to which these catalyst modifications occur strongly depend 
on the catalyst environment. Upon aqueous phase treatment in a nitrogen or oxygen 
atmosphere catalyst modifications are negligible, but in a hydrogen atmosphere 
substantial loss of active platinum surface area occurs, especially at high pH and 
temperature. This is due to platinum particle growth and site covering by 
carbonaceous species, which takes place as the result of the destruction of the 
oxygen containing support surface groups, which are responsible for the platinum 
support interaction. This enables platinum particle surface migration, taking place at 
a rate corresponding to a particle diffusion coefficient of 0.2 1 0"18 n12 s·1

• As a 
consequence platinum aggregates are created and particle growth oc9urs due to 
coalescence of platinum particles. Site covering by carbonaceous species also occurs 
when the catalyst is exposed to an oxygen free carbohydrate solution for a long 
period of time. 

During aqueous phase oxidation of methyl a-D-glucopyranoside the major cause 
of deactivation is so-called over-oxidation, which takes place on a time scale of hours. 
It coincides with a slow increase of the catalyst potential, indicating an increase of the 
oxygen coverage of the platinum surface. Over-oxidation is attributed to a slow 
transformation of oxygen into inactive, so-called subsurface oxygen species. 
Deactivation by over-oxidation is completely reversible, since the r;:~te can be 
completely recovered by an in-situ reduction of the catalyst This can be 
accomplished by temporary removal of oxygen from aqueous phase, allowing the 
carbohydrate to reduce the platinum surface via reaction with the adsorbed oxygen 
species. 

The kinetics of the selective oxidation of methyl a-D-glucopyranoside including 
deactivation by over-oxidation of the catalyst were studied in a specially designed 
continuous flow three-phase slurry reactor. The experiments were performed under 
well defined conditions by control of the reactor temperature, pressure, reaction 
volume and liquid composition, which were maintained constant despite qeactivation. 
In this investigation the concentration of methyl a-D-glucopyranoside was varied from 
11 to 427 mol m·3

, the concentration of methyl a-D-6-aldehydoglucopyranoside from 
0.2 to 6.6 mol m·3 , the concentration of 1-0-methyl a-D-glucuronate from 1.5 to 41 
mol m·3

, the oxygen partial pressure from 10 to 100 kPa, the pH from 8.0 to 10.0 and 
the temperature from 303 to 333 K. It was verified that at these conditions the 
measurements were not significantly influenced by mass or heat transport limitations. 

A Langmuir-Hinshelwood type of kinetic model is presented, which describes the 
reaction kinetics as well as the deactivation by over-oxidation for the platinum 
catalyzed selective oxidation of methyl a-D-glucopyranoside to sodium 1 ~0-methyl a

D-glucuronate. The rate determining step in the selective oxidation consists of the 



Summary 9 

reaction between dissociatively chemisorbed oxygen and physisorbed methyl a-D

glucopyranoside. The process of over-oxidation is most adequately described by the 
reversible transformation of oxygen adatoms into inactive subsurface oxygen. 

A clear distinction is made between the rapid establishment of the steady-state 
degree of coverage by the reaction intermediates at the platinum surface and the 
much slower process of over-oxidation. This clear distinction is reflected in the rate 
equation, which can be written as the product of an initial rate and a deactivation 
function. The deactivation function is given as a function of the degree of coverage 
by inactive subsurface oxygen. 

Assessment of the Arrhenius parameters reveals that for the rate determining step 
in the selective oxidation the standard activation entropy amounts to -111 ± 12 J mol·1 

K 1 and the standard activation enthalpy to 51 ± 4 kJ mol"1
. The standard reaction 

entropy and enthalpy for the transformation of oxygen adatoms into subsurface 
oxygen respectively amount to -35 ± 16 J mol·1 K 1 and -36 ± 1.5 kJ mol·1

• The 

equilibrium constants for the adsorption of methyl a-D-glucopyranoside and 1-0-
methyl a-D-glucuronate do not show a clear temperature dependence, as can be 
expected for a physisorption step. 

The catalyst support has a much stronger effect on the turnover frequency, which 
is calculated as the rate per surface platinum atom, than the platinum particle 
diameter. For a platinum particle diameter ranging from 1.4 to 3.0 nm the maximum 
variation of the turnover frequency amounts only to 35%, whereas the initial turnover 
frequency over an activated carbon or carbon fibrils supported platinum catalyst is 3-7 
times higher than when graphite is used as the catalyst support. The support effect 
is attributed to the difference in hydrophilic character of the support, which determines 
the affinity of the catalyst for the aqueous phase and influences the adsorption of 
carbohydrates on the platinum surface. 

The catalyst activity decreases strongly with increasing molecular. size of the 
carbohydrate to be oxidized. The initial rate of consumption of octyl a-D

glucopyranoside is 10 times and of a-cyclodextrin 1 00 times smaller than for methyl 
a-D-glucopyranoside. This cannot be attributed to internal transport limitations, but 
is likely to be due to adsorption effects. 

An economically interesting industrial reactor design is presented for the platinum 
catalyzed oxidation of methyl a-D-glucopyranoside to sodium 1-0-methyl a-D

glucuronate. In order to avoid deactivation by over-oxidation of the catalyst the 
process is operated periodically by reduction of the catalyst during 150 s after an 
oxidation period of 500 s. In this way a high average production rate can be 
maintained. The catalyst costs per unit mass of sodium 1-0-methyl a-D-glucuronate 
produced, strongly depend on the rate of irreversible catalyst deactivation and are 
estimated at 0.12 to 0.25 US$ kg·1

• 
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NOTATION 

Roman symbols 

a volumetric surface area m;2 mL·3 

b instrumental tine broadening 0 

b parameter estimate situation dependent 
Bi Biotnumber 
c concentration mot m-3 

ccat catalyst concentration kg m-3 

cP specific heat capacity J kg·' K.1 

c$ costs US$ kg·1 

c$a annual costs US$y-1 

d diameter m 
D diffusion coefficient m2 s·t 

E potential v 
f ·fraction 
F molar flow rate mols·1 

Fv volumetric flow rate m3 s·t 

FE fraction exposed mol Pis (mol Plr1 

g acceleration of gravity m s·2 

G mass flow rate kg s·1 

h Planck constant J s 
h height m 
H enthalpy J mol"1 

interest y-1 

k reaction rate coefficient situation dependent 
k mass transfer coefficient m s·1 

K equilibrium constant m3 mol"1 

L, specific amount of surface atoms mol kgca;1 

M molecular mass kg mor1 

Meat catalyst mass in the reactor kg 
n number 
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N turnover frequency s·, 

Na Avogadro constant mor1 

N, impeller revolution speed s·, 

Np impeller power number 

p pressure Pa 
Pr Prandtl number 
Q heat flow, heat production w 
R gas constant J mol·1 K., 

Rw specific rate of consumption mol kg ·1 s·1 
cat , 

Re Reynolds number 

RHE reversible hydrogen electrode 

s standard deviation situation dependent 

s selectivity 

s entropy J mor1 K-1 

SBET surface area m2 kg ·1 
cat 

Sc Schmidt number 
Sh Sherwood number 

SSR sum of squared residuals 
STY space-time-yield kg mR·3 s-1 

t time s 

t t-value 
T temperature K 

u superficial velocity m s·1 

v volume m3 

v. specific volume m3 kgcat-1 

w mass kg 

Wpt platinum content wt% 
X distance m 

X conversion 
y yield 

z number of neighboring sites 

Greek symbols 

a probability of rejecting correct hypothesis 

a heat transfer coefficient W m·2 K1 

[a] specific rotation 0 

r.s parameter situation dependent 
I.Sy, line width at half maximum rad 
r degree of saturation 



Notation 

porosity 
gas-holdup 
effectiveness factor 
Bragg angle of incidence 
fractional coverage 
heat conductivity 
wave length 
dynamic viscosity 
adsorption stoichiometry 
volumetric mass 
stoichiometric number 

liquid surface tension 
tortuosity 
intrinsic relaxation time, space time 
Weisz modulus 
Thiele modulus 

t/Jc Carman correction factor 
IP deactivation function 

other symbols 

* site 

subscripts 

a annual 

ads adsorbed 
app apparent 
avg average 
c operation 

c carbon atom 
cat catalyst 
Cl catalyst investment 

CL catalyst loss 
CM catalyst manufacturing 

CR catalyst recycling 
des deactivation 
G gas phase 

GL gas/liquid interface 
of ith class, interface 
impeller 

3 -3 
mG meat 
m 3m-3 

G l 

0 

wm-1 K-1 

nm 
kg m-1 s-1 

s 
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L 
LS 

MAGP 
MGP 
n 
NaMG 
NaOG 

obs 

OGP 
Oinact 

Osub 
p 
p 

par 

PL 
PR 

r 
R 
s 
s 
sub 

w 
* 
*P 

*sub 

superscripts 
A 

co 
eff 

sat 

ss 

TEM 

XRD 

0 

I\ 

# 

liquid phase 

liquid/solid interface 

methyl a-D-6-aldehydoglucopyranoside 

methyl a-D-glucopyranoside 

number averaged 

sodium 1-0-methyl a-D-glucuronate 
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1 
INTRODUCTION 

1.1 Carbohydrate oxidation 

Nowadays, increasing attention is paid to the application of renewable resources 
such as carbohydrates as chemical feedstock. Awareness is growing that these 
resources constitute an interesting alternative for fossil resources, such as oil, coal 
and natural gas as raw materials for the chemical industry. Also, the biodegradability 
and biocompatibility of chemical products obtained from renewable resources may be 
higher, which is an advantage in view of the increasing environmental concern. The 
most important carbohydrate feedstocks are starch, sucrose and cellulose, which are 

produced at a total volume of about 260 million tons per year [Vinke et al., 1992]. In 
most cases chemical modifications are required to obtain products with the desired 
properties. 

Selective oxidation is an important route towards valuable products [Van Bekkum, 

1991 ]. Many applications of carbohydrate oxidation products can be mentioned in the 
chemical-, detergents-, paper-, pharmaceutical-, cosmetics- and food industries 
[Roper and Koch, 1988]. For example, gluconic acid, glucaric acid, dicarboxy starch 
and (poly)carboxylates are good sequestering agents [Angyal, 1973] and potentially 
play an important role as builder or co-builder in detergents [Koch et al., 1993]. 
Oxidation of alkyl polyglucosides leads to a new class of biodegradable and non-toxic 
surface active agents [Ripke et al., 1989, Van Bekkum, 1991, Koch et al., 1993]. 
Dialdehyde starch can be used in the paper industry as a biodegradable wet strength 
agent [Roper and Koch, 1988]. L-Ascorbic acid, used as a vitamin or an anti-oxidant, 
is industrially produced from D-glucose via a series of reactions, among which two 
oxidation steps [Crawford and Crawford, 1980]. 

Classical ways to perform carbohydrate oxidations in industry are based on strong 
oxidants such as sodium hypochlorite, sodium periodate, hydrogen peroxide, nitric 
acid or nitrogen dioxide [Vinke et al., 1992]. Processes in which these oxidants are 
used have several disadvantages. Large amounts of side products in the form of salts 

are produced and the oxidants are sometimes very expensive. Hence, research is 
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focused on more environmental friendly and cheaper alternatives. Heterogeneous 
catalytic oxidation of carbohydrates with molecular oxygen looks very promising in 
this respect. Using platinum or palladium catalysts it proceeds at rather mild 
conditions, typically at temperatures below 363 K and at moderate pressures In 
neutral or slightly alkaline aqueous media and high selectivities can be obtained 
[Heyns and Paulsen, 1962, Van Bekkum, 1991]. The oxidant molecular oxygen is 
relatively cheap and environmentally friendly, as water is the secondary product next 
to the oxidized carbohydrate. 

The introduction of carboxylate groups in carbohydrates throu~h selective 
oxidation of primary alcohol groups is an interesting example of carbohydrate 
oxidation. Oxidation of the primary hydroxyl group of alkyl (poly)glucosides to alkyl 
(poly)glucuronic acids, i.e. so·called C6·oxidation, leads to a new class of surfactants 
and C6-oxidation of polysaccharides. such as starch, yields polyuronic acids, which 
are good sequestering agents. 

1.2 Cat'a.lyst deactivation 

One of the major bottlenecks for commercial operation of platinum (or palladium) 
catalyzed carbohydrate oxidation is catalyst deactivation. Recently, a revi~w by Mallat 
and Balker [1994] was dedicated to catalyst deactivation during the aqueous phase 
oxidation of alcohols. Four mechanisms of catalyst deactivation can be distinguished 
and are illustrated in Figure 1.1: (1) Over·oxidation, (2) metal particle growth, (3) site 
covering by deposition of carbonaceous species and (4) metal leaching. All 
deactivation mechanisms lead to a decrease of the active platinum surface area and 
hence to a decrease of the reaction rate. 

"" "" / 1 /////11//IJ/lli/1/17/1 

~ 2 J/J///~177117 

~: . Ptn+ 

Figure 1.1 Schematic representation of the possible mechanisms for catalyst deactivation during the 
aqueous phase platinum catalyzed selective oxidation of carbohydrates. (1) Over-oxidation, (2) metal 
particle growth, (3) site covering by deposition of carbonaceous species. (4) metal leaching. · 
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Generally, it is believed that the active surface area consists of platinum in the 
zero-valent state. Deactivation by so-called over-oxidation or oxygen poisoning is 
caused by strong chemisorption of oxygen on the platinum surface [Peukert et al.. 
1984, Schuurman et al., 1992]. Over-oxidation has been reported for various 
carbohydrate oxidation reactions, such as the oxidation of D-glucose [Oirkx and Van 
der Baan, 1981a], 0-gluconic acid [Dirkx and Vander Baan, 1981b, Dijkgraaf et al, 
1988a, 1988b], methyl a-0-glucopyranoside [Schuurman et al., 1992], a-D

glucopyranoside 1-phosphate [Van Dam et al., 1987] and L-sorbose [Brannimann et 
at., 1994]. 

Metal particle growth was for example observed for the oxidation of methyl a-D

glucopyranoside by Schuurman et al. [1992]. It is believed to occur via a 
recrystallization mechanism, so-called Ostwald ripening [Ross, 1987]. According to 
this mechanism large particles grow at the expense of smaller ones via dissolution 
and subsequent redeposition of platinum ions. 

Site covering by deposition of carbonaceous species is often reported. Side 
products, which may be produced via aldol-condensation or polymerization may 
cause site covering [Mallat et al., 1992]. In acidic media CO originating from aldehyde 
intermediates was found to'cover active sites [Goodenough et al., 1987, Parsons and 
Vandernoot, 1988, Bae et al., 1990]. Also, deactivation by deposition of reaction 
products is observed [Abbadi and Van Bekkum, 1995]. 

Metal leaching, the process in which platinum is lost by dissolution of platinum 
ions, is for example reported for the oxidation of methyl a-0-glucopyranoside 
[Schuurman et al., 1992] and L-sorbose [Brannimann et al., 1994]. Dissolution of 
platinum ions is enhanced in the presence of carbohydrates, because they can act 
as a sequestering agent [Angyal, 1973]. 

1.3 Scope and outline of this thesis 

This thesis deals with the platinum catalyzed selective oxidation of carbohydrates 
in aqueous phase. The research is focused on C6-oxidation, introducing carboxylate 
groups through oxidation of primary alcohol functions. Methyl a-D-glucopyranoside, 
octyl a-D-glucopyranoside and cyclomaltohexaose (a-cyclodextrin) are used as 
reactants (Figure 1.2). Methyl a-D-glucopyranoside is chosen, because it is the most 
simple model compound for this reaction and available at large quantities. Moreover, 
the C6-oxidation product, 1-0-methyl a-D-glucopyranosiduronic acid, is a potential 
precursor for L-ascorbic acid, i.e. vitamin C [Kremers, 1984], and several fine 
chemicals, polymers and anionic detergents [Roper and Koch, 1988]. Octyl a-0-
glucopyranoside is an example of alkyl glucosides with a linear alkyl group, which 
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upon C6-oxidation yields an anionic surfactant. Selective oxidation of a-cyclodextrin 
is an example of the oxidation of primary alcohol functions in oligo- or 
polysaccharides resulting in a new class of sequestering agents. It is expected that 
heterogeneous catalytic oxidation of oligo- or polysaccharides is more difficult than 
for monosaccharides like methyl a-D-glucopyranoside, because the accessibility of 
the active platinum surface in the catalyst pores will be smaller for larger molecules. 

OH O 

HO~ 
OCH8 

(a) (b) 

~~ 
llHO~ OH1 

. 6 

(C) 

Figure 1.2 (a) Methyl a-0-glucopyranoside, (b) octyl a-0-glucopyranoside and (c) a-cyclo~extrin. 

The C6-oxidation of an alkyl a-D-glucopyranoside is shown in Figure 1.3 and 
proceeds via alkyl a-D-g/uco-hexodialdo-1,5-pyranose, which will be referred to as 
alkyl a-D-6-aldehydoglucopyranoside, towards sodium 1-0-alkyl a-D
glucopyranosiduronate, which will be denoted as sodium 1-0-alkyl a-D-glucuronate. 
The primary C6 alcohol function is preferentially oxidized, since the more reactive 
hemi-acetal function is protected and the secondary alcohol groups are less reactive 
[Heyns and Paulsen, 1962]. 

OH 

~~""' 1/202 
HO HO~ OKl Pt/C ) 

OR 

o 0 112 0 2 0 
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HO H~ 0~ Pt/C HO HO~. 0~ 
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Figure 1.3 Platinum catalyzed C6-oxidation of alkyl a-0-glucopyranoside to sodium 1-0-alkyl a-0-
glucuronate with molecular oxygen. 

The carbohydrates shown in Figure 1.2 can be obtained starting from starch or 
glucose. Industrially, methyl a-D-glucopyranoside is obtained in large qua~tities upon 
acid catalyzed methanolysis of starch [Roth et al., 1980, 1982], or methylation of 
glucose [Panusch and Sobolev, 1975]. Octyl a-D-glucopyranoside can be prepared 
via acid catalyzed glycosidation ofD-glucose with 1-octanol [Straathof et al., 1988], 
or via transglycosylation of alkyl glucopyranosides with 1-octanol [Boeker and Thiem, 
1989]. Cyclodextrins are obtained by enzymatic hydrolysis of amylose [Frijlink, 1990]. 
The products that are obtained upon oxidation of methyl and octyl a-D
glucopyranoside and a-cyclodextrin have many applications and can for example be 
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applied as sequestering agent [Angyal, 1973] or surface active agent [Ripke et al., 
1989, Koch et al., 1993]. 

Schuurman [1992] quantitatively described the kinetics of the selective oxidation 
of methyl a-D-glucopyranoside in the absence of deactivation, i.e. on the basis of 
initial rates. However, it was observed that deactivation plays an important role. 
Reversible deactivation on a time scale of hours, attributed to over-oxidation, and 
irreversible deactivation on a time scale of days, caused by platinum particle growth, 
were reported. For an accurate process design it is necessary to take into account 
deactivation phenomena that lead to a significant decrease of the rate on the time 
scale of hours. 

The objective of this thesis is to obtain insight in the effect of the process 
conditions, catalyst- and carbohydrate properties on the rate, selectivity and 
deactivation for the aqueous phase carbohydrate oxidation over carbon supported 
platinum catalysts and to describe the phenomena quantitatively by kinetic modelling 
including deactivation. This may lead to a better understanding of the fundamental 
aspects of precious metal catalyzed carbohydrate oxidation and deactivation 
phenomena and forms the basis for the design of an economically feasible industrial 
process. 

In Chapter 2 the catalyst preparation, in- and ex-situ catalyst characterization 
techniques, experimental set-up and procedures, the measurement and control of the 
reaction conditions and chemical analysis of reactants and products are described. 

Chapter 3 deals with the effect of the alkyl substituent on the activity and 
selectivity. for the C6-oxidation of alkyl a-D-glucopyranosides. A tentative reaction 
scheme for the formation of mono- and di-carboxylic anions as side product is 
presented. 

In Chapter 4 deactivation is investigated by measurement of catalyst modifications 
as a result of gas and aqueous phase treatments and reaction. The influence of the 
conditions on deactivation due to platinum particle growth and site covering is 
discussed and mechanisms that account for these processes are presented. 

Chapter 5 comprises the kinetics of the selective oxidation of methyl a-D
glucopyranoside over a graphite supported platinum. Based on regression analysis 
of the intrinsic kinetic data in the presence of deactivation by over-oxidation, a kinetic 
model is presented, which leads to a better understanding of the surface chemistry 
during aqueous phase carbohydrate oxidation, especially concerning the process of 
over-oxidation. 

Chapter 6 describes the effect of the platinum particle diameter and the catalyst 
support on the initial turnover frequency and deactivation by over-oxidation during 
carbohydrate oxidation. 

In Chapter 7 an outline of a process for the selective oxidation of methyl a-D-
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glucopyranoside on industrial scale is provided. Emphasis is put on the effect of 
periodic operation on the average oxidation rate and estimation of the catalyst costs 
per unit mass of product. 
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2 
EXPERIMENTAL 

2.1 Catalyst preparation and characterization 

2. 1. 1 Preparation 
Graphite and carbon fibrils supported platinum catalysts were prepared following 

a procedure, which was described by Richard and Gallezot [1987]. Activated carbon 
supported platinum catalyst with a platinum content of 5 wt% was supplied by 
Engelhard (Escat 21). 

The procedure of Richard and Gallezot [1987] can be divided in three steps. In 
the first step the support is activated by partial combustion in gas and aqueous 
phase. Graphite (Johnson Matthey, CH10213 or Lonza, HSAG300) was activated in 
air at a flow rate of 0.2 mmol s·1 (300 Nml min-1

) in a plug flow reactor in batches of 
8 1 o-3 kg at 773 K for 5 hours, resulting in a carbon burn-off of 20 ± 5 wt%. The air 
oxidized graphite was stirred in a 13 wt% sodium hypochlorite solution (Janssen p.a.) 
at a concentration of 80 kg m·3 for 24 hours at room temperature. The graphite was 
carefully washed with ultra pure Millipore water (18 MO em). The graphite was filtered 
on a 0.45 pm Millipore filter and dried at 323 K and 5 kPa. For the activation of 

carbon fibrils the gas phase oxidation was rejected because of safety reasons. 
Carbon fibrils are supposed to have similar carcinogenic properties as asbestos and 
should not be handled dry if possible. As a good alternative the carbon fibrils support 
(110.2 kg, Hyperion) was oxidized in 0.4 10·3 m3 concentrated nitric acid [Geus et aL, 

1995, Hoogenraad, 1995]. The slurry was kept at room temperature for one hour, 
heated and kept boiling under reflux for 30 minutes. After the slurry had cooled down 
to room temperature it was poured in 2 10·3 m3 water, carefully washed until neutral 
and filtered on a 0.45 pm filter. Due to the aqueous phase oxidation with sodium 
hypochlorite or nitric acid oxygen containing surface groups are created at the edges 
of the graphite layers. These groups serve as anchorage sites for the platinum 
complex in the next step. 

Platinum is introduced in the form of platinum tetramine ions and by a competitive 
cation exchange, described by Che and Bennett [1989], platinum is uniformly 
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distributed throughout the whole support [Gallezot et al., 1992]. A 16 wt% tetramine 

platinum hydroxide solution, Pt{NH3) 4(0H)2, {Degussa) was added drop-wise to 50 kg 

m·3 graphite or carbon fibrils in 1 M ammonia (Merck p.a.) until a platinum 

concentration of 10 kg m·3 was reached. The alkaline solution was stirred for 20 hours 

at room temperature. The catalyst was carefully washed, filtered on a 0.45 pm filter, 

dried at 323 K and 5 kPa. 
In the last step the graphite supported platinum catalyst is reduced in a plug flow 

reactor in batches of 8 10"3 kg in hydrogen at a flow rate of 0.2 mmql s·1 {300 Nml 

min-1
) at 573 K for 3 hours. In order to avoid loss of carbon fibrils at the gas outlet the 

reduction of the platinum on carbon fibrils catalyst was performed by flowing 

hydrogen over a bed of the catalyst at a flow rate of 7 1 o-s mol s·1 {1 00 Nml min-1
) at 

553 K for 3 hours. The gas outlet was led through a flask filled with water in order to 

trap carbon fibrils. 

2.1.2 Platinum content 
The platinum content of the catalysts was determined in duplicate by dissolving 

the platinum in concentrated HCIIHN03 (3:1, Merck p.a.) followed by the removal of 

the nitric acid by adding hydrochloric acid and evaporating three times. A yellow 

platinum tin chloride complex was formed by adding a hydrochloric acid containing 

tin chloride solution (Merck p.a.) and the extinction was measured by UVNIS 

spectrometry at 403 nm [Ayres and Meyer, 1951, Charlot, 1961]. 

Platinum loss due to metal leaching was measured by determination of the 

platinum content of used catalyst by the procedure described ~i~bove or by 

measurement of the platinum ion concentration in aqueous phase. The platinum 

concentration in liquid phase was determined from the extinction of the platinum tin 

chloride complex, which was measured at 403 nm with a diode-array, detector with 

a detection limit of 1 1 O""" mol m·3 or by differential pulse polarography (Metrohm 663 

VA Stand}, according to the procedure of Zhao and Freiser [1986]. Hydrochloric acid 

was added to all liquid samples up to a concentration of 500 mol m·3 to avoid 

precipitation or reduction of platinum ions prior to measurement. 

Reduction of platinum ions due to the presence of a reducing environment in the 

liquid outlet of the reactor may result in a reduction of the platinum ion ~oncentration 

of the liquid sample. Therefore, liquid samples directly taken from the reactor were 

also measured. It must be noted that a decrease of the platinum content of a catalyst 

can also be affected by weight increase due to the adsorption of reactants and (side) 

products from the reaction solution. 
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2. 1. 3 Platinum particle diameter and platinum surface area 

The average platinum particle diameter or the available platinum surface area was 
determined by transmission electron microscopy, X-ray diffraction, CO chemisorption 
and ex-situ cyclic voltammetry. 

Transmission electron microscopy (TEM) micrographs were obtained with a JEOL 
1200 EX or 2000 CX microscope. The samples were ultrasonically dispersed in 
tetrachloromethane p.a., ethanol p.a. or propanol p.a. and the suspension was 
brought on 400 mesh copper grids coated with a carbon support film (TAAB). An 
accelerating potential of 120 kV was used and a microscope magnification between 
50,000 and 500,000. The resulting micrographs were analyzed to obtain the platinum 
particle diameter distribution with a scale magnifying-glass (Peak) with a magnification 
of 1 0 and an accuracy of 0.1 mm. 

The number, §.urface area and yteight averaged platinum particle diameter were 
determined from the distribution according to Lemaitre et al. [1984]. 

~ ~ 3 ~ 4' 
L.. n1d1 L.. n;d; L.. n1d1 

dTEM = I . dTEM I dTEM = I (2.1) 
" En~ • s 2:n;d;2 w I:n1di3 

i i i 

The sample standard deviation for the number, §.Urface area and :tteight averaged 
platinum particle diameter is obtained from: 

I: n; (dl-ctn>2 I:n;d;2 (dl-ds)2 I: nldi3 (d;-ctw>2 
s = I ; ss = i ·; sw = I 
n 

I:n~ I:n1d1
2 

I:n1d1
3 

i i I 

and the 95% confidence interval for diTEM U = n, s or w) is: 

dTEM 1.96 Sj 
i ± _{n_n___.:. 

(2.2) 

(2.3) 

For X-ray diffraction a CuKa X-ray tube was used with a wave length A = 0.15418 
nm and a CGR focusing monochromator (curved quartz single crystal). The curve 
position sensitive detector (INEL CPS120) had an angular range of 5-120° (28) and· 

a resolution of approximately 0.03° (28). Spectra were recorded for 2.4 103 sin the 
reflection or transmission mode. For the line analysis and deconvolution 
SIEMENS/SOCABIM (Fin software was used, as graphite lines overlapped the 
Pt(111) line. The average platinum particle diameter was calculated from the Warren 
modified Scherrer equation [Gallezot, 1984]: 
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dXRD "' 0.9 A 
w -::-:-::-=---:-

.d(28) cose 
with (2.4) 

with A = 0.15418 nm, 8 the Bragg angle, (l.'h the line width at half maximum in radians 

and b = 0.00182 radians (0.104°) the instrumental line broadening determined 

experimentally with bulk platinum with high grain size. 

The available platinum surface area was determined by CO pulse chemisorption 

on a modified gas chromatograph (Carlo Erba 4300) equipped with a thermal 

conductivity detector (TCD). Hydrogen and helium were purified by an oxygen and 

moisture filter. Carbon monoxide (99.997%) was used without further purification. 

Prior to measurement all catalyst samples were dried at 323 K at 5 kPa overnight. An 

exact amount of catalyst was reduced in a pyrex glass plug flow reactor for 2 103 s 

in 1.4 10·5 mol s·1 (20 Nml min'1) hydrogen. For graphite and carbon fibrils supported 

platinum catalysts a reduction temperature of 373 K and for platinum on activated 

carbon a temperature of 323 K was used. It was verified that the measurement was 

not affected by the reductive pretreatment. CO was adsorbed in a helium flow of 1.4 
1 o-s mol s·1 (20 Nml min-1

) at 273 K. The fraction exposed measured with CO 

chemisorption, FEc0
, is directly proportional to the available surface area and is 

defined by the ratio of the number of moles of CO adsorbed and the total number of 

moles of platinum, assuming an adsorption stoichiometry of vco = 1. 

FE co = 1 (2.5) 
Vco nPt 

Each catalyst sample was measured in duplicate according to the procedure 

described above with an experimental error for the obtained FEco smaller than 0.01. 
Assuming hemi-spherical particles and 1.42 1019 platinum atoms per square meter 

(Scholten et al., 1985] the fraction platinum atoms exposed is converted to the 

surface area averaged platinum particle diameter or vice versa according to: 

d = 1.3 10-9 
= (2.6) 

s FE 

Obviously the application of Equation 2.6 is only allowed when the platinum surface 

atoms are available for chemisorption, i.e. are not covered by adspecies on which CO 

does not chemisorb. If part of the platinum surface area is covered by such species 

the fraction exposed measured by CO chemisorption, FEc0
, or cyclic voltammetry, 

FEcv, is smaller than the fraction exposed, FE, which is obtained from Equation 2.6 

with d5 measured by TEM. 
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2. 1.4 Physical catalyst properties 

The average catalyst particle diameter and the diameter distribution were 
measured with a Coulter LS 130. The laser operated at 750 nm and from the 
diffraction pattern the particle diameter distribution is calculated, assuming spherical 
particles. 

The specific surface area of the catalysts was measured with a standard method 
of Brunauer, Emmet and Teller. The equipment used was the ASAP2000 from 
Micromeritics. Prior to measurement the catalyst was dried in-situ for 1 hour at 383 
K at a pressure smaller than 6 Pa. The measurement of the BET surface area is 
based on the adsorption isotherm of nitrogen at 77 K [Scholten, 1993]. The method 
is especially appropriate for mesoporous material with pores in the range of 2 to 50 
nm [Scholten ,1993]. 

The catalyst pore size distribution was determined by mercury porosimetry on a 
Carlo-Erba 200 porosimeter or by the Barrett, Joyner and Halenda (BJH) method. For 

mercury porosimetry at pressures required to penetrate pores with a radius smaller 
than 0.01 pm the support material is compressed. The BJH method is based on the 
direct calculation of the pore volume and surface area distribution from the nitrogen 
adsorption isotherm [Barrett et al., 1951]. 

The catalyst powder porosity, eP' is calculated from the total specific pore volume, 

Vs,p• and the volumetric mass of graphite, p 9..,phite• of 2250 kg m·3 according to: 

e = Vs,pPg..,phite with Vs,p I:Vs(P;} (2.7) 
P 1 + V S.pP graphite 

The average pore diameter, dP, is calculated from the BET-surface area, SsET• and 
the specific pore volume of the mesopores, Vs,p• according to: 

(2.8) 

2.2 Continuous flow three-phase slurry reactor 

2.2. 1 Experimental set-up 

A continuous flow three-phase slurry reactor was built to study the heterogeneous 
catalytic oxidation of methyl a-0-glucopyranoside in aqueous phase with oxygen as 
a gaseous reactant. The oxidation of octyl a-0-glucopyranoside was performed by 
semi-batch operation only. This is due to the fact that octyl a-0-glucopyranoside could 
not be purchased in large quantities and only a limited amount could be synthesized. 

The three-phase slurry reactor assures good contact between the three phases 
and good isothermality [Weekman, 1974]. It also enables to work in the absence of 
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concentration gradients in aqueous phase and without mass transfer limitations. In 
order to meet these conditions sufficiently small catalyst particles must be used and 
the rate of consumption of oxygen must be small compared to the maximum rate of 
oxygen transfer from the gas to the aqueous phase. The assessment of the absence 
of mass transport limitations, a necessity for obtaining intrinsic kinetic data, is 
discussed in Appendix A.2. 

The outline of the experimental set-up is given in Figure 2.1. Three main sections 
can be distinguished: the gas and liquid inlet section, the reactor section and the gas 
and liquid outlet section. 

The reactor section consists of a glass reactor (1) of 0.7 10'3 m3
, which is 

equipped with a glass stirrer with internal gas circulation, a Radiometer PHC2402 pH 
electrode (8), an Ingold 341003005 oxygen electrode (7a) and a Millipore 
GVWP09050 membrane filter with a pore diameter of 0.45 pm placed in the bottom 
plate to retain the catalyst. The temperature in the reactor is measured with a Pt-1 00 
probe. A supply vessel (4) allows the addition of a nitrogen or oxygen saturated 
solution to the reactor at the reactor temperature. This device is used during the start
up of the reaction, which is described in Section 2.3. 

Nz~~~~~~-

Hz~~~~~~~~~~~~~-Lo 

o • .n~H-~~~~ 

Figure 2.1 Reactor set-up. (1) reactor, (2) supply vessel for sodium hydroxide solution, (3) supply vessel 
for the carbohydrate solution, (4) supply vessel, (5) mass flow controller (6) differential pressure sensor, 
(7) oxygen electrode, (8) pH electrode, (9) tubing pump, (1 0) thermostatic water bath, (11) HPLC sampling 
device, (12) HPLC injection valve, (13) water cooler, (14) mass flow meter, (15) balance. 
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In the gas inlet section the addition of gases to the reactor occurs via three 
Brooks 5850 mass flow controllers (5a~c) with a range from 0 to 3.5 10-4 mol s·1 (0-
500 ml min-1

) and one (5d) with a range from 0 to 3.5 10-5 mol s·1 (0 - 50 ml min-1
). 

Hydrogen was used for reduction of the catalyst, nitrogen as a diluting gas and as a 
purge gas. A four-way valve prevented simultaneous hydrogen and oxygen feed. As 
another safety precaution a programmable logic controller (Siemef!S) prevented 
oxygen feed directly after hydrogen or vice versa. Unless specified otherwise a 
constant gas feed flow rate of 1.4 10-4 mol s·1 (200 Nmllmin) was used. 

The liquid phase feed section consists of two supply vessels for the methyl a-D

glucopyranoside (3) and sodium hydroxide solution (2). Both vessels were kept under 
a nitrogen atmosphere. The methyl a~D~glucopyranoside solution was kept at the pH 
at which the reaction was performed. The liquid was supplied to the reactor by one 
Masterflex 7523-35 tubing pump (9a), equipped with two equal pump heads, or by 
two separate tubing pumps (9a, 9b). The methyl a-D-glucopyranoside and sodium 
hydroxide solution were mixed just before introduction to the reactor. The inlet liquid 
flow rate was measured by recording the mass loss of the liquid supply vessels with 
two Satorius 18100P balances (15a, 15b). The total volumetric liquid feed flow rate 
depends on the mass feed flow rate of the methyl a-D-glucopyranoside and sodium 
hydroxide solution according to: · 

Fo _ G~GP,L + G~H.L [m 3 s -1] v,L - 0 p 
(2.9) 

In the gas outlet section the gas is cooled with a water cooler (13) to reduce the 
amount of water in the gas outlet stream. A heater is used to avoid condensation of 
water in the Brooks 5860 mass flow meter (14). The temperature ofthe gas before 
the mass flow meter is kept below 343 K to meet the mass flow meter specifications. 
The percentage of oxygen in gas outlet is measured by an Ingold 322756800 oxygen 
electrode (7b). 

The liquid is removed from the reactor through the membrane filter by a 
Masterflex 7523-35 tubing pump (9c). The liquid is introduced into a small glass 
device (11) with a volume of 3 mi. With a separate tubing pump (9d) liquid is 
withdrawn for HPLC analysis. The glass device prevents the introduction of gas 
possible present in the liquid outlet into the HPLC-column. Gas may be present as 
a result of the decrease of temperature and pressure or by gas pumped through the 
membrane filter, but for all experiments the amount of gas in the liquid outlet was 
very small and can therefore be neglected. 

The signals of pH, reactor temperature and volume, mass of the liquid supply 
vessels, gas inlet and outlet flow rate are digitalized by a Multilab system (Eindhoven 
University of Technology) and recorded on a Personal Computer via a Turbo Pascal 
program. 
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2.2.2 Measurement and control of the reaction conditions 
In order to work under well defined conditions the reactor temperature, pressure, 

reaction volume, gas and liquid feed flow rate and composition are controlled. 
The reaction temperature, measured with a Pt resistance probe in the reactor, 

is controlled by a thermostatic water bath (1 0), Beun de Ronde CS6 and R22. The 
heated water is circulated through the double-wall of the reactor ( 1) amd the supply 
vessel (4}. During steady state operation the temperature was controlled within 0.1 
K. During reaction start-up the deviation was less than 0.5 K. 

The reactor is operated at 0.7 ± 0.3 kPa above atmospheric pressure. The small 
overpressure is caused by the mass flow meter in the gas outlet !section. The 
pressure drop over this mass flow meter is directly proportional to the gas flow rate. 

The reaction volume or liquid level in the reactor is controlled via PID-control 
(Eurotherm 940D) of the tubing pump in the outlet section. This controller takes as 
input the differential pressure (Fischer & Porter 50DPF100-3) between the head 
space and the bottom (tip of immersion-pipe) of the reactor. Through the immersion
pipe a small nitrogen gas flow of 1.4 1 o·6 mol s·1 (2 Nml min.1

) is introduced by a 
Brooks mass flow controller (5e). Instead of nitrogen part of the gas 'feed can be 
used, but the measurement of the differential pressure is sensitive on fast changes 
of the gas feed composition. The total liquid volume in the reactor was kept constant 
within 5 10-s m3 (5 ml). 

The gas feed flow rate is controlled by mass flow controllers. The liquid feed flow 
rate is controlled by one or two tubing pumps. The experimental set-up of Figure 2.1 
allows control of the aqueous· phase oxygen concentration, the pH and the 
concentration of methyl a-D-glucopyranoside and 1-0-methyl a-D-glucuronate anion. 

The concentration of oxygen in the aqueous phase is measured by a 
polarographic oxygen sensor (7a}, which produces a current, which i& directly 
proportional to the concentration of aqueous phase oxygen. The oxygen electrode 
was calibrated in-situ prior to each experiment at the reaction temperature and 
pressure. Two distinctive procedures can be discerned for the establishment of the 
aqueous phase oxygen concentration. 

Procedure G1. The oxygen partial pressure in the gas feed is fixed by a constant 
nitrogen and oxygen feed flow rate and a constant total pressure. The oxygen 
concentration in aqueous phase will depend on the oxygen partial pressure in the gas 
phase of the reactor, the rate of oxygen transfer from the gas phase to the aqueous 
phase and the rate of consumption through reaction. 

Procedure G2. This procedure implies control of the oxygen concentration in 
aqueous phase by adjustment of the nitrogen to oxygen feed ratio, i.e. basically the 
inlet oxygen partial pressure. This is performed by adjustment of the oxygen feed flow 
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rate via a PID-controller (Eurotherm 941 D), which takes as input the aqueous phase 
oxygen concentration. 

Unless specified otherwise procedure G1 was applied, i.e. the control loop of the 
oxygen concentration in aqueous phase was not used. Although procedure G2 works 
properly under steady state conditions it was rejected for proper kinetic 
measurements because of fluctuations of the oxygen concentration during reaction 
start-up when switching from nitrogen to a nitrogen/oxygen feed. These fluctuations 
are due to the impossibility to control the oxygen concentration within in a narrow 
range around the setpoint by use of a control loop with a large response time. This 
is the time between the adjustment of the oxygen partial pressure in the gas feed and 
the measurement of the response variable, the aqueous phase oxygen concentration. 
As the kinetic data given in Appendix A.1 are not significantly influenced by transport 
limitations procedure G1 works satisfactory. Measurement of the aqueous phase 
oxygen concentration indicated that oxygen gas/liquid transport limitation can be 
neglected for all experiments. 

Starting from an oxygen free reactor solution of 3.5 104 m3 the oxygen 
concentration in the aqueous phase increases to the steady state value, C02ss, 

according to: 

(2.10) 

in which T = V 0 F 0 '
1 is the space time for the gas. It was confirmed experimentally 

that at the standard gas feed flow rate of 1.4 104 mol s·1 (200 ml min'1) Tis equal to 
90s at 323 K, which corresponds to the reactor gas volume of 0.35 10·3 m3

• From 
this it is calculated that the ratio of the oxygen concentration and the steady state 
value, Co/C02 ss. exceeds 0.95 after 300 s. 

The oxygen equilibrium concentration, C02 sat, in aqueous phase is calculated by 
a semi-empirical correlation given by Battino [1981] for the mole fraction of oxygen 
in aqueous phase at an oxygen partial pressure of 101.325 kPa between 273 K and 
373 K in pure water: 

c;at = 0.5483 exp( -179.3439 + 8747·547 + 24.452641n{T)) P
0 

[molm -3]{
2

.
11

) 
' T • 

Because the inlet aqueous phase oxygen concentration is zero, the rate of 
consumption of oxygen at steady state oxygen concentration is calculated by: 

F° C0 
- F C - F C Rw "" v.G o,.G v,L o,.L v,G o,.G [mol kg.;;:, S _1] (2. 12) 

,o, w 
cat 

It is assumed that water evaporation and change of liquid density can be neglected, 

so that the inlet and outlet liquid flow rate are equal, Fv,L0=Fv,L· 
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The limited accuracy of the measurement ofthe inlet and outlet gas feed flow rate 
hampers the calculation of the rate of oxygen conversion, X02, which. is calculated 

according to: 

F C v,G o,.G (2.13) 

Although a maximum oxygen conversion, X02, of 0.2 was obtained at the lowest 
oxygen partial pressure of 10 kPa, even at such a high conversion the decrease of 
the total gas flow rate is less than 2% at a typical rate of oxygen con$umption of 2 

• 

1 o-e mol s·1
• This is of the same order of magnitude as the deviation in the feed flow 

rate measured with the mass flow meter, which is caused by small fluctuations in the 
reactor pressure. As a consequence, the rate of consumption of oxygen could not be 
determined accurately and was not taken into account for kinetic measurements. 

The total liquid feed flow rate can be controlled by three distinctive procedures. 

Procedure L 1. This procedure is generally not used but implies the use of fixed 

feed flow rates for the methyl a-D-glucopyranoside and the sodium hydroxide 
solution. In this case the concentration of methyl a-D-glucopyranoside, methyl a-D-6-
aldehydoglucopyranoside and 1-0-methyl a-D-glucuronate, but also the pH depend 

on the reaction conditions applied as expected for a CSTR. This is of course not 
advantageous when performing kinetic measurements. Furthermore, catalyst 

deactivation will lead to a change of the pH and reactant, intermediate and product 
concentration. 

Procedure L2. The feed flow rate of the methyl a-D-glucopyranoside solution to 

the reactor is kept constant. The pH of the reaction solution is maintained at a set 
value by adjusting the feed flow rate of the sodium hydroxide solution. This is done 

by a PID-controller (Eurotherm 9400), which manipulates the pump speed of the 
second tubing pump (9a). If catalyst deactivation occurs the concentration of methyl 

a-D-glucopyranoside will increase, whereas the intermediate and product 
concentration will decrease due to the constant space time. For procedure L2 the rate 
of consumption of methyl a-D-glucopyranoside is calculated from: 

V dCMGP l--ar-
Rw.MGP = ------,w-;:-;-----

cat 

(2.14) 

in which CMGP is the methyl a-D-glucopyranoside concentration in the reactor, which 

is equal to the concentration at the reactor outlet of the CSTR. C0 MGP is the methyl a

D-glucopyranoside concentration at the reactor inlet, i.e. after mixing of the methyl a

D-glucopyranoside and the hydroxide solution prior to the introduction to the reactor. 
Procedure L3. The feed flow rate of the sodium hydroxide and the methyl a-D-
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glucopyranoside solution are controlled simultaneously. This is advantageous if the 
rate of consumption of sodium hydroxide is directly proportional to the rate of 
consumption of methyl a·D·glucopyranoside. The pH of the reaction solution is 
maintained at a set value by adjustment of the sodium hydroxide solution feed flow 
rate. The feed flow rate of the methyl a-D-glucopyranoside solution is adjusted 
proportionally. In practice one tubing pump is used with two equal pump heads as 
shown in Figure 2.1 by pump (9a). The conversion can be set, choosing the methyl 
a-D-glucopyranoside to sodium hydroxide concentration ratio. In this way the 
concentration of methyl a-D·glucopyranoside, the intermediate and the product are 
kept constant if catalyst deactivation occurs, provided that catalyst deactivation does 
not result in selectivity changes. The net specific rate of consumption of methyl a-D
glucopyranoside is defined according to: 

F v,l {t) {C~GP CMGP) 
Rw,MGP(t) 

weal 

(2.15) 

When the reactor is operated according to procedure L2 the methyl a-D

glucopyranoside concentration, CMGP• is a function of time. When procedure L3 is 
applied all concentrations are constant and F v,L is the only time dependent variable 
provided that selectivity changes do not occur upon deactivation. Hence, procedure 
L3 is preferred for a kinetic study of catalyst deactivation, because the decrease of 
the rate is only determined by catalyst deactivation and does not result from changes 
of reactant or product concentration. 

In Figure 2.2 and 2.3 the advantage of procedure L3 over procedure L2 is 
illustrated. For both procedures a gradual decrease of the rate of consumption of 
methyl a-D-glucopyranoside and hydroxide is observed as indicated in Figure 2.2a 
and 2.3a, which can be recovered upon in-situ catalyst reduction. The cause of this 
reversible deactivation is the subject of Chapter 5. When the reactor is operated 
according to procedure L2 the concentration of methyl a-D-glucopyranoside increases 
and the intermediate and product concentration decrease with decreasing rate. as 
shown in Figure 2.2b. If according to procedure L3 the methyl a-D-glucopyranoside 
feed flow rate is adjusted proportionally to the sodium hydroxide feed flow rate, Figure 
2.3b shows that the aqueous phase concentrations do not change if the rate changes 
according to Figure 2.3a. Hence, procedure L3 allows to study catalyst deactivation 
at constant reactant and product concentrations. Changes of the rate of consumption 
are not influenced by concentration changes and are directly proportional to the 
degree of catalyst deactivation. 
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Figure 2.2 Oxidation of methyl a-0-
glucopyranoside according to procedure L2, 
Fv,MGP = 4.5 10-a m3 s·1

• (a) Rate of consumption 
of (0) sodium hydroxide and (t.) methyl a-D
glucopyranoside, (b) Concentration of (0} methyl 
a-0-glucopyranoside, (e.) methyl a-D-6-aldehydo
glucopyranoside, (+) 1-0-methyl a-0-
glucuronate. Conditions: T = 323 K, p02 = 40 
kPa. pH = 8.0, C""' = 2.0 kg m·3 . 
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Figure 2.3 Oxidation of methyl a-0-
glucopyranoside according to procedure L3, 
fv.MGP = fv.oH· (a) Rate of consumption of (0} 
sodium hydroxide and (e.} methyl a-D
glucopyranoside, (b) Concentration of (0} methyl 
a-0-glucopyranoside, (;:,.) methylia-D-6-aldehydo
glucopyranoside, (+) 1-0-methyl a-0-
glucuronate. Conditions: T = 323 K, p02 = 40 
kPa. pH = 8.0, Cca, = 2.0 kg m-3. 

Another advantage of procedure L3 is that the rate of consumption of methyl a-0-
glucopyranoside can be determined more accurately. If catalyst deactivation does not 
result in selectivity changes, the rate of consumption of methyl a-0-glucopyranoside 
can be calculated from Equation 2.15, using the average methyl a-0-glucopyranoside 
concentration. This allows interpolation of the rate of consumption determined by 
HPLC-analysis. Especially when the rate changes in a short period of time, i.e. during 
oxidation start-up, for procedure L3 the rate of consumption of methyl a-0-
glucopyranoside can be determined much more accurately than for procedure L2. 
This is caused by the inaccuracy of the measurement of the accumulation of methyl 
a-0-glucopyranoside, which is present in Equation 2.14. For procedure L3 this 
accumulation equals zero and this allows a better accuracy of the measurement of 
the rate of consumption of methyl a-0-glucopyranoside. This is clearly observed in 
Figure 2.3a where the rate of consumption of methyl a-0-glucopyranoside and 
hydroxide are proportional. Figure 2.2a shows that for procedure L2 at the start of the 
oxidation run the rate of consumption of methyl a-D-glucopyranoside cannot be 
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determined accurately from the HPLC-data. This is caused by back-mixing in the 
liquid outlet and HPLC section, which does not allow to determine the reactor 
concentrations accurately in the absence of steady-state concentrations. 

Because of the advantages discussed before all kinetic experiments were 
performed according to procedure L3, unless stated otherwise. The procedure chosen 
does not influence the. reaction kinetics. For both methods at equal reaction 
conditions equal kinetic data are obtained and differences in reaction selectivity were 
not observed as a function of the liquid feed procedure. In both cases the rate of 
consumption of methyl a-0-glucopyranoside is larger than the rate of consumption of 
hydroxide, as indicated in Figure 2.2a and 2.3a. This is due to the fact that for the 
production of methyl a-0-6-aldehydoglucopyranoside from methyl a-0-
glucopyranoside hydroxide is not involved. 

At low conversion the so-called normalization method is used. This method 
assumes a 100% carbon balance. The carbon balance is calculated from: 

C-balance% l:nc_;C; 100% 
l:nc,;C;o 

(2.16) 

The normalization method allows to calculate selectivities from the outlet 
concentrations. The conversion of methyl a-0-glucopyranoside is: 

X _ 1 _ nc.MGP CMGP . 
MGP - , i = product 

nC.MGPCMGP + l:nc,;C; 

The selectivity towards product P is calculated from: 

nc.P CP . 
rnc,; C; I 

i =product 

and the yield of product P is: 

(2.17) 

(2.18) 

_ nc.P Cp _ . 
Yp - - XMGP Sp , i = product (2.19) 

nC,MGP CMGP + r nc.i ci 

The specific rate of consumption of methyl a-0-glucopyranoside is calculated 
according to: 

F (t) r~c 
v,L L n ' 

R (t) C,MGP 
w,MGP = -----;-::-;---'---

Wcat 
product 

(2.20) 

From the specific rate of consumption of methyl a-0-glucopyranoside, Rw. the 
turnover frequency, N, is calculated according to: 

N [s -1] (2.21) 
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The reactor was also used for semi-batch experiments. This means that the gas 
feed was continuous, whereas the liquid inlet and outlet feed flow rate are zero. 
Instead of the filter plate a glass bottom plate was connected to the reactor. The pH 
was controlled by feeding a sodium hydroxide solution from a burette by means of 
titration (Radiometer TTTSO), because the PID-controlled tubing pump does not allow 
accurate feed of very small amounts of sodium hydroxide solution. 

2.3 Reaction conditions and start-up procedure 

Before the start of the each oxidation reaction the catalyst was dispersed in water 
in an ultrasonic bath and the reactor was filled with the catalyst suspension in 0.35 
1 o-3 m3 water. Next, the oxygen electrodes were calibrated at reaction temperature 
in a pure oxygen feed. The reactor was purged with nitrogen and the stirring rate of 
25 s·1 was decreased to 1 0 s·1

• The catalyst was pre-reduced in water at 363 K for 
1.8 103 sin a hydrogen flow. For kinetic measurements fresh catalyst was used for 
each experiment. Under a nitrogen atmosphere the reactor was cooled down to the 
reaction temperature and 0.175 10·3 m3 water was removed. The oxidation reaction 
was started by introduction of 0.175 1 o·3 m3 nitrogen purged solution containing the 
appropriate amount of methyl a-D-glucopyranoside and sodium 1-0-methyl a-D

glucuronate, which was kept at reaction temperature in the supply vessel (4). Due to 
the fact that sodium 1-0-methyl a-D-glucuronate is not commercially available the 
solution was previously prepared. This was done by a separate semi-batch oxidation 
reaction of methyl a-D-glucopyranoside (Fiuka) at identical reaction conditions as the 
continuous reaction to be performed. The batch reaction was performed at the 
appropriate methyl a-D-glucopyranoside concentration and stopped at the desired 
methyl a-D-glucopyranoside conversion level. 
After addition of this solution the reaction solution was kept under nitrogen for 1000 
s. During this period the pH was set by starting the PID-controller which operated the 
liquid feed flow rate of the tubing pump (9a). The reactor volume was set by starting 
the PID-controller which controlled the liquid outlet rate of pump (9c). The stirring rate 
was increased to 25 s·1

• Subsequently the reaction was started by replacing the 
nitrogen flow by an oxygen flow. 

For all oxidation reactions the procedure G1 was used for the establishment of the 
aqueous phase oxygen concentrations and procedure L3 for the control of the liquid 
feed. The procedures are explained in section 2.2.2. 

In-situ reduction of the catalyst to overcome over-oxidation was performed by 
replacement of the oxygen flow by a nitrogen or a hydrogen flow. The pH, 
temperature and concentrations remained unchanged during the in-situ reduction. 
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The gas feed flow rate and composition were controlled manually or by the 
programmer function of the PID-controller (Eurotherm 941 D). This enables automatic 
periodic in-situ reduction of the catalyst by replacement of the oxygen feed by a 
nitrogen or hydrogen feed. 

It was verified that the experiments given in Appendix A.1 were not significantly 
influenced by mass and heat transport and diffusion limitations. Calculations, provided 
in Appendix A.2 show that only at the lowest oxygen concentration of 1 0 kPa the 
observed rate is influenced by oxygen transfer limitation to a small extent. 

The investigated range of reaction conditions is given in Table 2.1. 

Table 2.1 Investigated range of reaction conditions during continuous experiments 

condition 

concentration methyl a-D-glucopyranoside 
concentration methyl a-D-6-aldehydoglucopyranoside 
concentration 1-0-methyl a-D-glucuronate 
oxygen partial pressure 
total pressure 
pH 
temperature 
catalyst concentration 
conversion of methyl a-D-glucopyranoside 
conversion of oxygen 

2.4 HPLC analysis 

range 

11 - 427 mol m·3 

0.2 - 6.6 mol m·3 

1.5-41 mol m·3 

10- 100 kPa 
100 kPa 
8- 10 
303-333 K 
1 -4 kg m·3 

0.03-0.47 
0.02-0.2 

2.4. 1 On-line HPLC analysis for the oxidation of methyl a-D-g/ucopyranoside 

The composition of the liquid outlet of the reactor was determined with an on-line 
HPLC set-up (Thermo Separation Products). ltconsisted of a HPLC pump (P100), a 
column heater (Jones Chromatography), a differential refractometer (RefractoMonitor 

IV) and an integrator (DataJet CH1). The chromatograms were reanalysed by a 
reintegration program (Winner on Windows, Thermo Separation Products). Samples 
were introduced by an injection valve (Valco) equipped with a sample loop, which 

volume was adapted to the liquid phase concentrations. The loop was continuously 
filled by pumping part of the liquid phase outlet through the sample loop with a 
separate tubing pump (Masterflex). A glass device was used to ensure that no gas 
was introduced in the sample loop. 
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The components were separated on a 280x4.6 mm ID Lichroma SS tube packed 
with a cation-exchange resin (Benson BC-X8} having sulfonic acid groups. The 
column was brought in the W -form and was frequently regenerated by pumping 
overnight with a 25 mol m·3 H2S04 solution in water at 343 Kat a flow rate of 0.75 ml 
min-1

. Analysis was done at 343 K at a flow rate of 0.25 ml min-1 with water as eluent. 
Figure 2.4 shows a typical chromatogram. The quantification was performed using 

external standard solutions of methyl a-D-glucopyranoside and sodium gluconate. 
Because only a limited amount of sodium 1-0-methyl a-D-glucuronate was available 
sodium gluconate was used as a calibration standard and the ratio of detector 
sensitivity was determined. Because methyl a-D-6-aldehydoglucopyranbside was not 
available it was assumed that the molar response for methyl a-D-6-aldehydo
glucopyranoside is equal to that of methyl a-D-glucopyranoside, because the 
refractive index is proportional to the mass of a molecule. It was ver~ied that side 
products did not interfere. 

2.4.2 Off-line HPLC analysis for the oxidation of methyl a-D-glucopyraposide 

Off-line HPLC analysis for the oxidation of methyl a-D-glucopyranoS:ide was used 
for semi-batch experiments and for the analysis of carboxylic anions as side products. 
The analysis was performed according to the procedure of Schuurman et al. [1992], 
and is based on a separate analysis of methyl a-0-glucopyranoside and the 

' carboxylic anion (side) products. 
The HPLC set-up (Spectra Physics) consisted of a HPLC pump (SP8800), an 

autosampler (SP8775), a column heater and an integrator (SP4290). Two detectors 
were used, an UV-VIS detector (SP4290) and a refractive index detector (Millipore 
Waters Rl410). The chromatograms were reanalysed by a reintegration program 
(Winner on Windows, Thermo Separation Products). 

Quantitative analysis of methyl a-D-glucopyranoside was performed on two 
columns in series. The first column consists of a 70x4.6 mm ID Lichroma SS tube 
packed with an anion-exchange resin (Benson BA-X8) having quaternary ammonium 
groups. On this column carboxylic acids exchange with acetate ions and are 
adsorbed on this column. The column was brought into the Ac--form and was 
frequently regenerated by pumping overnight with a 500 mol m·3 sodium acetate 
solution in water at 343 K. The second column is a 280x4.6 mm ID Lichroma SS tube 
packed with a cation-exchange resin (Benson BC-X8) in the W-form, which is also 
used for the on-line HPLC analysis. Analysis was done at 343 Kat a flow rate of 0.4 
ml min-1 with water as eluent with refractive index detection. Figure 2.5 gives an 
example of a typical chromatogram. The quantification was performed using external 
standard solutions of methyl a-D-glucopyranoside. 
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Figure 2.4 Typical chromatogram of the on-line 
HPLC analysis for the oxidation of methyl a-0-
glucopyranoside. 1: 1-0-methyl a-0-glucuronate 
anion, 2: methyl a-0-6-aldehydoglucopyranoside, 
3: methyl a-0-glucopyranoside. 
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Figure 2.5 Typical chromatogram for the off-line 
HPLC analysis for the oxidation of methyl a-0-
glucopyranoside 1: methyl a-0-gluccpyranoside, 
2: acetate anion. 
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Figure 2.6 Typical chromatogram for the off-line HPLC analysis of carboxylic anions for the oxidation of 
methyl a-0-glucopyranoside. (a) Rl detection, 1: methyl a-0-glucopyranoside, methyl a-0-6-aldehydo
glucopyranoside, 2: 1-0-methyl a-0-glucuronate anion (b) UV-VIS detection, further information in Table 
2.2. 

Carboxylic acid products were separated on 280x4.6 mm ID Lichroma SS tube 
packed with a cation-exchange resin (Benson BC-X8) having sulfonic acid groups. 
The column was brought in the sot-form by washing with a 200 mol m·3 ammonium 
sulphate solution prior to packing. Analysis was done at 343 K at a flow rate of 1.1 
ml min'1 200 mol m·3 (NH4}2SO/ solution brought at a pH of 8. Both UV-VIS at 212 
nm and refractive index (RI) detection were used. A typical example of 
chromatograms obtained at a methyl a-D-glucopyranoside conversion level of 0.5 is 
given in Figure 2.6a for Rl detection and in Figure 2.6b for UV-VIS detection. 
Identification was performed on the basis of retention time of external standards. The 
results are listed in Table 2.2. 
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Table 2.2 Information on the peaks appearing in the chromatogram of Figure 2.6b 

peak component number of number of 
carbon atoms carboxylic groups 

1 methyl a-D-6-aldehydo- 7 0 
glucopyranoside 

2 1-0-methyl a-D-glucuronate 7 1 
3 erythronate/glycerate 4/3 1 
4 glycolate 2 1 
5 formate 1 1 
6 glucarate 6 2 
7 tartrate 4 2 
8 oxalate 2 2 

2.4.3 HPLC analysis for the oxidation of octyl a-0-g/ucopyranoside 
Octyl a-D-glucopyranoside was prepared according to a procedure of Straathof 

et al. [1988a] from D-glucose and 1-octanol. As a catalyst a cation exchange resin 
in the H+ -form (K2411 supplied by Bayer) was used. Octyl a-D-glucopyranoside was 
obtained by crystallization in petroleum ether 40-60 at 264 K. After recrystallization 
in water the product was characterized by the clearing point of 380 K. which is in 
agreement with literature data [Straathof et al., 1988a] and by the specific rotation of 
[a]0

20 = + 124.9° which was equal to the specific rotation of commercially obtained 
cetyl a-D-glucopyranoside (ICN-flow). 

Samples of the semi-batch oxidation of octyl a-D-glucopyranoside were analyzed 
with an off-line HPLC set-up (Thermo Separation Products). It consisted of a HPLC 
pump (P200), an autosampler with a built-in column heater and a heated section for 
the samples (AS3000), a differential refractometer (RefractoMonitor IV) and an UV
VIS detector (SpectraFocus 2000) operated at 212 nm. Data acquisition and 
integration software (PC1000) was used. 

The separation of the components was achieved on a 280x4.6 mm reversed 
phase C-18 ID Uchroma SS column (Chrompack). The eluent consisted of 0.4 vlv 50 
mol m·3 formate buffer (pH = 3.45) and 0.6 v/v methanol. The column temperature 
was 333 K and the flow rate 0.5 ml min·1

• Rl-detection was used. In order to avoid 
crystallization of octyl a-D-glucopyranoside the samples were kept in the autosampler 
above the Krafft-point [Straathof et al., 1988b] at 328 K. A typical example of a 
chromatogram is provided in Figure 2.7. 

The quantification was performed using external standard solutions of cetyl a-D
glucopyranoside and sodium octanoate. The 1-0-octyl a-D-glucuronate concentration 



Experimental 43 

was calculated from the octyl a-D-glucopyranoside molar response corrected 
according to the ratio of the molar response for methyl a-D-glucopyranoside and the 

1-0-methyl a-D-glucuronate anion. Carboxylic anion side products were analyzed with 
the off-line analysis used for the oxidation products of methyl a-D-glucopyranoside, 

but performed on the HPLC set-up described for octyl a-D-glucopyranoside analysis. 

The intermediate product, octyl a-D-6-aldehydoglucopyranoside, was not detected 
with HPLC analysis. 

4 

0.0 0.2 0.8 
time [103 s] 

2.5 Measurement of the catalyst potential 

Figure 2.7 Typical chromatogram for the 
oxidation of octyl a-0-glucopyranoside. 1: water, 
2: 1-0-octyl a-0-glucuronate anion, 3: octyl a-0-
glucopyranoside, 4: octanoate anion. 

During the oxidation of methyl a-D-glucopyranoside in the continuous three-phase 

slurry reactor the open-circuit catalyst potential bf the graphite or carbon supported 
platinum catalyst was measured in-situ. This was done by measurement of the 

potential of a bright gold or platinum wire in the catalyst slurry versus a Ag/AgCI 

reference electrode. This method should be used with caution, because the wire itself 

can be used as an electrode for the measurement of oxygen or hydrogen. The 
method has been used for liquid phase alcohol oxidations by Van Dam et al. [1990], 

who applied a gold wire for measurement of the potential of carbon supported 

platinum-group metal catalysts. Mallat and Balker [1995] reported that a Pt wire was 

found to be more suitable in alcohol oxidations. and that the method could be used 

as a means to control the oxygen supply, avoiding over-oxidation. In this study the 

difference between the Pt and Au wire was negligible. 

The open-circuit potential was also measured for a platinum foil in a continuous 
electrochemical set-up, using an Autolab potentiostaUgalvanostat (Ecochemie). The 

set-up is shown in Figure 2.8. An electrochemical cell (1) of 150 ml was used, which 

was completely filled with liquid. Platinum foil was used as the working electrode. 

Platinized platinum was discarded as the working electrode, because of internal 
transport limitation, concealing over-oxidation phenomena. A Hg/Hg2CI2 electrode was 
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used as the reference electrode and platinized platinum as the counter electrode. In 
the saturation vessel (2) of 350 ml the liquid was saturated with pure oxygen and the 
pH was controlled by a titration system supplying concentrated sodium hydroxide 
solution from a burette (3). The measurement of the pH in the saturation vessel (2) 
with a pH electrode (Radiometer) did not influence the measurements in the 
electrochemical cell (1). A high speed tubing pump (4) was used to circulated the 
oxygen saturated solution through the electrochemical cell at a flow rate of 10 ml/s. 

CE WE RE 

3 

2 
4 

Figure 2.8 Continuous electrochemical set-up. WE: working electrode, CE: counter electrode, RE: 
reference electrode. (1) electrochemical cell, (2) saturation vessel, (3) burette with NaOH solution, (4) high 
speed tubing pump, (5) thermostatic bath. 

Due to this high speed circulation the oxygen concentration and pH are constant 
throughout the set-up. Before each measurement the Pt foil was cleaned by heating 
it in a flame and by electrochemical cycling of the potential between 0 and 1.6 V vs. 
RHE in 0.1 M NaOH solution deaerated with purified argon. The set-up was filled with 
550 ml 0.1 M methyl a-D-glucopyranoside and 0.1 M NaOCI solution. The open-circuit 
potential measurement was started at steady state oxygen concentration and constant 
pH by reduction of the platinum foil at 0 V vs. RHE for 50 s. Due to the small active 
surface area the total conversion of MGP was smaller than 0.2% for all experiments. 
All potentials are referred to the reversible hydrogen electrode (RHE). 



Experimental 45 

2.6 References 

- Ayres, G.H., and Meyer, A.S., Anal. Cham. 23, 299 (1951). 
- Barrett, E.P., Joyner, L.G., and Halenda, P.P., J. Am. Cham. Soc. 73, 373 (1951). 
- Battino, R., Ed., "IUPAC Solubility Data Series, Oxygen and Ozone", Vol. 7, Pergamon Press, 

Oxford, 1981. 
- Charlot, G., "Les Methodes de Ia Chimie Analytique." Masson, Paris, 1961. 
- Che, M, and Bennett, C.O., Adv. Catal. 36, 55 (1989). 
- Gallezot, P., in "Catalysis: Science and Technology" (J.R. Anderson and M. Boudart, Eds.}, Vol. 5, 

p. 221. Springer, Berlin, 1984. 
- Gallezot, P., Fache, F., de Mesanstourne, R., Christidis, Y., Mattioda, G., and Schouteeten, A., 

"New Frontiers in Catalysis, Proceedings of the 10th International Congress on Catalysis" (L. Guzci 
et al., Eds.), p. 195. Elsevier, Amsterdam, 1992. 

- Geus, J.W., Van Dillen, A.J., and Hoogenraad, M.S., Mat. Res. Soc. Symp. Proc. 368, 87 (1995}. 
- Hoogenraad, M.S., "Growth and Utilization of Carbon Fibrils", Ph.D. thesis, Utrecht State University, 

Utrecht, 1995. 
- Lemattre, J.L., Menon, P.G., and Delannay, F., in "Characterization of Heterogeneous Catalysts" 

(F. Delannay, Eds.), Chemical Industries, Vol. 15, p. 299. Marcel Dekker, New York, 1984. 
- Mallat, T., and Baiker, A., Catal. Today 24, 143 (1995). 
- Richard, D., and Gallezot, P., in "Preparation of Catalysts IV' (B. Delmon, P. Grange, P.A. Jacobs 

and G. Poncelet, Eds.), Studies in Surface Science and Catalysis, Vol. 31, p. 71. Elsevier, 
Amsterdam, 1987. 

- Scholten, J.J.F., Pijpers, A.P., Hustings, A.M.L., Cata/. Rev. -Sci. Eng. 27, 151 (1985). 
- Scholten, J.J.F., in "Catalysis, An Integrated Approach to Homogeneous, Heterogeneous and 

Industrial Catalysis" (J.A. Moulijn, P.W.M.N. Van Leeuwen and R.A. Van Senten, Eds.), Studies in 
Surface Science and Catalysis, Vol. 79, p. 419. Elsevier, Amsterdam, 1993. 

- Schuurman, Y., Kuster, B.F.M., Van der Wiele, K., and Marin, G.B., in "New Developments in 
Selective Oxidation by Heterogeneous Catalysis", Studies in Surface Science and Catalysis, Vol. 
72, p. 43. Elsevier, Amsterdam, 1992. 

- Straathof, A.J.J., Van Bekkum, H. and Kieboom, A.P.G., Starch!St~rke 40, 229 (1988a). 
- Straathof, A.J.J., Van Bekkum, H. and Kieboom, A.P.G., Starch/Starke 40, 438 (1988b). 
- Trasatti, S., and Petrii, O.A., J. Electroanal. Cham. 327, 353 (1992). 
- Van Dam, H.E., Wisse, L.J., and Van Bekkum, H., Appl. Catal. 61, 187 (1990}. 
- Weekman, V.W., Jr., AIChE J. 20, 833 (1974). 
- Zhao, Z. and Freiser, H., Anal. Cham. 58, 1498 (1986). 



46 Chapter 2 



3 
OXIDATION OF ALKYL a-D-GLUCOPYRANOSIDES: 

EFFECT OF THE ALKYL SUBSTITUENT ON 
ACTIVITY AND SELECTIVITY 

3.1 Introduction 

The platinum catalyzed selective oxidation of alkyl a-D-glucopyranosides is an 
environmental friendly and industrial attractive process [Van Bekkum, 1991, Gallezot 

and Besson, 1995]. The oxidation products of these renewable resources can for 
example be applied as anionic surface active agents [Boeker and Thiem, 1989, Koch 
et al., 1993]. 

Although the high number of hydroxyl groups in alkyl a-D-glucopyranosides may 
give rise to selectivity problems, the platinum catalyzed oxidation can be performed 
very selectively towards the 1-0-alkyl a-D-glucuronate anion, shown in Figure 1.3 in 
Chapter 1. The selectivity aspect of carbohydrate oxidation has been reviewed by 
Heyns and Paulsen [1962]. It was concluded that when the hemi-acetal group is 
protected by the alkyl substituent the primary alcohol group is preferentially oxidized 
to secondary alcohol groups. Indeed, it was reported by Schuurman et al. [1992] that 
the selectivity for C6-oxidation of methyl a-D-glucopyranoside is approximately 70% 

at complete conversion. For longer alkyl chains (C8-C12) a higher selectivity is 
reported [Van Bekkum, 1991, Vinke, 1991]. Side products are formed due to 
hydrolysis or ring cleavage upon oxidation of secondary alcohol functions, which 
leads to C1-C5 mono- and di-carboxylic acids [Dirkx, 1977, Van Dam et al., 1989]. The 
effect of the alkyl substituent on the selectivity for C6-oxidation can be attributed to 
its stabilizing effect preventing hydrolysis and oxidation of secondary hydroxyl groups. 
The stabilizing effect may be caused by a change of the pK,. values of alcohol groups, 
the ease at which hydrogen abstraction occurs and the adsorption on the platinum 
surface [Vinke, 1991]. Furthermore, the exposition of secondary hydroxyl groups is 
reduced for larger alkyl groups due to steric effects [Van Bekkum, 1991, Vinke, 1991 ]. 
Side products may also be formed via reactions that are not catalyzed by platinum, 
such as alkaline degradation [De Bruijn et al., 1987]. 

Beside reaction selectivity the rate of oxidation is an important factor. For these 
heterogeneous catalyzed oxidation reactions the overall rate or the catalyst activity 
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will strongly depend on the physical and chemical properties of the alkyl a-D
glucopyranoside. Firstly, the external and internal diffusion coefficient will be lower 
for longer alkyl chains due to their larger molecular size, especially when micelles are 
formed due to the hydrophobic character of long alkyl chains [Boeker and Thiem. 
1989]. Pore diffusion may be influenced by the hydrophobic alkyl chain, which has a 
low affinity for the aqueous phase and may physisorb on the catalyst support. 
Furthermore, steric factors may determine the orientation of the hydroxyl group upon 
adsorption of the alkyl a-D-glucopyranoside on a platinum particle as well as the 
maximum fractional coverage. 

In this chapter the effect of the alkyl substituent on the activity and selectivity for 
the oxidation of methyl and octyl a-D-glucopyranoside is investigated with emphasis 
on the side products formed. A tentative reaction scheme is given, which accounts 
for the formation of side products during the oxidation of alkyl a-D-glucopyranosides. 

3.2 Experimental 

A 3.3 wt% platinum on graphite catalyst with a BET surface area of 1.02 105 m2 

kgca;1 and a maximum powder diameter of 30 pm was prepared according to the 
procedure given in Section 2.1. The semi-batch oxidation reactions wetre performed 
in the set-up described in Section 2.2. Before each experiment freshi catalyst was 
reduced in 0.2 I water at 323 K for 2000 s in a hydrogen flow. Next, a methyl or octyl 
a-D-glucopyranoside solution was added, the reactor was purged with nitrogen for 
1000 sand the reaction was started by feeding oxygen. A constant total gas feed flow 
rate of 1.4 104 mol s·1 (200 ml min-1

) was maintained. The reaction conditions are 
listed in Table 3.1. 

Samples of the reaction mixtures were obtained by collection of 1.5 ml reaction 
mixture with a syringe, followed by a filtration over a Millipore membrane filter with 
a pore diameter of 0.45 pm to retain the catalyst particles. The samples were 
analyzed by off-line HPLC analysis according to the procedures given in Section 2.4.2 
and 2.4.3. Identification and quantification was performed on the basis of external 
standards. 

It was verified experimentally and by calculations according to Appendix A.2 that 
the experiments were not significantly influenced by oxygen transport limitation. The 
deactivation by over-oxidation, which is discussed in Chapter 5, was overcome by 
replacement of the oxygen containing gas feed by nitrogen for 1000 s, which resulted 
in an increase of the catalyst activity upon resumption of the oxidation. 
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Table 3.1 Reaction conditions during semi-batch experiments 

condition 

initial alkyl a-0-glucopyranoside concentration 
oxygen partial pressure 
total pressure 
pH 
temperature 
catalyst concentration 

3.3 Activity 

range 

100 mol m·3 

40 kPa 
100 kPa 
8- 10 
323 K 
2 kg m·3 
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The initial rates of consumption are reported in Table 3.2. For the oxidation of 
methyl a-0-glucopyranoside the initial rate of consumption of hydroxide at pH = 1 0 
is equal to the rate at pH = 8.0, but the initial rate of consumption of methyl a-0-
glucopyranoside is smaller at pH = 10.0. The discrepancy between the rate of 
consumption of hydroxide and methyl a-0-glucopyranoside can be explained from a 
different reaction selectivity between pH = 8.0 and 10.0, which will be discussed in 
the next section. The results reported in Table 3.2 are different from Schuurman et 
al. [1992], who reported a linear increase of the rate at a pH higher than 8.5 for the 
oxidation of methyl a-0-glucopyranoside over a carbon supported platinum catalyst. 
The pH effect was described by a separate reaction path for the methyl a-0-
glucopyranoside anion of which the concentration increases with increasing pH. 
However, the effect of the pH may be attributed to other parameters as well, such as 
the physical and chemical properties of the catalyst support or the pH dependence 
of the concel)tration of intermediate aldehyde and side products. The influence of the 
pH on the reaction kinetics will be discussed in Chapter 5. 

The initial oxidation rate decreases significantly with increasing molecular size. 
The initial rate of consumption of octyl a-0-glucopyranoside is almost 10 times 
smaller than the initial rate of consumption of methyl a-0-glucopyranoside, as 
indicated in Table 3.2. As a comparison the initial rate of hydroxide consumption for 
the oxidation of a-cyclodextrin is also listed, which is 100 times smaller than the rate 
of hydroxide consumption during the oxidation of methyl a-0-.glucopyranoside. This 
is in agreement with the results of Arts [1996), who reported that the oxidation of~
cyclodextrin over a bismuth-ruthenium oxide catalyst occurred at a much lower rate 
than the oxidation of methyl a-0-glucopyranoside. 
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Table 3.2 Initial rate of carbohydrate consumption, R..,RCH2oH
0

, and hydroxide consumption, Rw,oH
0 for the 

semi-batch oxidation of methyl and cetyl a-D-glucopyranoside and a-cyclodextrin. Conditions: T 323 K, 
Po2 = 40 kPa, Ccat= 2 kg m·3

, C0 = 100 mol m-3. 

methyl a-D-glucopyranoside 
methyl a-D-glucopyranoside 
octyl a-D-glucopyranoside 
a-cyclodextrin 

pH 
[-] 

8.0 
10.0 
8.0 
8.0 

5.0 
3.9 
0.56 

4.7 
4.5 
0.57 
0.046 

The lower rate observed for the oxidation of octyl a-D-glucopyranoside and a

cyclodextrin can possibly be attributed to transport limitation resulting from the larger 

molecular size. The external and internal diffusion coefficient of an alkyl a-D
glucopyranoside will depend on the bulkiness of the alkyl chain. The diffusion 
coefficient will even be lower when micelles are formed, due to the hydrophobic 

character of the alkyl chains [Boeker and Thiem. 1989] or when adsorption of the 
alkyl chains on the graphite support occurs. When the diffusion coefficient is very low 

transport limitation of the alkyl a-D-glucopyranoside may occur, resulting in a 

decrease of the rate. In Chapter 6, however, it is shown that interparticle diffusion 
limitation does not play an important role even for a-cyclodextrin. 

Beside diffusion limitation the decrease of the rate with increasing molecular size 
may be caused by steric effects upon adsorption. A larger alkyl substituent may 
influence the orientation of the alkyl a-D-glucopyranoside when it adsorbs on a 

platinum particle. In the case carbohydrate adsorption will become the rate 
determining step, a decrease of the rate of adsorption due to an increase of the 
molecular size will result in a decrease of the overall rate. Also. the maximum 
fractional coverage may decrease with an increase of the molecular size, causing a 

decrease of the rate. 

3.4 Selectivity for C6-oxidation 

The results of the semi-batch oxidation of methyl a-D-glucopyranoside are shown 
in Figure 3.1 for pH = 8.0 and Figure 3.2 for pH = 10.0. The selectivity for C6-

oxidation resulting in 1-0-methyl a-D-glucuronate, SA NaMG• used in Figure 3.1 b and 
3.2b, is calculated as: 

carboxylic anion (3.1) 
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Figure 3.1 Semi-batch oxidation of methyl a-0-glucopyranoside at pH = 8.0. (a) Concentration of (o) 
methyl a-0-giucopyranoside, (0) methyl a-0-6-aldehydoglucopyranoside and (v) 1-0-methyl a-0-
glucuronate anion and (+) hydroxide consumption. (b) Selectivity for sodium methyl a-D-glucopyranoside, 
calculated according to Equation 3.1, and the total carbon balance. At t = 10 and 21 103 san in-situ 
catalyst reduction was performed by replacement of the oxygen flow by nitrogen for 1 000 s. Conditions: 
T = 323 K, p02 = 40 kPa, Cca,= 2 kg m.;,. 
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Figure 3.2 Semi-batch oxidation of methyl a-0-glucopyranoside at pH = 10.0. (a) Concentration of (o) 
methyl a-0-glucopyranoside, (D) methyl a-D-6-aldehydoglucopyranoside and (v) 1-0-methyl a-0-
glucuronate anion and(+) hydroxide consumption. (b) Selectivity for sodium 1-0-methyl a-0-glucuronate, 
calculated according to Equation 3.1, and the total carbon balance. At t = 5, 11 and 21 103 san in-situ 
reduction was performed by replacement of the oxygen flow by nitrogen for 1 000 s. Conditions: T = 323 
K, Po2 = 40 kPa, Ccat = 2 kg m-3

• 

In Equation 3.1 the intermediate aldehyde is not taken into account, i.e. it is still 

considered as a reactant. Hence, S\aMG will only deviate from 100 % if other than C6-

oxidation takes place, resulting in carboxylic anion side products. 

There are some remarkable differences between Figure 3.1 and 3.2. Firstly, the 
concentration of the reactive intermediate, methyl a-D-6-aldehydoglucopyranoside, 

is much higher at pH = 8.0. Whereas at pH = 10.0 the intermediate vanishes at XMoP 

= 0.35, at pH = 8.0 the intermediate concentration still equals to 1.0 mol m·3 at XMGP 
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= 0. 76. The higher concentration of the intermediate aldehyde observed for pH = 8.0 
may explain that the initial rate of consumption of methyl a-0-glucopyranoside is 
higher although an equal initial hydroxide consumption is observed (Table 3.2), since 
hydroxide is not involved in the formation of the aldehyde. 

The relatively low methyl a-0-6-aldehydoglucopyranoside concentration observed 
at pH= 8.0 and 10.0 is in agreement with Schuurman et al. [1992], who showed that 
the ratio of the rate of oxidation of the methyl a-0-6-aldehydoglucopyranoside to the 
rate of oxidation of the methyl a-0-glucopyranoside is larger than 101. Oirkx [1977] 
reported that this ratio increases with increasing pH, comparing the rate of oxidation 
of glucose and gluconic acid. This pH dependence for the oxidation of aldehyde 
functions may well explain the lower methyl a-0-6-aldehydoglucopyranoside 
concentration at pH= 10.0. 

The selectivity at which sodium 1-0-methyl a-0-glucuronate is formed, decreases 
with increasing pH. At pH= 8.0 the selectivity is higher than 95% up to a conversion 
of XMGP = 0.4, whereas at pH = 10.0 the selectivity drops to less than 90% after ~GP= 
0.1. The decrease of selectivity is caused by the formation of side products. 
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Figure 3.3 Semi-batch oxidation of octyl a-0-glucopyranoside. (a) Concentration of (o) octyl a-0-
glucopyranoside and (D) 1-0-octyl a-0-glucuronate anion and (v) the hydroxide consumption. (b) 
Selectivity for sodium 1-0-octyl a-0-glucuronate and the total carbon balance. Conditions: T = 323 K, p02 = 40 kPa, pH = 8.0, Cca~= 2 kg m..a. 

The results of the semi-batch oxidation of octyl a-0-glucopyranosidE! are depicted 
in Figure 3.3. The intermediate aldehyde was not detected and may only be present 
in very small amounts since the carbon balance reaches 100% until a conversion of 
0.4. The selectivity for sodium 1-0-octyl a-0-glucuronate amounts to 100% up to a 
conversion of 0.3. This indicates that octyl a-0-glucopyranoside is oxidized at a 
higher selectivity than methyl a-0-glucopyranoside, in agreement with Van Bekkum 
[1991], who reported a selectivity of more than 90% for the oxidation ,of octyl a-0-
glucopyranoside, compared to 70 % for methyl a-0-glucopyranoside. The enhanced 
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selectivity may be due to protection against ring oxidation resulting from the fact that 
the bulky alkyl chain hampers the exposition of secondary hydroxyl groups to the 
platinum surface, especially in a micelle-like ordering [Boeker and Thiem, 1989, Van 
Bekkum, 1991, De Wit, 1992}. 

3.5 Side products 

During the oxidation of alkyl a-D-glucopyranosides side products are formed due 
to hydrolysis and oxidation of secondary alcohol functions followed by ring cleavage 
[Ogata et al., 1977, Van Dam et al., 1989}. Figure 3.4 to 3.6 show the evolution of the 
concentration of mono- and di-carboxylic anions that could be identified as side 
products for the semi-batch oxidations reported in Figure 3.1 to 3.3. The amount of 
side products produced during the oxidation of methyl a-D-glucopyranoside is larger 
at higher pH. Except for erythronate/glycerate and tartronate the concentration of 

each side product is higher at pH = 10.0 than at pH = 8.0. For octyl a-D
glucopyranoside the total amount of side products is lower than for methyl a-D
glucopyranoside, resulting in a higher selectivity up to a conversion of 0.3, as shown 

in Figure 3.3. Major side products are erythronate, glycolate and formate as mono
carboxylic anions and glucarate, tartrate and oxalate as di-carboxylic anions. For octyl 
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Figure 3.4 Side product formation during the 
semi-batch oxidation of methyl a·D-gluco
pyranoside at pH = 8.0 reported in Figure 3.1. 
(a) mono- and (b) di-carboxylic anions. 
Abbreviations: see Figure 3.7. 

time (10* a) 

Figure 3.6 Side product formation during the 
semi-batch oxidation of methyl a-0-gluco
pyranoside at pH = 10.0 reported in Figure 3.2. 
(a) mono- and (b) di-carboxylic anions. 
Abbreviations: see Figure 3.7. 
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a·D·glucopyranoside oxidation octanoate is also observed. No distinction could be 
made between erythronate and glycerate on basis of retention times, but it is 
expected that the concentration of glycerate is low, since tartronate, which is 
produced upon oxidation of glycerate, was not observed at pH = 8.0. For the same 
reason the gluconate concentration could not be determined separately from the 1-0-
methyl a-D·glucuronate concentration. Due to the uncertainties in the identification of 
side products, conclusions are preliminary and should be considered with care. 

a 

Ji' E 3.0 

time [1 oe e) 

Figure 3.8 Side product formation during the 
semi-batch oxidation of octyl a-0-gluco
pyranoside reported in Figure 3.3. (a) mono- and 
(b) di-carboxylic anions. Abbreviations: see 
Figure 3.7. 

No conclusion can be drawn on 
whether the oxidation of secondary 
hydroxyl functions may occur starting 
from alkyl a-D-glucopyranoside or 1-0-
alkyl a-D-glucuronate. At the start of 
the oxidation mono-carboxylic anions 
are formed which indicates that side 
oxidation reactions can occur starting 
from alkyl a-D-glucopyranoside. Di
carboxylic anions may originate from 
side oxidations starting from 1-0-alkyl 
a-D-glucuronate or from consecutive 
oxidation of primary products. It was 
reported by Van Dam et al. [1989] for 
the oxidation of glucose 1-phosphate 
that side reactions primarily start from 
the glucose 1-phosphate rather than its 
C6-oxidation product, because the 
coo· substituent at c5 had a higher 

protecting ability towards C4-oxidation than the CH20H substituent. Side oxidation 
reactions starting from the aldehyde intermediate are less likely, because the 
aldehyde function is oxidized much more readily than an alcohol function [Schuurman 
et al., 1992]. Dirkx [1977] for example reported that the oxidation of D-glucuronic acid 
yields glucaric acid with a selectivity of almost 100%. 

The primary side products may undergo further oxidation. This is clear from 
Figure 3.6a, in which the concentration of mono-carboxylic anions that still contain 
hydroxyl functions reaches a maximum, due to consecutive oxidation to di-carboxylic 
anions and further C-C-bond cleavage. The decrease of the concentration of mono
carboxylic anions may be attributed to the low catalyst activity for octyl a-D
glucopyranoside oxidation as indicated in Table 3.2 which necessitates a longer 
reaction time of 1 105 s. In this way the contribution of slow consecutive reactions is 
relatively larger for octyl a-D-glucopyranoside than for methyl a-D-glucopyranoside. 
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Oxalate is the main dicarboxylic anion that is produced. During the oxidation of octyl 
a-D-glucopyranoside further oxidation to C02 is likely, since calculations show that 

only 80% of the total hydroxide consumption was accounted for by the carboxylic 
anions analyzed. This is in agreement with the observed decrease of the carbon 
balance after a conversion of 0.4, reported in Figure 3.3. The discrepancy is 
attributed to unidentified side products and C02• For the oxidation of methyl a-D
glucopyranoside the amount of unidentified side products must be small since the 
carbon balance does not deviate significantly from 100% and the hydroxide 
consumption is completely accounted for by the total amount of carboxylic anions 
analyzed. 

coo-
I 

H-0-0H 
I 

H0-0-H + Rcoo-I 
OX H-0-0H 

FO/OC coo-I 

~>OCH~ 
H-0-0H I 

I H..O·OH coo-
ox ) I + I + Rcoo-

H-0-0H coo-

GO/G~l 
I ox FO/OC '000 000' ex 

y ER/TA 

~x ex 

~~~~ 
COO' COO' 

) 
I I 

H..O-OH + H-0-0H + ROOO' 

HO OCH~ '000 OCH~ 
I I ox coo- FO/OC 

OH OH GR/TO TO 

~ coo-
COO' 

I 

X • {CH20H H-0-0H 

ex + I + ROOO· coo- HO·O-H 
I FO/OC 

R {H 
GL/OX COO' 

• (CH
2

)
1
CH

8 
TA 

Figure 3.7 Simplified reaction scheme for the formation of side products during the oxidation of alkyl a-0-
glucopyranosides, starting from alkyl a-0-glucopyranoside (CX = CHzOH) or 1-0-alkyl a-0-glucuronate (CX 
= COO}. (I) direct hydrolysis, {II) C:JC3-oxidation, (Ill) CJC4-oxidation, (IV) C.JC5-oxidation, followed by 
hydrolysis. ER = erythronate, FO = formate, GA = glucarate, GL = glycolate, GO = gluconate, GR = 
glycerate, OC = octanoate, OX= oxalate, TA =tartrate, TO= tartronate. 

A simplified reaction scheme for side product formation, starting from alkyl a-D
glucopyranoside or 1-0-alkyl a-D-glucuronate is shown in Figure 3.7. Four routes are 
considered: (I) Direct hydrolysis, which results in C1/C8 and C6 products, (II) CiC3-

oxidation followed by hydrolysis, resulting in C1/C8, C2 and C4 products, (Ill) CafC4-

oxidation and hydrolysis giving C1/C8 and C3 products and (IV) C./C5-oxidation and 
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hydrolysis, which results in C1/C8, C2 and C4 products. It is assumed that the 

primary di-carboxylate anions in step II and Ill undergo rapid hydrolysis. Since no C5 
products were observed C,JC2-oxidation was not considered as a possible route. 

Aldehyde intermediates are not incorporated, because of their high reactivity towards 
OjPl. This is in agreement with the HPLC analysis results, since no products 

containing an aldehyde group were detected. Furthermore, consecutive oxidation 
products and further C-C-bond cleavage are not taken into account. 

In spite of its simplicity the scheme accounts for all side products that were 
identified and shown in Figure 3.4 to 3.6. The side products formed are predominantly 

products with 1, 2, 4 or 6 carbon atoms and for octyl a-0-glucopyranoside oxidation 
also the C8-product. The C1-product, formate, or the C8-product, octanoate, are 
formed through hydrolysis and oxidation of the leaving -OR group. These products 

are formed in all four routes, which is in agreement with the high concentrations 

reported in Figure 3.4 to 3.6. The relative high concentrations of glucarate also 
indicates that direct hydrolysis occurs, according to route I. Formate anions may also 
result from C-C-bond cleavage due to consecutive oxidation of primary side products, 

which is not shown in the tentative reaction scheme of Figure 3.7. Indeed, formate 
is also observed during the oxidation of octyl a-D-glucopyranoside as shown in Figure 

3.6, in which case it can only originate from consecutive oxidations. C2- and C4-

products are the result of ring cleavage between C2 and C3 or C4 and C5, followed by 

hydrolysis. This corresponds to step II and IV in Figure 3.7. CiC5-oxidation is 
considered, because ofthe higher concentration of glycolate relative to oxalate, which 

can only be explained by this route. At C5 the hydroxyl group may not be directly 
accessible for oxidation because of the hemi-acetal structure, but oxidation can take 
place upon hydrolysis. 

Although the obtained fragments with lower molecular weight indicate that C-C
bond cleavage occurs primarily between C2 and C3 or C4 and C5, it is less clear which 

secondary alcohol function is preferably oxidized. Heyns and Paulsen [1962] showed 
that for the platinum catalyzed oxidation of carbohydrates the increasing order of 

reactivity of the functional group towards oxygen is: equatorial hydroxyl < axial 

hydroxyl < primary hydroxyl < hemi-acetal. In the stable conformation of alkyl a-0-
glucopyranoside the C2 , C3 and C4 secondary hydroxyl groups are all equatorially 
directed. Consequently, no preference can be concluded. For the oxidation of glucose 

1-phosphate Van Dam et al. [1989] concluded from the dependence of the 

stabilization towards ring oxidation on the substituent at C5 that the oxidation would 
start at C4 • This would indicate that in Figure 3. 7 the preferred route of side product 
formation is step IV rather than step II, which takes place beside direct hydrolysis 
according to step I. 
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Two important effects of the pH are observed. Firstly, the higher concentration of 
tartronate at pH = 10.0 in comparison with pH = 8.0 may indicate that route Ill 
becomes more favourable at higher pH. Secondly, consecutive oxidation may be 
faster at pH = 10.0. The lower concentration of glycolate and erythronate at higher 
pH may be attributed to consecutive oxidation to oxalate or tartronate, which would 
explain the higher concentrations of these di-carboxylic anions at pH= 10.0. 

Two effects of the alkyl chain on the side product formation are observed. Firstly, 
direct hydrolysis occurs much faster for methyl a-0-glucopyranoside than for octyl a-
0-glucopyranoside, sinee the concentration of glucarate is much higher for the 
oxidation of the former reactant. The lower hydrolysis rate for the octyl chain may be 
attributed to the stabilizing effect of the more bulky group. 

Secondly, for octyl a-0-glucopyranoside GiG5-oxidation according to route IV 
occurs faster than GjG3-oxidation according to route II, whereas for methyl a-0-
glucopyranoside the opposite is observed. This can be understood from the fact that 
for octyl a-0-glucopyranoside oxidation the ratio of the glycolate to erythronate 
concentration is larger than unity and for methyl a-0-glucopyranoside less than unity. 
The alkyl substituent may hamper the exposition of the most nearby hydroxyl groups 
[Van Bekkum, 1991, Vinke, 1991, De Wit, 1992]. Especially in the case in which 
micelles are formed due to the hydrophobic character of the long alkyl chains, the 
hydroxyl groups at G4 and G5 are likely to be more exposed to the platinum surface 
upon adsorption than C2 and C3• This results in an increase of the CiC5- to CjC3-

oxidation ratio for a longer alkyl substituent. 
Another explanation to account for the increased selectivity for a larger alkyl 

substituent and differences in relative amounts of side products is that the 
conformation of the pyranose ring may depend on the alkyl chain. However, the 
precise effect of the substituent on the conformation is uncertain. An increase of the 
anomeric effect with increasing size of the alkyl substituent on G1 is expected, which 
favours the conformation in which the hydroxyl groups are equatorial directed, 
resulting in a decrease of the reactivity of secondary hydroxyl groups [Heyns and 
Paulsen, 1962]. On the other hand, steric factors may favour the other conformation 
since a more bulky substituent on G1 is likely to be equatorial directed. 

3.6 Conclusions 

The platinum catalyzed C6-oxidation of alkyl a-0-glucopyranoside occurs at a 
higher selectivity, but lower activity for longer alkyl substituents at C,. The lower 
activity is attributed to the steric effect of the bulky substituent upon adsorption on the 
platinum surface, especially when micelles are formed. The higher selectivity for a 
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longer alkyl substituent is caused by its apparent protection against hydrolysis and 
ring oxidation. The alkyl substituent may determine the conformation of the molecule 
and thereby the reactivity of the hydroxyl groups or hamper the exposition of 
secondary hydroxyl groups to the platinum surface, especially in a micelle-like 
ordering. 

A tentative reaction scheme is given, which accounts for all side products that are 
observed. Mono-carboxylic anions resulting from the oxidation of the alkyl chain and 
mono- or di-carboxylic anions with 2, 4 and 6 carbon atoms are mainly formed. Side 
oxidation reactions can start from alkyl a-D-glucopyranoside as well as the C6-

oxidation product. Consecutive oxidation of primary side products was also observed. 
The amount of side products increases with increasing pH. C-C-bond cleavage 
primarily takes place between C2 and C3 or C4 and C5, the former becoming less 
important for longer alkyl substituents. This is attributed to steric effects upon 
adsorption, which reduces the exposition of the hydroxyl groups in the vicinity of the 
alkyl substituent at C1. 

3.7 References 

- Arts, S.J.H.F., "Ruthenium-Catalyzed Oxidations of Carbohydrates with Molecular Oxygen and 
Hydrogen Peroxide", Ph.D. Thesis, Delft University of Technology, Delft (1996). 

- BOeker, Th., and Thiem, J., Tenside Surf. Det. 26, 5 (1989). 
- De Bruijn, J.M., Kieboom. A.P.G .• and Van Bekkum, H., Starch/Stiirke 39, 23 (1987). 
- De Wit. D., "Oxidation of Sucrose and Glucose to Chiral Building Blocks", Ph.D. Thesis, Delft 

University of Technology, .Delft (1992). 
- Dirkx, J.M.H., "The Oxidation of Carbohydrates with Platinum on Carbon as Catalyst", Ph.D. Thesis, 

Eindhoven University of Technology, Eindhoven (1977). 
- Gallezot, P., and Besson, M., Carbohydr. in Europe 13, 5 (1995). 
- Heyns, K., and Paulsen, H., Adv. Carbohydr. Chem. 17, 169 (1962). 
- Koch, H., Bech, R., and Roper, H .. Starch/Starke 45, 2 (1993). 
- Ogata, Y .• Sawaki, Y., and Shiroyama, M., J. Org. Chem. 42, 4061 (1977). 
- Schuurman, Y., Kuster, B.F.M., Van der Wiele, K., and Marin, G.B., in "New Developments in 

Selective Oxidation by Heterogeneous Catalysis" (P. Ruis and B. Delman, Eds.). Studies in Surface 
Science and Catalysis, Vol. 72, p. 43. Elsevier, Amsterdam. 1992. 

- Van Bekkum, H .• in "Carbohydrates as Raw Materials" (F.W. Lichtenthaler, Ed.), p. 289. VCH. 
Weinheim, 1991. 

- Van Dam, H.E., Kieboom, A.P.G., and Van Bekkum, H., Reel. Trav. Chim. Pays-Bas 108, 404 
(1989). 

- Vinke, P., "Oxidation of Carbohydrates and Derivatives using Carbon Supported Noble Metal 
Catalysts", Ph.D. Thesis, Delft University of Technology, Delft (1991 ). 



4 
CATALYST MODIFICATIONS DUE TO GAS AND 

AQUEOUS PHASE TREATMENTS AND SELECTIVE 
OXIDATION OF METHYL a-0-GLUCOPYRANOSIDE 

4.1 Introduction 

Partial oxidation of alcohols or carbohydrates is an interesting process for the 
production of valuable chemicals. The oxidation of primary alcohols to aldehydes or 
carboxylic acids and of secondary alcohols to ketones can be performed with 
molecular oxygen in aqueous media over platinum and palladium catalysts [Heyns 
and Paulsen, 1962, Roper, 1991, Van Bekkum, 1991, Mallat and Baiker, 1994]. 
Generally, carbon-type material, such as activated carbon or graphite is used as a 
catalyst support. Especially for carbohydrate chemistry the mild reaction conditions 
and high selectivity are very attractive. However, catalyst deactivation is often 
reported and forms the major bottleneck for the commercialization of these 
processes. Four deactivation mechanisms can be distinguished: 

(i) Deactivation by over-oxidation or oxygen poisoning has obtained most 
attention. It has been reported for the oxidation of primary alcohols [Khan et al., 
1983a, 1983b, Goodenough et al., 1987, Hronec et al., 1990, Kimura et al., 1993, 
Mallat et al., 1994], secondary alcohols [Nicoletti and Whitesides, 1989, Hronec et al., 
1990, Mallat et al., 1992, 1994] and carbohydrates [Dirkx and Vander Baan, 1981a, 
1981b, Dijkgraaf et al., 1988a, 1988b, De Bruijn et al., 1992, Schuurman et al., 1992, 
Bronnimann et al., 1994, Mallat et al., 1994 ,VIeeming et al., 1994]. It is generally 
accepted that over-oxidation is caused by the strong adsorption of oxygen or oxygen 
containing species at the platinum surface [Peukert et al, 1984, De Bruijn et al., 1992, 
Schuurman et al., 1992, Van den Tillaart et al., 1993]. The catalyst activity is easily 
recovered by a mild in-situ reduction [Dirkx and Van der Baan, 1981a, 1981b, 
Dijkgraaf et al., 1988, Nicoletti and Whitesides, 1989, Schuurman et al., 19921 or is 
avoided by regulation of the oxygen supply [Mallat and Baiker, 1 995], application of 
diffusion stabilized catalysts [Van Dam et al., 1987] or the addition of promoter 
metals, like, Bi, Se and Ce to the platinum catalyst [Kimura et al.. 1 993, Mallat et al., 
1994]. Mallat et al. [1994] attributed the influence of bismuth to a geometric effect, 
creating new catalytic centers. Selenium would, according to Kimura et al. [1 993] 
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keep the palladium surface in the reduced state throughout the oxidation of primary 
alcohols, which was performed with oxygen over palladium-based multicomponent 
catalysts and it was reported that cerium has an influence on the dispersion of 

palladium particles. Deactivation by over-oxidation will be dealt with in Chapter 5. 
{ii) Site covering by major products or minor side products is frequently reported 

as a cause of deactivation. In the field of carbohydrate oxidation product adsorption 
was found to deactivate the catalyst for the oxidation of D-glucose [Abbadi and Van 
Bakkum, 1995] in acidic media. In electrochemical oxidations of alcohols in acidic 

media CO from aldehyde intermediates was found to cover active sites [Goodenough 
et al., 1987, Parson and Vandernoot, 1988, Bae et al., 1990], but no CO poisoning 

was observed for D-glucose oxidation [Abbadi and Van Bekkum, 1995]. In alkaline 
media CO is oxidized under reaction conditions [Mallat and Baiker, 1994] and present 
in small amounts [Perez et al., 1994]. In neutral or alkaline media side products may 

be produced, which may cover irreversibly the active site [Khan et al., 1983a, 1983b, 
Nicoletti and Whitesides, 1989, Mallat et al., 1992, Mallat and Baiker, 1994]. Also 
during the initial reductive pretreatment of the catalyst in aqueous media, which is 

often performed in the presence of the alcohol or carbohydrate to be oxidized, the 
platinum surface is covered by dehydrogenation products [Bronnimann et al., 1994, 
Mallat and Baiker, 1994, Mallat et al., 1994, Vleeming et al., 1994], Subsequent 

oxidation removes poisoning species like CO [Mallat and Baiker, 1994], but other side 
products may still cover active sites [Bronnimann et al., 1994]. 

(iii) Metal leaching, the loss of active metal via the dissolution of metal ions often 

constitutes the main reason why a process is not commercially operated. Especially 
in the presence of certain anions or complexing agents like carbohydrates and their 

oxidation products, dissolution of metals is enhanced [Schuurman et al., 1992, 
Bronnimann et al., 1994, Mallat and Baiker, 1994]. Dissolution and loss of active 
metal is not frequently reported, because many oxidations are carried out in batch 
reactors for relative short reaction times. However, upon re-use of the catalyst 

[Hronec et al., 1990] or after careful characterization of used catalysts or the liquid 
phase [Bronnimann et al., 1994, Mallat et al., 1994, Vleeming et al., 1994] a decrease 
of the catalyst metal content was observed. During continuous oxidation of methyl a

D-glucopyranoside to sodium 1-0-methyl a-D-glucuronate a platinum content of 2-4 

ppm was measured in the solution [Schuurman et al., 1992]. 
(iv) Metal particle growth, just like metal leaching, is observed only after 

prolonged oxidation. Schuurman et al. [1992) explain the irreversible deactivation 
observed for the oxidation of methyl a-D-glucopyranoside to be the result of 

recrystallization via dissolution and subsequent redeposition of platinum ions. In this 
so-called Ostwald ripening mechanism large particles grow at the expense of smaller 
ones resulting in an increase of the average metal particle diameter [Ross, 1987]. 



Catalyst modifications due to gas and aqueous phase treatments ... 61 

Other mechanisms have been proposed like two-dimensional Ostwald ripening, a 
mechanism in which platinum atoms migrate on the support surface [Bett et al., 
1976], or an electro-recrystallization mechanism in which local cells are formed 
between large and small platinum particles causing platinum ion complex migration 
compensated by electron transport over the support surface [Connolly et al., 1967]. 

The aim of this chapter is to describe the effects of different environments and 
reaction conditions on supported platinum catalysts in terms of site covering and 
particle growth. Graphite is the main support chosen, because of its high purity and 
the ability to prepare a well defined mono-disperse catalyst [Richard and Gallezot, 
1987]. The generally applied support, activated carbon, and the relatively new type 
of catalyst support, carbon fibrils [Geus et al., 1995, Hoogenraad, 1995], are also 
used. Particle growth is studied by transmission electron microscopy, TEM, and X-ray 
diffraction, XRD. Site covering can be derived from CO chemisorption, when the 
results are compared to TEM and XRD. Deactivation is often only clearly observed 
after prolonged use of the catalyst. Therefore gas phase and aqueous phase 
treatments are performed at extreme conditions to accelerate site covering and 
particle growth. The mechanisms for site covering and particle growth observed as 
a result of these treatments are compared to the deactivation observed for the 
continuous oxidation of methyl a-D-glucopyranoside to sodium 1-0-methyl 
glucuronate. 

4.2 Experimental 

Catalyst 

The graphite supported platinum catalyst, Pt/G, and the carbon fibrils supported 
platinum catalyst, Pt/CF, were prepared according to the procedure described in 
Section 2.1. The carbon supported platinum catalyst, Pt/C, was supplied by Engelhard 
(Escat 21). Catalyst characterization was performed according to the procedures 
described in Section 2.1. The platinum content, BET surface area, specific pore 
volume and average pore diameter are listed in Table 4.1. Before characterization 
catalyst samples from liquid phase experiments were filtered on a 0.45 pm membrane 
filter (Schleicher and Schull RC55 or Millipore GVWP09050), carefully washed with 
Millipore water and dried at 323 K and 5 kPa. 

Gas phase treatments 

The fresh platinum on graphite catalyst, Pt/G, was treated by heating 2.5 10-4 kg 
in hydrogen, nitrogen or air at a flow rate of 2.0 10-4 mol s·1 (300 Nml min-1

} at 773 
K for 2 hours. Treatment in air was followed by reduction in hydrogen at 573 K for 1 
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Table 4.1 Platinum content, Wp1, BET surface area, Sew specific pore volume, Vsp• and the average pore 
diameter, dP for the fresh platinum on graphite (PVG), activated carbon (Pt/C) and carbon fibrils (Pt/CF) 
catalyst. 

catalyst Wpt SBET Vs'f dp 
[kgpt kgca;1] [1 05 m2 kgcat-11 [10-3 m kgca1-

1
] [nm] 

Pt/G 3.4 1.02 0.97 7.4 
PUC 5.0 7.62 1.20 3.2 
Pt/CF 5.7 2.53 1.58 12.5 

hour. After treatment in hydrogen and nitrogen the increase of the platinum content 

was negligible, whereas after treatment in air the platinum content had increased by 

a factor of four, due to platinum catalyzed carbon burn-off [McKee, 1981]. 

Aqueous phase treatments 

A 4 1 04 m3 stirred glass tank reactor equipped with a glass stirrer v,ras filled with 
2.5 to 10 kg m-a catalyst in 0.2 10-a m3 Millipore water (pH=7), 100 niol m·3 HCI04 

(pH = 1) or 100 mol m·3 NaOH (pH = 13). The slurry was stirred in a nitrogen or 
hydrogen atmosphere at 363 K or in an oxygen atmosphere at 323 K at a gas flow 
rate of 1.4 104 mol s·1 (200 Nml min-1

). 

Oxidation of methyl a-D-glucopyranoside: equipment, procedure 

The experimental set-up and procedures are described in Section 2.2 and 2.3. 

Procedure G1 and L3, described in Section 2.2.2 were used to establish the aqueous 
phase oxygen concentration and the control of the liquid feed. The temperature, pH, 
oxygen partial pressure and concentration of methyl a-D-glucopyranoside, methyl a

D-6-aldehydoglucopyranoside and 1-0-methyl a-D-glucuronate were constant during 
reaction, despite deactivation. The reaction mixtures were analyzed by on- and off
line HPLC-analysis according to the procedure described in Section 2.4. It was 

verified according to the procedure in Appendix A.2 that the experiments were not 
significantly influenced by mass and heat transport limitations. 

4.3 Results 

4.3.1 Fresh catalyst 

A TEM micrograph of the fresh platinum on graphite catalyst, Pt/G, and the 
platinum on carbon fibrils catalyst, PUCF, which were prepared according to the 
procedure of Richard and Gallezot {1987] are shown in Figure 4.1. The platinum on 
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(a) 

(b) 

Figure 4.1 TEM micrograph of fresh (a) graphite supported platinum catalyst, Pt/G, and (b) carbon fibrils 
supported platinum catalyst, Pt/CF. 
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graphite catalyst is a well-defined mono-disperse catalyst in agreement with the 

results of Richard and Gallezot [1987]. The platinum particle diameter ranges from 

the detection limit to 2.5 nm. The Pt/CF-catalyst is less mono-disperse, which may 

be due to the different preparation conditions that were applied, resulting in a higher 

platinum loading. The results of the characterization of the fresh graphite, activated 

carbon and carbon fibrils supported catalysts with TEM, CO chemisorption and XRD 

are given in Table 4.2. With XRD a weight averaged diameter, dw, and with 

chemisorption techniques a surface area averaged diameter, d5 , is obtained from the 

exposed fraction of metal atoms [Gallezot, 1984]. From the platinum particle diameter 

distribution obtained with TEM the number averaged, surface area averaged and 

weight averaged diameter were calculated. 

For the fresh catalysts the observed order is: d"TEM < dwxRo <d. reM < dw TEM < d
5
c0 . 

This is in good agreement with the general observed order d"TEM < dwxRo < d.chem, in 

which d5chem the surface area averaged diameter obtained with a chemisorption 

technique. For example, Scardi and Antonucci [1993] reported this order for platinum 

on carbon catalysts using cyclic voltammetry as the chemisorption technique, 

obtaining the platinum surface area from the coulombic charge transferred during 

hydrogen adsorption. 

Table 4.2 The number, surface area and weight averaged platinum particle diameter obtained with TEM, 
dnmo~, d.reM and dwreM, the fraction exposed and platinum particle diameter measured with CO 
chemisorption, FE00 and d5

00, and the platinum particle diameter measured with X-ray diffraction, c~,xRo. 

catalyst1 d TEM 
n 

d TEM 
s 

d TEM 
w FECO d co 

s 
d XRD 

w 
[nm] [nm] [nm] H [nm] [nm] 

Pt/G 1.45 ± 0.04 1.70 ± 0.04 1.81 ± 0.04 0.56 2.3 1.5 
Pt/C 1.9±0.1 2.2 ± 0.1 2.4 ± 0.1 0.47 2.8 
Pt/CF 1.45 ± 0.06 1.8 ± 0.1 2.4±0.1 0.53 2.5 
H2G 2.0 ± 0.1 2.9 ± 0.1 3.3 ± 0.1 0.60 2.2 
N2G 1.7 ± 0.1 2.4 ± 0.1 2.9 ± 0.1 0.57 2.3 
0 2G 6.5 ± 0.4 14.0 ± 0.5 16.9 ± 0.5 0.09 14 25 
H2B1-0.3 2.2 ± 0.1 2.8 ± 0.1 3.0 ± 0.1 0.37 3.5 
H2B1-3.6 2.3 ± 0.2 3.5 ± 0.2 4.2 ± 0.2 0.26 5:0 
H2B1-250 3.4 ± 0.3 5.2 ± 0.3 5.7 ± 0.2 0.09 14 3.4 
H2B2-250 2.4 ± 0.2 3.9 ± 0.2 4.9 ± 0.3 0.18 7.2 3.1 
H2B2-250R 2.2 ± 0.2 3.7 ± 0.2 4.6 ± 0.2 0.25 5.2 
H2B-C 3.1 ± 0.2 3.7 ± 0.2 3.9 ± 0.2 0.22 5.9 
H2B-CF 3.1 ± 0.2 4.0 ± 0.2 4.4 ± 0.2 0.13 10 
H2L 1.60 ± 0.05 1.90 ± 0.05 2.03 ± 0.04 0.41 3.2 1.6 
M1 1.39 ± 0.06 1.79 ± 0.06 1.95 ± 0.06 0.38 4.8 1.5 
M4 1.53 ± 0.05 1.88 ± 0.04 2.00 ± 0.04 0.42 3.1 1.7 
M7 1.64 ± 0.04 1.90 ± 0.04 2.02 ± 0.04 0.27 4.8 

1The catalyst codes are explained in the text. 
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The smaller diameter obtained with XRD compared to dwTEM for the PUG-catalyst 

may be attributed to the fact that the width of the XRD lines is affected by internal 
disorder and strain of the platinum particles [Kiug and Alexander, 1974], which is 
certainly found at the edges of the particle. For small particles this will mean a large 
decrease of the size of the reflecting crystalline structure. Further, particles envisaged 
with TEM as one particle, may actually consist of smaller crystalline structures. As a 
consequence d/RD will be smaller than dwTEM. 

The diameter obtained with CO chemisorption, d5c0 , is larger than d5TEM because 

of several possible reasons. Firstly, the assumption of hemi-spherical particles and 
the amount of platinum atoms per surface area (1.42 1019 m-2 [Scholten et al., 1985]), 
which were used in the calculation of the average platinum particle diameter from the 
fraction exposed may be incorrect. Often a different constant is used in Equation 2.6: 
d = 1.08 1 o-9/FE [Rodriguez-Reinoso et al., 1986]. Furthermore, the assumed 
adsorption stoichiometry of COad/Pt5 = 1 is too large for small particles [Freel, 1972, 
Rodriguez-Reinoso et al., 1986]. 

• • 
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Figure 4.2 TEM micrograph of the platinum on graphite catalyst after oxidation in air at 773 K for 2 hours 
(02G-sample). 
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4.3.2 Gas phase treatments 
The growth of platinum particles upon heat treatment in gas phase was 

investigated by heating the Pt/G-catalyst at 773 K. Table 4.2 shows the. results of this 
treatment in a hydrogen, nitrogen and oxygen atmosphere, the catalyst samples are 
indicated by H2G, N2G and 0 2G respectively. Heating in a hydrogen or nitrogen 
atmosphere results in a small increase of the average platinum particle diameter and 
a small decrease of the fraction exposed, FEc0

. Oxidation of the Pt/G-catalyst in air 
results in a large increase of the average platinum particle diameter. This is caused 
by the platinum catalyzed oxidation of the graphite support [McKee, 1981 ]. resulting 
in a 75 wt% carbon burn-off. Because the support and the anchorage sites of the 
platinum particles are destroyed, platinum particles will migrate over the support 
surface, collide and coalesce. The effect of oxidation at 773 K on the diameter of the 
platinum particles is shown in Figure 4.2, in which platinum particles with a diameter 
up to 30 nm can be observed. 

4.3.3 Aqueous phase treatments 

Figure 4.3 shows the exposed fraction of platinum atoms after aqueous phase 
treatment of the graphite supported platinum catalyst, Pt/G, at pH = 1, 7 and 13 in a 
hydrogen and nitrogen atmosphere at 363 K and in an oxygen atmosphere at 323 K 
for 20 hours. The FEco decreases with increasing pH, the strongest effect is observed 
for hydrogen. 

0.6 

0.5 

0.4 

8 0.3 w 
u. 

0.2 

0.1 

0.0 1 7 13 PH 
Figure 4.3 Fraction exposed measured with CO 
chemisorption, FE00

, as a function of pH and 
atmosphere after aqueous phase treatment of 
the Pt!G-catalyst for 20 hours at 363 K (H2 and 
N2) or 323 K (02). 

Figure 4.4 Fraction exposed measured with CO 
chemisorption. FEc0

• upon treatment of the Pt!G
catalyst in a hydrogen atmosphere at pH = 13 
and 363 K. 
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In order to study the effect of the hydrogen treatment at pH = 13 the PUG-catalyst 
was treated for 250 103 s at a catalyst concentration of 5 kg m·3

. Figure 4.4 shows 
a sharp decrease of the exposed fraction of platinum atoms, FEc0

, as a function of 
time for this experiment. Three samples taken at 0.3, 3.6 and 250 103 s, indicated by 
H2B1-0.3, H2B1-3.6 and H2B1-250, were also characterized with TEM and XRD. The 
results are listed in Table 4.2. The decrease of FEco from 0.56 for the fresh PUG
catalyst to 0.09 after 250 103 s is accompanied by an increase of the average 
platinum particle diameter. With TEM a gradual increase from d

5 
TEM = 1. 70 to 5.2 nm 

is observed. The platinum particle diameter distributions of this experiment are 
depicted in Figure 4.5 and it clearly demonstrates platinum particle growth. With XRD 
an increase from 1.5 to 3.4 nm was determined. 

d .. [nmJ 

Figure 4.5 Platinum particle diameter 
distribution of (a) fresh Pt/G-catalyst, and after 
treatment in a hydrogen atmosphere at pH = 13 
and 363 K for (b) 300 s, (c) 3600 s, {d) 250 103 

s. 

Hydrogen treatment at pH = 13 and 
363 K of the activated carbon and 
carbon fibrils supported platinum 
catalyst also resulted in an increase of 
the average platinum particle diameter 
and a decrease of the exposed fraction 
of platinum atoms, FEc0

, as indicated 
in Table 4.2 by respectively H2B-C and 
H2B-CF. 

Another effect of the treatment at 
pH = 13 in a hydrogen atmosphere is 
the appearance of platinum 
aggregates. Figure 4.6 shows TEM 
micrographs of aggregates that were 
observed after the aqueous phase 
hydrogen treatments. The amount and 
size of these aggregates increase with 
increasing reduction time. The largest 
amount of aggregates and the largest 
size were observed for the graphite 
and carbon fibrils supported catalyst. 
Less and smaller aggregates were 
observed for the catalyst supported on 
activated carbon. It is not clear whether 

the aggregates consist of platinum exclusively or that carbonaceous material is 
incorporated in the aggregates. EDX is not a helpful tool in this case because both 
the catalyst support and the film on the copper grid are composed of carbon, which 
contributes to the total carbon signal in the EDX spectrum. 
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(a) 

20 nm 

(b) 

Figure 4.6 TEM micrographs of the platinum aggregates observed after reductive treatment in a hydrogen 
atmosphere at pH = 13 and 363 K. (a) Pt/G, (b) Pt/CF 
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Figure 4.7 Effect of treatment in a hydrogen 
atmosphere at pH = 13 and 363 K for 20 hours 
on the platinum particle diameter for the PtJC-, 
PtJG- and PVCF-catalysts, obtained from TEM 
and CO chemisorption. 

Figure 4.7 shows the increase of the platinum particle diameter, as measured with 

TEM and CO chemisorption upon the aqueous phase hydrogen treatment of the 

graphite, activated carbon and carbon fibrils supported platinum catalyst. Two 
important results can be derived from this figure. 

Firstly, site covering and particle growth occur simultaneously during treatment 

with H2 at pH= 13. The relative increase of the platinum particle diameter, calculated 

from the CO chemisorption results is larger than the relative increase that is apparent 
from the TEM experiments. In Table 4.2, for example, the relative increase of d5co 

from 2.3 nm for the fresh Pt/G-catalyst to 14 nm for H2B1-250 is much larger than the 
increase of d/EM from 1.70 to 5.2 nm and dwxRo from 1.5 to 3.4 nm. Site covering can 

also be concluded from the experiment in which the fraction of platinum atoms that 

can adsorb CO for the aqueous phase hydrogen treated sample, H2B2-250, increases 
upon treatment in 100 mol/m3 HCI04 at 323 K applying 4 oxidation/reduction cycles. 

As indicated in Table 4.2 by H2B2-250R the FEco recovered to 0.25, which is caused 

by removal of species that are responsible for site covering. 

Secondly, the relative increase of the platinum particle diameter upon aqueous 

phase hydrogen treatment depends on the catalyst support. The lowest relative 

increase is observed for the activated carbon supported catalyst and the highest for 

carbon fibrils as the catalyst support. This is in agreement with the observation that 

a smaller amount of platinum aggregates are formed on the activated carbon 

supported catalyst and that the average size of the aggregates is smaller. 

Repeating the aqueous phase hydrogen treatment for the Pt/G-catalyst at a 

higher catalyst concentration of 10 kg m·3, indicated by H2B2-250 in Table 4.2, after 

250 1 03 s the fraction exposed was 0.18. A series of treatments of the Pt/G-catalyst 

with H2 at pH = 13 indicated that a higher NaOH/catalyst ratio resulted in a larger 

decrease of the fraction exposed. A sodium hydroxide consumption of 1 mol kgca1-
1 

or 6 mol mo1Pt'1 was found for a catalyst concentration of 10 kg m·3
. The higher 

NaOH/catalyst ratio for H2B1-250 compared to H2B2-250 has led to a larger increase 
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of the platinum particle diameter as measured with TEM and XRD and a smaller 
FEc0

, as is clear from Table 4.2. Also, larger platinum aggregates were observed on 
the former sample with TEM. Note that it was difficult to measure the average 
platinum particle diameter with TEM, because of the irregular shape of the platinum 
particles and the presence of clusters of particles forming aggregates. This may 
explain why dwTEM is larger than dwxRo for H2B1-250 and H2B2-250. 

It was verified whether the treated catalysts were poisoned by impurities 
originating from the reactor, because after several treatments at pH = 13 at 363 K 
under hydrogen glass corrosion was observed. Combination of energy dispersive X
ray analysis, EDX, with TEM or scanning transmission electron microscopy, STEM, 
could however not reveal the presence of impurities, like silicon, when characterizing 
platinum particles or aggregates of H2B1-250. 

4.3.4 Oxidation of methyl a-D-glucopyranoside 
Figure 4.8a shows the specific rate of consumption of methyl a-0-

glucopyranoside, Rw, for the selective oxidation to 1-0-methyl a-0-glucuronate over 
the Pt/G-catalyst. During each of the eight successive oxidation runs the rate 
decreased due to over-oxidation [Schuurman et al., 1992, Vleeming et al., 1994]. 
Reduction of the catalyst after each oxidation run by replacing the oxygen flow by 
nitrogen and hydrogen for 1.8 103 s and resuming the oxygen feed results in the 
complete recovery of the initial rate in the next oxidation run. Complete recovery was 
not observed if the catalyst was kept under nitrogen overnight in the reaction solution 
at 323 K for 50 103 s prior to the reduction. This is clear in Figure 4.8a from the 
decrease of the initial rate after overnight storage under N2• 

In Figure 4.8b the fraction exposed measured with CO chemisorption, FEc0
, and 

the surface area averaged platinum particle diameter measured with TEM, dsTeM, are 
shown, that correspond to Figure 4.8a. Upon pre-reduction of the catalyst in water 
prior to the start of the oxidation reaction the fraction exposed decreases and the 
platinum particle diameter increases. The catalyst modifications of the pre-reduced 
catalyst, denoted as H2L in Table 4.2, are comparable to those observed during the 
aqueous phase treatments in which the catalyst was treated in a hydrogen 
atmosphere at high temperature and high pH. 

The decrease of the initial rate observed in Figure 4.8a after run 2 and run 5 can 
be attributed to site covering, resulting in a decrease of the platinum surface area that 
is available for chemisorption. After the pre-reduction the FEco decreases further as 
shown in Figure 4.8b, but no further decrease of the platinum particle diameter 
measured with TEM is observed. The characterization results of this and two other 
catalyst samples that were used for oxidation of methyl a-0-glucopyranoside are 
listed in Table 4.2 and denoted as M1, M4 and M7. The number indicates the number 
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Figure 4.8 Oxidation of methyl a-D-glucopyranoside with 7 intermediate reductions. (a) Specific rate of 
consumption, (b) fraction exposed measured with CO chemisorption, FEco, and platinum particle diameter 
measured with TEM, d,rEM After run 2 and 5 the catalyst was stored overnight in the reaction solution in 
a N2 atmosphere. Conditions: CMGP = 186 mol m·3, CNaMG = 6.5 mol m-3, pH = 9.0, T = 323 K, p0 2 = 100 kPa, 
ccat = 2 kg m-3. 

of intermediate reductions for 1.8 103 s. In contrast to M7 the catalyst samples M1 
and M4 were not subjected to overnight storage in a nitrogen atmosphere. The 
fraction exposed remained constant for M1 and M4 during reaction, whereas for M7 
it decreased to 0.27. At equal platinum particle diameter this decrease must be 
attributed to site covering, which is caused by the overnight storage in a nitrogen 
atmosphere and corresponds to the decrease of the initial rates in Figure 4.8a after 
each overnight N2 treatment. 

Deactivation under oxidizing conditions, i.e. during an oxidation run, can be 
neglected. Extension of the oxidation time to 40 103 s during the seventh oxidation 
run did not result in a change of the initial rate after reductive regeneration. From this 
it can also be concluded that the deactivation as a result of two overnight N2 

treatments cannot be recovered in-situ under oxidizing conditions. 
Deactivation due to platinum leaching can also be neglected. The platinum ion 

concentration in the reactor solution was measured 11 times during the experiment 
of Figure 4.8 both at the beginning and the end of an oxidation run. No effect of the 
run time on the platinum ion concentration was observed. The average platinum ion 
concentration amounted to 0.6 ± 0.1 10-3 mol m-3 (0.12 ppm). This concentration 
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corresponds to a total loss of 1% of the amount of platinum present. During the 
oxidation of methyl a-0-glucopyranoside with an activated carbon supported platinum 
catalyst Schuurman et al. [1992] measured a higher platinum concentration of 10-20 
10·3 mol m·3 (2-4 ppm). 

Although deactivation by site covering is the predominant cause of deactivation 
platinum particle growth cannot completely be excluded . In Figure 4.9 the TEM 
micrograph of catalyst sample M7 is given. Small platinum aggregates like the ones 
shown in Figure 4.6 for the aqueous phase hydrogen treated catalysts appear, 

indicating that platinum particle growth also takes place to a small extent. 

; 
• 

.... 

f----1 
20 nm 

Figure 4.9 TEM micrograph of catalyst sample M? after the oxidation reported in Figure 4.8. The arrows 
indicate small platinum aggregates. 

4.4 Discussion 

4.4. 1 Platinum particle growth 

The decrease of the CO chemisorption capacity upon aqueous phase reduction 
is most predominant at high pH in a hydrogen atmosphere as indicated in Figure 4.3. 
The decrease of the FEco in Figure 4.4 is partly caused by platinum particle growth 
as is clearly observed with TEM and XRD as indicated in Table 4.2 for the 'H 2B'-
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samples by the increase of the average platinum particle diameter upon time of 
treatment. Also from Figure 4.5 it appears that the platinum particle diameter 
distributions skews towards the larger diameter side with increasing time of treatment. 
Furthermore, the appearance of aggregates of platinum particles is shown in Figure 
4.6. 

In general particle growth may occur by surface migration of platinum particles 
or atoms or by transport of platinum through the liquid phase. Transfer of platinum 
through the liquid phase is less likely, because under reducing conditions platinum 
ions that may dissolve are absent. Surface migration of platinum particles and 
platinum atoms are two distinct mechanisms, which are not mutually exclusive 
[Wynblatt and Gjostein, 1975, Ehrburger, 1984, Ross, 1987, Ruckenstein and 
Sushumna, 1988]. The first mechanism involves the random migration of particles 
resulting in collisions with other mobile or fixed particles, followed by their 
coalescence, which leads to particle growth. The other mechanism involves 
interparticle migration of atoms between fixed particles via the support surface. The 
former surface migration mechanism is termed particle migration and the latter, which 
implies the migration of atoms, corresponds to Ostwald ripening [Ross, 1987]. 

The observation that the reductive treatment at pH = 13 is coupled with the 
appearance of aggregates of platinum particles favours the particle migration 
mechanism. In the aggregates shown in Figure 4.6 individual particles can be 
observed, which are at the first stage of their coalescence. It was proposed by 
Wynblatt and Gjostein [1975] that platinum particle migration may occur not by 
simultaneous translational motion of the whole crystallite, but by migration of platinum 
ad atoms on the platinum surface resulting in an eventual transfer from platinum mass 
from one side of the particle to the other. This may also lead to a change of the 
particle geometry and the formation of aggregates. 

Besides the evidence for the particle surface migration mechanism obtained with 
TEM, other methods to distinguish between particle and adatom surface migration 
provide indications that the latter plays only a limited role. 

Firstly, for two-dimensional Ostwald ripening an initial increase of the exposed 
fraction of platinum atoms may be observed, because crystallites release atoms to 
the support surface [Bett et al., 1976]. In the first part of Figure 4.4, however, a rapid 
decrease of FE00 is observed. Hence, this result gives no indication of Ostwald 
ripening, although a small initial increase of the fraction exposed may have been 
completely compensated by site covering. 

Secondly, the particle diameter distribution will be different for both particle growth 
mechanisms. For particle migration and subsequent coalescence a Gaussian 
distribution will become broader and skew towards the larger particle diameter side. 
On the other hand, Ostwald ripening will result in a bimodal distribution [Baker, 1991). 
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From Figure 4.5 no bimodal distribution can be concluded, although the limited 
accuracy of the determination of the particle diameter distributions and the 
impossibility to detect particles below the detection limit of about 0.5 nm may cause 
problems in this respect [Flynn et al., 1974]. 

Thirdly, assuming that platinum particle growth and aggregate formation is caused 
by particle surface migration it was tried to estimate an average platinum particle 
migration distance, x, after a given time, t, and the corresponding particle diffusion 
coefficient, DP for the graphite supported platinum catalyst. Comparison with literature 
data may then indicate whether the particle surface migration mechanism is realistic 
or not. The above quantities are related by: 

x2 
D =-

p 4 t 
(4.1) 

The average migration distance is estimated by calculating the distance from which 
particles must have migrated towards each other in order to create an aggregate. 
Firstly, the number of particles which must have formed the aggregate was estimated. 
For the largest aggregate observed after 250 1 03 s of reduction at 363 K and pH = 
13, it was estimated that 1.5 104 hemi-spherical particles with d0=1.45 nm must have 
formed the aggregate. Next, the number of those hemi-spherical platinum particles 
per unit of support surface area was calculated from the BET surface ar~a of 1.02 105 

m2 kgca!1 and the platinum content of 3.4 10·2 kgp1 kgca;1
. From the calculated value 

of 1 platinum particle per 50 nm2 it follows that 1.5 104 platinum particles cover a 
surface area of 7.5 105 nm2 on the fresh catalyst. If the aggregate is considered as 
the fixed centre of a circle in which all platinum particles have formed the aggregate, 
the radius of that circle is 5 102 nm. If the average particle migration distance, x, is 
equal to the radius of this circle, calculation of the particle diffusion coefficient, DP, 
from Equation 4.1 gives 0.2 1 0'18 m2 s·1

• This value is of the same order of magnitude 
but smaller than found in gas phase sintering experiments at much higher 
temperatures. For example, for 2.5 nm platinum particles on alumina, which were 
annealed at 873 K for 5 hours a DP of 1.5 1 0'18 m2 s·1 ~as reported [Wynblatt and 
Gjostein, 1975]. Thus it can be concluded that on the basis of the calculated particle 
diffusion coefficient the particle surface migration mechanism is realistic. 

Finally, the effect of the support on the extent of platinum particle growth supports 
the particle migration mechanism. Figure 4.7 shows that the relative increase of the 
platinum particle diameter increases in the order: activated carbon < graphite s 
carbon fibrils. Also, the amount and diameter of aggregates are smaller for activated 
carbon as the catalyst support. This indicates that on activated carbon the platinum 
particle growth is relatively smaller, which may be due to the muc~ higher BET 
surface area and the smaller average pore diameter, reported in 1able 4.1. At 
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approximately equal metal loading and platinum particle diameter the total number 
of platinum particles is almost equal. Hence, the higher BET surface area for the 
activated carbon will result in a decrease of the chance of a collision between 
migrating particles and consequently in a decrease of the platinum particle growth. 

Furthermore, the smaller average pore diameter of the activated carbon support may 
cause a decrease of the particle diffusion coefficient and results in a decrease of the 
rate at which platinum particle migration takes place. 

Clearly, the aqueous phase plays an important role in the particle growth 
mechanism in a hydrogen atmosphere. Particle migration can occur at a much lower 
temperature in the liquid phase. Whereas in gas phase in a hydrogen atmosphere at 
773 K particle growth is limited as indicated in Table 4.2 by H2G, the presence of an 
aqueous phase containing sodium hydroxide accelerates particle migration in a 
hydrogen atmosphere at 363 K. Moreover, a higher NaOH/catalyst ratio results in a 
larger average particle diameter as indicated by the data for sample H2B1-250 in 
Table 4.2, which was treated at a higher NaOH/catalyst ratio than H2B2-250. Chu and 
Ruckenstein [1977] explained the increased sintering of platinum particles on a 
carbon film in gas phase at 773 K in the presence of water vapor to result from a 
decrease of the particle support interaction, speculating that the particles migrate by 
floating over the support. For the aqueous phase treatments in a hydrogen 
atmosphere the effect of water and hydroxide may be similar. The presence of the 
aqueous phase may accelerate the destruction of the oxygen containing surface 
groups, destroying the platinum support interaction. Also, the support surface may be 
modified by reaction or interaction of hydroxide ions with the acidic support surface 
groups. Both effects may stimulate platinum particle surface migration and 
consequently particle growth. Another role of oH· might lie in its ability to permit 
transfer of platinum adatoms from the platinum surface to the graphite support 
[Wynblatt and Gjostein, 1975, Bett et al., 1976]. In this way the transport of platinum 
particles on the support may be facilitated via a mechanism in which platinum particle 
migration occurs by migratio_n of platinum adatoms on the platinum surface resulting 
in an eventual transfer of platinum mass from one side of the platinum particle to the 
other. This mechanism may also explain the formation of platinum aggregates. 

During the oxidation of methyl a-D-glucopyranoside particle growth is small and 
occurs only during the pre-reduction, which was performed in water at 363 K in a 
hydrogen atmosphere, as shown in Figure 4.8. The platinum particle diameter 
measured with TEM or XRD for M1, M4 and M7 in Table 4.2 shows a small increase 

compared to the fresh catalyst and no further increase is observed after the pre
reduction, indicated by sample H2L. Also, small platinum aggregates are obsePJed for 

the samples M1, M4 and M7 used for the oxidation reaction and the pre-reduced 
sample H2L as shown in the TEM micrograph in Figure 4.9 for sample M7. The near 
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absence of particle growth under oxidizing conditions can be correlated to the results 
of Figure 4.8a, where after a normal reductive regeneration procedure of 1.8 103 s 
the initial rate is completely restored. Hence, as particle growth takes place mainly 
under reducing conditions and platinum aggregates are observed, the mechanism for 
particle growth can be explained by platinum particle migration, as was the case 
during the hydrogen treatment at pH = 13 and 363 K. 

Platinum particle growth via a platinum particle migration mechanism also takes 
place upon gas phase oxidation at 773 K. A large increase of the platinum particle 
diameter is observed after treatment in an oxygen atmosphere at 773 K, whereas in 
a hydrogen or nitrogen atmosphere only a small increase is observed as indicated in 
Table 4.2. Bett et al. [1976] demonstrated that platinum supported on activated 
carbon required temperatures in excess of 873 K to bring about particle growth in a 
hydrogen and nitrogen atmosphere. Prado-Burguete et al. [1989] showed that the 
oxygen containing surface groups on the carbon support hamper the platinum particle 
growth in a hydrogen atmosphere at 773 K. In an oxygen atmosphere, however, 
platinum catalyzed carbon burn-off [McKee, 1981] destroys these anchorage sites, 
causing platinum particle mobility and particle growth upon collision and coalescence 
of two particles. 

From the gas and aqueous phase experiments it is concluded ~hat platinum 
particle growth can be attributed to the destruction of the strong interaction of the 
platinum particle with the support. The oxygen containing surface groups of the 
support, which are responsible for this interaction are able to inhibit platinum particle 
growth under mild conditions e.g. those during the aqueous phase selective oxidation 
reaction. During hydrogen treatment in liquid phase, especially at high pH and high 
temperature, and during oxygen treatment in gas phase at 773 K these surface 
groups as well as the support are destroyed. This causes platinum particle mobility 
and via collision and coalescence particle growth. 

It is interesting to compare the CO chemisorption data for small and large 
particles with the TEM data, without considering the data which are affected by site 
covering. For the fresh catalysts the adsorption stoichiometry, calculated as dsTEMJd.c0

, 

is 0.73 for the Pt/G-catalyst, 0.81 for the PUC-catalyst and 0.74 for the Pt/CF-catalyst. 
These values are in good agreement with literature data of Freel [1972], who reported 
0.85 for platinum on silica catalysts above a fraction exposed of 0.25 and Rodriguez
Reinoso et al. [1986], who reported 0.62 for activated carbon supported platinum 
catalysts, also for FE > 0.25. For larger particles the difference between d/EM and 
d. co or dwTEM and dwxRo is smaller than for the fresh catalyst as indicated in Table 4.2 
for H2G, N2G and 0 2G. After the gas phase hydrogen treatment dsrEM is even larger 
than d.co. Consequently, the CO adsorption stoichiometry reaches u~ity for larger 
particles. Rodriguez-Reinoso et al. [1986] reported the same effect and proposed two 
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explanations. Firstly, electron transfer from the support towards platinum, which is 
more pronounced for smaller particles, would facilitate bridge-bonded CO. Second, 
for small particles the fraction of platinum atoms at edges will be greater [Van 
Hardeveld and Hartog, 1969], favouring bridge-bonded CO. An increase of the 
fraction of bridge-bonded CO compared to the fraction of linear-bonded CO implies 
that for small particles the CO adsorption stoichiometry is smaller. 

4.4.2 Site covering 
Site covering was observed to take place during the aqueous phase treatment at 

pH = 13 and 363 K. It is indicated by the increase of the CO chemisorption capacity 
upon four oxidation/reduction cycles starting from sample H2B2-250. The fraction 
exposed recovered to 0.25 as indicated by sample H2B2-250R in Table 4.2. It has 
been reported by Vleeming et al. [1994] that the decrease of the fraction exposed 
upon hydrogen treatment at pH = 13 could also be partly recovered by potential 
cycling of the catalyst in an electrochemical set-up and by heating in oxygen at 4 73 
K. Another indication for site covering is that the relative increase of dsco is larger 

than the relative increase of the average platinum particle diameter measured with 
TEM and XRD. In other words the application of Equation 2.6, converting the FEco 

.to the dsco is actually not allowed in this case, because platinum surface atoms, which 
are covered, are not available for CO chemisorption. 

The selective oxidation reaction of methyl a-D-glucopyranoside is only 
accompanied by site covering during pre-reduction and overnight stay of the catalyst 

in the reaction solution under nitrogen. Applying the intermediate reduction procedure 
for a relatively short time no or a small effect on the rate is observed. However, 

maintaining the catalyst overnight under reducing conditions clearly causes a 
decrease of the initial rate as indicated in Figure 4.8a and a decrease of the fraction 
exposed as measured with CO chemisorption, as shown in Figure 4.8b. 

Site covering during the overnight stay of the catalyst in the reaction solution can 
be caused by the presence of organic side products from the methyl a-D

glucopyranoside oxidation. Site covering as a result of the aqueous phase reduction 
at pH = 13 or the pre-reduction in water at 363 K must however be caused by 
products originating from the graphite support. It is assumed that as a result of the 
destruction of the oxygen containing surface groups under reducing conditions, which 
caused platinum particle mobility and particle growth, products are formed which may 
cause site covering. The aqueous phase and the presence of sodium hydroxide in 
particular play an important role in this respect, because gas phase reduction only 
has a limited effect on the CO adsorption capacity. 
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4.5 Conclusions 

The extent of modifications of graphite supported platinum catalysts due to 
particle growth and site covering strongly depend on the catalyst environment. 
Whereas in gas phase oxidation at 773 K platinum particle growth is largely due to 
sintering caused by extensive carbon burn-off of the graphite support, in aqueous 
phase particle growth is limited during treatment in an oxygen atmosphere. In a 
nitrogen or hydrogen atmosphere at 773 K the increase of the particle diameter is 
small. However, aqueous phase reduction, especially at high pH and temperature, is 
responsible for the reduction of the oxygen containing support surface groups, 
destroying the platinum anchorage sites. This enables platinum particle surface 
migration, which leads to the formation of platinum aggregates, particle growth and 
site covering with products originating from the graphite support. The decrease of the 
initial rate for the oxidation of methyl a-D-glucopyranoside after reductive regeneration 
can be ascribed to site covering by side products or products originating from the 
graphite support under prolonged reducing conditions. 
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5 
SELECTIVE OXIDATION OF METHYL a-D-GLUCOPYRANOSIDE: 

KINETIC MODELLING IN THE PRESENCE OF DEACTIVATION 
BY OVER-OXIDATION 

5.1 Introduction 

The selective oxidation of alcohols and carbohydrates with molecular oxygen in 
aqueous media is an industrial and environmental attractive process. The oxidation 
towards carboxylic acids or ketones can be performed very selectively over a noble 
metal catalyst, usually platinum or palladium [Heyns and Paulsen, 1962, Van Bekkum, 

1991]. The oxidation of a primary alcohol is generally considered to proceed via the 
oxidative dehydrogenation of the alcohol to the corresponding aldehyde, followed by 
the selective oxidation of the aldehyde yielding the carboxylic acid, which is obtained 
as the carboxylic anion in alkaline aqueous media: 

RCH20H + Y2 0 2 

RCHO + Y-2 0 2 + OH-
- RCHO + H20 
... Rcoo· + H20 

Catalyst deactivation is often reported [Mallat and Baiker, 1994] and forms a 
major drawback for industrial application. Various causes of deactivation are known: 
poisoning by oxygen [Dirkx and Vander Baan, 1981a, 1981b, Dijkgraaf et al., 1988a, 
1988b, Mallat et al., 1992, Schuurman et al., 1992a], deposition of carbonaceous 

species [Parsons and VanderNoot, 1988, Bronniman et al., 1994, Abbadi and Van 
Bekkum, 1995], metal particle growth [Schuurman et al., 1992a] and leaching of the 

active metal [Schuurman et al., 1992a, Bronniman et al., 1994]. A distinction is made 
between so-called reversible and irreversible catalyst deactivation. Deactivation is 
called reversible when the -catalyst activity can be recovered in-situ by rather small 
changes in the reaction conditions and irreversible when this cannot be done. In this 
respect particle growth and metal leaching are phenomena that cause irreversible 
deactivation. Deactivation due to deposition of carbonaceous species can either be 
irreversible or reversible, depending on the strength of the interaction with the 
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platinum surface. For example adsorption of reaction products [Abbadi and Van 
Bekkum, 1995] at low pH causes reversible deactivation, because it can be overcome 
in-situ by an increase of the pH. In-situ removal of other carbonaceous species may 
however not be possible, as was already discussed in Chapter 4 and hence, 
irreversible deactivation may occur. 

Reversible deactivation by so-called over-oxidation or oxygen poisoning, has 
obtained most attention. Over-oxidation can be ascribed to the strong chemisorption 
of oxygen or oxygen containing species at the metal surface [Peukert et al., 1984, 
Schuurman et al., 1992a, Mallat and Baiker, 1994]. Deactivation by over,.oxidation can 
be easily recovered upon reduction of the catalyst, which can often be applied in-situ 
at mild conditions [Dijkgraaf et al., 1988b, Schuurman et al., 1992a, Vleeming et al., 
1994]. The occurrence of over-oxidation and the rate at which it takes place may 
depend on (i) the catalyst, (ii) the rate of oxygen supply, (iii} the reducing ability of the 
alcohol and (iv) the start-up procedure. 

(i) The choice of the catalyst is the first important factor. Van Dam et al. [1990] 
showed that the order of stability of supported noble metal catalysts towards over
oxidation is Pt > lr > Pd > Rh > Ru. Furthermore, an increase df the rate of 
deactivation due to over-oxidation is observed with decreasing metal particle 
diameter, because the heat of adsorption of oxygen increases with decreasing particle 
diameter [Ross, 1979, Peukert et al. 1986]. This effect was observed for: the oxidation 
of 2-propanol [Nicoletti and Whitesides, 1989], glucose [Besson et al., 1994] and for 
the electrochemical reduction of oxygen over carbon supported platinum catalysts 
[Peukert et al., 1986]. Finally, over-oxidation may depend on the catalyst support. For 
example, the application of diffusion stabilized catalysts prevents over-oxidation due 
to intraparticle transport limitation of oxygen [Van Dam et al., 1987]. 

(ii} Whether or not over-oxidation occurs is strongly dependent on the rate of 
oxygen supply to the catalyst surface relative to the rate of oxygen consumption. The 
oxidation does not suffer from over-oxidation if the oxidation rate is controlled by the 
gas/liquid transfer of oxygen [Smits et al., 1986, DiCosimo and Whitesides, 1989, 
Mallat and Baiker, 1991]. In the absence of oxygen transport limitation, however, the 
active metal surface area may be almost completely covered with oxygen species 
resulting in a low catalyst activity, as was observed by Schuurman et al. [1992a] for 
the oxidation of methyl a-D-glucopyranoside. The open-circuit potential of the catalyst, 
which can be measured in-situ [Mallat and Baiker, 1995] gives a good indication of 
the degree of oxygen coverage. The catalyst potential can even be used as a 
measure to control the rate of oxygen supply preventing over-oxidation [Mallat and 
Baiker, 1995]. 

(iii) The reducing ability of the alcohol, i.e. the rate at which hydrogen is 
abstracted, is another important factor determining over-oxidation. Hronec et al. 
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[1993] explained the observed differences in reactivity of alcohols in terms of the 
interaction of the alcohols with the oxygen-covered active metal surface, which 
depended on the hydrogen dissociation ability of the alcohol. Vleeming et al. [1994] 
showed that, whereas a significant deactivation due to over-oxidation was observed 
for the oxidation of methyl a-0-glucopyranoside, the absence of deactivation for 
ethanol could be attributed to the higher reducing ability of ethanol compared to 
methyl a-0-glucopyranoside. 

(iv) The importance of the start-up procedure was shown by Oirkx and Van der 
Baan [1981a] for the oxidation of gluconic acid. The difference in reaction rate, 
starting from a reduced or an oxidized catalyst, amounted to a factor of 14. 
Jelemensky et al. [1995] found that the start-up procedure may induce multiple 
steady-states, as they obtained up to three steady-states, depending on the oxygen 
and ethanol concentration and the application of a reductive or oxidative start-up 
procedure. 

Apparently, the occurrence of over-oxidation depends on the balance between the 
active metal surface coverage with oxygen and alcohol. A large potential oxygen 
supply rate or a low potential reducing rate by the alcohol may lead to over-oxidation 
[Schuurman et al., 1992a]. In the opposite situation over-oxidation may not take 
place, but the active metal surface area is more likely to suffer from poisoning 
through site covering by carbonaceous products [Parsons and VanderNoot, 1988], 
especially when the catalyst is pre-reduced by the alcohol [Mallat et al., 1993, Besson 
et al., 1994]. 

In literature some examples of kinetic models that account for deactivation by 
over-oxidation during alcohol or carbohydrate oxidation are presented. Oirkx and Van 
der Baan [1981a/b] accounted for the observed deactivation during the oxidation of 
glucose or gluconic acid by an activity factor, which was a function of the conversion. 
The presence of three types of adsorbed oxygen, PtO, Pt02 and molecular oxygen 
was assumed. Oijkgraaf et al. [1988a] used an exponential deactivation function of 
time on stream to account for the deactivation during the oxidation of 0-gluconate. 
Khan et al. [1983] also described the effect of over-oxidation by a first order 
deactivation process. Recently Jelemensky et al. [1996] constructed a kinetic model 
for the description of multiple steady-state data for the selective oxidation of ethanol 
which accounted for over-oxidation by the transformation of surface oxygen species 
into subsurface oxygen. 

The present chapter concerns the investigation of over-oxidation for the oxidation 
of methyl a-0-glucopyranoside by the development of a kinetic model that 
quantitatively describes the observed data in the presence of deactivation by over
oxidation. The model is not only aimed at describing the observed data, but also at 
providing a better understanding of the surface chemistry during aqueous phase 
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alcohol oxidation, especially concerning the process of over-oxidation. Hence, 

concern was taken to avoid mass transport limitations, i.e. to obtain intrinsic kinetic 

data and to prevent a decrease of the active platinum surface area by other 

deactivation processes, such as deposition of carbonaceous species, platinum 

particle growth and site covering. 

5.2 Experimental 

Catalyst 
A 3.3 wt% Pt/graphite catalyst was used, prepared according to the procedure 

described in Section 2.1. The diameter of 95% of the graphite powder particles was 

smaller than 30 pm. The BET surface area amounted to 1.02 105 m2 kgca;1
• Before 

the start of each experiment 0.7 g dry fresh catalyst was pre-reduced in 0.35 I water 

at 363 K for 2000 s in a hydrogen flow as described in Section 2.3'. The fraction 

exposed measured with CO chemisorption, FEc0
, was 0.43 after pre-reduction and 

the surface area averaged platinum particle diameter, obtained with TEM, amounted 

to 1.90 ± 0.05 nm. The corresponding amount of surface atoms amounts to 0.073 

mol kgcat·1 and does not change under the conditions of the present work. Hence, 

irreversible catalyst deactivation during methyl a-D-glucopyranoside ox.idation due to 

particle growth, metal leaching and deposition of carbonaceous species can be 

neglected. 

Equipment, procedure and conditions 

The experiments were performed in a continuous three-phase slurry reactor 
(CSTR). The set-up, procedure and conditions are described in Section 2.2 and 2.3. 

The investigated range of reaction conditions is given in Table 2.1. The establishment 

of the aqueous phase oxygen concentrations was performed according to procedure 

G1 and procedure L3 was used for the control of the liquid feed. The procedures are 
explained in Section 2.2.2. Due to the relative high gas feed flow rate of 1.4 104 mol 

s·1 (200 Nml min-1
) the oxygen conversion is low and the oxygen partial pressure in 

the reactor can be considered as equal to that in the gas inlet, p02°. 
Each experiment consisted of three consecutive oxidation runs· of 1 0000 s. 

Between two consecutive oxidation runs the catalyst was reduced by introducing 

nitrogen for 1000 s resulting in a complete recovery of the catalyst activity. For each 

experiment 40 (t.Rw) data points were used in the time interval between 0 and 10000 

s by taking the average of the 3 consecutive oxidation runs. The temperature, pH, 

oxygen partial pressure and concentration of methyl a-0-glucopyranoside, methyl a

D-6-aldehydoglucopyranoside and 1-0-methyl a-D-glucuronate were constant during 
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reaction, despite deactivation and the average value was used. 

The reaction mixtures were analyzed by on- and off-line HPLC-analysis according 

to the procedures described in Section 2.4. Open-circuit catalyst potential 

measurements were performed according to the method given in Section 2.5. All 

rates are expressed as the specific rate of consumption of methyl a-D
glucopyranoside, which is calculated from the experimental data according to 

Equation 2.15. It was verified in Appendix A.2 that the experiments were not 

significantly influenced by mass and heat transport limitations. 

Parameter estimation and model discrimination 
The set of data that was used for . regression analysis consisted of 24 

experiments. The regression analysis was performed, using a single response 

Marquardt algorithm [1963] obtaining maximum likelihood parameter estimates b for 

the kinetic parameters I! by minimization of the residual sum of squares, SSR: 

SSR(b) ~ ~ [ R..; R.,]' - MINIMUM (S.
1
) 

in which nobs is the number of experimental data points, Rw; is the observed and Rw; 
' . ' 

the calculated specific rate of consumption of methyl a-D-glucopyranoside. Rw can 

be written accOrding to: . 
Rw(t) = R~ 'Poinact (5.2) 

when tt}.e deactivation is separable from the main reaction [Froment and Bischoff, 

1990]. R! is the so-called initial rate, i.e. the steady-state rate in the absence of 

deactivation, and 'POinact is a deactivation function, which is a function of the 

accumulation of inactive oxygen, O;nact· The letter follows from the corresponding 
mass balance: 

d80inact 
_d_t_ = r Oinact (5.3) 

In view of the prereduction or reduction between two consecutive oxidation runs the 

initial condition is given as: 

80inact "' 0 at t 0 (5.4) 

The equations are solved numerically with a Runge-Kutta routine (D02EBF, NAG 

Fortran Library). For the regression analysis of the initial rates Bo;nact = 0 and Equation 
5.3 and 5.4 don't have to be considered. 

The significance of the global regression is calculated as the F-ratio, which allows 
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to discriminate between two models. The F-ratio is the ratio between the mean 
regression sum of squares and the mean residual sum of squares: 

n • 

(nobs -npar) E R;.i 
F-ratio i=1 

(5.5) 

[ ]

2 
n..,. • 

npar L Rw,i - ~.i 
1•1 

in which npar is the number of parameters. 
For the evaluation of the significance of individual parameters the t-value ~ was 

calculated, given by the ratio of the parameter estimate bi and its estimated standard 

deviation s(bi): 

b 
t =-J
J s(bi) 

{5.6) 

The calculated t-value is used to determine the two sided 1-a confidence limit of 

parameter Bi from the tabulated critical t-values t,: 

bi-tc(n0bs-npar•1-V2a) s{bi) :=; Bi :=; bi+t0 (nobs-npar•1-V2a) s(bi) (5.7) 

The simultaneous estimation of standard activation entropies, A#S0
, and enthalpies, 

A#H0
, or standard reaction entropies, AS0

, and enthalpies, AH0
, was performed by the 

reparameterized expressions (Kittrell, 1970) for the rate coefficients, k, derived 

according to the transition state theory (Laidler, 1987) and the equilibrium constants, 
K, which are written acc~rding to: 

k = RTavgexp[A#S
0 _A#Ho]exp[-A#Ho[~--1-]] (5.8) 

N8 h R RTavg R T Tavg 

K exp[ A;'- :~J exp[ _A:' [ ~- r:J] (5.9) 

in which T avg• the average temperature, was taken as 318 K. Standard conditions refer 
to 1 mol m·3 and 6 = 0.5 (Everett, 1950). 

5.3 Nature of over-oxidation phenomena 

A typical result of an experiment for the oxidation of methyl a-D-glucopyranoside 

in a CSTR is shown in Figure 5.1. The rate of consumption of methyl a-D
glucopyranoside decreases in 10000 s to about 20% of the initial rate as indicated in 
Figure 5.1 a. Next, the catalyst was reduced in-situ for 1000 s by replacement of 
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oxygen through nitrogen, allowing oxygen to react with methyl a-0-glucopyranoside. 
After that, the oxidation was continued and a complete recovery of the catalyst 
activity was observed. This complete recovery was observed for all experiments, 
hence irreversible catalyst deactivation can be ruled out, which was confirmed by the 
absence of catalyst modifications in TEM and CO chemisorption measurements of 
used catalysts. 

1.0 
ao.a 
!l!o.e 
a: 
= 0.4 

1U 0.2 

~ b ~ 
O.OH;::::::::::::tt;:;:::-:::;_:;::;:~ 
80~ j 

; . ! 

-, feo 
140 
0 20 

c 

0Lo;;~~s~~;1o~::1~s~~~;u 
time (10* •J 

Figure 5.1 Typical result of an experiment for 
the oxidation of methyl a-0-glucopyranoside with 
0 2 over a 3.3 wt% PVgraphite catalyst in a 
CSTR. (a) Specific rate of consumption of methyl 
a-D-glucopyranoside (b) In-situ open-circuit 
catalyst potential, (c) Concentration of (o) methyl 
a-D-glucopyranoside, (D) methyl a-0-6-
aldehydoglucopyranoside and ( v) 1-0-methyl a-
0-glucuronate. At t = 10000 and 21000 s oxygen 
in the feed was replaced by nitrogen for 1 000 s. 
Conditions: pH = 8.0, T = 323 K, p02° = 40 kPa, 
C

081 
= 2 kg m-3. 

The observed decrease of the rate in 10000 s cannot be due to changes in 
concentration, because the concentration of methyl a-0-glucopyranoside, methyl a-0-
6-aldehydoglucopyranoside and 1-0-methyl a-D-glucuronate are constant as shown 
in Figure 5.1 c. Apparently, the simultaneous and proportional adjustment of the liquid 
feed flow rate of methyl a-0-glucopyranoside and sodium hydroxide with deactivation, 
according to procedure L3, Section 2.2.2, works properly and deactivation does not 
result in selectivity changes. 

The deactivation coincides with an increase of the catalyst potential. Figure 5.1 b 
shows the open-circuit catalyst potential ofthe graphite supported platinum catalyst, 
which was measured in-situ by measuring the potential of a platinum wire in the 
slurry. Since this technique should be used with great caution [Van Dam, 1990, Mallat 
and Baiker, 1995], the in-situ open-circuit catalyst potential of the graphite supported 
platinum catalyst was compared to the catalyst potential of platinum foil, which was 
measured in a continuous operated electrochemical cell at comparable reaction 
conditions. Figure 5.2 shows the catalyst potential for both techniques applied at 
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Figure 5.2 Open-circuit potential measurement 
during the oxidation of methyl a-D
glucopyranoside of (a) Pt-foil in a continuous 
electrochemical cell at 298 K. pH=9.0, CMGP=100 
mol m·3, CNaMG<0.2 mol m-:~ . p02°=40 kPa, (b) 
Pt/graphite catalyst in a CSTR, measured in-situ 
by a Pt-wire for the experiment in Figure 5.1. 

conditions close to those of the CSTR experiments, which is an improvement with 
regard to earlier open-circuit potential measurements [De Bruijn et al. , 1992, 
Schuurman et al., 1992a, Vleeming et al., 1994]. Apart from the difference in the 

absolute value, which may be due to various variables that influence the transfer of 
charge from catalyst particles to the platinum wire [Mallat and Baiker, 1995], both 
techniques indicate a similar behaviour of the catalyst potential. Starting from a 
reduced catalyst the potential instantly increases to a potential larger than 0.8 V vs. 
RHE. During oxidation the potential slowly increases to about 1.0 V vs. RHE. This 
indicates that during oxidation the platinum surface is mainly covered with oxygen 
species since a half covered PtO surface is reached at 0.8 V vs. RHE at pH = 1 and 
0.7 Vat pH= 13 [De Bruijn, 1996]: The slow potential increase with increasing time 
of oxidation shows that the oxygen coverage increases even further during reaction 

until about a monolayer of oxygen, which is reached at 1.0 V [Peukert et al., 1984, 
De Bruijn, 1996]. A tentative representation of the relation between the coverage of 
the platinum surface area with various adsorbing species and the open circuit 

0 0 .5 1.0 

Catalyst Potential [V vs. RHE] 

® 0 @ • @ 
Pt H OH/0 olnact RCH 20H 

RCOOH 

Figure 5.3 Tentative representation of the relation between the open-circuit catalyst potential and the 
coverage of the platinum surface. 
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catalyst potential is shown in Figure 5.3, in which an increase of the oxygen surface 
coverage corresponds to an increase of the catalyst potential. No distinction is made 
between surface coverage with atomic oxygen and hydroxide species. Beside this 
active oxygen species it is assumed that at higher catalyst potentials an inactive 
oxygen species is formed. 

After an oxidation period of 10000 s oxygen is replaced by nitrogen and the 
potential decreases to 0.4 V, as indicated in Figure 5.1 b. This is due to reduction of 
the platinum surface by reaction of methyl a-0-glucopyranoside with adsorbed 
oxygen. For a platinum foil a slower potential decrease was observed, because the 
small total platinum surface area of the platinum foil retards the removal of traces of 
oxygen dissolved in the liquid through a platinum catalyzed reaction with methyl a-0-
glucopyranoside. After resuming the oxidation the catalyst potential during the second 
oxidation run is equal to that during the first run at equal time of oxidation. 

It can be concluded from Figure 5.1, 5.2 and 5.3 that the observed deactivation 
can be attributed to a slow increase ofthe oxygen coverage, so-called over-oxidation, 
which is in agreement with Schuurman et al. [1992a]. Apparently, the reducing ability 
of methyl a-0-glucopyranoside is too small to prevent the increase of the oxygen 
coverage. Because the initial oxygen coverage is more than 0.5 as indicated by the 
catalyst potential of more than 0.8 in Figure 5.1 and 5.2, a further increase of the 
accumulation of oxygen will lead to a decrease of the catalyst activity. The increase 
of the catalyst potential corresponds to this phenomenon. In Figure 5.3 it is also 
assumed that adsorbed oxygen species are transformed into less active or inactive 
oxygen species. The creation of these inactive oxygen species will also result in a 

decrease of the catalyst activity, but it may not coincide with an increase of the 
measured catalyst potential. 

The time required for the establishment of a steady-state after a change of the 
reaction conditions, the so-called intrinsic relaxation time T for a two-stage catalytic 
reaction is related to the steady-state turnover frequency, N, according to a relation 
by Temkin [1976]: 

1 
T ~ --

4N 
(5.10) 

The steady-state turnover frequency for the selective oxidation of methyl a-0-

glucopyranoside is difficult to determine, because a real steady-state is not reached. 
However, at a rate of 1 mmol kgca!1 s·1 the turnover frequency is 0.01 s·1 (Equation 
2.21) and a steady-state oxidation rate is expected in 25 s. This is in agreement with 
the initial fast increase of the catalyst potential shown in Figure 5.2. It should be 
noted that the time before a steady-state aqueous phase oxygen concentration is 
reached amounts to 300 s. However, this only has a limited effect on the 
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establishment of the initial oxygen coverage as the dependence of the reaction rate 
on the oxygen concentration is Very limited [Schuurman et al., 1992b]. But, even if 
the intrinsic relaxation time is taken as 300 s, the time scale of over-oxidation differs 
by two orders of magnitude and, hence, should be considered as an extrinsic or side 
relaxation process. 

The conclusion of Mallat and Baiker [1994], that over-oxidation is the result of 
deactivation rather than its cause, cannot explain the above results. According to 
these authors deactivation is caused by poisoning by side products during pre
reduction or reaction [Mallat et al., 1993, Bronnimann et al. 1994]. Their explanation 
holds when oxygen transport limitation occurs. Indeed, in such a situation, deposition 
of carbonaceous species will cause a decrease of the fractional coverage of the 
alcohol relative to the fractional coverage of oxygen, resulting in over-oxidation. 
Hence, site poisoning will not affect the rate of oxygen reduction but will only lead to 
a decrease of the rate of alcohol dehydrogenation. Furthermore, the removal of these 
carbonaceous species from the active metal surface would necessitate a high 
potential, which also results in over-oxidation [Bronnimann et al., 1994, Mallat and 
Baiker 1994]. In the present work, however, none of the data were significantly 
influenced by mass and heat transport limitations and no irreversible site covering is 
observed. Therefore, it is highly unlikely that over-oxidation, which was observed for 
all experiments, is caused by deactivation due to deposition of carbonaceous species. 

Although the open-circuit potential measurements of the catalyst indicate a 
gradual increase of the oxygen coverage [Peukert et al., 1984] the oxygen coverage 
cannot directly be calculated from the catalyst potential. This is due to the uncertainty 
about the oxygen species involved and their contribution to the overall open-circuit 
catalyst potential. Consequently, the in-situ open-circuit potential as such cannot be 
used to measure quantitatively the oxygen coverage and describe the rate of 
consumption of methyl a-0-glucopyranoside as a function of this coverage. 

The use of other techniques that are capable of accurately measuring the 
increase of oxygen coverages is not straightforward. For instance, the capability of 
electrochemical quartz crystal microbalance technology [Buttry and Ward, 1992] to 
measure minute mass changes of the working electrode, is not very helpful in this 
respect. The increase of the mass due to monolayer coverage of a clean platinum 
surface with 1.30 1019 atoms per square meter amounts only to 3.5 10'7 kg m·2

, which 
is close to the detection limit which is in the order of 1 10·7 kg m·2 [Buttry and Ward, 
1992]. Furthermore, an increase of the electrode mass due to over-oxidation may be 
completely compensated by a decrease of the surface coverage of other species, 
such as methyl a-0-glucopyranoside. 

A technique, that looks more promising for in-situ characterization!, is Extended 
X-ray Absorption Fine Structure Spectroscopy (EXAFS). Quasi hi-situ EXAFS 
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measurements on graphite supported platinum catalyst in a slurry have been 
performed by Pinxt et al. [1996] by use of a special cell. However, in-situ 
measurement of the structure of the active catalyst surface under reaction conditions 
in the absence of oxygen transport limitations is not straightforward, since a uniform 
packed bed is required for proper EXAFS measurements [Pinxt et al., 1996]. 

5.4 Reaction network 

The oxidation of methyl a-D-glucopyranoside towards sodium 1-0-methyl a-D
glucuronate can be considered as a two-stage heterogeneous oxidation reaction, with 
methyl a-D-6-aldehydoglucopyranoside as the intermediate product. The 
concentration of the intermediate, methyl a-D-6-aldehydoglucopyranoside, was always 
less than 2% of the methyl a-D-glucopyranoside concentration, as for example in 
Figure 5.1c for pH = 8.0. At pH = 10.0 the concentration of the intermediate is even 
lower. This is in agreement with the batch reactions for the oxidation of methyl a-D
glucopyranoside discussed in Chapter 3. Schuurman et al. [1992b] reported that the 
pseudo first-order rate coefficient for the oxidation of methyl a-D-glucopyranoside to 
methyl a-D-6-aldehydoglucopyranoside is at least two orders of magnitude smaller 
than the pseudo first-order rate coefficient for the oxidation of methyl a-D-6-
aldehydoglucopyranoside to sodium 1-0-methyl a-D-glucuronate. Hence, the 
aldehyde is present in limited amounts and can be considered as a reactive 
intermediate. Therefore, only the formation of methyl a-D-6-aldehydoglucopyranoside 
is of kinetic significance if it can be assumed that the extent of adsorption of the 
aldehyde intermediate is small and does not significantly influence the overall rate. 

The yield of side products is very small for all experiments, especially at low 
methyl a-D-glucopyranoside conversion. Various mono- and dicarboxylic acids are 
formed through oxidation of secondary hydroxyl functions of methyl a-D
glucopyranoside or 1-0-methyl a-D-glucuronate, followed by ring cleavage, as was 
discussed in Chapter 3. Although present in very small amounts side products may 
reversibly adsorb on the platinum surface and cause site covering, resulting in a 
decrease of the rate [Nicoletti and Whitesides, 1989]. Therefore, the effect of side 
product adsorption will be accounted for by adsorption of 1-0-methyl a-D-glucuronate. 
This is justified since the yield of side products increases with increasing conversion 
or sodium 1-0-methyl a-D-glucuronate concentration, apparent from the batch 
reactions discussed in Chapter 3. In this way the kinetic analysis is not limited to data 
obtained at a very low conversion. 
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5.5 Effect of the reaction conditions 

Figure 5.4 shows the rate of consumption of methyl a-D-glucopyranoside as a 
function of the oxygen partial pressure and the methyl a-D-glucopyranoside and 

sodium 1-0-methyl a-D-glucuronate concentration at pH= 8.0 and 323 K. Note that 
the graphs are obtained by taking the cross-sections of the rate versus time curves 
at t = 0, 1000 and 10000 s. 

The dependence of the initial rate on the oxygen partial pressure is rather limited 
(Figure 2a). This is even more clear for the data at pH = 10. The rate of consumption 

of methyl a-D-glucopyranoside increases with increasing concentration of methyl a-D
glucopyranoside as shown in Figure 5.4b, but levels off at higher methyl a-D
glucopyranoside concentration. An increase of the sodium 1-0-methyl a-D
glucuronate concentration leads to a decrease of the rate (Figure 5.4c), which can 

be due to site covering by 1-0-methyl a-D-glucuronic acid or side products. The 
combined effect of methyl a-D-glucopyranoside and sodium 1-0-methyl a-D
glucuronate is illustrated in Figure 5.4d, where the concentrations are proportionally 
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Figure 6.4 Specific rate of consumption of methyl a-D-glucopyranoside, Rw, at 323 K and pH = 8.0 at 
(o) t = 0 s, (D) t = 1000 sand (a) t= 10000 s as a function of: (a) the oxygen partial pressure at CMGP = 
88 mol m.s and CNaMG = 9.5 mol m·3, (b) the methyl a-D-glucopyranoside concentration at p02° = 40 kPa and 
CNaMG = 9.5 mol m·3, (c) the sodium 1-0-methyl a-D-glucuronate concentration at p02° = 40 kPa and CMGP 

= 82 mol m·3, (d) the methyl a-D-glucopyranoside concentration at a conversion of 0.10 (CNaMG = 0.10 CMGP) 

and p02° = 40 kPa. Symbols: experimental data. Lines: calculated according to Equations 5.22 and 5.23 
and parameter values listed in Table 5.6. 
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time (103 s} 

Figure 5.5 Specific rate of consumption of 
methyl cr-D-glucopyranoside for pH= (o) 8.0 and 
(0) 10.0. Symbols: experimental data. Lines: 
calculated according to Equations 5.22 and 5.23 
and parameter values listed in Table 5.6 (pH = 
8.0 or Table 5.4 (pH = 10.0). Conditions: T = 323 
K, Pol= 40 kPa, CMGP = 420 mol m.a and CNaMG 
= 10 mol m.a. 

time (103 s) 

Figure 5.6 Specific rate of consumption of 
methyl o-D-glucopyranoside for T= (o) 303 K, 
(0) 313 K, (v) 323 K and {o) 333 K. Symbols: 
experimental data. Lines: calculated according to 
Equations 5.22 and 5.23 and parameter values 
listed in Table 5.6. Conditions: pH = 8.0, p02° = 
40 kPa, CMGP = 86 mol m·3, CNaMG = 10 mol m·3. 

increased, i.e. a constant conversion level is maintained. The increase of the rate due 
to a higher methyl a-0-glucopyranoside concentration is compensated by a decrease 
caused by a higher product concentration. 

The effect of the pH was studied in a small pH range, because in more acidic 
media poisoning by acid reaction products is expected [Abbadi and Yan Bekkum, 
1995] and at higher pH non-catalytic side reactions such as degradation of 
carbohydrate occurs [Kieboom and Van Bekkum, 1984]. In Figure 5.5 the difference 
between pH 8.0 and 10.0 is illustrated. For all experiments a smallenate is observed 
at pH = 10.0. 

The temperature was varied in the range of 303 to 333 K. The rate of 
consumption of methyl a-0-glucopyranoside, shown in Figure 5.6, increases with 
increasing temperature. 

Figure 5.7 shows the extent of deactivation, expressed as the normalized rate of 
consumption of methyl a-0-glucopyranoside, RJRw0

, as a function of the reaction 
conditions. Surprisingly, the extent of deactivation does not depend on the oxygen 
partial pressure nor the methyl a-D-glucopyranoside or sodium 1-0-methyl a-D
glucuronate concentration as indicated in Figure 5.7a and 5.7b. For a deactivation, 
which is caused by over-oxidation, it was expected that an increase of the oxygen 
partial pressure would accelerate and an increase of the concentration of a reducing 
agent like methyl a-D-glucopyranoside would slow down the process of over
oxidation. At pH = 10.0 the extent of deactivation is larger than at pH = 8.0 as 
indicated in Figure 5.7c. In Figure 5.7d it is shown that the extent of deactivation 
increases with increasing temperature. 
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Figure 6.7 Extent of deactivation or deactivation function, IPo;nact• expressed as the normalized specific 
rate of consumption of methyl a-0-glucopyranoside, fVRw0 for: (a) oxygen partial pressure, p02° [kPa] = 
(o) 10, (D) 20, (v) 40 and ( o) 100, at pH= 8.0, CMGP = 88 mol m..:J, CNaMG = 9.5 mol m·3 and T = 323 K, 
(b) methyl a·D-glucopyranoside concentration at a conversion of 0.10, CNaMG and CMGP [mol m"'; = (o) 17.5 
and 2.3, (v) 82 and 8.8, (+) 388 and 41, at pH= 8.0, p02° = 40 kPa and T = 323 K. (c) pH= (o) 8.0 and 
(D) 10.0 at conditions given in Figure 5.5. (d) temperature, T = (o) 303 K, (D) 313 K, (v} 323 K and ( o) 
333 K at the conditions given in Figure 5.6. Symbols: experimental data. Lines: calculated according to 
Equations 5.22 and 5.23 and parameter values listed in Table 5.6 (pH = 8.0} or Table 5.4 (pH = 10.0). 

5.6 Construction of the rate equations for selective oxidation and over-oxidation 

In Table 5.1 the global reaction of methyl a-D-glucopyranoside with oxygen and 
sodium hydroxide towards sodium 1-0-methyl a-D-glucuronate is described by 
different possible adsorption and surface reaction steps, that were considered in the 
construction of a kinetic model. The format is adapted from Temkin [1971] in which 
the stoichiometric numbers, a, indicate the multiplicity of the corresponding reaction 
step leading to the same global reaction for each reaction path. The intention of the 
regression analysis is to describe the observed data quantitatively through estimation 
of parameters with statistical significance. This, however, limits the number of species 
and reaction and adsorption steps that can be considered. 
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Table 5.1 Sequences of proposed steps for the oxidation of methyl a-0-glucopyranoside, RCH20H, 
towards sodium 1-0-methyl a-0-glucuronate. RCOONa, assuming sites for physisorption. ·P· and 
chemisorption, •, and subsurface sites, *•ub• as well as the transformation of chemisorbed oxygen adatoms, 
0*, into inactive oxygen, o-.ub· 

(1a) 0 2 + 2 * 
(1b) 02+2* 

(2a) RCH20H +" 
(2b) RCH20H + 2* 
(2c) RCH20H + *P 

.,:t 2 0* 

- 20* 

.,:t RCH20H" 

.,:t RCH20H** 

.,:t RCH20H*p 

1 
0 

1 
0 
0 

0 1 
1 0 

1 0 
0 1 
0 0 

1 
0 

0 
0 
1 

·----------------------------... --------------·--------------------------------------------
(3a) RCH20H* + 0* - RCHO* + * + Hp 1 1 0 0 
(3b) RCH20H*" + 0* - RCHO** + * + H20 0 0 1 0 
(3c) RCHPH*p + 0* - RCHO*p + * + H20 0 0 0 1 

(4a) RCHO* + 0* - RCOOH*+* 1 1 0 0 
(4b) RCHO** + 0* - RCOOH** + * 0 0 1 0 
(4c) RCHO*p + 0* -+ RCOOH*p + * 0 0 0 1 ________________ .., ...... ______________________ ,.. _________________________ ...... 

(5a) RCOOH* + NaOH 
(5b) RCOOH** + NaOH 
(5c) RCOOH* P + NaOH 

(6) 0* + * sub 

.,:t RCOONa + * + H20 

.,:t RCOONa + 2 * + H20 

.,:t RCOONa + * P + H20 

1
) Chemisorption site (*) is not available for chemisorption 

1 
0 
0 

0 

1 
0 
0 

0 

0 
1 
0 

0 

0 
0 
1 

0 

The chemisorption of molecular oxygen on a platinum surface in aqueous phase 
may result in various oxygen species. In most kinetic models dissociative adsorption 

towards oxygen adatoms is assumed, either reversibly [Schuurman et al., 1992b] or 
irreversibly [Nondek et al., 1982, Van den Tillaart et al., 1994]. In some models 

hydroxide species are used instead or beside oxygen adatoms [Mallat and Baiker, 

1994, Jelemensky et al., 1996]. Oxygen adsorption is often described by a Langmuir 

isotherm [Nondek et al., 1982, Schuurman et al., 1992b, Van den Tillaart et al., 1994], 

but in other reports Temkin/Frumkin type of adsorption is used [De Bruijn, 1996, 
Jelemensky et al., 1996]. In the present model reversible and irreversible dissociative 

chemisorption of oxygen was considered as indicated by step (1a) and step (1 b) in 

Table 5.1. No distinction was made between adsorbed oxygen atoms or adsorbed . 
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hydroxide species. Only active adsorbed oxygen species, referred to as oxygen 
adatoms, were considered. 

The oxidation of alcohols is generally considered to proceed via an oxidative 
dehydrogenation mechanism [Mallat and Baiker, 1994]. According to some models 
the alcohol adsorbs associatively [Nondek et al., 1982, Schuurman et al., 1992b, 
Jelemensky et al., 1996] and the reaction proceeds via a Langmuir-Hinshelwood type 
of surface reaction between the adsorbed alcohol and an adsorbed oxygen atom. In 

some cases alcohol adsorption is thought to be dissociative, followed by the oxidation 
of the abstracted hydrogen atom [Hronec et al., 1993, Van den Tillaart et al., 1994, 
De Bruijn, 1996]. The step in which the hydrogen atom is subtracted from the alcohol, 
is generally considered as the rate-determining step. At high oxygen coverages, 
which are concluded from the high catalyst potential in Figure 5.2, the reaction 
between hydrogen and oxygen adatoms will be fast and the adsorption of methyl a-D
glucopyranoside can be described by an associative adsorption. Cherrjlisorption on 
1 site (step (2a)), 2 sites (step (2b}) or physisorption (step (2c)} was considered. In 
the latter case species that are physisorbed on the support are not taken into account 
and it is assumed that the reacting species, adsorbed oxygen species and methyl a

D-glucopyranoside, can adsorb independently. Oxygen can chemisorb on a site 

already occupied by physisorbed methyl a-D-glucopyranoside and vice versa. 
Therefore, two site balances are used for physisorption and chemisorption. The 

degree of coverage by methyl a-D-glucopyranoside, 9RcH2oH• appears in a site balance 
for physisorption and the degree of coverage by oxygen adatoms, 90 , in the site 
balance for chemisorption, as indicated in Table 5.2 for reaction path Ill. The total 
specific amount of sites for physisorption and chemisorption is taken equal to the 
specific amount of surface platinum atoms. From the calculations it was observed that 
this assures a sufficient physisorption capacity. 

Table 5.2 Site balances for physisorption and chemisorption and subsurface site balance for reaction 
paths I or 1', II and Ill from Table 5.1. 

sites 

p hysisorption 
chemisorption 

subsurface 

I or I' 

1=9.+9o+9RCH20H 
+9RCOOH+90sub 

1 =9•sub +9osub 

reaction path 

II 

1 =9.+9o+29RCH20H 
+29RCOOH+9osub 

1 =9.sub +9osub 

Ill 

1 =9·sub +9osub 
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The reaction of associatively adsorbed methyl a-D-glucopyranoside and an 
oxygen adatom, yielding methyl a-D-6-aldehydoglucopyranoside, described in Table 
5.1 by the non-elementary step (3a), (3b) or (3c), is considered as the rate
determining step. Methyl a-D-6-aldehydoglucopyranoside can be considered as a 
reactive intermediate resulting in a low surface coverage. Hence, the pseudo first
order rate constant of step (3} is much smaller than the pseudo first order rate 
constant of step (4), which describes the oxidation of methyl a-D-6-aldehydo
glucopyranoside to 1-0-methyl a-D-glucuronic acid. According to Schuurman et al. 
[1992b] the difference is at least two orders of magnitude for the oxidation of methyl 
a-D-glucopyranoside. Therefore, the rate equation, that was used for all models is 
based upon the kinetic significant step, i.e. the reaction of methyl a-D
glucopyranoside and an oxygen adatom leading to the formation of methyl a-D-6-
aldehydoglucopyranoside: 

(5.11) 

The adsorption of oxidation products is described by the adsorption step of 
sodium 1-0-methyl a-D-glucuronate, step (5a), (5b) or (5c) in Table 5.1. It is assumed 
that the carboxylic anion is adsorbed as the carboxylic acid and that 1-0-methyl a-D
glucuronate adsorbs in the same way as methyl a-0-glucopyranoside. 

The deactivation by over-oxidation is described by a step that describes the 
formation of inactive oxygen species, O;nact· One possible step, step (6), is listed in 
Table 5.1, in which the inactive oxygen species is regarded as so-called subsurface 
oxygen, Osub [Lauterbach et al., 1994]. Recently, Jelemensky et al. [1996] were able 
to describe multiple steady-states, observed for the oxidation of ethanol by taking into 
account such a transformation. For step {6) it is assumed that the formation of 
subsurface oxygen leads to an inactive chemisorption site. Therefore, subsurface 
oxygen appears in the subsurface site balance and the site balance for 
chemisorption, as shown in Table 5.2 for reaction paths I, 1', II and Ill. 

The effect of the pH could not be accounted for in the kinetic model. The lower 
rate at pH = 10.0 is in agreement with the batch experiments discussed in Chapter 
3, but in contradiction with Schuurman et al. [1992b], who reported a linear increase 
of the rate at pH> 8.5 for the oxidation of methyl a-D-glucopyranoside over platinum 
supported on activated carbon. They described the pH effect by an increase of the 
concentration of the methyl a-D-glucopyranoside anion with increasing pH, 
considering a separate reaction path for the anion. However, the effect of the pH on 
the rate of consumption of methyl a-D-glucopyranoside may depend on other 
parameters as well, such as the physical and chemical properties of the catalyst 
support. This may for example affect the physisorption or chemisorption of oxygen, 



98 Chapter 5 

methyl a-D-glucopyranoside and {side) products. Also, the concentration of the 
intermediate aldehyde and side products is pH dependent, which was discussed in 
Chapter 3. From Figure 5.7c it is clear that the extent of deactivation also depends 
on the pH. The dependence of the over-oxidation on the pH may also be caused by 
several of the phenomena mentioned. Therefore, the complexity of the pH effect 
cannot be attributed to one clear effect and could not be accounted for in a kinetic 
model. Hence, the regression analysis of the data at pH = 8.0 and 10.0 were 
performed separately and two sets of kinetic parameters were obtained, one 
describing the data at pH= 8.0 and the other describing the data at pH= 10.0. 

The regression analysis was divided in several parts. First, the regression 
analysis of the data is performed for the initial rates, i.e. without taking into account 
the effect of over-oxidation, omitting step (6) in Table 5.1. Next, the regression 
analysis is extended to all data in the time interval between 0 and 10000 s, estimating 
all parameters simultaneously. Finally, the temperature effect is taken into account 
by considering the Arrhenius dependency of the rate coefficients. 

5. 6. 1 Selective oxidation in the absence of deactivation 

In first instance discrimination between the models based on the. reaction paths 
proposed in Table 5.1 was based on regression analysis of the initial rates by 
omission of step (6), assuming no presence of inactive oxygen. Rate equations for 
reaction paths I, I', II and Ill were derived from Equation 5.11, based on the steady
state approximation of the reactive surface intermediates and the site balances in 
Table 5.2 with Bosub = 0. The reversible steps (1a), {2) and {5) are considered to be 
in quasi-equilibrium. Regression of Rw0 data at pH= 8.0 and 10.0 was performed with 
the obtained rate equations. For example the following rate equation is obtained for 
reaction path I: 

(5.12) 

The terms in the denominator indicate the relative fractions of the surface species, 
in which the term 1 represents the relative fraction of vacant sites and the other terms 
the relative fraction of 0*, RCH20H* and RCOOH* species. 

The regression of the Rw0 data at pH = 8.0 and 10.0 for reaction path I with 
Equation 5.12, but also for reaction paths 1', II and Ill showed low t-values for the 
individual parameter estimates. Therefore, the number of parameters was reduced. 
Since the surface is mainly covered with oxygen species the relative fraction of 
vacant sites is much smaller than the relative fraction of 0*, i.e. 8. « 80 , and Equation 
5.12 can be approximated according to: 
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(5.13) 

with ~K1-%, k3 and K5K,-% as the parameters to be estimated. For reaction paths 1',11 
and Ill a similar approximation leads to the following rate equations: 

(5.14) 

• o -1 % [ -C~ +(Co, +8K2K1'CRCH,OH +8KsK1'CRCOONaf' ]
3 

R_:;_u = ls~K, LPo, CRCH,OH 
4~K1'CRCH,OH +4KsK,-'CRCOONa 

(5.15) 

~o _ ls~LPRcH,OH 
''will -

. 1 +~CRCH,OH+KsCRCOONa 
(5.16) 

A detailed derivation of Equation 5.16 is provided in Appendix A.3. 
The regression results obtained with Equation 5.13 to 5.16 are given in Table 5.3 

and are illustrated in Figure 5.8. It is concluded from the higher F-ratio or global 
significance for reaction path I compared to reaction path I' and the results shown in 
Figure 5.8 that reversible oxygen adsorption (step (1a)) describes much better the 
experimental data than irreversible adsorption (step (1b)). Also for reaction paths II 
and Ill the significance of the global regression was greatly improved if a reversible 
oxygen adsorption step was incorporated in the model instead of irreversible oxygen 
adsorption. These results are in agreement with Schuurman et al. [1992b], who also 
obtained a better description of the experimental data assuming reversible oxygen 
adsorption for the oxidation of methyl a-0-glucopyranoside. 

Adsorption of methyl a-0-glucopyranoside and 1-0-methyl a-0-glucuronate on two 
sites (reaction path II) instead of 1 site (reaction path I) leads to a higher global 
significance. However, the effect is rather small, since a large similarity between 
reaction paths I and II concerning the description of the experimental data is 
observed in Figure 5.8. 

For reaction path II, the ratio of the Langmuir adsorption equilibrium constants for 
methyl a-0-glucopyranoside or 1-0-methyl a-0-glucuronate and oxygen is 1.2 10·3 

and 4.7 10·3 respectively. With an equilibrium constant for oxygen, K,. in the order of 
10 m3 mol·1 at 323 K [Schuurman et al.. 1992c], the standard free Gibbs energy of 
adsorption for methyl a-0-glucopyranoside and 1-0-methyl a-0-glucuronate amounts 
to -12 and -8.2 kJ mol·1 respectively. These relative low values point to physisorption 
rather than chemisorption of methyl a-0-glucopyranoside and 1-0-methyl a-D
glucuronate. 
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Table 5.3 Parameter estimates with 95% confidence limits by regression of Rw0 data (60 ,ub = 0) at pH = 
8.0 and 10.0 and 323 K for reaction paths I (Equation 5.13), I' (Equation 5.14), II (Equation 5.15), and Ill 
(Equation 5.16) 

pH= 8.0 pH = 10.0 

reaction path I 
K2 K/t. [10'3 m312 mol'112] 2.09 ± 0.78 2.6 ± 1.4 
k3 [1 o-1 s'1] 1.91 ± 0.49 1.62 ± 0.84 
Ks K/, [1 o-3 m312 mol'112

] 9.8 ± 8.3 17 ± 27 
F-ratio 153 76.2 

reaction path I' 
K2 k,-14 [1 o-3 s·112 m312 mor112] 4.4 ± 2.6 2.8 ± 6.6 
k3 [1 o-1 s·1] 3.4 ± 2.3 7 ± 18 
K

5 
k1'

14 [1 o-2 s·112 m3/2 mol·112] 5.8 ± 5.3 16 ± 21 
F-ratio 26.3 11.6 

reaction path II 
. ~ K,-1 [10'3] 1.20 ± 0.54 1.72 ± 0.82 

k3 [1 o-1 s·1
] 3.50 ± 0.75 3.0 ± 1.0 

Ks K,., [1 o·3J 4.7 ± 3.8 11 ± 12 
F-ratio 225 183 

reaction path Ill 

~ [10'2 m3 mon 3.1 ± 2.6 5.4 ± 4.8 
k3 [10'2 s·1] 4.6 ± 1.1 34 ± 85 
Ks [10'1 m3 mol-1

] 1.1 ± 1.4 2.0 ± 3.5 
F-ratio 231 300 

The large difference between oxygen chemisorption and methyl a-0-
glucopyranoside or 1-0-methyl a-0-glucuronate physisorption is expressed in reaction 
path Ill, in which the assumption is made that oxygen chemisorption is not dependent 

on the fractional coverage of methyl a-0-glucopyranoside and 1-0-methyl a-D

glucuronic acid and vice versa. From a physical point of view this can be understood 
from the large differences in geometrical size and adsorption energy between oxygen 
and methyl a-0-glucopyranoside or 1-0-methyl a-0-glucuronate. As indicated in Table 
5.3 this approach results in a better description, since the highest global significance 

is obtained for reaction path Ill, but on the other hand some parameter estimates of 
reaction path Ill lack statistical significance. Other models were proposed in which 

physisorption of methyl a-0-glucopyranoside is followed by a reversible or irreversible 
chemisorption, but these models were rejected because of the lower global 
significance and poor description of the experimental data. 
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Figure 5.8 Specific initial rate of consumption of methyl a-0-glucopyranoside, f\.0
, at 323 K and pH= 8.0 

as a function of: (a) the oxygen partial pressure at CMGP = 88 mol m.s and CNaMG = 9.5 mol m·3, (b) the 
methyl a-0-glucopyranoside concentration at a conversion of 0.1 0 (CNaMG = 0.1 0 CMGP) and p02 ° = 40 kPa. 
(o) Experimental data,(······) reaction path I (Equation 5.13), (-··-··)reaction path I' (Equation 5.14), (-- -) 
reaction path II (Equation 5.15), {-)reaction path Ill (Equation 5.16). · 

As shown in Appendix A.3 the dependence of reaction path Ill on the oxygen 
concentration is expressed by the term K/'C0 /

21(1+K1%C02y,), which is not much 
different from one. Consequently, a low significance of the estimate of K1 was 
obtained and the approximated kinetic rate equation given by Equation 5.16 does not 
depend on the oxygen concentration at all. This is clearly shown in Figure 5.8a. The 
description of the dependence of the rate on the methyl a-0-glucopyranoside and 
sodium 1-0-methyl a-D-glucuronate concentration is similar for reaction paths I, II and 
Ill, as shown in Figure 5.8b. No pH dependence can be concluded because equal 
parameter estimates for pH= 8.0 and 10.0 are obtained within the 95% confidence 
limits. The small number of experimental data used in the regression analysis results 
in a low significance for the global regression and the individual parameters. As a 
consequence discrimination between reaction paths I, II and Ill is rather difficult. The 
extension of the kinetic regression to all data will lead to an improvement of the 
significance of the parameter estimates and facilitate the discrimination. 

5.6.2 Selective oxidation in the presence of deactivation 
The extension of data regression tot> 0 s, i.e. in the presence of deactivation 

due to over-oxidation, necessitates the introduction of a side relaxation process. The 
slow transformation of oxygen adatoms into less active or inactive oxygen due to 
strong chemisorption is generally considered as the cause of over-oxidation 
[Schuurman et al., 1992a). Several steps that can describe the transformation of 
oxygen into less or inactive oxygen were tried, which will be discussed in the next 
section. Step (6) in Table 5.1, representing a reversible surface reaction of an oxygen 

adatom, 0*, with a subsurface site, *sub• creating a subsurface oxygen atom, 0\ub• 
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resulted in the highest global significance and the most adequate description of the 
experimental data. The assumption is made that the creation of a subsurface oxygen 
results in the inactivation of a surface site. Therefore, subsurface oxygen appears in 
the balance of active sites for chemisorption and in the subsurface site balance, as 
shown in Table 5.2. The transformation of oxygen into subsurface oxygen is in 
agreement with Jelemensky et al. (1996), who used the same step in a kinetic model 
to describe multiple steady-states for the aqueous oxidation of ethanol. 

Rate equations were based on the reaction paths in Table 5.1 and the site 
balances in Table 5.2. Because the time scale of the side relaxation process, step 
(6), is much larger than the intrinsic relaxation time, a steady-state approximation of 
the reactive surface intermediates can still be applied. It was again assumed that 
surface reaction step (3) is the rate-determining step. Following this procedure a rate 
equation is obtained in which Rw is a function of the subsurface oxygen coverage, 
9011ub and the rate at which subsurface oxygen is formed is obtained from: 

(5.17) 

Again, regression with the obtained equations showed low t-values for all three 
reaction paths, which indicates a poor statistical significance of the individual 
parameters. Therefore, the number of parameters was reduced in the same way as 
it was performed in the previous section. The assumption was made that the relative 
fraction of vacant sites is much smaller than the degree of coverage by oxygen, 8. 

« 80 . For reaction path I the following approximated equations are obtained: 

and for reaction path II: 

and for reaction path Ill as shown in Appendix A.3: 
k~<'LC 

R = 3'"2 t RCH,OH (1 -8 ) 
w,lli 1 + K2CRCH,OH + f<sCRCOONa Osub 

dBosub "(1 )2 K ~14 -14 ( ) = "6 -Bosub -k_, 1 Co, Besub 1 -80sub 

(5.18) 

(5.19) 

(5.20) 

(5.21) 

(5.22) 

(5.23) 
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Table 5.4 Parameter estimates with 95% confidence limits by regression of the Rw(t) data, with 0 ~ t ~ 
10000 s, at pH= 8.0 and 10.0 and 323 K for reaction paths I (Equation 5.18 and 5.19), If (Equation 5.20 
and 5.21), and Ill (Equation 5.22 and 5.23). 

reaction path I 
K2 K/" [1 o-3 m312 mol-112

] 

ks [10_, s·1] 
Ks K,-Y, [1 o-s m312 mol'112] 

ks [1 04 s·1
] 

k.s K,.y, [1 04 s·1 m·312 mol112] 

F-ratio 

reaction path II 
K2 K,-1 [10-3

] 

k3 [10'1 s·1
] 

l<s K/ [10-3
] 

ke [1 04 s·1
] 

k.s K1'
14 [104 s·1 m·312 mol112

] 

F-ratio 

reaction path Ill 
~ [10-2 m3 mol'1] 

k3 [10'2 s·1
] 

K5 [1 o·1 m3 mol'1] 

k6 [1 04 s·1
] 

k K -Y, [1 o-s s·1 m·312 mol112] 
·6 1 

F-ratio 

pH= 8.0 

2.61 ± 0.14 
1.93 ± 0.08 
1.44 ± 0.15 
5.51 ± 0.54 
2.32 ± 0.51 

4436 

1.84 ± 0.14 
3.42 ± 0.13 
8.37 ± 0.95 
4.90 ± 0.46 
2.29 ± 0.46 

5405 

3.11 ± 0.36 
5.08 ± 0.20 
1.44 ± 0.23 
6.82 ± 0.59 
9.0 ± 2.2 

6275 

pH= 10.0 

3.11 ± 0.24 
1.48 ± 0.12 
16.7 ± 4.2 
8.7 ± 1.0 
1.7 ± 1.1 

1874 

2.69 ± 0.32 
2.95 ± 0.25 
18.6 ± 4.4 
8.9±1.1 

2.46 ± 0.74 
1975 

2.76 ± 0.26 
3.71 ± 0.17 

76 ± 25 
10.6 ± 0.8 
6.0 ± 2.1 

5357 

The results of the regression with the above equations are shown in Table 5.4 for 

pH = 8.0 and 10.0. All parameter estimates are statistical significant. The highest 
binary correlation coefficient between the individual parameters amounts only to 0.71. 

The effect of the pH on the reaction coefficients and adsorption constants is small 

with the exception of the adsorption constant for 1-0-methyl a-glucuronate, K5 , which 

is much larger at higher pH. This indicates that the reversible adsorption must be 

attributed to side product adsorption rather than to adsorption of the main reaction 

product, because at pH = 10.0 the amount of side products is higher at equal 

conversion as was shown in Chapter 3. It could not be determined which product is 

responsible for reversible site covering. Adsorption of mono- and di-carboxylic anions 
is less likely since it is expected that these species adsorb more strongly on the 

platinum surface at lower instead of higher pH [Abbadi and Van Bekkum, 1995]. 
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For none of the considered reaction paths does the addition of a side relaxation 
step, describing the reversible formation of inactive subsurface oxygen, lead to kinetic 
parameter estimates different from those obtained from the regression analysis of the 
initial rates only. Indeed, all parameter estimates that are common to Tables 5.3 and 
5.4 are identical within the 95% confidence limits. This supports the suggestion that 
a distinction can be made between the intrinsic relaxation process on a time scale of 
seconds, in which steady-state surface coverages are expected, and the extrinsic or 
side relaxation process, which causes deactivation. Indeed, this is confirmed by the 
ratio of the rate coefficient of the rate-determining step (3) and the rate coefficient of 
step (6}, kslke. which is in the order of 102-103

• 

The distinction between intrinsic and extrinsic kinetics also follows from the rate 
equations, which, with the exception of Equation 5.20, can be written as the product 
of the initial rate, defined in Section 5.6.1, and a so-called deactivation function 
[Froment and Bischoff, 1990]: 

0 
Rw 'Po;nact 

(5.24) 

This is commonly referred to as separable deactivation [Froment and Bischoff, 1990]. 
Combining Equation 5.24 with Equation 5.18 and 5.22 it follows that the deactivation 

function, 'Poinact• can be written as: 

'Poinact (1 _8 \"· = [ l, -Losub] n, 
Osub/ L 

t 

(5.25) 

in which n. corresponds to the number of active sites involved in the rate-determining 
step of the reaction, step (3) in Table 5.1 [Froment and Bischoff, 1990]. For reaction 
path I the number of chemisorption sites involved in step (3a) in Table 5.1, n., is 
equal to 2 and for reaction path Ill, involving step (3c), n. = 1. For reaction path II in 
the main reaction step (3b) three active sites are involved which is in agreement with 
n. = 3 although in this case the separability of the deactivation is less clear. It should 
be noted that the subsurface oxygen coverage which is calculated from Equation 
5.19, 5.21 or 5.23 is a function of the oxygen concentration and for reaction paths I 
and II also a function of the methyl a-D-glucopyranoside and sodium 1-0-methyl a-D

glucuronate concentration. 
No relative improvement upon data regression in the presence of deactivation is 

observed for models, that already describe the initial data less adequately. For 
example, addition of step (6) to reaction path I', which assumes irreversible oxygen 
adsorption, does not improve the global significance to such an extent that the 
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adequacy of the description of the experimental data is better than for reversible 
oxygen adsorption (reaction path I). This is another indication that the addition of a 

step, which describes the side relaxation process due to over-oxidation, does not 
influence the intrinsic kinetic parameter estimates of the main reaction. 

Reaction path Ill offers the most adequate description of the experimental data. 
Firstly, the highest global significance or F-ratio is calculated for reaction path Ill, 
which is even more pronounced for pH= 10.0 than for pH= 8.0. According to the F
test the F-ratio is significantly higher, because 480 data at pH = 8.0 and 360 data at 
pH = 1 0 were used for the kinetic regression with only 5 parameters. However, the 
40 (t,Rw) data of each experiment are correlated and a straightforward application of 
the F-test can be questioned. Model discrimination cannot be performed on the basis 
of the individual parameters estimates. All parameter estimates are statistical 
significant and the parameter estimates common to Table 5.3 and 5.4 did not change 
within the 95% confidence limits upon the addition of step (6) to reaction paths I, II 
and Ill. 

Secondly, reaction path Ill provides a better description of the experimental data 
than reaction paths I and II, concerning the independence of the deactivation function, 

IJ1o;nact• or the extent of over-oxidation on the oxygen partial pressure and the methyl 
a-D-glucopyranoside or sodium 1-0-methyl a-D-glucuronate concentration, as shown 
in Figure 5.7a and 5.7b. According to reaction paths I and II a lower oxygen partial 
pressure or a higher methyl a-D-glucopyranoside and sodium 1-0-methyl a-D

glucuronate concentration will lead to an increase of 6RcHzoH and 6RcooH relative to 60 . 

Consequently, the rate of transformation of oxygen into subsurface oxygen, i.e. the 

extent of deactivation is decreased, which is in disagreement with the experimental 
results shown in Figure 5.7a and 5.7b. The independence of the methyl a-D

glucopyranoside and sodium 1-0-methyl a-D-glucuronate concentration on the rate 
of formation of subsurface oxygen is evident from Equation 5.23. Unlike Equation 
5.19 or 5.21 this equation does not depend on the methyl a-D-glucopyranoside and 
sodium 1-0-methyl a-D-glucuronate concentration. The dependence of the rate of 
formation of subsurface oxygen on the oxygen partial pressure is limited to C0 /'\ 

which only appears in the reverse-transformation of subsurface oxygen into surface 
oxygen. Therefore, the experimental data are more adequately described by reaction 
path Ill. 

5.6.3 Over-oxidation of the catalyst 

The deactivation by over-oxidation can be described by a step in which inactive 
oxygen is formed, O;nact· Step (6) in Table 5.1 resulted in the highest global 
significance and the most adequate description of the experimental data. In this step 
the formation of inactive oxygen is represented by a reversible step in which reaction 
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Table 5.5 Proposed steps for the transformation of oxygen into inactive oxygen. 

(1) 0* - oinact * 
(2) 0* <=:!: oinact * 
(3) 0* + * <=:!: oinact* + * 
(4) 0* + * <=:!: O*sub (+ *) 1) 

sub 
(5) 2 0* + RCH20H* + \ub - 0\ub + RCHO* + H20 (+ *) 1) 

0* sub + RCH20H* - RCHO* + *sub + H20 
(6) 0* + * - 0\ub (+ *) 1) sub 

0\ub + RCH20H* - RCHO* + '"sub + H20 

1
) Chemisorption site (*) is not available for chemisorption 

of an oxygen adatom, 0*, with a subsurface site, *sub• results in the formation of 

subsurface oxygen, 0* sub· Possible steps that were tried in order to; describe the 
transformation of oxygen into inactive oxygen are listed in Table 5.5. · 

Less adequate descriptions were obtained when the transformation of oxygen into 

inactive oxygen was considered as an irreversible step. Step (1) in Table 5.5 

represents the most simple irreversible transformation, resulting in an exponential 

decay of the rate with time and, hence, a linear relation between ln(RJRw0
) and t, 

which is in disagreement with the experimental data. Moreover, the rev~rsibility of the 

over-oxidation is clearly shown by the experiments reported in Figure 5.1. 

In the case no distinction was made between sites for active oxygen adatoms and 

inactive oxygen the data are described less adequately. In the case a direct 

reversible transformation of oxygen into inactive oxygen is considered, step (2) in 

Table 5.5, the global significance was lower than when step (3) was considered. The 
global significance increased in the order: step (2) < step (3) < step (4). Hence, 

inactive oxygen can best be considered to be subsurface oxygen. 

The data are also less adequately described when deactivation by over-oxidation 

is chemically coupled to the rate of reaction between methyl a-0-glucopyranoside and 

oxygen as indicated in Table 5.5 by step (5). Oirkx and Van der Baan [1981a] 

reported such a correlation for the oxidation of glucose. Finally, the regression results 

did not improve when the removal of subsurface oxygen was described by a reaction 

between adsorbed methyl a-0-glucopyranoside and subsurface oxygen (steps 5 or 

6). 

From the foregoing it can be concluded that step (4) in Table 5.5 most adequately 

describes the deactivation by over-oxidation via the transformation of oxygen into 

inactive subsurface oxygen. For reaction path Ill in Table 5.1, for which the best 

regression results were obtained, the rate of formation of inactive oxygen or, more 
specific, subsurface oxygen is given by Equation 5.23. Whereas· the rate of 
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consumption of methyl a-D-glucopyranoside, the rate-determining step, has a first 
order dependence on the fraction of subsurface oxygen (Equation 5.22), the rate of 
formation of subsurface oxygen shows a second order dependence in Equation 5.23. 
Apparently the rate of formation is better described by a second order dependence 

than by a first order dependence which results from step (1) and (2) or a third order 
dependence obtained for step (5), Table 5.5. 

The rate of deactivation by over-oxidation, does not depend on the concentration 
of methyl a-D-glucopyranoside or sodium 1-0-methyl a-D-glucuronate and the 
dependence of the rate of formation of subsurface oxygen on the oxygen partial 
pressure is limited to C02-~. which only appears in the reverse-transformation of sub

surface oxygen into surface oxygen (Equation 5.23). This is in good agreement with 
the experimental data on the extent of deactivation reported in Figure 5.7a and 5.7b. 

5.7 Assessment of Arrhenius parameters 

Simultaneous estimation of the standard activation entropies, J!!lS0
, and 

enthalpies, A#H0
, standard reaction entropies, 48°, and enthalpies, AH0

, via Equation 
5.8 and 5.9 was performed, using all data at pH = 8.0 in the temperature range of 
303 to 333 K. However, incorporation of a temperature dependence for the adsorption 
constants did not result in realistic and statistical significant parameter estimates. 
Therefore, the temperature dependence of the adsorption constants was not 
accounted for. 

Model discrimination between reaction paths I, II and Ill could not be performed 
on the basis of the temperature dependence of the parameter estimates. Therefore, 
only the parameter estimates for reaction path Ill, which has the highest global 
significance, are listed in Table 5.6. Note that for parameter k.6/K1·% a combination of 

Table 5.6 Parameter estimates obtained by regression of all experimental data at pH = 8.0 in the time 
interval 0 s t s 10000 s for reaction path Ill (Equations 5.22 and 5.23). The experimental range is listed 
in Table 2.1. 

[10'2 m3 mol.1
] 

[10'1 m3 mor1
] 

[J mol·1 K'1] 

[103 J mon 
[J mor1 K-1

] 

[103 J mor1
] 

[J mol·1 K'1] 

[103 J mol-1
] 

3.05 ± 0.32 
1.44 ± 0.21 
-111±12 
51.3 ± 4.0 
-174 ± 36 

44 ± 12 
-192 ± 37 

50± 12 
6240 
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Figure 5.9 Specific rate of consumption of 
methyl a-0-glucopyranoside. R,.. at pH = 8.0 at 
(o) t = 0 s, (D) t = 1000 sand(") t= 10000 s as 
a function of the reaction temperature. Symbols: 
experimental data. Lines: calculated according to 
Equations 5.22 and 5.23 and the parameter 
values listed in Table 5.6. Conditions: pH = 8.0, 
p02° = 40 kPa, CMGP = 86 mol m·3 and CNaMG = 10 
mol m·3. 

a standard activation and adsorption enthalpy or entropy, A#S.a0
- Y:.!AS1° and A#H.6°-

Y:.!AH 1 °, is obtained. The adequate description of the temperature dependence of the 
experimental data by Equations 5.22 and 5.23 is illustrated in Figure 5.6 and Figure 
5.9. In Figure 5.7d it is observed that at 323 and 333 K the extent of deactivation is 
more adequately described than at 303 and 313 K. 

The capability of reaction path Ill to describe the experimental data is shown in 
the parity diagrams in Figure 5.1 0 for the regression of all experimental data at pH 
= 8.0 and 10.0 with Equations 5.22 and 5.23 and the parameter values listed in Table 
5.6 and 5.4 respectively. There are no systematic deviations between the observed 
and calculated rates. The adequate description of the data by reaction path Ill is also 
illustrated in Figure 5.4 to 5.7 and 5.9, in which a good agreement is observed 
between the calculated rates, represented by the full lines and the experimental data, 
represented by the symbols. 
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Figure 5.10 Parity diagrams for all experiments at (a) pH= 8.0, (b) pH= 10.0, indicating the calculated 
specific rate of consumption of methyl a-0-glucopyranoside, according to Equation 5.22 and 5.23 and the 
parameter values in Table 5.6 (pH = 8.0) and Table 5.4 (pH = 10), versus the experimental rate for the 
conditions listed in Table 2.1. 
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The resulting parameter estimates of the adsorption constants of methyl a-D
glucopyranoside and 1-0-methyl a-D-glucuronate, K2 and K5 , in Table 5.6 are equal 

within the 95% confidence limits to the parameter estimates that were obtained in 

Table 5.4. Their temperature independence confirms the idea that methyl a-D
glucopyranoside and 1-0-methyl a-D-glucuronate adsorption can be considered as 

physisorption rather than chemisorption. The higher value of K5 versus K2 is in 

agreement with the idea that even at small (side) product concentrations site covering 

occurs, which results in a decrease of the rate. 

The standard activation entropy of the rate-determining step (3c) in Table 5.1 
amounts to -111 J mol-1 K-1 and the standard activation enthalpy to 51.3 kJ mol·1

• 

These values are in good agreement with Schuurman et al. [1992c], who reported 
respectively -116 J mol·1 K-1 and 50:5 kJ mol-1

• The negative standard activation 

entropy can be explained by a strong steric requirement of the rate-determining step 
or by the fact that the rate-determining step is not elementary. According to reaction 

path Ill the rate-determining step consists of a reaction between a physisorbed large 

molecule, methyl a-D-glucopyranoside and a chemisorbed small oxygen adatom. 
Hence, the steric requirement can be explained from the difference in geometric size 

of both reactants or from the orientation of the methyl a-D-glucopyranoside molecule 

to the active site. The second explanation that the rate-determining step (3c) in Table 

5.1 is not elementary also holds. Step (3c) can be considered as a combination of 

elementary steps in which the rate-determining elementary step may be preceded by 

an equilibrium, such as the reversible chemisorption of methyl a-D-glucopyranoside 

from its physisorption state. In that case the apparent reaction rate coefficient is the 
product of the true reaction rate coefficient and an equilibrium constant and the 

apparent standard activation entropy is written as: 

(5.26) 

Hence, when the preceding adsorption equilibrium has a strongly negative standard 

entropy, the apparent standard activation entropy may become negative. 

The relative low value of the standard activation enthalpy may also be explained 

by the assumption that step (3c) in Table 5.1 is not an elementary step and is 
preceded by an equilibrium, resulting in: 

A#H 0 
= A#Ho + AH 0 

app 
(5.27) 

Consequently, the apparent standard activation enthalpy is lowered with respect to · 

the real activation enthalpy of the rate-determining step in the case that the preceding 
equilibrium is exothermic. 

The standard activation entropy for the transformation of oxygen into subsurface 
oxygen is strongly negative and the standard activation enthalpy is positive and equal 
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to the standard activation enthalpy of the rate-determining step. The calculated 
standard activation enthalpy for the transformation of oxygen into subsurface oxygen 
is in good agreement with the results of Lauterbach et al. [1994], who reported an 
activation energy of 63 ± 21 kJ mol"1 on a Pt(100) single crystal at 455 K under ultra 
high vacuum conditions. 

The standard activation entropy and enthalpy for the reverse transformation can 
be calculated from the parameter estimates A#S~0 

- Y2AS1° and A#H-6° - Y2AH 1° . 
. Schuurman et al. [1992c] reported for the selective oxidation of methyl a-D-gluco

pyranoside that AS1° = -107 ± 40 J mol"1 K 1 and AH 1° =- 60 ± 11 kJ mol·\ which 
results in A#S-6° = -139 ±58 J mol·1 K-1 and A#H_6° = 80 ± 24 kJ mol-1

. From this the 

standard reaction entropy and enthalpy of step (6) are cal~ulated: AS6° = -35 ± 16 
J mor1 K 1 and AH6° = -36 ± 15 kJ mol-1

. The negative value of the standard reaction 
entropy of step (6) can be understood from the expected loss of entropy which occurs 
when oxygen is transferred into subsurface oxygen and is more strongly bound to 
platinum. The standard reaction enthalpy is even more negative when a standard 
adsorption enthalpy for oxygen of more than -200 kJ mol-1 is used, which was 
reported by Sen and Vannice [1991] for oxygen chemisorption from the gas phase. 
Again, the calculated standard entropies and enthalpies may not correspond to 
elementary steps. 

5.8 Possible improvements 

The final model, corresponding to reaction path Ill, adequately describes all 
experimental data in the time interval between 0 and 10000 s for the experimental 
conditions listed in Table 2.1. Figure 5.11 shows a typical evolution of the fractional 
coverages by the adsorbed species, calculated according to the equations listed in 
Appendix A3. Due to the physisorption equilibrium that is assumed for methyl a-D
glucopyranoside and 1-0-methyl a-D-glucuronate and the constant concentration in 
the reactor, the fractional coverage by these species is also constant The fractional 
coverage of oxygen adatoms, which initially amounts to 1 due to the simplification 
that 9. « 90 , gradually decreases to 0.22 and the fractional coverage of subsurface 
oxygen increases to 0.78 in 10000 sat the conditions corresponding to Figure 5.11. 
Due to this slow transformation, described by step (6) in Table 5.1, the decrease of 
the experimental rate is adequately described as indicated in Figure 5.11a. 

Although the final model adequately describes the data up to 10000 s for the 
experimental conditions listed in Table 2.1, the limitations of the model are revealed 
in the following situations: {i) extension of the oxidation period, (ii} oxidative instead 
of reductive start-up, and (iii) recovery of the rate after reduction, performed to 
overcome deactivation by over-oxidation. 
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Figure 5.11 Typical result obtained for reaction 
path Ill. (a) Specific rate of consumption of 
methyl a-0-glucopyranoside. Rw. Symbols: 
experimental data. Line: calculated according to 
Equation 5.22 and 5.23 and the parameter 
values in Table 5.6. {b) Calculated fractional 
coverage of oxygen, 0, subsurface oxygen. Ostt>• 
methyl a-D-glucopyranoside, RCH20H. and 1-0-
methyl a-D-glucuronic acid, RCOOH. Conditions: 
pH = 8.0, p02° = 40 kPa, CMGP = 82 mol m". 
c,_G = 8.8 mol m". 

(i) The final model is less capable to describe the experimental data for oxidation 
periods longer than 1 0000 s. Experimentally it was observed that extension of the 
oxidation period to 1 00000 s results in a continual decrease of the rate. This 
decrease is due to over-oxidation since the catalyst activity can still be restored. 
However, it is calculated with Equation 5.22 and 5.23 and the parameter values of 
Table 5.6 that a finite steady-state rate is reached after 50,000 s for the reaction 
conditions given in Figure 5.11. This is due to the fact that the deactivation is 
described by a reversible step, step (6) in Table 5.1. 

(ii) The capability of the final model to describe the experimental data, when the 
oxidation is started with a reduced catalyst, the so-called reductive start-up 
procedure, is much better than when a so-called oxidative start-up procedure was 
applied. In the latter case the catalyst is pre-oxidized in water at the reaction 
temperature, before the reaction is started by the introduction to the reactor of an 
oxygen saturated solution, containing the appropriate amounts of methyl a-D
glucopyranoside and sodium 1-0-methyl a-D-glucuronate. Experimentally it was 
observed that after pre-oxidation of the catalyst for 2 or 20 hours in water the low 
initial rate, which is smaller than 0.3 mmol kgca;1 s·1 at the conditions corresponding 
to Figure 5.11, decreases even further and a steady-state rate is not reached. The 
present model, however, describes a gradual increase of the rate to the steady-state 
rate when starting from a fully over-oxidized surface, i.e. Bosub > 0.9. 

(iii) The final model has a limited capability to describe the recovery of the rate 
upon intermediate reduction of the catalyst by decreasing the oxygen concentration 
in the liquid. Experimentally a full recovery of the rate is observed for two consecutive 
oxidation runs of 10000 s with an intermediate reduction of the catalyst through 
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complete removal of oxygen for 1000 s as shown in Figure 5.1a. Simulation of this 
experiment could not be performed with Equation 5.22 and 5.23 and the parameters 

listed in Table 5.6, because the denominator of Equation 5.23 equals to zero when 

C02 = 0. With the non-simplified equations listed in Appendix A.3, assuming that K1 

equals 10 m3 s·1 at 323 K[Schuurman et al., 1992c], the fractional coverage of 
subsurface oxygen only decreases 10% in the reduction period of 1 000 s. After 

resuming the oxidation the calculated rate is only partially restored according to the 
final model, which is in contrast to the full recovery observed experimentally. The low 

value of k_6 relative to~ is the cause of the slow recovery. 
The discrepancies between the simulation results and the experimental data upon 

extrapolation of the modelling results to conditions outside the range that was used 
for the kinetic regression may result from the shortcomings of Langmuir-Hinshelwood 

kinetics in describing over-oxidation. The assumptions underlying Langmuir

Hinshelwood kinetics are likely to be no longer valid for processes that may coincide 
with surface reconstructions [Lauterbach et al., 1994]. Jelemensky et al. [1996] used 
an approach in which the Langmuir-Hinshelwood kinetics were modified with a 
feedback mechanism, in which the transformation of oxygen adatoms into subsurface 
oxygen is strongly facilitated by the presence of subsurface oxygen and the 

transformation of subsurface oxygen into oxygen adatoms is strongly inhibited by the 
presence of oxygen adatoms. In this way the fast transformation of subsurface 

oxygen into surface oxygen upon reduction in the ~bsence of oxygen may be 
described more adequately. However, in the present work application of such a 

feedback mechanism did not lead to meaningful and statistical significant parameter 
estimates for any of the models that were tried. Therefore, the regression was limited 

to the range of conditions defined in Table 2.1 and the time interval between 0 and 
10000 s, in which case Langmuir-Hinshelwood kinetics are adequately capable to 
describe the over-oxidation phenomena. 

5.9 Conclusions 

The platinum catalyzed selective oxidation of methyl a-0-glucopyranoside has 

been adequately described over a broad range of reaction conditions by a Langmuir

Hinshelwood type of kinetic model. The observed deactivation, which takes place on 

a time scale of 10000 s, coincides with an increase of the catalyst potential and is 
attributed to an extrinsic or side relaxation process in which oxygen adatoms are 
slowly transformed into inactive subsurface oxygen. This so-called over-oxidation 
process is completely reversible. Deactivation due to platinum particle growth, site 
covering by carbonaceous species or metal leaching was not observed. 

The most adequate description of the data is obtained when reversible 
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physisorption of methyl a-0-glucopyranoside and 1-0-methyl a-0-glucuronate. 
reversible dissociative chemisorption of oxygen and reversible formation of 
subsurface oxygen is assumed. The obtained rate equation can be written as the 
product of an initial rate and a deactivation function: 

in which R~ 

The rate of formation of subsurface oxygen was calculated from: 

d80sub ( )2 -Y. -1-> ( ) rasub = = ks 1 -80sub -k-sK1 Co, Basub 1 -8osub . 

The initial rate is not a function of the oxygen partial pressure and the transformation 
of oxygen into subsurface oxygen does not depend strongly on the oxygen partial 
pressure, because the platinum surface is mainly covered with oxygen at the 
conditions that were applied. 

The assessment of the Arrhenius parameters reveals that some of the steps in 
the proposed model are not true elementary steps. Further extension of the 
description of the over-oxidation process is required in order to describe both the 
deactivation and the regeneration of the catalyst. 
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6 
EFFECT OF PLATINUM PARTICLE SIZE 

AND CATALYST SUPPORT 

6.1 Introduction 

Platinum is frequently chosen as the active metal for the heterogeneous catalyzed 
selective oxidation of carbohydrates [Heyns and Paulsen, 1962]. High selectivities can 
be obtained {Van Bekkum, 1991] and platinum has a relative good resistance against 
so-called over-oxidation [Van Dam et al., 1990], which is discussed in Chapter 5. For 
precious metals like platinum, there is an economic incentive to maximize the rate per 
unit mass of precious metal, the so-called specific rate. Therefore, the specific 
platinum surface area is maximized through minimization of the particle size of 
platinum particles deposited on a support. However, this raises two main issues, one 
concerning the dependence of the initial rate per unit platinum surface area as well 
as of the deactivation on the platinum particle size and the other dealing with the 
influence of the catalyst support on the rate. 

For carbohydrate or alcohol oxidations the reaction rate per unit surface area of 
platinum, often expressed as the turnover frequency, may depend on the platinum 
particle size. For example, an increase of the turnover frequency with increasing 
platinum particle diameter is reported for the selective oxidation of methyl a-D
glucopyranoside over platinum catalysts [Schuurman et al., 1992] and the electro
oxidation of methanol [Frelink et al., 1995]. Other authors report smaller or no particle 
size effects. For the aqueous phase oxidation of ethanol Van den Tillaart et al. [1996] 
observed only a limited particle size effect for platinum particles smaller than 2 nm. 
For the electro-oxidation of methanol Watanabe et al. [1989] did not find a particle 
size effect at all. 

Che and Bennett [1989] reviewed the influence of the particle size on the catalytic 
properties of supported metals in particular on the turnover frequency, i.e. the rate per 
surface atom. Reactions with a strong dependency of the turnover frequency on the 
particle size are called structure-sensitive or demanding and reactions for which no 
particle size effect is observed are called structure-insensitive or facile. The particle 
size effect can be described in terms of electronic and geometric effects. Electronic 
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effects originate from the fact that for smaller platinum particles the physicochemical 
properties change from those of bulk metal to those of single atoms [Kinoshita, 1992]. 
Geometric effects occur when the active site for reaction consist of a special type of 
surface atom or ensemble. The fraction of these special type of surface atoms or 
ensembles changes drastically with the particle size for small particles, since the 
surface atom coordination decreases drastically with decreasing particle size for 
particles with a diameter smaller than about 4 nm [Van Hardeveld and Hartog, 1969, 
Che and Bennett, 1989, Mukerjee, 1990]. 

The effect of the particle size on the (initial) rate reported for the oxidation of 
alcohols and carbohydrates is generally attributed to the increase of the heat of 
adsorption of oxygen with decreasing particle size [Peukert et al., 1986]. X-ray 
photoelectron spectroscopy studies performed by Parmigiani et al. [1990] revealed 
that platinum is more easily oxidized with decreasing particle size. Van den Tillaart 
et al. [1996] explained the decrease of the turnover frequency of ethanol oxidation 
with decreasing platinum particle size to result from the stronger bonded oxygen on 
smaller particles, which is less capable of abstracting hydrogen from the adsorbed 
ethanol species. Frelink et al. [1995] explained the particle size effect for the electro
oxidation of methanol in terms of an increase of the oxygen to methanolic species 
ratio with decreasing platinum particle size. 

If the heat of adsorption of oxygen increases with decreasing platinum particle 
size, deactivation due to over-oxidation, which is reported in Chapter 5, will be larger 
for smaller particles. Indeed, this effect has been reported by Nicoletti and Whitesides 
[1989] for the oxidation of 2-propanol, by Besson et al. [1994] for the oxidation of 
glucose and for the electrochemical reduction of oxygen [Peukert et al., 1986]. 

The catalyst support is another important factor determining the rate of 
carbohydrate oxidation. First, the initial reaction rate or the extent of over-oxidation 
may be influenced by internal diffusion limitation of the carbohydrate or oxygen. For 
example, Kogan et at. [1993] reported that an increase of the pore size of carbon 
fibres supports resulted in an increase of the rate of hydrogenation of cyclohexene 
versus that of 1-hexene. 

Secondly, the support may influence the surface properties of platinum particles 
due to platinum support interaction. Antonucci et al. [1994] showyd with X-ray 
photoelectron spectroscopy that the number and nature of the support functional 
groups affect the electronic nature of the platinum. Identical conclusions were 
reached by Goodenough et al. [1987] performing similar studies for methanol 
oxidation. According to Gatlezot et al. [1990] the different interaction with the graphite 
support of platinum particles located at the edges of basal planes and particles on top 
of basal planes is due to electron transfer from the graphite to the platinum particles 
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at the edges of basal planes, resulting in a different morphology and electronic 
structure. A good correlation between the extent of charge transfer from the graphite 
support to platinum and the selectivity for cinnamyl alcohol hydrogenation was 
observed. 

Thirdly, the rate of aqueous phase oxidation reactions may be influenced by the 
hydrophilic character of the catalyst, which is related to the number and nature of the 
support surface groups. This may influence the affinity of the support for the aqueous 
phase or the physisorption of carbohydrates on the support and thereby the internal 
transport of carbohydrates or the adsorption of carbohydrates on the active platinum 
surface. 

Often, metal particle size and support effects occur simultaneously. It is almost 
impossible to vary the particle size preserving all the physicochemical characteristics 
of the support and vice versa. Frequently, metal particle size effects are studied using 
different supports [Schuurman et al., 1992, Besson et al., 1994], supports with a 
different BET surface area [Watanabe et al., 1989] or catalysts with a different metal 
loading [Peukert et al., 1986]. Furthermore, catalysts with different metal particle size 
are obtained by different preparation procedures [Frelink et al., 1995] or by sintering 
upon high temperature treatments in nitrogen [Giordano et al., 1991] or oxygen [Van 
den Tillaart et al., 1996], which may also change the support or the metal support 
interaction. On the other hand, support effects are often disguised by concomitant 
changes of the metal particle diameter [Kogan et al., 1993], or differences in the 
distribution of metal particles over the support [Besson et al., 1994]. 

This chapter deals with the effect of the platinum particle diameter and the 
catalyst support on the selective oxidation of carbohydrates. The effects are studied 
by variation of the platinum particle diameter, pore diameter of the support, size of 
the carbohydrate, platinum support interaction, hydrophilic character of the support 
and that of the carbohydrate. In order to prevent the simultaneous occurrence of two 
effects, these parameters are varied as much independently as possible. The effect 
of the platinum particle size is studied for the oxidation of methyl a-D-glucopyranoside 
on graphite supported catalysts. Graphite, activated carbon and carbon fibrils 
supported platinum catalysts are used to study the effect of the pore diameter, 
platinum support interaction and the hydrophilic character of the support. As the 
carbohydrate to be oxidized methyl a-D-glucopyranoside, octyl a-D-glucopyranoside 
and a-cyclodextrin are used. The carbohydrate size increases in the order methyl a

D-glucopyranoside < octyl a-D-glucopyranoside < a-cyclodextrin and octyl a-D

glucopyranoside is the most hydrophobic carbohydrate. 
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6.2 Experimental 

Catalysts 
In order to study the platinum particle size effect independently, catalysts with 

different particle sizes were prepared, preserving the physicochemical characteristics 

of the catalyst support as good as possible. Therefore, a Pt/G-catalyst was prepared 

according to the procedure described in Section 2.1.1 and subsequently treated at 

different temperatures to obtain a variation in the particle size for the same catalyst 

support and at equal metal loading. The final gas phase reduction step of the 

procedure described in Section 2. 1.1 was performed by heating batches of 8 g in a 
helium flow of 2 10-4 mol s·1 (300 Nml min-1

) at 373 K for 1 hour, followed by 

treatment in a helium flow at 473 to 1073 K for 2 to 20 hours and a reduction in a 

hydrogen flow at 473 to 773 K for 2 to 5 hours as indicated in Table ~.1. 

The effect of the support was studied with a graphite supported platinum catalyst, 

Pt/G, a carbon fibrils supported platinum catalyst, Pt/CF, and an activated carbon 

supported platinum catalyst, Pt/C. The Pt/G- and Pt/CF-catalyst were prepared 

according to the procedure described in Section 2.1. The Pt/C-catalystiwas supplied 
by Engelhard (Escat 21 ). Characterization was performed as described in Section 2.1. 

Table 6.1 Conditions during the final preparation step of the graphite supported platinum catalysts. 

Catalyst 

Pt/G-473 
Pt/G-523 
Pt/G-573 
Pt/G-773 
Pt/G-923 
Pt/G-1073 

treatment with helium 

1 h 373 K, 2 h 473 K 
1 h 373 K, 2 h 523 K 
1 h 373 K, 2 h 573 K 
1 h 373 K, 2 h 773 K 
1 h 373 K, 2 h 923 K 
1 h 373 K, 20 h 1073 K 

Continuous oxidation reactions 

reduction with hydrogen 

2 h 473 K 
2.5 h 523 K 
3 h 573 K 
5 h 773 K 
5 h 773 K 
5 h 773 K 

The experimental set-up and procedures for the continuous oxidation reactions 

of methyl a-D-glucopyranoside in a CSTR are described in Section 2.2 and 2.3. Prior 

to reaction the catalyst was reduced in 0.1 M HCI04 in a hydrogen flow of 1.4 10·4 

mol s·1 (200 ml min-1
) and the catalyst was washed until the filtrate was neutral. The 

aqueous phase oxygen concentration was established according to procedure G1 and 

the liquid feed control was performed by procedure L3, described in Section 2.2.2. 

The temperature, pH, oxygen partial pressure, total pressure and concentration of 
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methyl a-0-glucopyranoside, methyl a-0-6-aldehydoglucopyranoside and 1-0-methyl 
a-0-glucuronate were maintained constant during the continuous oxidation reaction 
despite deactivation. For each experiment the average of three consecutive oxidation 
runs of 1 0000 s was taken. Between two consecutive runs the catalyst was exposed 
to a reducing atmosphere by introducing nitrogen for 1000 s, resulting in a complete 
recovery of the catalyst activity. The reaction mixture was analyzed by on-line HPLC
analysis as described in Section 2.4.1. It was verified that the experiments were not 
significantly influenced by mass and heat transport limitations. 

From the specific rate of consumption of methyl a-0-glucopyranoside, 1\,. the 
turnover frequency, N, is calculated according to Equation 2.21. 

Semi-batch oxidation reactions 

The semi-batch oxidation reactions were performed in the set-up described in 
Section 2.2. Before each experiment fresh catalyst was reduced in 0.2 I water at 323 
K for 2000 s in a hydrogen flow. Next, a solution of methyl or octyl a-0-
glucopyranoside or a-dextrin was added, the reactor was purged with nitrogen for 
1000 sand the reaction was started by feeding oxygen. A constant total gas feed flow 
rate of 1.4 104 mol s·1 (200 ml min-1

) was maintained. The temperature, pH, oxygen 
partial pressure and total pressure were maintained constant. 

Samples of the reaction mixtures were obtained by collection of 1.5 ml reaction 
mixture with a syringe, followed by filtration over a Millipore membrane filter with a 
pore diameter of 0.45 pm to retain the catalyst particles. The samples of the methyl 
and octyl a-0-glucopyranoside oxidation reactions were analyzed by off-line HPLC 
analysis according to the procedures given in Section 2.4.2 and 2.4.3. The reaction 
mixture of the a-cyclodextrin oxidation reaction was not analyzed by HPLC analysis. 
The rate of carbohydrate consumption is calculated from the rate of consumption of 
sodium hydroxide as described in Chapter 2. 

6.3 Catalyst characterization 

In Table 6.2 the results of the treatment of the graphite supported platinum 
catalysts listed in Table 6.1 is given. The platinum content of the catalysts increases 
slightly with increasing temperature of treatment. This may be due to gasification of 
the graphite support at high temperature, possibly catalyzed by platinum [McKee, 
1981]. The variation of the platinum content with temperature during treatment is 
much smaller than for an oxidative treatment used by Van den Tillaart et al. [1996], 
who obtained graphite supported platinum catalysts with a particle diameter ranging 
from 1.5 to 2.2 nm upon gas phase treatment in flowing oxygen at temperatures 
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between 473 and 773 K. Due to platinum catalyzed oxidation of the graphite support 

at higher temperatures catalysts with larger platinum particle diameters could not be 

obtained. Therefore, in the present work temperature treatments were performed in 

a hydrogen or helium atmosphere. Figure 6.1 shows the effect of the temperature 

during treatment on the platinum particle diameter and the exposed fraction of 

platinum atoms. It is clear that the platinum particle diameter increases with 

increasing temperature during treatment. As a result graphite supported platinum 

catalysts are obtained with a platinum particle diameter ranging from 1.4 to 3.0 nm, 

which is larger than the range that could be obtained by Van den Tillaart et al. [1996]. 

The observed particle growth is in agreement with Bett et al. [1976], who 

demonstrated that in a hydrogen or helium atmosphere temperatures in excess of 873 

K were required to bring about more extensive particle growth. This is due to the 

oxygen containing surface groups on the support, which hamper platinum particle 

growth [Prado-Burguete et al., 1989]. The fraction exposed remains constant up to 

a temperature of about 800 K and decreases sharply at higher temperatures. The 
observation that up to 800 K the d

8 
TEM increases whereas the FEco is constant may 

be due to an increase of the CO adsorption stoichiometry, defined as the number of 

CO molecules that adsorbs on one platinum surface atom. with increasing platinum 

particle size as was discussed in Chapter 4. Attempts to obtain a catalyst with smaller 

particles than Pt/G-473 failed. The platinum content of a catalyst treated in a helium 

and hydrogen atmosphere at 423 K could not be determined accurately, which may 

be due to incomplete decomposition of the platinum precursor or incomplete reduction 

of the catalyst at a temperature of 423 K. 
The platinum particle diameter distributions for the catalyst with the smallest and 

largest average particle diameter are shown in Figure 6.2. Although the width of the 

particle diameter distribution has increased upon high temperature treatment, the 

particles are still monodisperse. 

Table 6.2 Platinum content, wPt. fraction exposed measured with CO chemisorption, FEc0
, and surface 

area averaged platinum particle diameter measured with TEM, d/eM, for the graphite supported platinum 
catalysts. 

Catalyst WPI [wt%] FECO [-] dsTEM (nm] 

PUG-473 4.0 0.53 1.41 ± 0.03 
PUG-523 4.1 0.52 1.57 ± 0.04 
PUG-573 4.1 0.54 1.63 ± 0.03 
Pt/G-773 4.2 0.52 1.84 ± 0.05 
PUG-923 4.2 0.33 2.29 ± 0.08 
Pt/G-1073 4.3 0.26 3.04 ± 0.07 



Effect of platinum particle size and catalyst support 

3.0 r~---4--,----~ 

-2.5 
E 
.=. 
~.2.0 
.., oo 

1.5 c) 

1.oL___c__~~-~~-~__jo 2 
600 800 1 000 . 

T [K) 

Figure 6.1 Surface area averaged platinum 
particle diameter, d5TeM. and fraction exposed 
determined with CO chemisorption, FEco, for the 
PUG-catalysts as a function of the temperature of 
treatment (Table 6.1). 
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Figure 6.2 Platinum particle diameter 
distribution of (a) Pt/G-473, (b) Pt/G-1073 as 
determined by TEM micrograph analysis. 

From earlier X-ray absorption spectroscopy studies by Van den Tillaart et al. 
[1996] it is concluded that in the investigated range of platinum particle. sizes the 
platinum particles are fully reduced prior to reaction and have an identical crystal 
structure. 

Table 6.3 shows the characterization results for the platinum catalysts supported 
on graphite, activated carbon and carbon fibrils. The difference between these 
catalysts concerning the platinum content, fraction exposed and surface area 
averaged platinum particle diameter is rather small. However, the pore structure is 
different, as shown in Figure 6.3. The pore volume of the mesopores of the carbon 
fibrils support, i.e. in the range from 2 to about 50 nm, is much larger than that of the 
graphite or activated carbon support. The specific pore volumes for pores with a 
diameter between 5 and 100 nm that are obtained with mercury porosimetry, Figure 

Table 6.3 Platinum content, wPt, fraction exposed measured with CO chemisorption, FEco, and surface 
area averaged platinum particle diameter measured with TEM, d,TeM. BET surface area, SseT• specific pore 
volume, Vs.p• and average pore diameter, dP, for the graphite, activated carbon and carbon fibrils supported 
platinum catalysts used for the study of the support effect. 

Catalyst Wpt FECO d TEM 
SBET Vs dp s 

[1 0"3 m!l' kgcat"1] [wt%] [-] [nm] [1 os m2 kgca;1J [nm] 

Pt/G 3.4 0.56 1.70 ± 0.04 1.02 0.97 7.4 
Pt/C 5.0 0.47 2.2 ± 0.1 7.62 1.20 3.2 
Pt/CF 5.7 0.53 1.8 ± 0.1 2.53 1.58 12.5 
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6.3b, are equal those obtained with the Barrett, Joyner and Halenda (BJH) method, 
presented in Figure 6.3a. According to this method the pore volume and surface area 
distribution is calculated directly from the nitrogen desorption isotherm [Barrett et al., 

1951] . 
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Figure 6.3 Pore diameter distribution, given as the cumulative pore volume of the (.t.) Pt/G-, (+) Pt/C- and 
(o) Pt!CF-catalyst. (a) Calculated according to the Barrett, Joyner and Halenda (BJH) method from the 
nitrogen desorption isotherm, (b) mercury porosimetry. 

6.4 Platinum particle size effect 

The initial rate of consumption of methyl a-D-glucopyranoside for the continuous 
oxidation as a function of the platinum particle diameter is shown in Figure 6.4a. A 
decrease of the rate is observed at a particle diameter larger than about 2 nm. The 
extent to which the turnover frequency depends on the particle size is only about 35% 
of the highest rate observed, as shown in Figure 6.4b. Therefore, it is concluded that 
the platinum particle size effect is rather small. 

Care should be taken, considering the results of Figure 6.4, since the results may 
be influenced by support effects. Due to treatment in a hydrogen or helium 
atmosphere according to Table 6.1 at higher temperature oxygen containing surface 
groups are removed, which reduces the platinum support interaction and results in 
platinum particle mobility and particle growth as discussed in Chapter 4. However, the 
removal of these support surface groups also reduces the hydrophilic character of the 
support. The importance of the hydrophilic character of the support was clearly 
demonstrated by Hoogenraad et al. [1996] for the hydrogenation of nitrobenzene over 
carbon fibrils supported palladium catalysts. In the present study the decreased 
affinity of the graphite supported catalyst for the aqueous phase was increased by 
pre-reduction of the catalyst at pH = 1 in 0.1 M HCI04 at 363 K. It was observed that 
if this pre-reduction was performed in water the catalyst concentration decreased 
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during the continuous experiments due to adhesion of catalyst to the reactor walls. 
This resulted in a much stronger decrease of the initial rate with increasing platinum 
particle diameter then reported in Figure 6.4a. It is therefore concluded that the 
decrease of the hydrophilic character of the catalysts with a larger platinum particle 
size may explain the small decrease of the turnover frequency with increasing particle 
size shown in Figure 6.4. 
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Figure 6.4 Platinum particle size effect on the initial oxidation rate of methyl a-D-glucopyranoside over 
PttG-catalysts (Table 6.1 and 6.2). (a) Initial specific rate of consumption of methyl a~D-glucopyranoside 
and (b) initial turnover frequency of methyl a-D..glucopyranoside consumption, R.,0, as a function of the 
surface area averaged platinum particle diameter, d/eM. Conditions: pH = 8.0, T = 323 K, p02 = 40 kPa, 
C"" = 2 kg m·3, CMGP = 80 mol m.s, CMAGP = 1.8 mol m.s, CNaMG = 11 mol m-s. 

The small decrease of the initial turnover frequency of methyl a-0-
glucopyranoside with increasing platinum particle diameter is different from the results 
of Van den Tillaart et al. [1996], who observed a small decrease of the turnover 
frequency of ethanol oxidation for particles smaller than 2 nm. In that study graphite 
supported platinum catalysts with different particle diameter were obtained upon 
treatment in air instead of helium or nitrogen. However, treatment in air may have 
caused an increase of the hydrophilic character due to an increase of the oxygen 
containing support surface groups, whereas in a helium or hydrogen atmosphere the 
catalyst will become more hydrophobic. This may explain why Van den Tillaart et al. 
[1996] observed a small increase of the turnover frequency with increasing platinum 
particle size and in the present study a small decrease is observed. 

The small particle size effect observed in Figure 6.4 is in agreement with 
Watanabe et al. [1989], who did not observe a particle size effect for the electro
oxidation of methanol and the small effect reported for the oxidation of ethanol [Van 
den Tillaart et al., 1996]. Larger particle size effects that were reported for the 
selective oxidation of methyl a-0-glucopyranoside over platinum catalysts [Schuurman 
et al., 1992], the palladium catalyzed oxidation of glucose [Besson et al., 1994] and 
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the electro-oxidation of methanol [Frelink et al., 1995] were obtained by use of 
catalysts with different supports or catalysts prepared via different procedures. 
Therefore, these reported particle size effects may have been influenced by support 
effects. 

The extent of deactivation by over-oxidation, expressed as the ratio of the 
turnover frequency and the initial turnover-frequency, N/N°, increases slightly with 
decreasing platinum particle diameter as shown in Figure 6.5. This effect was also 
observed for the oxidation of 2-propanol [Nicoletti and Whitesides, 1989], the 
oxidation of glucose [Besson et al., 1994] and the electrochemical reduction of 
oxygen [Peukert et al., 1986]. 
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Figure 6.5 Effect of the platinum particle 
diameter on the extent lof deactivation. 
expressed as the normalized turnover frequency 
of methyl a-0-glucopyranoside consumption, 
N/N°ford,TEM [nm] = (o) 1.41, {D) 1.84, (v) 3.04. 
Conditions: see Figure 6.4. 

The effect of the platinum particle size on the extent of deactivation by over
oxidation can be attributed to the increase of the heat of adsorption of oxygen with 
decreasing particle size [Peukert et al., 1986]. Parmigiani et al. [1990] showed with 
X-ray photoelectron spectroscopy that smaller platinum particle are oxidized more 
easily. This is also apparent from the shift of the oxygen reduction peak in the cyclic 
voltammogram of graphite supported platinum catalysts to a higher potential with 
increasing platinum particle diameter, reported by De Bruijn [1996]. 

The kinetic study of the oxidation of methyl a-D-glucopyranoside in Chapter 5 
showed that the adsorption of oxygen on the platinum surface can be most 
adequately described by a reversible dissociative chemisorption step, whereas the 
adsorption of methyl a-D-glucopyranoside must rather be considered as a reversible 
physisorption step. The rate determining step involves the reaction between a 
physisorbed methyl a-D-glucopyranoside species and a dissociatively chemisorbed 
oxygen species. Because oxygen is the only species that chemisorbs, it can be 
expected that the platinum particle size will affect the oxygen adsorption only. Since 
the degree of coverage by oxygen is always larger than 0.5 during oxidation, as was 
discussed in Chapter 5, a decrease of the particle size will lead to only a small 
relative increase of the degree of oxygen coverage and will hardly affect the degree 
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of physisorption by methyl a-0-glucopyranoside. Therefore, the effeqt of the platinum 
particle size on the initial turnover frequency will be small. Deactivation due to over
oxidation, which can be described most adequately by the transformation of oxygen 
into subsurface oxygen as shown in Chapter 5, may depend on the particle size more 
strongly, since smaller particles are more easily oxidized [Parmigiani et al., 1990]. In 
conclusion, the small platinum particle size effect on the initial turnover frequency and 
the extent of over-oxidation can be explained by the kinetic model proposed in 
Chapter 5 and is related to the adsorption of oxygen and its transformation into 
subsurface oxygen. 

6.5 Effect of the catalyst support 

Figure 6.6 shows the effect of the catalyst support on the initial turnover 
frequency for the semi-batch oxidation of methyl and octyl a-0-glucopyranoside and 
a-cyclodextrin. A strong dependence of the turnover frequency on the molecular size 
of the carbohydrate is observed, which was already discussed in Chapter 3. 
Furthermore, the turnover frequency clearly depends on the support, since the 
turnover frequency for activated carbon is 3-4 times and for carbon fibrils 4-7 times 
higher than for graphite as the catalyst support. The effect of the support is much 
larger than the effect of the particle size, which is limited to differences in the order 
of 35%. 

The support effect cannot be due to internal transport limitation. According to 
calculations following the procedures in Appendix A.2 the reactions were not 
significantly influenced by oxygen transfer limitations. From Figure 6.6 no relation 
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Figure 6.6 (a) Effect of the catalyst support on the initial turnover frequency for oxidation of methyl a-D
glucopyranoside, MGP, octyl a-D-glucopyranoside, OGP, and a-cyclodextrin, COX. (b) Initial turnover 
frequency relative to that obtained for Pt/G. Conditions: pH= 8.0, T = 323 K, p02 = 40 kPa, Cca,= 2 kg m·3, 

C0 = 100 mol m·3• 
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between the pore size distribution, shown in Figure 6.3, or the size of the 
carbohydrate molecule and the increase of the turnover frequency relative to that 
obtained for the PUG-catalyst can be concluded. Therefore, transfer limitation of the 
carbohydrate can be neglected as well. 

Another possible cause of the support effect is platinum support interaction. which 
may be larger for the graphite supported catalyst due to electron transfer from the 
graphite to the platinum particles. Gallezot et al. [1990] reported that this electron 
transfer results in a different morphology and electronic structure of particles located 
on the edges of graphite layers than for particles located elsewhere. Furthermore, the 
difference in the number and nature of the support functional groups may affect the 
electronic nature of the platinum [Antonucci et al., 1994]. The degree of oxygen 
coverage is expected to be higher for the graphite supported catalyst as a result of 
the more electron-rich platinum surface. However, as was shown in the previous 
section it is unlikely that this will affect the turnover frequency to a large extent. The 
particle morphology or electronic structure is also likely to affect the ~xtent of over
oxidation, but the effect of the support on the extent of deactivation by over-oxidation 
is small as shown in Figure 6.7. Therefore, it is concluded that the platinum support 
interaction does not play an important role concerning the effect of the support on the 
turnover frequency. 
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Figure 6.7 Effect of the catalyst support on the 
extent of deactivation, expressed as the 
normalized tumover frequency of methyl a-0-
glucopyranoside consumption, N/N° for (v) Pt/G, 
(o) Pt/C, (D) Pt/CF. Conditions: pH = 8.0. T = 
323 K, Po2 = 40 kPa. ceat = 2 kg m·3, CMGP = 83 
mol m-3, CMAGP = 1.8 mol m-3, CNaMG = 10 mol m·3. 

Thirdly, the difference in hydrophilic character of the catalyst. which is related to 
the number and nature of the support surface groups, may determine the turnover 
frequency. It may affect the affinity of the catalyst for the aqueous phase as well as 
the interaction between the support and the carbohydrates. 

Platinum on graphite has the lowest affinity for the aqueous phase. It is a more 
hydrophobic catalyst than the activated carbon or carbon fibrils supported catalyst. 
This is caused by the lower number of support surface groups. In the preparation of 
the graphite supported catalyst oxygen containing support surface group~ are created 
by oxidation with sodium hypochlorite. According to a study by Vinke [1991] oxidation 
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with hypochlorite results in a much smaller amount of surface groups than nitric acid 
oxidation which was used for the preparation of the carbon fibrils supported catalyst, 
as described in Chapter 2. This is consistent with the lower platinum content of the 
PUG-catalyst obtained upon ion-exchange with the Pt(NH3) 4

2+-complex. It was shown 
in the previous section that high temperature treatment of the catalyst in a hydrogen 
or helium atmosphere leads to a reduction of the number of support surface groups, 
resulting in a decrease of the observed turnover frequency, especially when the 
catalyst was not subsequently pre-reduced at low pH. The reduction of the number 
of oxygen containing surface groups causes a decrease of the affinity of the catalyst 
for the aqueous phase as was shown by Hoogenraad et al. [1996] for activated 
carbon and carbon fibrils supported catalysts. Freshly prepared carbon fibrils 
supported catalyst displayed a higher affinity for the aqueous phase than the 
activated carbon supported catalyst and the carbon fibrils became more hydrophobic 
upon treatment at 673 K in argon. Therefore, the hydrophilic character is expected 
to increase in the order graphite < activated carbon < carbon fibrils, which coincides 
with the increase of the turnover frequency (Figure 6.6}. Hence, it is concluded that 
the hydrophilic character of the support, which determines the affinity of the catalyst 
for the aqueous phase can well explain the observed support effect. 

A smaller hydrophilic character of the support may not only decrease the affinity 
of the catalyst for the aqueous phase, but may also affect the physisorption of the 
carbohydrate on the support. An increase of this carbohydrate support interaction may 
cause internal transport limitation of the carbohydrate, but this is highly unlikely since 
from Figure 6.6 the opposite can be concluded from the relative increase of the 
turnover frequency with increasing interaction between carbohydrate and support. The 
higher turnover frequency on the Pt/C- and Pt/CF-catalyst relative to that on the PUG
catalyst is the smallest for octyl a-D-glucopyranoside oxidation, although the 
interaction between graphite and octyl a-D-glucopyranoside is expected to be 
relatively larger, because graphite is the least hydrophilic support and octyl a-D
glucopyranoside the least hydrophilic carbohydrate. 

The adsorption of relative large carbohydrate molecules on the platinum surface 
is likely to be affected by the amount and nature of the support functional groups in 
the vicinity of the platinum particle, because the size of a hydrated carbohydrate 
molecule is comparable to the diameter of a platinum particle. The number and 
nature of the support surface groups depend on the type of support and treatments 
as was shown for example by Vinke [199'1]. Consequently, the interaction of the 
support groups with the carbohydrate molecule may determine the orientation of the 
hydroxyl groups of the carbohydrate towards the platinum surface and thus influence 
the adsorption of the carbohydrate on a platinum site. This can have a strong effect 
on the turnover frequency. 
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In conclusion the support effect is mainly caused by differences in hydrophilic 
character and adsorption properties of the support. This influences the affinity of the 
catalyst for the aqueous phase and the adsorption of carbohydrates on the platinum 
surface due to interaction of the carbohydrate with the support functional groups 
located near the platinum particles. 

6.6 Conclusions 

For the platinum catalyzed selective oxidation of carbohydrates the catalyst 
support has a much stronger effect on the turnover frequency than the platinum 
particle diameter. 

In the platinum particle diameter range of 1.4 to 3.0 nm only a small variation of 
the initial turnover frequency of methyl a-D-glucopyranoside consumptiofil is observed. 
The extent of deactivation due to over-oxidation increases to a small extent with 
decreasing particle size. This small particle size effect is explained by the increase 
of the heat of adsorption of oxygen with decreasing platinum particle diameter. 

The initial turnover frequency for the activated carbon or carbon fibrils supported 
platinum catalyst is 3-7 times higher than for graphite as the catalyst support. This 
is attributed to a lower number of support surface groups for the graphite supported 
catalyst, which results in a decrease of the hydrophilic character and a lower affinity 
for the aqueous phase. Furthermore, the support surface groups strongly influence 
the adsorption of carbohydrates on a platinum particle due to interaction of the 
carbohydrate with the support functional groups. The support effect is not caused by 
internal transport limitation, apparent from the independence of the turnover 
frequency on the pore diameter of the support for carbohydrates of different molecular 
size. Also, no effect of the platinum support interaction on the initial rate or the rate 
of deactivation was observed. 
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7 
REACTOR DESIGN AND OPERATION FOR THE SELECTIVE 

OXIDATION OF METHYL a-D-GLUCOPYRANOSIDE 

7.1 Introduction 

In Chapter 1 several advantages of the platinum catalyzed selective oxidation of 
methyl a-D-glucopyranoside to 1-0-methyl a-D-glucuronate are mentioned, such as 
the broad field of applications of oxidation products, the environmentally friendly 
reactants and products, and the mild reaction conditions that can be applied. 

Roosenboom [1991] and Schuurman [1992] designed a continuous three phase 
stirred tank reactor for the production of sodium 1-0-methyl a-D-glucuronate on 
industrial scale. Kunz and Recker [1995] described a continuous oxidation process 
of methyl a-D-glucopyranoside based on a fixed bed reactor. Still, the platinum 
catalyzed oxidation of methyl a-D-glucopyranoside is not performed on a commercial 
basis for several reasons. Firstly, the selectivity for the main reaction product is about 
70% at 100% conversion [Van Bekkum, 1991, Schuurman et al., 1992]. Secondly, 
catalyst deactivation results in a low catalyst activity, described in Chapter 4 and 5. 

The selectivity problem can be overcome if the reaction is performed at a low 
conversion level of about 1 0%, in which case the selectivity is more than 95%, as 
was reported in Chapter 3 and by Schuurman et al. [1992]. A process, operated at 
a low conversion level necessitates removal of the oxidation product from the liquid 
stream and recycling of methyl a-D-glucopyranoside. This can for example be 
accomplished by ion exchange over a strong alkaline ion exchanger [Anderson, 
1988], which was part of the design of Schuurman [1992]. Kunz and Recker [1995] 
found that electrodialysis [Lacey, 1988] is the most suitable separation technique and 
reported a selectivity for 1-0-methyl a-D-glucuronate of more than 99% for a recycle 
process. 

Catalyst deactivation is often a major bottleneck for commercialization. The 
investigations in Chapter 4 revealed that under mild reaction conditions deactivation 
by platinum particle growth, site covering by carbonaceous species and metal 
leaching can be neglected on a time scale of days. However, deactivation by over
oxidation causes a strong decrease of the production rate and takes place on a time 
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scale of hours, as shown in Chapter 5. Over-oxidation can be attributed to the slow 
transformation of active chemisorbed oxygen species into inactive subsurface oxygen. 

There are several possible solutions in order to overcome or prevent deactivation 
by over-oxidation. Over-oxidation can be prevented by control of the oxygen supply 
[Smits et al., 1986, DiCosimo and Whitesides, 1989, Mallat and Baiker, 1991, 1995], 
application of diffusion stabilized catalysts [Van Dam et al., 1987] or addition of 
promoter metals to the platinum catalyst [Kimura et al., 1993, Mallat et al., 1994]. 
However, in the former two situations, when the reaction is controlled by oxygen 
transport, the active platinum surface area is more likely to suffer from deposition of 
carbonaceous species [Parsons and Vandernoot, 1988, Mallat et al., 1993, 
Bronnimann et al., 1994]. In Chapter 4 it was shown that deposition of carbonaceous 
species occurs upon prolonged exposure of the catalyst to an oxygen free reaction 
solution. In the case promoter metals are used deactivation may occur due to 
leaching of promoter metal, which may take place at considerable levels as was 
observed by Bronnimann et at. [1994] for bismuth and lead promoted catalysts. 

In Chapter 5 it was shown that over-oxidation can be easily recovered by in-situ 
reduction of the catalyst at mild conditions, resulting in a complete recovery of the 
initial rate. Therefore a process, in which the catalyst is periodically regenerated by 
a mild reductive treatment, may be advantageous. Indeed, Goossens [1995] reported 
a positive effect of periodic feeding of oxygen gas on the average production rate for 
the platinum catalyzed selective oxidation of methyl a-D-glucopyranoside in a slurry 
reactor. Schuurman [1992] maintained a constant production rate for the oxidation of 
methyl a-D-glucopyranoside by regeneration of the catalyst by hydrogen before 
filtering and recirculation. 

Other examples, where periodic regeneration of the catalyst leads to an increase 
of the average production rate are pulsed potential oxidation of methanol [Wang and 
Fedkiw, 1992] and catalytic cracking [Weekman, 1968]. Beside catalyst regeneration 
other objectives for periodic operation are an increased conversion and improved 
selectivity [Renken, 1972, Manna et al., 1992]. A recent review on periodic operation 
of catalytic reactors by composition forcing is provided by Silveston et at. [1995]. 

The objective of this chapter is to design a reactor for the production of sodium 
1-0-methyl a-D-glucuronate on industrial scale, based on the kinetics described in 
Chapter 5, including deactivation of the catalyst by over-oxidation. The reaction is 
performed in a three phase stirred tank reactor. Deactivation by over-oxidation is 
overcome by periodic reduction of the catalyst through periodic interruption of the 
oxygen feed. Firstly, the average production rate is maximized by optimization of the 
oxidation/reduction period, neglecting irreversible deactivation. Secondly, the catalyst 
costs per unit mass of sodium 1-0-methyl a-D-glucuronate are estirpated in the 
presence of irreversible catalyst deactivation by optimization of the operation time of 
a catalyst batch, i.e. the time after which the catalyst is returned to the manufacturer. 
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7.2 Periodic feed operation on laboratory scale 

Figure 7.1 shows the effect of periodic feeding of oxygen on the rate of 
consumption of methyl a-D-glucopyranoside for the continuous flow three-phase slurry 
reactor described in Section 2.2. The oxygen partial pressure at the reactor inlet is 
periodically changed between 0 and 40 kPa, according to the example shown in 
Figure 7.2a for an oxidation period of 5000 s. After each oxidation period the oxygen 
partial pressure at the gas inlet is set to 0 for 500 s, i.e. only nitrogen is present in 
the gas feed. This period, in which the gas feed does not contain oxygen, will be 
referred to as the reduction period. In Figure 7.2b the resulting oxygen concentration 
in the aqueous phase relative to the oxygen equilibrium concentration is depicted. It 
is clear that it takes about 200 s before the equilibrium aqueous phase oxygen 
concentration is obtained after a change of the oxygen partial pressure in the gas 
inlet. 

2.0 

time (101 s( 

a 

Figure 7.1 Effect of periodic feeding of oxygen 
on the rate of consumption of methyl a-D
glucopyranoside. Oxidation period (p02° = 40 
kPa): (a) 2500 s, (b) 5000 s, (c) 10000 s, (d) 
33000 s. Reduction period: 500 s (p02° = 0 kPa). 
Conditions: pH = 8.0, CMGP = 84 mol m·3, CMAGP = 
1.0 mol m·3

, CNaMG = 11 mol m-3, T = 323 K, P101 = 
100 kPa, ccat = 2 kg m-3, VL = VG = 0.35 10-3m3

, 

Fv.Go = 2.8 104 mol s·' (400 Nml min-'). 

From Figure 7.1 it is concluded that the reduction period of 500 s is sufficient to 
overcome deactivation by over-oxidation that takes place during the oxidation period. 
In Chapter 5 it was shown that over-oxidation is caused by the slow transformation 
of oxygen adatoms into subsurface oxygen, which can be completely reversed by in
situ reduction of the catalyst. Removal of oxygen from the aqueous phase allows the 
reduction of the platinum via reaction of methyl a-D-glucopyranoside with adsorbed 
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oxygen atoms. This will take place on a time scale of 25 s, which is the approximate 
intrinsic relaxation time (Chapter 5). 

In agreement with the results of Chapter 5 no irreversible deactivation is 
observed, which justifies the conclusion that over-oxidation is the major form of 
deactivation and that irreversible catalyst deactivation due to particle growth, site 
covering or metal leaching can be neglected on the time scale of the experiments. 
No influence of the cycle period on the selectivity of the reaction was measured. 

Figure 7.3 shows the average rate of production for the experiments shown in 
Figure 7.1 as a function of the oxidation period. A decrease of the oxidation period 
clearly leads to an increase of the average rate until an optimum value, which in the 
case of Figure 7.3 is not entirety reached. A further decrease of the oxidation period 
would result in a decrease of the average production rate due to the fact that the 
reduction period becomes relatively too long compared to the oxidation period. 

time {10° s) 

Figure 7.2 (a) Oxygen partial pressure at the 
reactor inlet and (b) aqueous phase oxygen 
concentration relative to the corresponding 
equilibrium concentration for an oxidation period 
of 5000 s and a reduction period of 500 s. 
Conditions: see Figure 7.1. 

7.3 Process description 
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Figure 7.3 Average rate of production as a 
function of the oxidation period obtained from the 
experiments in Figure 7.1. Conditions: see 
Figure 7.1. 

Figure 7.4 shows the simplified process flow sheet for the oxidation of methyl a-

0-glucopyranoside to sodium 1-0-methyl a-0-glucuronate. The central part of the 
process consists of a continuous three-phase slurry reactor equipped with a 
microporous filter to retain the catalyst In order to perform the reaction with a high 
selectivity the product concentration in the reactor is kept low, i.e. the reaction is 
performed at a conversion level of about 10%. Sodium 1-0-methyl a-0-glucuronate 
is removed from the liquid stream via electrodialysis [Lacey, 1988] and methyl a-0-
glucopyranoside is recycled. Kunz and Recker [1995] found that electrodialysis is the 
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most suitable separation technique for this reaction. A complete removal of sodium 
1-0-methyl a-D-glucuronate is assumed, although in an industrial situation partial 
removal may be preferred. Also, removal of the product in the acid form, i.e. 1-0-
methyl a-D-glucuronic acid, can be considered, because this allows the recycling of 
sodium hydroxide. For example, Ochoa et al. [1993] showed that iminodiacetic acid 
is obtained from its sodium or potassium salt with material yields of 99.9% using 
electrodialysis. The purification of the product will not be discussed and a 100% 
selectivity is assumed. The intermediate product, methyl a-D-6-aldehydo
glucopyranoside, is not taken into account and is considered as a reactive 
intermediate. The reactor is operated at a constant pH through the addition of sodium 
hydroxide via a pH control loop. 

During reaction the catalyst is deactivating by over-oxidation, as described in 
Chapter 5. In order to overcome this deactivation the reactor is operated periodically 
by reduction of the catalyst by a mild reductive treatment. This is done by feeding air 
and nitrogen periodically. 

MGP 

NaMG 

Figure 7.4 Simplified process flow sheet. (1) Reactor, (2) Electrodialysis separator. 

7.4 Design equations 

The following assumptions are made for the derivation of the reactor equations: 
- A uniform reactor temperature is assumed. This is allowed, since heat transport 

limitations do not occur (Appendix A.2). 
- The gas and aqueous phase are ideally mixed. 
- The ideal gas law can be applied. 
- The liquid feed flow contains no oxygen. 
- Air consists of 20% oxygen and 80% nitrogen. 
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- Only mass transfer limitation of oxygen is considered and limited to gas/liquid and 
liquid/solid transfer limitation. 

- The effectiveness of the catalyst particles is 1. 
- Changes of the reactor volume due to changes in concentration of reactants, 

temperature or changes in the feed and outlet flow rate are negligible. 

- The solutes are not volatile. 
- The catalyst is retained in the reactor by a microporous filter. 
- Catalyst deactivation other than through over-oxidation can be negleyted on a time 

scale of one day. 
- The physical properties of methyl a-D-glucopyranoside and sodium 1-0-methyl a-D-

glucuronate are similar. 
- Methyl a-D-6-aldehydoglucopyranoside is considered as a reactive intermediate. 
- Side products are neglected, a selectivity of 100% is assumed. 
- For the calculations it is assumed that electrodialysis of the liquid outlet stream of 

I 

the reactor results in a complete removal of sodium 1-0-methyl a-0-glucuronate. 
In practice partial removal of sodium 1-0-methyl a-D-glucuronate or 1-0-methyl a

D-glucuronic acid may be preferred. 

Rate equation 

For a recycle process the simplified rate equation derived in Chapt~r 5 cannot be 
used directly. Firstly, at low oxygen concentrations, which are reached during the 

change from an oxidation to a reduction period and vice versa, the non-simplified rate 
equation is not valid. Secondly, it was shown in Section 5.8 that the rate equation can 

only provide a good description during the oxidation period and not during the 
reduction period. 

The possibility to neglect the contribution of the reduction period was rejected. 
Firstly, because in that case the minimum duration of the reduction period must be 
estimated rather than that it is calculated. Secondly, in the case the reduction period 
and oxidation period are of approximately equal length, the contribution of the 
reduction period to the overall average production rate can no longer be neglected. 

Because the simplified rate equations presented in Chapter 5 cannot be applied, 

the non-simplified Equations A.27 and A.29 of Appendix A.3 are used. The rate of 
consumption of methyl a-D-glucopyranoside is described by: 

Kv,Cy, 
R = k ~ 1 o,.s i<zCRCH,OH (1 -6 ) 

w 
3 

1 +K~C~,.s 1 +K2CRCH,OH +KsCRCOONa Osub 
(7.1) 

and the rate of accumulation of subsurface oxygen is given by: 

Ky,Cv, 

r = k 1 
o,,s (1 -8 )2 -k 1 6 (1 -6 ) 

Osub 6 
1 

y,C y, Osub -6 y, y, Osub Osub 
+ K1 o,.s 1 + K1 Co,.s 

(7.2) 
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Table 7.1 Parameter estimates with 95% confidence limits by regression of the Rw(t) data, reported in 
Chapter 5 with Equation 7.1 and 7.2 at pH= 8.0 and 323 K. 

Kt [101 m3 mol-t] 
K2 [1 o-2 m3 mort] 
k3 [1 o-2 s·tl 

F-ratio 

1.0 ") 
3.18 ± 0.23 
7.86 ± 0.20 

4279 

) Calculated from Schuurman [1992] 

K
5 

[1 o-t m3 mol-t] 
ks [1 0"3 s·t] 
k_6 [1 o-4 s·tl 
~ [mol kgca;1

] 

1.38 ± 0.14 
2.00 ± 0.11 
2.77 ± 0.43 

0.1 

Because Kt could not be estimated separately, Kt was calculated from the results of 

Schuurman [1992]. By repeating the regression as reported in Chapter 5 at pH = 8.0 

and 323 K with Equation 7.1 and 7.2 parameter estimates were obtained. The 

parameter estimates are shown in Table 7.1. 

Mass balance equations 

The mass balance equation for oxygen in the gas phase is given by: 

v d 
0 

G Po, = Fo Po, _ F Po, _ k V (Csat _ C ) (7.3) 
R T dt v,G R T v,G R T GL,O, aGL L o,,L o,,L 

in which C0 2Lsat is the oxygen equilibrium concentration corresponding to the oxygen 

partial pressure, p02, calculated according to Equation 2.11. 

The mass balance equation for oxygen in the liquid phase is given by: 

dC 
v L d ~,,L = - F v,L cO,,L + kGL,O, aGL v L (C~~L - Co,,L) - kLS,O, aLS v L (Co,,L -Co,.s) (7 .4) 

and in the solid phase: 

dC 
~ = k a (C - C ) R C d t LS,O, LS O,,L O,,S - w cat 

(7.5) 

The mass balance equation for methyl a-D-glucopyranoside is given by: 

dCMGP 0 o 
VL-----crr- = Fv,L CMGP - Fv,L CMGP - RwCcatVL (7.6) 

and for sodium 1-0-methyl a-D-glucuronate: 

dCNaMG 
VL = - Fvl CNaMG + RwCcatVL 

dt ' 
(7.7) 

For the calculation of the degree of coverage by subsurface oxygen a distinction 

is made between the oxidation and the reduction period. For the oxidation period the 

continuity equation for subsurface oxygen is given by: 
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d90sub o 
~ = rosub for Po,> 0 (7.8} 

Because the kinetic model provides a poor description during the reduction period the 

following estimation is made. For the reduction period Equation 7.8 is used until the 

liquid phase oxygen concentration at the catalyst surface has reached 0.001 mol m·3
: 

resub for pg, = 0 Pa and Co,.s > 0.001 mol m-3 (7.9) 

Then, a fast transformation of subsurface oxygen to oxygen adatoms is assumed 

according to the model by Jelemensky et al. [1996], who used a feedback 

mechanism, in which the transformation of subsurface oxygen to oxygen adatoms is 

inhibited by the presence of oxygen adatoms. At a low oxygen concentration the 

degree of coverage by oxygen adatoms is low and a fast transformation of subsurface 

oxygen species to oxygen adatoms is assumed. Subsequently it will take 25 s, the 

approximated intrinsic relaxation time (Chapter 5), before all adsorbed oxygen 

species are removed via reaction. This is described by: 

_. [(t1 +T)-t] 4 
o i (710) Bosub - Bosub (t) T for Po, = 0 Pa and Co,.s :S 0.001 mol m -3 

. 

in which Bosub{t') is the degree of coverage by subsurface oxygen and t' the time at 

which C02.s = 0.001 mol m·1 is reached. The intrinsic relaxation time, T, amounts to 

25 s. When t = t' + r the degree of coverage by subsurface oxygen is equal to 0 and 

the oxidation period starts. Hence, the reduction period, the time required to reduce 

the catalyst, is estimated to consist of 25 s in addition to the time necessary to reach 

an aqueous phase oxygen concentration at the catalyst surface of 0.001 mol m·3 and 

at the start of the oxidation period the initial rate is completely recovered. 

The continuity equations for the oxygen partial pressure, p02 , oxygen 

concentration in liquid phase, C0 2.l, and solid phase, C02.8 , methyl a-0-

glucopyranoside concentration, CMGP• sodium 1-0-methyl a-0-glucuronate 

concentration, CNaMG• and degree of coverage by subsurface oxygen, Bosub• are solved 
numerically by means of a Runge-Kutta algorithm with the following initial conditions: 

P 0 Pa o, 
C = 0 mol m-3 

O,,L 

Co,.s = 0 mol m-
3 

{7.11) 
CMGP = 900 mol m -3 

CNaMG 100 mol m -3 

90sub = 0 
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7.5 Process design 

The design specifications are listed in Table 7.2. The process conditions are 
selected in relation to the experimental conditions for which the kinetic model of 
Chapter 5 is valid. The specifications are selected in such a way that significant 
influence of oxygen transport limitation is avoided during the oxidation period in order 
to allow periodic operation. Periodic exposure of the catalyst to oxidizing and reducing 
conditions is necessary to avoid or retard irreversible catalyst deactivation, which 
occurs when the catalyst is prolonged exposed to a reaction solution at a low oxygen 
concentration, as shown in Chapter 4. 

A temperature of 323 K and a relative mild pH of 8.0 was chosen in order to 
avoid deactivation by (side)product adsorption. Adsorption of mono- and dicarboxylic 
acids will take place at low pH, and side product formation increases with increasing 
pH as shown in Chapter 3. The concentration of methyl a-D-glucopyranoside is taken 
as 1000 mol m·3, because the rate increases with increasing concentration as shown 
in Figure 5.4b. At a higher concentration the viscosity of the feed will be too high. The 
3.5 wt% platinum on graphite catalyst was chosen, which allows the application of the 
kinetic results of Chapter 5. 

A liquid volume of 10m3 and a catalyst concentration of 10 kg m·3 were chosen. 
In this way significant oxygen transfer limitation can be avoided and an annual 
production rate of sodium methyl a-D-glucopyranoside of 500 to 1 000 ton per year 
is obtained. The liquid volume is realized by a reactor diameter of 2.34 m and a liquid 
height of 2.34 m. A Rushton impeller with a diameter of 1/3 of the reactor diameter 
is chosen [Trambouze et al., 1988]. At a stirrer speed of 2.3 s·1 the kGLaGL equals to 
0.3 s·1 (Equation A.5), which are typical values for industrial slurry reactors 

[Trambouze et al., 1988]. At a liquid feed flow rate of 1 10·3 m3 s·1 a conversion level 
of about 10% car;~ be obtained. The resulting average residence time amounts to 
10000 s. 

Table 7.2 Design specifications. 

T [K] 323 VG [ma] 5.0 
pH [-] 8.0 Fv,l [ma s·,l 1.0 10'3 

CMGP
0 [mol m-3

] 1000 Fv.G [m3 s·11 0.1 
ccat [kg m·3

] 10 dR [m] 2.34 
Ptot [kPa] 100 hl [m] 2.34 
p02°(air) [kPa] 20 d, [m] 0.78 
VL [ma] 10 Nl [s-1] 2.3 
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Since the average production rate benefits from a decrease of the reduction 
period a relative small gas volume in the reactor is chosen, the reaction is performed 
at atmospheric pressure and low oxygen partial pressure and a relatively high gas 
feed flow rate is used. During the oxidation period the gas feed consists of air in 
order to reduce costs and safety problems. During the reduction period nitrogen is 
fed. In practice it may be economically more interesting to avoid the use of nitrogen. 
The reduction of the catalyst may also be achieved by just stopping the oxygen feed 
or by decreasing the stirring rate. Also, the catalyst may be reduced continuously by 
an external recycle of the catalyst in the absence of oxygen. 

The gas·holdup is calculated from [Trambouze et al., 1988]: 

•• = 0.1 [ F,;,NT' (7.12) 

and amounts to 0.33 for the conditions listed in Table 7.2. The gas volume of the 
reactor is taken as 5 m3

, which is sufficient. 
The liquid/solid mass transfer coefficient, kLs• is calculated according to Equation 

A.8 and amounts to 6.5 104 mL3 mi-2 s·1
• The volumetric liquid/solid interface surface 

area, aLs• is calculated by Equation A.10 and equals to 4.2 103 mi2 mL·3• 

7.6 Process optimization in the absence of irreversible deactivation 

Firstly, calculations were performed in the absence of irreversible deactivation for 
an oxidation period between 100 and 10000 s. Because the average residence time 
amounts to 10000 s a 'steady state' is reached after 30000 s. The 'steady state' 
results obtained for an oxidation period of 500 and 10000 s are shown in Figure 7.5 
to 7.9. 

During an oxidation period the rate of production of sodium 1·0·methyl a·D
glucuronate increases in 100 s to its maximum value and then decreases due to 
deactivation by over-oxidation, as shown in Figure 7.5. The relative slow increase to 
the maximum production rate in comparison to the laboratory experiments shown in 
Figure 7.1 is caused by the smaller gas feed flow rate relative to the gas volume and 
the smaller kGL aGL· Also, the maximum production rate in Figure 7.5 is lower than for 
the laboratory experiments, because at the time the maximum is reached the extent 
of deactivation by over·oxidation is larger. Over·oxidation is caused by an increase 
of the degree of coverage by subsurface oxygen, depicted in Figure 7.6. During the 
oxidation period the degree of coverage by subsurface oxygen increases to 0.34 for 
an oxidation period of 500 s and to 0.86 for an oxidation period of 10000 s. 
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Figure 7.5 Rate of production calculated 
according to Equation 7.1 to 7.11 and 
parameters in Table 7.1 and 7.2 for an oxidation 
period of (a) 500 s, (b) 10000 s. 
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Figure 7.6 Degree of coverage by subsurface 
oxygen, Bosub• calculated according to Equation 
7.1 to 7.11 and parameters in Table 7.1 and 7.2 
for an oxidation period of (a) 500 s, (b) 10000 s. 

For an oxidation period between 100 and 10000 s the reduction period amounts 
to about 150 s of which 125 s are needed to remove oxygen from the aqueous phase 

and 25 s to reduce the platinum surface. Indeed, in absence of reaction at a gas feed 
flow rate of 0.1 m3 s·1 and a gas volume of 5 m3 it takes about 150 s to replace air 

by nitrogen. As discussed in the previous section the time required to reduce the 
platinum surface is assumed to be equal to the intrinsic relaxation time of 25 s. 
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Figure 7.7 Oxygen partial pressure in the 
reactor, p02, calculated according to Equation 7.1 
to 7.11 and parameters in Table 7.1 and 7.2 for 
an oxidation period of (a) 500 s, (b) 10000 s. 
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Figure 7.8 Liquid phase oxygen concentration, 
C0 2L, (full line) and solid phase, C025, (dashed 
line) calculated according to Equationf1 to 7.11 
and parameters in Table 7.1 and 7.2 for an 
oxidation period of (a) 500 s, (b) 10000 s. 
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As shown in Figure 7.7 the oxygen partial pressure increases slowly during the 
oxidation period and is 10% to 25% smaller than the oxygen partial pressure in the 

gas feed due to the consumption of oxygen. Figure 7.8 shows the oxygen 
concentration in the liquid and solid phase. It is clearly observed that liquid/solid mass 

transfer limitation does not occur. On the other hand, oxygen mass transfer 
resistance occurs at the gas/liquid interface, since the degree of liquid phase oxygen 

saturation amounts to 80 - 90%. 
The concentration of methyl a-D-glucopyranoside and 1-0-methyl a-D-glucuronate 

are shown in Figure 7.9. For oxidation periods, which are very short compared to the 

average residence time of 1 0000 s, the effect of periodic operation is smoothed out. 

Therefore, periodic changes of the concentration of methyl a-D-glucopyranoside and 
1-0-methyl a-D-glucuronate are small for an oxidation period of 500 s, as shown in 

Figure 7.9a. For an oxidation period of 500 s the average product concentration 
amounts to 120.1 ± 0.5 mol m·3 and for an oxidation period of 10000 s to 62 ± 8 mol 
m·3. 

Figure 7.10 shows the average rate of production as a function of the oxidation 
period calculated after 'steady-state' operation was reached, i.e. after 30000 s. The 

maximum rate of 1.2 mmol kgca;1 s·1 is obtained for an oxidation period of 500 s. If 

irreversible catalyst deactivation is neglected, the maximum productio~ capacity is 
equal to 870 ton sodium 1-0-methyl a-D-glucuronate per year. At a liqOid feed flow 
rate of 1 10'3 m3 s·1 the average conversion level in the reactor amounts to 12.0 %. 
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Figure 7.9 Concentration of methyl a-D· 
glucopyranoside, MGP, and sodium 1-0-methyl 
a-D-glucuronate, NaMG, calculated according to 
Equation 7.1 to 7.11 and parameters in Table 7.1 
and 7.2 for an oxidation period of (a) 500 s, (b) 
10000 s. 
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Figure 7.10 Average rate of production as a 
function of the oxidation period, calculated 
according to Equation 7.1 to 7.11 and 
parameters in Table 7.1 and 7.2. 
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It is expected that a relatively short cycle period of 500 s not only leads to an 
increase of the average production rate, but also decreases the extent of irreversible 
deactivation. For an oxidation period of 500 s the degree of coverage by subsurface 
oxygen is always smaller than 0.33, whereas 0.86 is reached for an oxidation period 
of 10000 s, as shown in Figure 7.6. This may reduce platinum metal leaching and 
platinum particle growth by Ostwald-ripening [Schuurman, 1992], the latter occurring 
via dissolution and redeposition of platinum ions. Shortening the reduction period to 
about 150 s may reduce the extent of irreversible deactivation as well, since it was 
shown in Chapter 4 that prolonged exposition of the catalyst to an oxygen free 
solution containing methyl a-0-glucopyranoside leads to site covering by 
carbonaceous species. 

7.7 Process optimization and estimation of catalyst costs in the presence of 
irreversible deactivation 

Although it was shown that intermediate reduction of the catalyst results in a 
complete recovery of the catalyst activity on a time scale of one day, the periodically 
operated process will suffer from irreversible deactivation on a longer time scale. 
Irreversible catalyst deactivation due to catalyst loss, platinum leaching and loss of 
active platinum surface due to particle growth and deposition of carbonaceous or 
other poisoning species, will cause a gradual decrease of the average production 
rate. Therefore, spent catalyst must be replaced periodically and returned to the 

manufacturer for recycling. According to Koekenbier and Huinink [1990] the lowest 
catalyst costs per unit product are obtained when batchwise instead of continuous 

catalyst replacement occurs. Hence, in the following calculations batchwise 
replacement of catalyst is assumed. 

The catalyst costs per mass of sodium 1-0-methyl a-D-glucuronate produced, Cs, 
are calculated from the ratio of the annual catalyst costs due to catalyst investment, 

Csa.CI• recycling, c$a,CR• loss of catalyst, Csa.CL and platinum leaching, c$a.PL• to the 
annual production rate, R8 : 

C = C$a,CI + C$a,CR + C$a,CL + C$a,PL 
$ R 

a 

(7.13) 

The annual investment costs are calculated according to: 

C$a.CI (7.14) 

The total mass of catalyst for investment consists of the catalyst mass in the reactor, 

Meat• the catalyst mass in stock, Mcatfstock• and catalyst mass at the manufacturer for 
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recycling, McatfcR/tc, in which fstock is the stock factor, tcR the time necessary for 
recycling and ~ the operation time for one catalyst batch, before it is returned to the 
manufacturer. The annual investment costs per mass of catalyst are the sum of the 

manufacturing costs, C$,cM• and platinum costs, Cs,Pt• multiplied by the interest, I. 
The annual recycling costs are the product of the amount of catalyst to be 

recycled and the recycling costs: 

(7.15) 

The recycling costs per mass of catalyst are composed of platinum recovery costs. 

Cs,PR• catalyst manufacturing costs, Cs.cM• and platinum tosses during the platinum 
recovery procedure, fpRCs.Pt• in which fPR is the fraction of platinum lost during the 
platinum recovery procedure. 

The annual costs due to catalyst loss and platinum leaching during an operation 
period of a catalyst batch,~. are calculated from: 

(7.16) 

C$,PL = C~,Fv,t_1_(1-e-k,~)C (7.17) 
W k t $,Pt 

Pt Pt c 

in which a constant loss of catalyst is assumed and the rate constant for platinum 
leaching, kPt, is based on a first order decrease of the platinum mass.• 

The annual production rate, Ra, is taken as the product of the average production 
rate per unit mass of catalyst in the absence of irreversible deactivation, Rav

9
°, the 

catalyst mass in the reactor, Mcav and the average fractional catalyst activity, which 
is based on the assumption that irreversible catalyst deactivation occurs according 
to a first order deactivation process: 

R = R0 M - 1-(1-e-k,,.t,) (7.18) 
a avg calk t 

des c 

The input variables for the calculations are listed in Table 7.3. In Figure 7.11 the 
catalyst costs per unit mass of product are given as a function of the catalyst batch 
operation time, tc, for a rate coefficient for irreversible deactivation, kdes• between 1 
and 50 y·1

. The minimum catalyst costs are obtained at an optimum catalyst operation 

time, ~. which decreases from 1 y for kdes = 1 y'1 to 0.055 y for kdes = 50 y·1
• At an 

operation time larger than the optimum operation time the catalyst cost are higher 
due to a lower production rate. At operation times smaller than the optimum value the 
catalyst costs increase due to higher recycling costs. 
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Table 7.3 Input data for the calculation of the catalyst costs per unit mass of product with Equation 7.13 
to 7.18. 

recycling time tcR [y] 0.25 1) 

catalyst stock factor fstock [-] 1.05 
fraction of platinum lost fPR [-] 0.05 1) 

upon recovery 
platinum costs per mass of catalyst cs.Pt [US$ kgca,-1] 500 2) 

catalyst manufacturing costs C$,CM [US$ kgca;1] 100 1) 

platinum recovery costs C$,PR [US$ kgca;1] 5 ') 
interest I [-] 0.10 
catalyst mass in the reactor Meat [kgcatl 100 
initial platinum concentration Cp,o [kgp, m·31 1.2 10-4 
volumetric liquid feed flow rate Fvl [m3 y-'1 3.15 104 

average production rate ' 0 
(kgNaMG kgca;1 Y-11 8.7 103 3) Ravg 

platinum leaching rate coefficient kp, [y''l 1 4) 
catalyst loss rate coefficient kcat [y-1] 0.12 5) 

1
) Based on data provided by Engelhard [Borninkhof, 1996] 

2
) Calculated for a 3.5 wt% catalyst and a platinum market price of 14000 US$ kgp,·1 

3
) Equal to the optimum average production rate in the absence of irreversible deactivation obtained in 

Section 7 .5, Rw,avg = 1.2 mmol kgcat·1 s·1 

4
) Calculated from an initial platinum concentration of 1.2 104 kgp, m·3 (0.6 1 o·3 mol m·\ reported in 

Chapter 4, assuming a first order decrease of the platinum mass. 
5

) Estimated at 1 wt% loss per month. 

The rate coefficient for the irreversible deactivation, kdes• could not be determined 

accurately from the experiments. If platinum leaching is the only cause of irreversible 

deactivation and directly proportional to it, ~es equals to 1 y·'. From the apparent 

absence of irreversible deactivation during the continuous experiments on a time 

scale of one day the irreversible loss of catalyst activity is estimated to be less than 

1% per day. This would result in a rate coefficient for irreversible deactivation, kdes• 

smaller than 4 y·1. Therefore, a realistic estimation of the catalyst costs are obtained 

for kdes between 1 and 5 y'1• Koekenbier and Huinink [1990] reported a much higher 

value of 50 y'1, based on experimental data in which a much higher degree of 

irreversible deactivation was measured. 
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0 

Figure 7.11 Catalyst costs as a function of the 
operation time of a catalyst batch calculated with 
Equation 7.13 to 7.18 and Table 7.3 for kdes = 1, 
2, 5, 10, 20 and 50 y-1

. 
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Figure 7.12 Minimum catalyst costs due to (1) 
investment, (2} recycling, (3) catalyst loss, (4) 
platinum leaching, as a function of the rate 
coefficient of deactivation. k""', calculated with 
Equation 7.13 to 7.18 and Table 7.3. 

Figure 7.12 shows the minimum catalyst costs per unit mass of product versus the 
rate coefficient for irreversible deactivation. For kdes between 1 and 5 y-1 the catalyst 
costs amount to 0.12 to 0.25 US$ kgNaMa-1 and the corresponding annual production 
rate amounts to 547 and 487 ton sodium 1-0-methyl a-D-glucopyranqside per year. 

Table 7.4 provides a summary of the results of the calculations in the presence of 

irreversible deactivation with kdes = 1 and ~es = 5 y-1
• 

The break down of the costs for investment, recycling, catalyst loss and platinum 
leaching to the total catalyst costs are also shown in Figure 7.12. Note that the major 

part of the catalyst costs for small kdes is caused by platinum leaching, whereas at 
higher kdes recycling costs increase substantially. 

Table 7.4 Summary of the key results obtained for the reactor design in the presence of irreversible 
deactivation for~= 1 or 5 y·1

, based on the data listed in Table 7.2 and 7.3. 

annual production rate 
space-time-yield 
concentration MGP 
concentration NaMG 
oxidation period 
reduction period 
catalyst operation period 
catalyst costs 

547 103 

6.8 
917 
83 

500 
150 
1.0 
0.12 

k -5 ·1 
des- Y 

487 103 

6.1 
927 
73 

500 
150 
0.26 
0.25 
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It should be noted that a further reduction of the calculated catalyst cost can be 
achieved. Firstly, a further optimization of the reaction conditions can be done, 
although this is not straightforward. Secondly, the costs related to platinum leaching 
can be reduced substantially, if platinum can be removed from the product stream. 
If all platinum can be recovered from the product stream a reduction of the catalyst 
costs with 0.06 to 0.16 US$/kgca;1 is obtained. Thirdly, application of a catalyst with 
a higher activity than the platinum on graphite catalyst is possible. In Chapter 6 it was 
shown that the turnover frequency of a platinum on carbon or carbon fibrils supported 
catalyst is 3 to 7 times higher. Provided that the intrinsic kinetics and rate of 
deactivation are similar for these catalysts a further reduction of the catalyst costs is 
possible. 

In order to obtain a better estimation of the catalyst costs further investigations are 
necessary to determine the rate of irreversible catalyst deactivation more accurately, 
preferably in a mini- or pilot-plant. Also, other possibilities for periodic operation may 
be considered, such as continuous periodic reduction of the catalyst in a separate 
regenerator. The outcome of these investigations will determine the economical 
feasibility of this process. However, it is concluded that periodic operation leads to a 
substantial reduction of the catalyst costs, because it assures a relatively high 
average production rate and it reduces irreversible catalyst deactivation. 

7.8 Conclusions 

A periodically operated process for the platinum catalyzed selective oxidation of 
methyl a-D~glucopyranoside to sodium 1-0-methyl a-D-glucuronate on industrial scale 
has been developed, based on the kinetics of Chapter 5. Deactivation by over
oxidation of the catalyst, resulting in a low catalyst activity, is overcome by feeding 
air and nitrogen periodically. In the absence of irreversible deactivation at the chosen 
conditions and design specifications an annual average production rate of 1.2 104 

kgNaMG kg08;
1 is obtained for an oxidation period of 500 s and a reduction period of 

150 s. The catalyst costs strongly depend on the rate of irreversible deactivation and 
are estimated at 0.12 to 0.25 US$ kgNaMG·1

• 
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8 
GENERAL CONCLUSIONS 

The platinum catalyzed selective oxidation of carbohydrates was investigated with 
emphasis on catalyst deactivation. Valuable information has been obtained, 
concerning the deactivation of carbon-supported platinum catalysts in aqueous phase 
and the platinum catalyzed selective oxidation of carbohydrates. 

The oxidation of alkyl a-0-glucopyranoside with molecular oxygen over an 
activated carbon, graphite or carbon fibrils supported platinum catalyst can be 
performed with a high selectivity. The selectivity increases with larger substituents at 
C1, which is mainly due to steric effects. A tentative reaction scheme is presented 
which describes the formation of mono- and dicarboxylic anions as side products. 

The nature and extent of catalyst deactivation strongly depend on the conditions 
to which the catalyst is exposed. Under oxidizing conditions, e.g. during reaction, the 
major cause of deactivation is so-called over -oxidation of the catalyst. Over -oxidation 
is attributed to the slow transformation of active oxygen adatoms into inactive 
subsurface oxygen species. Deactivation by over-oxidation is completely reversible 
by in-situ reduction ofthe catalyst. Irreversible deactivation due to metal leaching, site 
covering or platinum particle growth is negligible on a time scale of a day under 
oxidizing conditions. 

Under reducing conditions two mechanisms for catalyst deactivation could be 
discerned: site covering and platinum particle growth. Reducing conditions are applied 
to bring the catalyst from its (over)-oxidized inactive state into its active state. 
Prolonged exposure of the catalyst to an oxygen free carbohydrate solution may lead 
to a decrease of the active platinum surface area due to site covering by 
carbonaceous species. Aqueous phase reduction of the catalyst in a hydrogen 
atmosphere in the absence of the carbohydrate may lead to severe catalyst 
modifications, especially at high temperature and pH. At these conditions the oxygen 
containing support surface groups, which are responsible for the platinum support 
interaction are destroyed. This leads to site covering by carbonaceous species and 
platinum particle growth. The latter occurs via platinum particle rather than adatom 
migration. 
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A Langmuir-Hinshelwood type of kinetic model was developed, which describes 

the oxidation of methyl a-0-glucopyranoside to 1-0-methyl a-0-glucuronate over a 

graphite supported platinum catalyst including deactivation by over-oxidation of the 

catalyst. The most adequate description of the data was obtained when the model is 

based on the following sequence of steps: 

(1) 02 + 2 * +X 2 0* 

(2) RCH20H + *p +X RCHPH*p 

(3) RCH20H* p + 0* .... RCHO*p + * + Hp 

(4) RCHO*p + 0* .... RCOOH*P + * 

(5) RCOOH* P + NaOH +X RCOONa + * P + H20 

(6) 0* + * sub +X O'".ub (+ *) 

RCH20H + 0 2 + NaOH .... RCOONa + 2 H20 

A distinction is made between chemisorption sites (*) on which reversible dissociative 

chemisorption of oxygen takes place, step (1), and physisorption sites (*p) on which 

reversible physisorption of methyl a-0-glucopyranoside, step (2), and 1-0-methyl a-0-

glucuronate, step (5), occurs. The rate determining step comprises the reaction of 

physisorbed methyl a-0-glucopyranoside with a chemisorbed oxygen species, step 

(3). Methyl a-0,;6-aldehydoglucopyranoside was considered as a reactive 

intermediate. 

Over-oxidation should be considered as an extrinsic or side relaxation process. 

The process of over-oxidation can be described most adequately by: a reversible 

transformation of adsorbed oxygen into inactive subsurface oxygen, via reaction of 

a chemisorbed oxygen species with a subsurface site, *sub• given by step (6). 

The clear distinction between this extrinsic relaxation and the establishment of the 

steady-state degree of coverage by the reaction intermediates is reflected in the rate 

equation, which can be written as the product of an initial rate and a deactivation 

function: 

kKLC 
in which R~ = 

3 2 
t RCH,OH and 'Posub = 1-BOsub· 

1 +K2CRCH,OH +KsCRCOONa 

The rate of formation of inactive subsurface oxygen is given by: 

rOsub d6~sub = 1<,(1 -60sub)2 -k_eK1-Y,Co~Bosub (1 -Bosub)· 
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The initial rate is not a function of the oxygen partial pressure and the transformation 
of chemisorbed oxygen into subsurface oxygen does not depend strongly on the 
oxygen partial pressure, because the platinum surface is mainly covered by oxygen 
at the conditions that were applied. 

Assessment of the Arrhenius parameters reveals that some steps of the proposed 

model are not truly elementary. As expected, the physisorption steps do not show a 
clear temperature dependence. 

It was shown that the effect of the support on the turnover frequency is much 
stronger than the effect of the platinum particle diameter. The support effect is 
attributed to the difference in hydrophilic character of the support, which determines 
the affinity of the catalyst for the aqueous phase and influences the adsorption of 
carbohydrates on the platinum surface via interaction of the support surface groups 
with the carbohydrate. 

Based on the experimental results and the kinetic model a design of an industrial 
process for the production of sodium 1-0-methyl a-D-glucuronate is presented and 
an estimation of the catalyst costs per unit mass of product is given. The process is 
operated periodically by alternating feeding of air and nitrogen in order to overcome 
deactivation by over-oxidation of the catalyst. In this way a high average production 
rate can be maintained and catalyst costs are moderate. Although further tests are 
required irreversible catalyst deactivation is small under periodic operation. 
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APPENDICES 

A.1 Kinetic data for the oxidation of methyl a-0-glucopyranoside 

In this appendix the list of kinetic data is given, which has been used for the 
regression analysis of the rate of consumption of methyl a-0-glucopyranoside. Only 
the rates at 0, 1000 and 10000 s are shown, whereas for the regression analysis 40 
(t,Rw) data points were used in the time interval between 0 and 10000 s. 

feed concentration 
or partial pressure reactor concentration rate 

nr. pH T Po2° CMGP° CoH
0 

Co2 CMGP CMAGP CNaMG Rt=os Rt=1000s Rt=10000s 

[-) [K] (kPa] f:~l] f:~l] f:~l] f:~l] f:~l] f:~l] ~ mmol] 
kg •• , s 

~ mmol] 
kg .. , s 

~ mmol] 
kgcat S 

1 8.0 323 10 99.5 10.2 0.098 89 11 1.98 ± 0.24 1.44 ± 0.17 0.54 ± O.Q7 
2 8.0 323 20 99.5 10.1 0.21 90 8.5 2.09 ± 0.33 1.33 ± 0.21 0.41 ± 0.06 
3 8.0 323 40 91.2 10.5 0.38 82 1.5 8.8 2.23 ± 0.18 1.36±0.15 0.41 ± 0.04 
4 8.0 323 100 99.8 10.2 0.93 90 10 1.56 ± 0.08 0.89 ± 0.05 0.24 ± 0.03 
5 8.0 323 40 19.9 2.05 0.41 17.5 - 2.3 1.29 ± 0.20 0.81 ± 0.15 0.27 ± 0.05 
6 8.0 323 40 49.5 5.02 0.44 43.2 - 5.4 1.25 ± 0.20 0.84 ± 0.10 0.26 ± 0.04 
7 8.0 323 40 200 20.0 0.44 181 18 2.04 ± 0.16 1.28 ± 0.15 0.36 ± 0.04 
8 8.0 323 40 43.1 52.2 0.41 388 6.6 41 2.31 ± 0.27 1.42 ± 0.26 0.45 ± 0.06 
9 8.0 323 40 20.3 9.80 0.40 10.8 0.4 9.2 0.59 ± 0.04 0.33 ± 0.03 0.09 ± 0.01 

10 8.0 323 40 431 9.71 0.41 417 5.4 10 3.14 ± 0.73 2.10 ± 0.41 0.68 ± 0.13 
11 8.0 323 40 95.4 2.06 0.40 92.8 - 2.6 2.28 ± 0.34 1.52 ± 0.29 0.63 ± 0.13 
12 8.0 323 40 94.4 26.0 0.40 70 24 1.56 ± 0.11 0.82 ± 0.07 0.21 ± 0.02 
13 10.0 323 10 98.7 10.3 0.10 90 7.0 1.67 ± 0.39 0.88 ± 0.16 0.25 ± 0.03 
14 10.0 323 20 100 10.2 0.20 93 7.0 1.65 ± 0.20 0.78 ± 0.07 0.23 ± 0.03 
15 10.0 323 40 90.2 10.0 0.39 82 0.3 7.5 1.79 ± 0.11 0.90 ± 0.06 0.25 ± 0.02 
16 10.0 323 100 100 10.2 0.93 93 7.0 1.54 ± O.Q7 0.69 ± 0.03 0.21 ± 0.01 
17 10.0 323 40 19.8 2.05 0.42 18.4 - 1.5 1.18 ± 0.16 0.57 ± 0.08 0.15 ± 0.02 
18 10.0 323 40 50.0 5.05 0.43 43.4 - 4.7 1.15±0.40 0.48 ± 0.18 0.14 ± 0.05 
19 10.0 323 40 435 48.5 0.38 405 1.8 33 1.86 ± 0.14 1.09 ± 0.08 0.36 ± 0.03 
20 10.0 323 40 20.4 9.76 0.40 12.8 0.2 8.3 0.68 ± 0.19 0.33 ± 0.09 0.09 ± 0.03 
21 10.0 323 40 440 9.71 0.40 427 1.7 10.7 2.28±1.12 1.18 ± 0.44 0.38 ± 0.07 
22 8.0 303 40 97.8 10.2 0.52 86.5 1.5 10.2 0.61 ± 0.10 0.39 ± 0.03 0.16 ± 0.02 
23 8.0 313 40 97.3 10.5 0.48 86.5 1.6 10.3 1.15±0.11 0.72 ± 0.05 0.26 ± 0.03 
24 8.0 333 40 97.4 10.2 0.37 87.5 1.1 9.8 3.19 ± 0.15 1.72±0.10 0.49 ± 0.01 
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A.2 Assessment of transport limitations 

Intrinsic kinetic measurements can only be obtained in the absence of mass and 

heat transport limitations. Therefore, it was verified that the kinetic data in Appendix 
A 1 are obtained under intrinsic conditions by assessment of these transfer 

limitations. 

A.2.1 Mass transfer limitations 

The oxidation of methyl a-D-glucopyranoside proceeds according to: 

R-CHpH + 0 2 + NaOH - R-COONa + 2 Hp (A1) 

For the estimation of transfer limitations the selectivity of the reaction is assumed to 
be 100%, which is acceptable because the kinetic data are obtained at a low 
conversion level. Furthermore, the high selectivity is confirmed by the results of 

Chapter 3. In that case the rate of consumption of methyl a-D-glucopyranoside, 
oxygen and hydroxide are equal. At stationary state the rate of transfer of component 

X, Fx, is related to the specific rate of consumption of that component, R.v.x• according 
to: 

[mol s-1] (A2) 

Mass transport limitation may occur at the gas/liquid or liquid/solid iinterface and 
during intra-particle or pore diffusion. Oxygen transfer limitation must be considered 

in all three cases, whereas methyl a-D-glucopyranoside transport limitation may occur 
at the liquid/solid interface and by pore diffusion. Transport limitation of hydroxide is 
not considered. 

A 2. 2 Gas/liquid oxygen transfer 
The rate of oxygen transfer from the gas to the liquid phase can be described as: 

Fa, kGL,O, aGL vl c~t (1-rL,o) [mol s-1] (A.3) 

in which koL,o2 is the gas/liquid mass transfer coefficient for oxygen, a0 L the volumetric 
gas/liquid interface surface area, VL the volume of the liquid phase, C02""

1 the 
equilibrium oxygen concentration in liquid phase and rL,oz the degree of oxygen 
saturation of the liquid phase. 

Generally the criterion for the absence of transfer limitation is the allowance of a 
maximum deviation of 5% between the measured rate and the rate in the complete 

absence of transport limitations. If the reaction is considered to be first order in 

oxygen the maximum deviation of the actual concentration from the saturated oxygen 
concentration is 5%. This implies that the minimum degree of oxygen saturation, r L,02 , 

is 0.95 and the criterion for the absence of oxygen gas/liquid transfer limitation is: 
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(A.4) 

The rate of gas/liquid oxygen transfer is calculated from Equation A.2. The 
equilibrium oxygen concentration, C02 sat, is calculated according to Equation 2.11. The 
determination of ~L 02 aGL is more difficult. Correlations found in literature are mostly 
valid for large scale reactors. Yagi et al. [1975] derived a correlation for the 
absorption of oxygen in an aqueous solution of glycerol, using a 12 10·3 m3 agitated 
vessel: 

Using the data of Table A.1 kGL,o2 aGL equals to 0.32 s·1
. For the reactor used in this 

work a higher ~L.o2 aGL of 0.5 s·1 was assumed, which was also used by Van den 
Tillaart [1994] who used a similar reactor. The higher value of ~Lo2 aGL is allowed 
because in this work a glass stirrer with internal gas circulation was used, which is 
more efficient. Furthermore, it is reported that due to adhesion of gas-adsorbing 
particles to gas bubbles the absorption rate of a gas is enhanced. Enhancement 
factors as large as 3 were reported by Vinke et al. [1992] for the absorption of 
hydrogen in an aqueous solution containing carbon supported palladium or rhodium 
catalysts. Consequently, a kGL,o2 aGL of 0.5 s·1 is a justified estimation for a 
conservative evaluation of the criterion. 

The criterion was applied to all 
experiments in Appendix A.1 used for 
the kinetic study of the oxidation of 
methyl a-D-glucopyranoside. The 
oxygen transfer rate, F 02 , was 
calculated according to Equation A.2, 
where for a conservative evaluation of 
the criterion the maximum rate of 
consumption of methyl a-D
glucopyranoside, R0

w,MGP• was used. As 
shown in Figure A.1 only two 
experiments suffer from gas/liquid 
oxygen transfer limitation, i.e. the 
experiments with the lowest oxygen 
partial pressure of 10 kPa. For those 
experiments the rate of consumption of 

1.00 

0 2 4 6 8 10 12 14 16 18 20 22 24 

experiment number 

Figure A.1 Evaluation of the gas/liquid oxygen 
transfer criterion, Equation A.4, for all data in 
Appendix A.1 used in the kinetic analysis of the 
oxidation of methyl a-0-glucopyranoside, taking 
the maximum rate of consumption of methyl a-0-
glucopyranoside, R.v,MGPo· 
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methyl a-D-glucopyranoside may be influenced by oxygen gas/liquid transfer 
limitation. However, during none of the experiments oxygen gas/liquid transfer 
limitation was observed from measurements ofthe liquid phase oxygen concentration. 

Table A.1 Data on the reactor, catalyst, thermodynamics and transport 

reactor 
d1 impeller diameter 
N1 impeller revolution speed 
Np impeller power number 
VL liquid volume 

catalyst 
dp.max maximum particle diameter 
Ccat catalyst concentration 
Pp volumetric mass of the particle 
V s.p specific pore volume 
Tp particle tortuosity 
AP particle heat conductivity 

value 
3.5 10·2 m 
25 s·1 

5 
3.5 10-4m3 

value 
30 pm 
2 kg m·3 

7 102 kg m·3 

9.7 10-4m3 kg-1 

4 
0.64 W m·1 K 1 

reference 

[Bates et at,1963] 

reference 

thermodynamic and transport properties value or range reference 
PL liquid volumetric mass 990- 1025 kg m·3 

[Weast. 19871'> 

IlL liquid dynamic viscosity 4.9- 10.0 10-4 kg m·1 s·1 
[Weast, 19871'> 

002 diffusion coefficient of 2.6 - 4.9 10'9 m2 s·1 
[Perry et al.,1984]') 

oxygen in water 
DMGP diffusion coefficient of 0.8 - 1.4 10"9 m2 s"1 

[Perry et at,1984]') 

methyl a-D-glucopyranoside in water 
Q'L liquid surface tension 7.1 1 0'2 N m'1 (Perry et al., 1984] 

u
9 

superficial gas velocity 2 1 o-s m s·1 

g acceleration of gravity 9.81 m s·2 
[Weast 19871 

AL liquid heat conductivity 0.64 W m·1 K'1 
[Weast, 1987J 

c liquid specific heat capacity 4.18 kJ kg·1 K'1 
[Weast. 19871 

p,L 0 
dH, reaction enthalpy -550 kJ mol'1 

. [Schuurman, 1992] 

1
) calculated from Pp = Pgraphi1e(1-Ep), in which Pgraphite = 2250 kg m-3 and E'p is the catalyst particle 

porosity calculated from Equation 2. 7 
2

) taken as equal to AL 
3

) data are based on D-glucose 
4
) calculated from pL(D = (JJLIPH,o) PH,0 (T), pL/J.IH,o based on data of D-glucose and 

1.3272(293.15-'!) - 0.001053(1' -293.15f 

PH,o(T) 1.00210-3 10 [Weast, 1987]. 
5

) calculated according to the Wilke-Change correlation. D0 , = 6.85 10·15 T PL-1 

6
) calculated according to the Wilke-Change correlation, DMGP 2.05 10·15 T PL ·1 
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A.2.3 Liquid/solid mass transfer 
The transfer rate of methyl a-D-glucopyranoside and oxygen from the liquid phase to 

the surface of the catalyst can be described by: 

Fx = kLs.x aLs VL c;at (1 -rs.x) ; X = MGP, 0 2 [mol s-1
] (A.6) 

in which kLs.x is the liquid/solid mass transfer coefficient for methyl a-D
glucopyranoside or oxygen, aLs the volumetric liquid/solid interface surface area and 
r s.x the degree of methyl a-D-glucopyranoside or oxygen saturation at the catalyst 
particle surface. 

The criterion for the absence of methyl a-D-glucopyranoside or oxygen liquid/solid 
transfer limitation is derived in analogy to the gas/liquid criterion: 

Fx 
rsx = 1- ~ 0.95; X= MGP, 0 2 (A.7) 

. k v c•at 
LS,X aLS l X 

in which Fx is the transfer rate of methyl a-D-glucopyranoside or oxygen calculated 
from Equation A.3. The liquid/solid mass transfer coefficient, kts,x· is calculated 
according to the correlation given by Sano et al. [1974] for the dimensionless 
Sherwood number, Sh: 

Sh t!Jc(2 +0.4Re1'4Sc113) = ~s.xdp 
Dx 

(A. B) 

in which t/Jc is the Carman correction factor for the particle geometry, for spherical 
particles t/Jc = 1. Re is the dimensionless Reynolds number, which is calculated 
according to: 

Re = NPd15 N13 d~p~ 
Vtp~ 

and Sc=pL Pt., Dx'1 is the dimensionless Schmidt number. 

(A.9) 

The catalyst particle diameter distribution is shown in Figure A.2. For a 
conservative estimation oftransfer limitations the maximum catalyst particle diameter, 
dp,max• is used in all calculations. The maximum catalyst particle diameter, covering 

95% of all catalyst particles, is dp,max = 30 pm. 
From Equation A.B. using the above correlations and the data of Table A.1, the 

liquid/solid mass transfer coefficient for oxygen is kts 02 = 1.1 1 0'3 m s·1 and for 
methyl a-D-glucopyranoside kts.MGP = 2.8 10-4m s·1 at 323 K and CMGP = 100 mol m·3• 

The volumetric liquid/solid interface surface area, aLs• is calculated by: 

6 ccat 
aLS = 

Pp 

Using the data in Table A.1 aLs = 5.7 102 m·1
• 

(A.10) 
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Figure A.2 Catalyst particle diameter distribution 
of the graphite supported platinum catalyst, 
which was used for the kinetic study of the 
oxidation of methyl a-0-glucopyranoside. 
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Figure A.3 Evaluation of the liquid/solid oxygen 
transfer criterion, Equation A. 7, for all data in 
Appendix A.1 used in the kinetic analysis of the 
oxidation of methyl u-0-glucopyranoside, taking 
the maximum rate of consumption of methyl u-0-
glucopyranoside, Rw.MoP0. 

The results of the application of the criterion for oxygen liquid/solid mass transfer, 
Equation A.7, is shown in Figure A.3. Again, the experiments at the lowest oxygen 

I 

partial pressure of 10 kPa suffer from oxygen transfer limitation. For' methyl a-0-
glucopyranoside the criterion for the absence of liquid/solid transfer limitation is 
fulfilled, because r8 .02 > 0.999 for all experiments. It was not possible to reduce the 
catalyst particle diameter by grinding the catalyst in a ball mill. Whereas carbon 
supported catalysts showed a decrease of the average catalyst particle diameter upon 
ball milling, no reduction was observed for the graphite supported catalyst. 

A. 2. 4 Pore diffusion of methyl a-[)...gfucopyranoside and oxygen 

Pore diffusion limitation can be expressed by an effectiveness factor, q, which is 
defined as the ratio of the observed rate to the rate in the absence of pore diffusion. 
The effectiveness factor is related to the Weisz modulus, <I»= qtfi, in which t/1 is the 
Thiele modulus. The Weisz modulus has to be smaller than 0.24 for q > 0.95, 
assuming that oxygen and methyl a-0-glucopyranoside react according to an 
irreversible first order reaction [Froment and Bischoff, 1990]. The criterion for the 
absence of pore diffusion limitation is given by: 

2 
dp Fo Pp 

<I» = ' < 0.24 
36 o:ff C~1 

ccat VL 
(A.11) 

in which the effective diffusion coefficient, 0/ff = Ox Ep TP_,_ 

Figure A.4 shows the result of the evaluation of the criterion for oxygen for the 
data of Appendix A.1. Again for the experiments performed at low oxygen 
concentration the criterion is not fulfilled. However, the maximum catalyst particle 
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diameter of dp,max = 30 pm was used. Application of the criterion using the average 

diameter of 12 pm, shows that for most particles pore diffusion limitation of oxygen 

is absent. In fact no oxygen pore diffusion limitation is calculated for particles with a 

particle diameter smaller than 21 pm. For methyl a-D-glucopyranoside the criterion 

is fulfilled for all experiments as a maximum Weisz modulus of 0.002 was calculated. 

In conclusion, the observed rate is not influenced by methyl a-D-glucopyranoside pore 

diffusion, but oxygen pore diffusion limitation takes place at low oxygen concentration 

for particles with a diameter larger than 21 pm. 

0.50 ,.-- ------- - - -, 

., 
::1 

0.40 

~ 0.30 
0 
E 

2 4 6 6 1 0 12 14 1 6 1 6 20 22 24 

experiment number 

A. 2. 5 Solid/liquid heat transfer 

Figure A.4 Evaluation of the oxygen pore 
diffusion criterion. Equation A.11, for all data 
used in Appendix A.1 in the kinetic analysis of 
the oxidation of methyl a-D-glucopyranoside, 
taking the maximum rate of consumption of 
methyl a-0-glucopyranoside, R w.MGP0. 

The solid/liquid heat transfer can be described by: 

[W] (A.12) 

The heat transfer can be estimated from the heat production for the oxidation of 

methyl a-0-glucopyranoside: 

[W] (A.13) 

in which dH,0 is the reaction enthalpy, conservatively taken as -550 kJ mol·1 

[Schuurman, 1992]. 

The heat transfer coefficient, aLs• is estimated from the mass transfer coefficient, 

kLs.MGP• by the so-called Chilton-Colburn analogy: 

aLs = 1.37 kLs pL cp.L [ ~~] ~ [W m -2 K -1] (A.14) 

in which cp.L is the liquid specific heat capacity and Pr = pLcp,LJ!L-1 the dimensionless 

Prandtl number. At 323 K and a methyl a-D-glucopyranoside concentration of 100 mol 

m·3 the specific heat transfer coefficient, aLs• amounts to 58 kW m·2 K-1. At a maximum 

oxidation rate, Rw.MGP• of 5 mmol kgca1-
1 s·1 the heat production , Q, amounts to 2 W 

and the temperature difference between the solid and the liquid, T5-TL, is 2 10"" K. 

This is much smaller than the maximum temperature difference of 0.5 K, which 
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corresponds to an allowance of a 5% rate deviation at 323 K, assuming an apparent 

activation energy of 1 00 kJ mol_,_ Hence, the observed rate will not be influenced by 

solid/liquid heat transfer. 

A2.6 Intra-particle heat transfer 
The criterion for the absence of intra-particle heat transfer limitation is described by 

the dimensionless Biot number, BiP, according to Mears [1971], which must be 

sufficiently small. In that case the internal heat transfer is fast compared to the 

solid/liquid heat transfer. The criterion is expressed by: 

B. - aLS dp 1Q I---< 
P A 

p 

(A.15) 

Using the data of Table A.1 BiP is smaller than 2.8 for all experiments given in 

Appendix A.1. It can be concluded that the observed rates are not significantly 

influenced by intra-particle heat transfer limitation. ' 

A.3 Kinetic model for the selective oxidation of methyl a-0-glucopyranoside 

The kinetic model that most adequately describes the experimental data for the 

oxidation of methyl a-0-glucopyranoside listed in Appendix A.1 consists of the 

following sequence of steps: 

(1) 02 + 2 * <=± 2 0* 

(2) RCHpH + *P <=± RCHPH*p 
(3) RCH20H* P + 0* - RCHO*p + * + H20 

(4) RCHO*p + 0* - RCOOH*p + * 

(5) RCOOH* p + NaOH <=± RCOONa + *P + Hp 
(6) 0* + .. 

sub <=± O*sub (+ *) 

RCHPH + 0 2 + NaOH - RCOONa + 2 H20 

Step (6) is considered as a side relaxation step, which takes place on a time _ 

scale which is much larger than the intrinsic relaxation time. Hence, a steady-state 

approximation of the reactive surface species can still be applied. Methyl a-0-6-

aldehydoglucopyranoside, RCHO, is considered as a reactive intermediate. Therefore, 

step (3) is taken as kinetic significant and step (4) can be neglected. Furthermore, the 

fractional coverage of methyl a-D-6-aldehydoglucopyranoside is neglected, 6RcHo = 
0. The site balances are given by: 
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1 = 8.p + 8RCH20H + 8RCOOH 
1 = 8. + 8o + 8osub 

1 = 8.sub + 80sub 

161 

(A.16) 

(A.17) 

(A.18) 

The specific amount of sites is given by 1;. which is calculated from the fraction 
exposed measured with CO chemisorption FE, according to: 

L = FE wPI 
t MPt 

(A.19) 

For a 3.3 wt% Pt on graphite catalyst with a fraction exposed of 0.43 the specific 
amount of sites, L1, amounts to 0.073 mol kgca1-

1
. 

The fractional coverages of oxygen, methyl a-0-glucopyranoside, RCHpH, and 
1-0-methyl a-D-glucuronic acid, RCOOH are given by: 

KY>CY, 8o = 1 o, 8. 

8RCH,OH = ~CRCH,OH 8 .p 

which with Equation A.16 and A.17 results in: 

K~~,C~~, 

8
0 

= 
1 0

' (1 8 . ) 
1 K

y,Cy, - osub 
+ 1 o, 

(A.20) 

(A.21) 

(A.22) 

(A.23) 

~CRCH,OH (A.24) 8RCH,OH = -:---..,..o:--:=---...:....,-=-=--
1 + ~CRCH,OH + i<sCRCOONa 

KsCRCOONa 
8RCOOH = 1 (A.25) 

+ ~CRCH,OH + KsCRCOONa 

Reaction step (3) is considered as the rate determining step and the rate of 
consumption of methyl a-0-glucopyranoside is described by: 

Rw = k3Lt808RCH OH (A.26) 
' 

which after substitution of 80 and 8RcH2oH given by Equation A.23 and A.24 results in: 

Ky,Cy, K C 
R = k L 1 o, 2 RCH,OH ( 1 - 8 ) 

w 3 t1 +K1y,CoYz 1 K C K C Osub + 2 RCH OH + 5 RCOONa 
' ' 

(A.27) 
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The rate of formation of subsurface oxygen is given by: 

dBosub 
rosub = ----at = keBoB •sub - k-s8osub8. 

which in combination with Equation A.17, A.18, A.20 and A.23 results in: 

Ky,C ;; 
d8osub = k 1 o, (1 -8 f -k 1 ) 
-- 6 Os b " Bosub (1 - Bosub 

dt 1 +K~C~ u ~ 1 +K~C~ 
' ' 

Appendices 

(A.28) 

(A.29) 

During the oxidation of methyl a-D-glucopyranoside the fractional coverage with 

oxygen is much larger than the fraction of free chemisorption sites, 80 » 8 .. 
Therefore, the simplification is made that 1 « K,y, C02y, and the term (K1;; C02 ;;) I (1 

+ K1;; C0/') is not much different from unity. Hence, Equation A.27 and A.29 can be 
approximated according to: 

(A.30) 

(A.31) 
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Stellingen 

Behorende bij het proefschrift 

Deactivation of Carbon-Supported Platinum Catalysts 
during Carbohydrate Oxidation 

van J.H. Vleeming 

1. Het beschouwen van de mogelijkheid dat er verschil bestaat tussen de aard van 
de adsorptie van de betrokken reactanten kan leiden tot een betere beschrijving 
van de experimentele data. 
Hoofdstuk 5 van dit proefschrift 

2. De conclusie van Mallat en Baiker, dat over-oxidatie het gevolg is van 
deactivering door vergiftiging, wordt door hen ten onrechte veralgemeend. 
T. Mallat and A. Balker, Catal. Today 19, 247 (1994), Hoofdstuk 5 van dit proefschrift 

3. Het door Besson et al. uitgevoerde onderzoek naar de deactivering van 
palladiumkatalysatoren voor de oxidatie van glucose door enkel de afname van 
de katalysatoractiviteit te meten, is slechts van beperkte waarde, aangezien het 
is uitgevoerd onder massatransport gelimiteerde condities. 
M. Besson, F. Lahmer, P. Gallezot, P. Fuertes en G. Fleche, J. Catat. 152, 116 (1995). 

4. Bij heterogeen gekatalyseerde reacties in de vloeistoffase kan het effect.van de 
deeltjesgrootte van het actief metaal op de turnoverfrequentie vaak niet eenduidig 
worden toegeschreven aan een deeltjesgrootte-effect, omdat het effect van de 
katalysatordrager veelal grater is. 
Hoofdstuk 6 van dit proefschrift 

5. Kunz en Recker spiegelen een te rooskleurig beeld voor, door slechts de zeer 
hoge selectiviteit te rapporteren voor het door hen ontwikkelde continue selective 
oxidatieproces voor methyl a·D-glucopyranoside, en niet de lage conversie en de 
grate recyclestromen, die hiervoor benodigd zjjn. 
M. Kunz en C. Recker. Carbohydr. In Europe, 13, 11 (1995). 

6. Om de concurrentiepositie van de trein ten opzichte van de auto te verbeteren 
zouden treinprijzen mede op de reistijd gebaseerd moeten zijn. 

7. De snelheid waarmee in Europa de eenwording van Ianden plaatsvindt, is 
significant kleiner dan de snelheid waarmee Ianden uiteenvallen. 



8. Het is de vraag of bij de recente herziening van de spelling van de Nederlandse 
taal de bijna strikte handhaving en het enkel toestaan van de voorkeurspelling 
van 1954 oak ieders voorkeur heeft. 
'Woordenlijst Nederlandse taal', Nederlandse Taalunie, Den Haag, 1995. 

9. Het toenemend gebruik van de mobiele telefoon op drukbezochte plaatsen valt 
niet te rijmen met de grate aandacht veer de bescherming van de privacy. 

10. Maatregelen of middelen ter bevordering van de veiligheid sorteren niet altijd het 
gewenste effect, omdat zij het de mens toelaten om meer risico te nemen. 

11. De bereidheid om energie te besparen door in flatgebouwen niet de lift maar de 
trap te nemen, wordt zwaar op de proef gesteld door de veelal centrale ligging 
van de lift in tegenstelling tot die van het trappenhuis. 




