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SAMENVATIING 

De selectieve oxydatie van methyl a-D-glucoside tot natrium 1-o-methyl a-D

glucuronaat met moleculaire zuurstof over gedragen platina is bestudeerd in een 

drie fasen geroerde tank reactor. De nadruk is gelegd op het bestuderen van de 
kinetiek en de katalysatordesactivering. De verkregen resultaten zijn gebruikt 
voor het ontwerp van een industriele productie-eenheid. 

Voor de kinetische studie werd de temperatuur gevarieerd van 293 tot 333 K, de 
pH van 6 tot 10, de zuurstofpartiaalspanning van 5.0 103 tot 1.0 1cf Pa bij een 
constante totaaldruk van 1 1cf Pa, de methyl a-D-glucoside concentratie van 50 
tot 1000 mol m·3 en de katalysatorconcentratie van 1 tot 5 kg m·3• De conversie 

werd gevarieerd van 0.02 tot 0.10. In dit conversie gebied verloopt de oxydatie 
van methyl a-D-glucoside tot 1-o-methyl a-D-glucuronaat 100% selectief. De 
reactiecondities zijn dusdanig gekozen dat de intrinsieke reactiesnelheden 
verkregen werden, dat wil zeggen vrij van massa- en warmteoverdrachts
limiteringen. Door extrapolatie werden kinetische gegevens representatief voor 
de niet-gedesactiveerde katalysator verkregen, waarmee de initiele 
reactiekinetiek bepaald kon worden. De kinetiek van de globale reactie wordt 
bepaald door de kinetiek van de oxydatie van methyl a-D-glucoside tot 1-o

methyl a-D-aldehydo-glucoside, omdat 1-o-methyl a-D-aldehydo-glucoside een 
reactief intermediair is en er geen productadsorptie optreedt bij de toegepaste 

lage conversies. De initiele reactiekinetiek kan over een groot gebied van 

reactiecondities, goed beschreven worden met een relatief eenvoudige 
reactiesnelheidsvergelijking van het Langmuir-Hinshelwood type. De 
reactiesnelheidsvergelijking is gebaseerd op twee reactiepaden: een pad, 
dominant bij lage pH, waarbij geadsorbeerd methyl a-D-glucoside betrokken is 
een ander pad, dominant bij hoge pH, waarbij het geadsorbeerd methyl a-D

glucoside anion betrokken is. De reactiesnelheidsbepalende stap in beide 
reactiepaden bestaat uit de oppervlaktereactie tussen dissociatief 

gechemisorbeerd zuurstof en geadsorbeerde methyl a-D-glucoside species. Het is 

inherent aan het meten van stationaire toestand kinetiek dat niet meer 
gedetailleerde informatie wordt verkregen over de snelheidsbepalende stap. 
Door het toetsen van de Arrhenius parameterschattingen aan de 



overgangstoestandtheorie blijkt echter dat deze snelheidsbepalende stappen 
aanleiding geven tot fysisch zinvolle schattingen. De Langmuir adsorptieterm in 
de reactiesnelheidsvergelijking bevat termen voor de competatieve reversibele 

associatieve adsorptie van methyl a-D-glucoside species en reversibele 
dissociatieve chemisorptie van zuurstof. Er wordt geen onderscheid gemaakt 
tussen adsorptieplaatsen voor zuurstof en voor methyl a-D-glucoside species. De 

schattingen voor de corresponderende standaard adsorptie-entropieen en 

enthalpieen zijn fysisch zinvol. Tijdens de oxydatie stelt zich een stationaire 

toestand op het oppervlak in waarbij zuurstof de overheersende species is. 

Platina gedragen op actieve kool en gedragen op grafiet is gekarakteriseerd met 
behulp van oppervlak gevoelige technieken voor, tijdens en na reactie. Ex-situ 

informatie is verkregen door een combinatie van rontgen fotoelectronen 
spectroscopie, cyclische voltammetrie, transmissie electronenmicroscopie en CO

chemisorptie. In-situ informatie werd verkregen met cyclische voltammetrie. 

Tevens is de open-circuit potentiaal van een geplatineerde platinafolie gemeten 
tijdens de oxydatie van methyl a-D-glucoside. Bovendien werd de activiteit van 
de katalysator voor, tijdens en na reactie gemeten. Zo werd het mogelijk om de 
mate van desactivering te correleren met de informatie verkregen met behulp 
van de karakteriseringstechnieken. 

Er kan een onderscheid gemaakt worden tussen een reversibele desactivering, 
die optreedt op een tijdschaal van 10 ks en een irreversibele desactivering, die 

optreedt op een tijdschaal van 100 ks. 
De reversibele desactivering is het gevolg van het langzaam toenemen van de 
zuurstofbedekkingsgraad. Deze toename kan niet worden toegeschreven aan de 
vorming van platinaoxyde, maar wel aan verdere chemisorptie van zuurstof 

waarbij de bedekkingsgraad, die overeenstemt met de intrinsieke initiele 

kinetiek, overschreden wordt. De hiermee gepaard gaande afname van de 
bedekkingsgraad met methyl a-D-glucoside species verklaart de waargenomen 
afname van de reactiesnelheid. 
De irreversibele desactivering wordt veroorzaakt door het preferent oplossen van 

de kleine platinadeeltjes en het weer neerslaan op de grotere. Dit leidt tot een 
netto afname van de platinaoppervlakte. 
De activiteiten van katalysatoren met gemiddelde platinadeeltjes diameters 
tussen 1.9 nm en 8.0 nm, zijn vergeleken op basis van tumover-frequenties. De 

oxydatie van methyl a-D-glucoside over vers gereduceerd gedragen platina is een 
structuur gevoelige reactie, alhoewel de structuurgevoeligheid niet erg 
uitgesproken is. 



SUMMARY 

The selective oxidation of methyl a-D-glucoside to sodium l-a-methyl a-D
glucuronate by molecular oxygen on supported platinum was studied in a three

phase agitated tank reactor. Emphasis was put on the intrinsic kinetics and on 
the catalyst deactivation during oxidation. The obtained results were applied to 
the design of an industrial production unit. 

In the kinetic investigation the temperature was varied from 293-333 K, the pH 
from 6-10, the oxygen partial pressure from 5.0 103 to 1.0 10' Pa at a constant 
total pressure of 1 10' Pa, the methyl a-D-glucoside concentration from 50 to 
1000 mol m·3 and the catalyst concentration from 1-5 kg m·3• The conversion was 
varied from 0.02 to 0.10. In this conversion range l-a-methyl a-D-glucuronate was 
obtained with a selectivity of 100%. At the investigated reaction conditions the 
observed reaction rates were free from mass and heat transfer limitations. The 
experimental data were extrapolated to obtain initial reaction rates. 
The kinetics of the overall reaction are determined by the kinetics of the 
oxidation of methyl a-D-glucoside to l-a-methyl a-D-aldehydo-glucoside, since the 
latter was shown to be a reactive intermediate and product adsorption could be 
neglected at the conversion levels investigated. The initial reaction kinetics can 

be described adequately over a broad range of reaction conditions by a relatively 

simple rate equation of the Langmuir-Hinshelwood type which is based on two 
parallel reaction paths: one involving adsorbed methyl a-D-glucoside and 

dominating at low pH, the other involving the adsorbed methyl a-D-glucoside 
anion and dominating at high pH. Both reaction paths contain a rate
determining step consisting of a surface reaction between the methyl a-D
glucoside species and chemisorbed oxygen. The ambiguity of steady-state kinetics 
did not allow to arrive at more detailed conclusions regarding the rate

determining step. The assessment of the Arrhenius parameter estimates within 
the framework of the transition state theory showed that these rate determining
steps lead to physically meaningful estimates, however. The most adequate rate 
equation contains Langmuir adsorption terms accounting for the competitive 
reversible dissociative chemisorption of oxygen and for the reversible associative 
adsorption of methyl a-D-glucoside and methyl a-D-glucoside anion. No 



distinction is made between the sites of chemisorption for oxygen and the methyl 
a-D-glucoside species. The Langmuir adsorption coefficients are physically 
meaningful as was shown by the examination of the estimates for the 
corresponding standard adsorption entropies and enthalpies. During the 

oxidation a steady-state on the surface is obtained and oxygen being the most 
dominating surface species. 

Platinum supported on activated carbon and platinum supported on graphite 

were characterized before, during and after reaction. Ex situ information was 
obtained by a combination of surface-sensitive techniques, X-ray Photoelectron 
Spectroscopy, Cyclic Voltammetry, Scanning Transmission Electron Microscopy 
and CO pulse chemisorption. In situ information was obtained by Cyclic 

Voltammetry. Furthermore, the open circuit potential of a platinized platinum 
foil was monitored during the oxidation of methyl a-D~glucoside. Moreover, the 
activity of .the catalysts for the oxidation of methyl a-D-glucoside was measured 

before, during and after reaction. In this way it was possible to correlate the 
extent of the deactivation with the information obtained from characterization 
techniques. 
A distinction could be made between a reversible deactivation, occurring on a 
time scale of 10 ks and an irreversible deactivation, occurring on a time scale of 
100 ks. 
The reversible deactivation can be attributed to a slowly increasing oxygen 

surface coverage. This increase of the oxygen coverage is not due to the 
formation of platinum oxide. Rather further chemisorption takes place beyond 

the steady-state degree of oxygen coverage corresponding to the intrinsic initial 
reaction kinetics. The resulting decrease of the surface coverage with 
carbohydrate species leads to the observed decrease of the reaction rate. 

The irreversible deactivation is caused by the dissolution and subsequent 
redeposition of platinum. This process involves the preferential dissolution of 
small platinum particles and redeposition on the larger ones leading to a lower 
platinum surface area. 

A comparison of the activities of catalysts, containing average platinum particles 
in the range from 1.9 nm to 8.0 nm, was performed in terms of turnover 
frequencies. It appears that the oxidation of methyl a-D-glucoside over freshly 
reduced supported platinum can be classified as a structure sensitive reaction, 
although the structure sensitivity is not very pronounced. 
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1 INTRODUCfiON 

The interest in processes with carbohydrates as chemical feedstock is growing 

considerably (Fuchs, 1987; Schiweck et al., 1988). A first step towards valuable 
chemicals from carbohydrates may consist of the selective oxidation of one of the 
functional groups, in particular the primary hydroxyl group. 

A variety of techniques is available for the oxidation of the primary alcohol 
function in carbohydrates (Green, 1980; Haines, 1976; Sheldon and Kochi, 1976; 
Lee, 1969). Of these, the catalytic oxidation by molecular oxygen on supported 

platinum is one of the most attractive (Heyns and Paulsen, 1962; van Dam et al., 
1987; Dijkgraaf et al., 1988). Besides the use of a clean oxidant, high selectivities 

are obtained by using this route. The reaction is carried out in water at 
temperatures between 293 K and 353 K and atmospheric pressure. Water is 

normally used as the solvent, but organic solvents can also be used. Heyns and 
Paulsen (1962) reviewed the platinum-catalyzed and selective oxidation of 

monosacharides with molecular oxygen. They concluded that the order of 
reactivity of the functional groups towards oxygen was as follows: 

hemi-acetal > primary hydroxyl > axial hydroxyl > equatorial hydroxyl. 

The present study deals with the platinum-catalyzed oxidation of methyl a-D

glucoside (methyl a-D-glucopyranoside) to sodium l-a-methyl a-D-glucuronate 
with molecular oxygen. The stoichiometry of the reaction is shown in Figure 1.1. 
The primary alcohol function is the most reactive, because the hemi-acetal 

function is protected by the methyl group. 



2 

0 2 + NaOH 

) 

Na+o-0 + H20 

HO OH OCH:3 Pt 

OH 

SOOil.M 1-o--METHYL a-D-G..UCLRONA TE 

Figure 1.1 The platinum-catalyzed oxidation of methyl o-n-glucoside to 
sodium 1-o-methyl o-D-glucuronate with molecular oxygen. 

chapter 1 

This oxidation is part of an alternative catalytic route for the manufacturing of 
L-ascorbic acid, i.e. vitamin C, originally proposed by Kuster and Godefroi 

(1982). Furthermore, the oxidation product l-a-methyl a-D-glucuronate can be 
easily hydrolysed to D-glucuronic acid. The latter is a potential precursor for 
several fine chemicals, polymers and anionic detergents (Roper, 1990). The 
oxidation products of alkyl a- and B-glucopyranosides with linear alkyl groups 
can be regarded as a new group of surfactants, combining non-ionic and anionic 
properties (van Bekkum, 1990). 
The platinum-catalyzed selective oxidation of methyl a-D-glucoside has hardly 
been studied (Barker et al., 1951, Easty, 1962; Robins and Green, 1969). 
Although a number of papers are concerned with the oxidation of primary 
alcohols, some fundamental questions still remain. The exact reaction sequence 
is not yet clear and there is a lack of quantitative kinetic studies. A statistical 
regression analysis of intrinsic kinetic data can provide more insight into the 
reaction mechanism. Kinetic modelling also forms a sound basis for a more 
accurate reactor design. 
Furthermore, one of the major drawbacks of the platinum-catalyzed oxidation is 

that highly dispersed platinum loses activity during the liquid-phase oxidation of 
primary alcohols. The cause of this deactivation, however, is not known. To 
obtain insight into the deactivation mechanism, in situ catalyst characterization 
in conjuntion with the measurement of the reaction rate is required. In the case 
of reactions in. electrolytes, electrochemical techniques can be helpful for that 
purpose. 



introduction 

In Chapter 2 the experimental set-up and procedures and the chemical analyses 

of the reactants and products are described. 

In Chapter 3 the kinetics of the selective oxidation of methyl a-D-glucoside on 

platinum supported on activated carbon is the subject of discussion. The aim 

thereby is to obtain an insight into the reaction sequence and to describe the 

observed phenomena quantitatively. 

In Chapter 4 is dealt with the characterization of platinum supported on 

activated carbon and on graphite by a combination of several surface-sensitive 

techniques performed ex- and in situ. The results enable the major deactivation 

mechanism occurring during the oxidation of methyl a-D-glucoside to be 

understood. 

In Chapter 5 the design of a process for the selective oxidation of methyl a-D

glucoside on industrial scale has been outlined. 
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2 EXPERIMENTAL 

2.1 Equipment and procedures 

The experimental set-up is outlined in Figure 2.1. 
Before the reaction, the catalyst was reduced in situ with pure hydrogen in 

distilled water at 363 K for one hour at a flow rate of 3.3 Nml s·1• The water was 
removed next while the reactor was purged with nitrogen and cooled down to 
reaction temperature. Then the reactor was filled with a nitrogen-purged solution 

containing the appropriate amount of methyl a-D-glucoside and sodium l-a
methyl a-D-glucuronate. To start an experiment, the nitrogen stream was 
replaced by a given oxygen/nitrogen mixture and the stirrer was switched on. 
Because sodium l-a-methyl a-D-glucuronate was not commercially available, 
reaction mixtures containing sodium l-a-methyl a-D-glucosiduronate had to 
prepared by oxidation of methyl a-D-glucoside to the given extent. Usually a 

series of experiments at a given conversion was planned, so the reaction mixture 
of the previous experiment could be re-used. 
The solutions of methyl a-D-glucoside (Fluka > 99%) and sodium hydroxide 
(Merck pa) in the supply vessels (3) were continuously purged with nitrogen. The 
solution of methyl a-D-glucoside was kept at the pH at which the reaction was 
done. 
The reactor ( 1) was operated at atmospheric pressure and continuously fed with 
an oxygen/nitrogen mixture (2) at a flow rate established by mass flow 

controllers. Solutions of sodium hydroxide and methyl a-D-glucoside were 
simultaneously added in a stepwise manner at a volumetric ratio such that 
sodium hydroxide was the limiting reactant. 
The pH of the reaction mixture was measured with a glass/reference electrode 
and controlled by a titration unit (4). A valve was controlled by the titration unit 
in the liquid tube at the reactor inlet. This valved opened when the pH of the 

reaction mixture decreased below the set-point and a small amount of the 
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sodium hydroxide and methyl a-D-glucoside solutions were fed to the reaction 
mixture. This addition resulted in an increase of the pH of maximal 0.05 pH 
units. The next supply of solutions of methyl a-D-glucoside and sodium hydroxide 

was performed when the sodium hydroxide added was consumed completely as 
indicated by a decrease of the pH below the set point. The time between two 
successive additions was less than 0.2 s. This stepwise addition of the liquid 
solutions can be considered as a continuous flow. Hence, the conversion was 
established by the ratio of the amount of sodium hydroxide and of methyl a-D

glucoside fed to the reactor and was not affected by the production rate. 
After adding approximately 20 ml of the solutions of methyl a-D-glucoside and 
sodium hydroxide, the flow was interrupted and the burettes were replenished 
from the supply vessels. At this time the pump (9) was started to remove 20 ml 
reaction mixture from the reactor. The reaction volume changed approximately 
4% during each flow cycle. As soon as the burettes were replenished, after ·less 
than 10 s, the supply of solutions of methyl a-D-glucoside and sodium hydroxide 
was restarted. Because the time to supply 20 ml of solutions of methyl a-D

glucoside and sodium hydroxide varied between 50 and 200 s, the procedure 
followed may still be considered as a continous flow. 
During reaction the catalyst was deactivating. This caused a decrease in acid 
production. To keep the pH constant, a smaller flow of sodium hydroxide 
solution was required and hence, also the flow of methyl a-D-glucoside solution 
decreased as well. In this way the liquid flow rate was matched with the 
production rate by a feed-back control based on a pH measurement of the 
reaction mixture. The gas flow was not adjusted to the production rate and a 
decrease in reaction rate resulted in a (negligibly) lower oxygen conversion. 
Provided that the catalyst deactivation did not result in selectivity changes, the 
procedure followed results in constant methyl a-D-glucoside and sodium 1-o
methyl a-D-glucuronate concentrations in the reactor and justifies the 
extrapolation of the experimental data to obtain initial reaction rates free from 
deactivation. 
The temperature was measured with a Pt resistance probe and kept constant by 
circulation of water from a thermostat (5) through the double-wall of the 
reactor. The amount of dissolved oxygen was detected by an oxygen electrode (6) 
expressed as a percentage of the oxygen solubility at a pressure of 1.0 10S Pa. 
The reaction mixture was agitated by a six-bladed Rushton turbine impeller 
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driven by a motor with a speed up to 33 revolutions per second. A membrane 
filter (Millipore HV type, pore size of 0.45 I'm) at the bottom of the reactor 
allowed for the removal of the aqueous solution while retaining the catalyst in 
the reactor. A condenser (7) was installed at the reactor gas exit to retain the 
water in the reactor. 

7 

3 I~ I ~ 2 
! ....-L.......{Xl----I><:J----Nz 
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i .......................... l 

0 
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Figure 2.1 Reactor set-up. 1 reactor, 2 gas supply section, 3 liquid supply 
section, 4 pH indicator and control, 5 temperature indicator and control, 
6 oxygen electrode, 7 gas exit, 8 liquid outlet & sampling section, 9 pump. 

7 



8 chapter 2 

During an experiment several samples of the liquid phase were taken (8) and 
analyzed off-line by HPLC. No samples of the gas phase were taken. All valves 

and pumps were controlled by a programmable logic control unit. The liquid 

feed flow rate of the solutions of methyl a-D-glucoside and sodium hydroxide 

were recorded during an experiment. 

2.2 Chemical analyses 

The oxidation of methyl a-D-glucoside produces, apart from sodium 1-o-methyl 

a-D-glucuronate a number of carboxylic anions as by-products. Chemical analysis 

of mixtures of reaction products from the oxidation of methyl a-D-glucoside 

requires separation of methyl a-D-glucoside from the carboxylic anions on the 

one hand and the separation of the different carboxylic anions on the other. 

Polyols and their oxidation products have been analyzed by gas chromatography 

(GC) after derivation to trimethyl silyl ethers (Sweeley et al., 1963; Petersson et 
al., 1967; Verhaar and de Wilt, 1969). Silylation of the reaction mixtures, 

however, is problematic because the water has to be evaporated almost 

completely. Separate analyses without derivation of both polyols and carboxylic 

anions were carried out by liquid chromatography (LC). Among a large number 
of different liquid chromatography analysis methods described in literature (e.g. 

Parrish et al., 1980; Verhaar et al., 1984) ion-exchange chromatography (Vratny 

et al., 1983; Blake et al., 1984; Dijkgraaf et al., 1985) is the most convenient for 

both kind of components. A resin-based anion-exchange column in the sulphate 
form allowed for the quantitative analysis of carboxylic anions. The difference in 

both the strength and the number of acid groups enables a satisfactory 

separation of the components, cf. Figures 2.2 and 2.3. Methyl a-D-glucoside and 

1-o-methyl a-D-aldehydo-glucoside, however, are not retarded at all on an anion
exchange column and appear in the chromatogram at the baseline disturbance 

caused by injection. Therefore, quantitative analysis of methyl a-D-glucoside is 

performed on two columns in series, an anion-exchange column in the acetate 

form and a cation-exchange column in the proton form. The carboxylic anions 
exchange with the acetate in the first column and adsorb strongly. The acetate is 

retarded sufficiently on both columns for elution after methyl a-n-glucoside. 

Because the amount of exchangeable acetate is limited, the column has to be 
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regenerated frequently. Methyl a-D-glucoside and t-o-methyl a-D-aldehydo

glucoside, both non-ionic molecules, have equal retention times and appear as 

one peak in the chromatogram. The refractive index is used for detection which 

is proportional to the mass of a molecule. Therefore, the molar responses for 

methyl a-D-glucoside and t-o-methyl a-D-aldehydo-glucoside will hardly differ. 

Quantification of the LC data gives the total amount of methyl a-D-glucoside 

and t-o-methyl a-D-aldehydo-glucoside together. To determine the amount oft

o-methyl a-D-aldehydo-glucoside produced, the samples taken during a semi

batch experiment were silylated. Quantitative GC analysis of these samples 

showed that the concentration of 1-o-methyl a-D-aldehydo-glucoside during 

reaction was never more than 2% of the methyl a-D-glucoside concentration. 

The aqueous samples taken from the reactor were diluted with distilled water to 

obtain a methyl a-D-glucoside and/or a sodium 1-o-methyl a-D-glucuronate 

concentration of less than 100 mol m·3• Calibration samples were made up from 

standard methyl a-D-glucoside and sodium gluconate solutions with 

concentrations from 5.0 mol m·3 to 100 mol m·3• Only a limited amount of pure 

sodium 1-o-methyl a-D-glucuronate was available. Therefore, the ratio of 

detector sensitivity of sodium 1-o-methyl a-D-glucuronate and sodium gluconate 

was determined and sodium gluconate was used as calibration standard. 

The use of a sample loop with a highly-reproducible injection volume and the 

lack of a suitable internal standard justified the external calibration method. 

The chromatographic system consisted of a Spectra Physics type SP8100 liquid 

chromatograph equiped with a built-in column heater, a SP1t0 autosampler, a 

Valco type injection valve with a 10 ILl sample loop, a SP8400 variable 

wavelength detector operated at 212 nm and a SP4t00 digital integrator. 

Moreover, a Millipore Waters Type 4t0 refractive index detector was used in 

series with the SP8400 UV-VIS detector and connected to a DC Milton Roy 

Type Cl-lOB digital integrator. Three columns were used: 

Column BA-X8(Ac·): 70 mm x 4.6 mm ID Lichroma SS tube slurry packed with 

a Benson type anion-exchange resin BA-X8, having quaternary ammonium 

functional groups attached to the PS/DVB (8%) lattice, with a particle diameter 

between 7-10 tLm and brought into the Ac·-form by pumping overnight a 500 mol 

m·3 solution of sodium acetate in water after it was packed. 
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Column BA-X8(SO/'): as column BA-X8(Ac·) but 280 mm in length and after it 

was packed, it was washed with a 200 mol m·3 solution of ammonium sulphate in 

water to obtain the SO/"-form. 

Column BC-X8(H+): a similar column as type BA-X8(Cl-) but slurry packed with 

a Benson type BC-X8 cation-exchange resin, having sulphonic acid functionality 

instead of that of quaternary ammonium groups and which transformed to the 

H+ -form by pumping overnight an aqueous solution of sulphuric acid :of 50 mol 
m-3. 

Before use tbe columns BA-X8(Ac-) and BC-X8(H+) were rinsed with pure 

water to get an effluent free from sodium acetate and sulphuric acid. 

The analysis of the samples by HPLC can be divided into two parts: 

carboxylic anion analysis 

column: 

temperature: 

eluent: 

detection: 

Methyl a-D-glucoside analysis 

column: 

temperature: 

Eluent: 

detection: 

BA-X8(SO/") 

383 K 

20 mol m·3 (NH4) 2S04 in water 

UV and RI in series 

BA-X8(Ac·) and BC-X8(H+) in series 

383 K 

water 

RI 

Each sample was analyzed by both methods. Quantification of the LC data 

obtained from UV detection or RI detection gave no significantly different 
results. UV detection is more sensitive to low molecular weight products than RI 

detection. The chromatogram obtained by UV detection showed a large number 

of peaks of by-products. The different chromatograms are shown in Figures 2.2, 
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2.3 and 2.4. 
It was impossible to analyse sodium carbonate by using the procedures described 

above. The sodium carbonate content of a reaction mixture of 90% conversion 

was determined by titration. 1.5% of the methyl a-D-glucoside initially present in 

the reactor was converted to sodium carbonate. 

No products and only traces of water (0.1% of the total amount of water) were 

found in the outlet gas stream. Hence, it was assumed that all products were 

retained in the liquid and that the reaction volume was constant. With estimated 

RI sensitivity factors, based on the chain length and the number of carboxylic 

acid groups reported in Table 2.1, it was possible to balance the carbon within 

5% for an experiment at a conversion of 80%. 

11 

8 
9 

0 800 1600 2400 

t I s 

Figure 2.2 Typical chromatogram of the analysis of carboxylic anions. UV 
detection. 1: 1-0-methyl a-D-glucuronate anion, 8: tartrate anion, 9: 
oxalate anion. Further information in Table 2.1 
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Figure 2.3 Typical chromatogram of the analysis of carboxylic anions. RI 
detection. 1: 1-0-methyl a-D-glucuronate anion, 8: tartrate anion. Further 
information in Table 2.1 

'--------------------~--------------------~ 0 400 800 

t I s 

Figure 2.4 Typical chromatogram of the analysis of methyl a-D-glucoside. 
RI detection. 1: methyl a:-D-glucoside, 2: acetate anion 

chapter 2 
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Products of the oxidation of methyl a-D-glucoside 

In addition to sodium 1-o-methyl a-n-glucuronate, a number of other products 
are formed during the oxidation of methyl a-D-glucoside, cf. the chromatograms 
in Figures 2.2 and 2.3. The by-products are formed by consecutive oxidation of 
the secondary alcohol functions of 1-o-methyl a-D-glucuronate. The oxidation of 
the secondary alcohol functions via the corresponding ketones is accompanied by 
cleavage of the glucose ring. This cleavage will most likely occur between C3 and 

C4 carbon atoms and/or between~ and C3 carbon atoms. In this way several 
products containing 1 to 3 carboxylic groups are formed. These components are 
also known from non-catalytic oxidation of analogous poly-alcohols (Coffey, 
1967). Further oxidation of these by-products results in degradation of the 
carbon chain. Finally several carboxylic anions are produced containing 1 to 7 
carbon atoms. The retention of poly-alcohols on an anion-exchange column 
mainly depends on the number of carboxylic groups. The number of carbon 

atoms also influences the retention. Branched molecules and a-keto acids, 
however, are an exception to this rule. With these simple rules information about 
the identity of the byproducts from the LC chromatogram can be obtained. 
To facilitate the identification of the by-products, combined gas chromatography 
and mass spectrometry (GC-MS) analyses were performed of an reaction mixture 
from the oxidation of methyl a-D-glucoside. Nine components were examined by 
MS. Only methyl a-D-glucoside, 1-o-methyl a-D-aldehydo-glucoside, sodium t-o

methyl a-D-glucuronate and sodium tartrate were identified. The spectra of the 

other compounds showed that the glucose ring of all compounds was cleaved. 
Furthermore, information about some characteristic functional groups was 
obtained, but no structural formulae could be constructed. The available 
information about the components corresponding to the peaks in the 
chromatograms presented in Figures 2.2 and 2.3 is listed in Table 2.1. 
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Table 2.1 Information available about the peaks appearing in the chromatograms of Figures 2.2 

and 2.3 

peak number of carbon atoms 

1 7 

2 6-7 

3 3-4 

4 2-3 

5 ? 

6 6-7 

7 5-6 

8 4 

9 2 

10 ? 

11 6-7 

number of carboxylic 
groups 

1 

1 

1 

1 

1-2 

2 

2 

2 

2 

? 

3 

component 

sodium 1-o-methyl a-D
glucuronate 

sodium tartrate 

sodium oxalate 

2.4 Conversion, selectivity, net production rate and mass balance 

The conversion of methyl a-D-glucoside can be calculated from: 

X- FNaMGD 
0 

FMGSD 

whereby: 

2.1 

2.2 
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2.3 

if a constant liquid density is assumed. The concentration of sodium 1-0-methyl 

a-n-glucuronate is obtained from the chemical analysis. 

The selectivity to sodium 1-o-methyl a-o-glucuronate is calculated from: 

S FNaMGD 
NaMGD • O 

F MGSD -F MGSD 

whereby: 

Assuming no accumulation of reactants and products in the reactor, the 

continuity equation for sodium 1-o-methyl a-o-glucuronate becomes: 

F NaMGD,O F NaMGD + R - 0 

Because there is no feed flow of sodium 1-o-methyl a-D-glucuronate into the 

reactor, pONaMGD, the specific production rate of sodium 1-o-methyl a-D

glucuronate becomes: 

R FNaMGD 
w· -=-=--

W 

Substitution of equations 2.1 and 2.3 in equation 2.7 gives: 

2.4 

2.5 

2.6 

2.7 

2.8 
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Mass balance 
Because the reaction was carried out in water the quantification of the amount 

of water produced during reaction could not be determined quantatively. Hence, 

if a selectivity of 100% was assumed, the carbon mass balance could be verified 

only, 

z 

LFv,LCinc,i 
C-balance% - i-

1 100% 
Fv.L CMasonc,MGSD 

or its integral form becomes: 

2.9 

J [t F V,L C; nc,i] dt + E VL C; nc,i 

C-balance%- --1
--
0

_;;;_
1
--

1
------''----'-"

1
----- 100% 2.10 

I Z 

J F\•,L CMGSDnc,MGSDdt + L VL CMGSDnc,MGSD 
t·O i·l 
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3 KINETICS 

3.1 Introduction 

The oxidation of primary hydroxyl groups does not proceed beyond the aldehyde 

state in non-aqueous media. In water, however, aldehydes are in equilibrium 

with their hydrates and are easily oxidized to carboxylic acids. Rottenberg and 

Baertschi (1956) showed with 180-tracing that the oxygen atom incorporated into 

ethanol during the oxidation of the latter into acetic acid originates from H20 

rather than from 0 2, indicating that the oxidation of aldehydes to carboxylic 

acids occurs via their corresponding hydrates. The reaction rate for the oxidation 

of the hydrates increases with increasing pH (Heyns and Paulsen, 1962; Dirkx, 

1977). In alkaline aqueous media the salts of the carboxylic acids are formed. 

These reactions are summarized in Figure 3.1. 

1 RCH20H + V202 J4 RCHO + H20 

2 RCHO + H20 ......... RCH(OHh ....--

3 RCH(OH)2 + Vz02 J4 RCOOH + H20 

4 RCOOH + NaOH -+- RCoo·Na + + H20 

RCH20H + 0 2 + NaOH 14 Rcoo·Na + + 2H20 

Figure 3.1 The platinum-catalyzed oxidation of a primary alcohol in alkaline aqueous solutions. 
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Although a large number of papers in the literature deals with the platinum

catalyzed oxidation of various compounds in aqueous solutions (e.g. Heyns and 

Paulsen, 1962; Haines, 1976; Van Dam et al., 1987: Dijkgraaf et al., 1988) a 

quantitative analysis of the kinetic data has not yet been reported. The aim of 
this study is to obtain insight into the reaction sequence and to describe the 

observed phenomena quantitatively by detailed kinetic modelling. 

3.2 Experimental 

Equipment, procedure and conditions 

The experiments were carried out in the three-phase agitated tank reactor, 

described in section 2.2. The procedure is also described in section 2.2. The 

experimental data were extrapolated to t=O to obtain initial reaction rates cf. 

Figure 3.2. The investigated range of reaction conditions is listed in 3.1. Within 

this range 63 initial reaction rates were determined. The ionic strength for these 
reaction conditions was never more than 0.05. 

2.0 

I 
(/) 

I 
1.5 

5 
Ol 
.::.: 

0 1.0 

E 
E 

...... 
0.5 

~ 
a: 

0.0 
0 400 800 1200 1600 2000 

t I s 

Figure 3.2 Reaction rate versus time. CRcHlOH = 100 mol m·3
, p02 =8.0 Hr" Pa, 

T=298 K, pH=8.0, X=0.060, Cca,=3.0 kg m·3
• 
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Table 3.1 Investigated range of reaction conditions. 

methyl a-D-glucoside concentration 

oxygen partial pressure1 

pH 

catalyst concentration 

temperature 

conversion of methyl a-D-glucoside 

1 At a total pressure of 1.0 lOS Pa. 

Catalyst 

50-1000 mol m·3 

5.0 1<P-1.0 1lf Pa 

6.0-10.0 

1-5 kg m·3 

293-333 K 

0.03-0.10 
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The catalyst used throughout this kinetic study was a commercial S.Owt% Pt on 

activated carbon (Degussa F196 RA/W). The fraction of platinum atoms 
exposed was 0.57, as determined by CO-pulse chemisorption with the assumption 

of 1:1 stoichiometry. The corresponding platinum surface area amounted to 6.0 
103 m2 kg-teat• calculated under the assumption of 1.42 1019 Pt atoms m·2 

(Scholten et al., .1985). Transmission electron microscopy showed an average 

platinum particle size of d5 =2.2 ± 0.08 nm. For this catalyst a turnover 
frequency of 1 10·2 s·1 corresponds to a specific reaction rate of 1 10·3 mol kg"\at 

s·l, assuming that 0.71 oxygen atom are adsorbed per platinum surface atom. 

(O'Rear et al., 1990). 

The BET surface area amounted to 8.5 lOS m2 kg-1 
cat· The catalyst was crushed in 

a ball mill to reduce the particle diameter from 100 p.m maximum to less than 
20 p.m in order to avoid transport limitations. 

Net production rate 
The analysis procedure is described in section 2.2. During each experiment six 
samples were taken within the first 2000 s. The only product detected was 

sodium 1-o-methyl a-D-glucuronate. Hence, a selectivity of 100% was assumed. 

The net production rate of sodium 1-o-methyl a-D-glucuronate was calculated, 
using equations 2.2 and 2.7. 
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3.3 Assessment of transport limitations 

In order to obtain intrinsic reaction rates, the mass and heat transfer phenomena 
occurring in a three-phase reactor were examined. Mass and heat transfer were 
described by the film model. Neglecting the resistance for mass transfer from the 

gas phase to the gas/liquid interface as well as the resistance on the gas/liquid 
interface, three resistances for the transfer of oxygen had to be considered: on 
the liquid side of the gas/liquid interface, on the liquid/solid interface, i.e. the 
external surface of the catalyst particles, and in the pores of the catalyst. For 
methyl a-n-glucoside only the latter two resistances had to be considered. 
Correlations and physical constants from literature were used for the estimation 

of the mass and heat transfer coefficients. The calculations, presented in the 
appendix, show that the resistances for the transfer of oxygen and in particular 
the transfer of oxygen from the gas phase to the liquid phase were the most 
critical. Heat transfer resistances were negligible. The investigated reaction 
conditions were such that the initial reaction rates observed had not been subject 
to mass and heat transfer limitations. 

3.4 Parameter estimation and model discrimination 

The data analysis was performed as outlined by Froment and Hosten (1981). 
Maximum likelihood parameter estimates b were obtained by application of the 
least square criterion to the observed and calculated initial production rates, 

n 

S(b) - E (R~-R~)2 
... MIN 3.1 

j-1 

This minimization was performed with a single response Marquardt algorithm 
(Marquardt, 1963). Model discrimination based on statistical testing of the 
significance of the kinetic parameters and of the global regression was 

performed. The parameter estimates were tested for significance by means of 
their approximate individual t values. The approximate individual t values were 
used to determine the 1-a confidence interval according to, 

3.2 
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The significance of the global regression was expressed by means of the ratio of 

the mean regression sum of squares to the mean residual sum of squares, which 

is distributed according to F (Draper and Smith, 1966). A high value of the F 

ratio corresponds to a high significance of the global regression. To facilitate the 

estimation of activation energies and adsorption enthalpies, reparametrization 

was applied, 

3.3 

whereby T m is the average temperature of the experiments and A'0 is equal to 

the actual rate coefficient at T m· 

3.5 Reaction network 

In Figure 3.3 the concentrations of methyl a-D-glucoside, 1-o-methyl o:-D

aldehydo-glucoside and sodium 1-o-methyl o:-D-glucuronate are plotted versus 

time for a batch oxidation. The aldehyde can be considered as a reactive 
intermediate. The ratio of the pseudo first-order reaction rate constant which 

applies for the oxidation of the alcohol to aldehyde on the one hand, and the 

pseudo first-order reaction rate constant for the oxidation of the aldehyde to acid 

on the other, is less than 0.01. This ratio will decrease with increasing pH and 

increasing temperature (Dirkx, 1977). Hence, the reaction rates of the formation 

of 1-o-methyl o:-D-aldehydo-glucoside and of sodium 1-o-methyl o:-D-glucuronate 

can be considered equal for the conversions investigated in the present study. 

Therefore, only the reaction sequences leading to t-o-methyl o:-D-aldehydo

glucoside were considered. 

Figure 3.4 shows that the selectivity for sodium 1-o-methyl o:-D-glucuronate 

decreases with increasing conversion for a batch oxidation. Consecutive reactions 

such as the oxidation of the secondary hydroxyl functions cause a cleavage of the 

C-C bonds. 

The analysis of the kinetics, described in this chapter, however, was limited to 

data obtained at a conversion low enough to obtain sodium 1-o-methyl o:-D

glucuronate with a 100% selectivity. 
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Figure 3.3 Concentration of +:me 
glucoside, ~.:me aldehydo-glucoside, 
o:sodium me glucuronate. CRcH20H = 500 
mol m·3, pH=7.0, p02 =1.0 lOS Pa, T=308 
K, c .. ,= 15.0 kg m·3• Batch experiment. 

3.6 Kinetic analysis 
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Figure 3.4 Selectivity for sodium l-a
methyl a:-D-glucuronate versus conversion 
of methyl a-D-glucoside. CRcHzoH=500 
mol m·3, p02 =1.0 lOS Pa, pH=7.0, T=325 
K, Coa,=20 kg m·3• Batch experiment. 

Effect of the reaction conditions on the initial reaction rate 

Figures 3.5 to 3.9 show the initial reaction rate versus the oxygen partial 

pressure, methyl a-D-glucoside concentration, conversion, temperature and pH. 

The dependence of the initial reaction rate on the oxygen partial pressure shows 

a maximum at an oxygen partial pressure of 2.5 1cf Pa. The initial reaction rate 
increases with increasing methyl a-D-glucoside concentration. At an oxygen 

partial pressure of 2.6 104 Pa, the rate increase per concentration unit levels off 

for methyl a-D-glucoside concentrations higher than 200 mol m·3. A variation of 

the conversion from 0.03 to 0.10 has no effect on the initial reaction rate. The 

temperature dependence of the initial reaction rate is in accordance with the 

Arrhenius equation. The above dependencies are found at every pH investigated. 

In the pH range from 6.0 to 8.5 no effect of the pH on the initial reaction rate is 

observed. In the pH range from 8.5 to 10 the initial reaction rate increases 
strongly with increasing pH. 
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Figure 3.5 Initial reaction rate versus oxygen partial pressure. ~cH20H = 100 
mol m·3, pH=6.0, T=303 K, X=0.06. v: experimental data, full line: rate 
equation 3.8 with parameter estimates from Table 3.8. 
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Figure 3.6 Initial reaction rate versus methyl a-D-glucoside concentration. 
p02 =2.6 104 Pa, pH=6.0, T=303 K, X=0.06. 0: experimental data, full line: 
rate equation 3.8 with parameter estimates from Table 3.8. 
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Figure 3.7 Initial reaction rate versus conversion. CRcHl<>H= 100 mol m·3, 

Poz"'2.6 104 Pa, pH"'6.0, T=303 K. a: experimental data, full line: rate 
equation 3.8 with parameter estimates from Table 3.8. 
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Figure 3.8 Initial reaction rate versus temperature. CRcH20H = 100 mol m·3, 

p02 =2.6 lif Pa, pH=6.0, X=0.06. <>: experimental data, full line: rate 
equation 3.8 with parameter estimates from Table 3.8. 
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Figure 3.9 Initial reaction rate versus pH. CRcHZOH =200 mol m·3, p02 =2.61!t 
Pa, T=303 K, X=0.06. 0: experimental data, full line: rate equation 3.8 with 
parameter estimates from Table 3.8. 

Reaction sequences and rate equations 
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In order to understand and at the same time describe quantitatively the 
observations summarized in Figures 3.5 to 3.9, several a priori possible reaction 

sequences starting from methyl a-D-glucoside and oxygen and leading to the 
selective oxidation product were considered. 
Table 3.2 represents schematically in a format popularized by Temkin (1971) two 
such sequences. The stoichiometric numbers, a, indicate the multiplicity of the 
corresponding steps in the closed sequence leading to the global reaction for 
which the kinetics are studied. Actually, only sequences leading to 1-o-methyl a
o-aldehydo-glucoside had to be taken into account as the latter can be 
considered as a reactive intermediate and as no effect of the 1-o-methyl a-D

glucuronate concentration on the initial reaction rates is observed, cf. Figures 3.3 
and 3.7. 
The catalytic oxidative dehydrogenation of alcohols to aldehydes in aqueous 
solutions proceeds via the abstraction of H atoms by platinum followed by the 
oxidation of the latter. Electrochemical studies of the open-circuit potential of 
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platinum indicate that, during the oxidation of various alcohols with molecular 

oxygen, the platinum surface is mainly covered with H atoms in the case that the 
diffusion of oxygen is limited (Muller and Schwabe, 1928; Dicosimo and 
Whiteside, 1989). Under intrinsic conditions the open-circuit potential indicates 
that the platinum surface is mainly covered by oxygen (Dicosimo and Whiteside, 
1989). Furthermore, it is possible to replace 0 2 by other acceptors ofH atoms 
such as methylene blue (Wieland, 1912) or benzoquinone (Wieland, 1921). 
The effect to be expected of the pH on the oxidation of alcohols is not yet dear 
since it is uncertain whether the alcohol is involved in the reaction sequence 
(van Dam et al., 1987), or its deprotonated form (Dijkgraaf et al., 1989). 
In the gas phase the platinum catalyzed oxidation of alcohols is believed to 
proceed via a direct attack of either an adsorbed oxygen or an adsorbed hydroxyl 
species at the adsorbed alcohol molecule yielding a surface alkoxide. The 
alkoxide reacts to an aldehyde by abstraction of a hydrogen atom at a vacant 
platinum site (Davis and Barteau, 1988). 
It is not yet clear which surface oxygen species is involved in the oxidation of 
alcohols in water. Both in the gas phase and in the liquid phase, adsorbed 
oxygen atoms as well as adsorbed hydroxyl groups are mentioned as active 
oxygen species (Davis and Barteau, 1988; van Dam et al., 1987). 
The global reaction considered in Table 3.2 is assumed to be irreversible, as was 
observed for the oxidation of 2-propanol under similar conditions by Dicosimo 
and Whiteside (1989). The postulated reaction sequences have in common that 

the 0-H bond rather than the C-H is broken first, but no full consensus exists in 
the literature on this issue (Razaq and Pletcher, 1984; Dicosimo and Whiteside, 
1989). For the oxidation of 2-propanol as well as for the electrochemical 

oxidation of formic acid a C-H/C-D isotope effect was observed, indicating that 
the C-H bond breaking is involved in the rate-determining step (Razaq and 
Pletcher, 1984; Dicosimo and Whiteside, 1989). 
The levelling off of the initial rate with increasing methyl a-D-glucoside 

concentration shown in Figure 3.6 indicates a significant coverage of active sites. 
This can be caused by either an associative or a dissociative chemisorption of 
methyl a-D-glucoside, e.g. forming an alkoxide species and a H atom. The 
maximum shown by the initial rate in Figure 3.5, indicates that oxygen is 
chemisorbed, step 1 of Table 3.2. Yang and Hougen (1950) have presented a 
classification of a multitude of possible models in terms of the dependence of 
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the initial reaction rate upon the total pressure. A maximum of the initial rate 

will occur if competition for the active sites dominates the reaction kinetics. 

Hence, the maximum indicates that two surface species chemisorbed on the 

same type of sites are involved in the rate-determining step, step 5 of Table 3.2. 

The rate equations derived from sequences such as shown in Table 3.2, are 

based on the describtion of the adsorption equilibria by Langmuir isotherms. 

Table 3.2 Reaction sequences for the oxidative dehydrogenation of methyl a.-D-glucoside at pH< 

8.5 

aR a I 

11 02 + 2* ... 20* 0 1 

lR 02 + 2* _.. 20* 1 0 ....--

2 RCH20H + * _.. RCH20H* 2 2 ..-

3 RCH20H* + * ~ RCH 0* + H* 2 2 2 

4 H* + 0* ~ HO*+* 2 2 

5 RCH20* +OH* ... RCHO* + H20 + * 2 2 

6 RCHO* ~ RCHO + * 2 2 

2 RCH20H + 0 2 ... 2 RCHO + 2 H20 

Kinetic analysis of the data for pH <8.5 and 303 K 

The first discrimination between the different modes of chemisorption of the 

reactants was based on the regression of the kinetic data obtained at 303 K and 

a pH lower than 8.5. Most of the rate equations were rejected either because of 
significantly negative values of the parameters or because of the lack of 

significance of the global regression. Table 3.2 represents two reaction sequences 

which describe the above observations adequately. The non-dissociative 

adsorption of methyl a-D-glucoside, step 2, is followed by the abstraction of a 

hydrogen atom, step 3, and its oxidation, step 4. The alkoxide species is further 
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dehydrogenated via a direct attack of an adsorbed hydroxyl species in a rate· 
determining step, step 5, to l-a-methyl a-D-aldehydo-glucoside. A significant 

global regression was not obtained with a rate equation corresponding to the 
reaction sequence with step 5 considered as two steps, first a hydrogen 
abstraction by a vacant platinum site followed by the oxidation of the hydrogen 
atom by adsorbed oxygen. 
The rate equation 3.4 corresponds to path R of table 3.2 with the surface 

reaction, step 5, as rate-determining step and equation 3.5 corresponds to path I 
of Table 3.2 with both the surface reaction, step 5, and the irreversible oxygen 
chemisorption, step 1, as rate-determining steps. The path R is based on the 
reversible dissociative chemisorption of oxygen, in contrast to path I which is 

based on irreversible dissociative chemisorption of oxygen. The other steps in 
Table 3.2 are common to both paths. 

Ro .. 
~R ------1/~2-----------------------------

(1 Kt 112 T<C 2(K K )tf2ctf2 
+ H 112Po2 + ~~ RCHfJH + 2 3 Rcnpn + 

02 

K ( Kt T<K )t/2 tf2ctf2 K C )" 
4 F"~ 3 Po~ RCHpH + 6 Reno • 

02 

3.4 

3.5 
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Estimates of the parameters featuring in rate equations 3.4 and 3.5 are given in 
Table 3.3. The Langmuir equilibrium coefficient for oxygen of path R and the 
adsorption coefficient for oxygen of path I are calculated under the assumption 
of a Henry coefficient of 1.0 lcf Pa m3 mol-1 (Fernandez-Prini and Crovetto, 
1985). Not all adsorption coefficients are estimated to be significantly different 
from zero. A further regression analysis was performed with modified rate 

equations by neglecting one or more equilibrium coefficients in rate equations 

3.4 and 3.5. As expected from Figure 3.7, the coefficient corresponding to the 
adsorption equilibrium coefficient of t-o-methyl a-D-aldehydo-glucoside, ~.was 

found not to be significantly different from zero and, hence, can be left out in 
the two rate equations, 3.4 and 3.5, and in the reaction sequences R and I. 
The same holds for the equilibrium coefficient for the abstraction of a hydrogen 
atom from the adsorbed alcohol, K3, and for the equilibrium ccoefficient for the 
surface reaction between hydrogen and oxygen atoms, K4, indicating that the 
effect of active site coverage by RCH20*, H* and HO* on the reaction rate can 
be neglected when compared to that of RCH20H* and 0*. This leads to the 
modified reaction sequence represented in Table 3.4 by the path Rp1• This 
reaction sequence involves reversible oxygen chemisorption, step 1, and non
dissociative methyl a-D-glucoside chemisorption, step 2. Both chemisorbed 
species react in a rate-determining step, step 3. Obviously step 3 in Table 3.4, is 
not an elementary step but rather a combination of elementary steps, such as 

presented in Table 3.2, involving several intermediates. Steady-state kinetics 
alone apparently do not allow to arrive at a more detailed description of the 

rate-determining step. The equation 3.6 is the corresponding rate equation. 
The non-dissociative adsorption of methyl a-D-glucoside in reaction sequence I, 
step 2 in Table 3.2, appeared to be irrelevant, since a regression analysis of rate 
equation 3.5 without the corresponding Langmuir equilibrium coefficient, K2, 

resulted in a more adequate description of the data. This leads to the reaction 
sequence represented in Table 3.5 by the path Ir1• This reaction sequence 
involves irreversible oxygen chemisorption, step 1, and dissociative methyl a-D
glucoside chemisorption, step 2, followed by oxidation of the hydrogen atom, 
step 3. The adsorbed alkoxide species reacts with an adsorbed hydroxyl group in 
the second rate-determining step, step 4. The equation 3.7 is the corresponding 

rate equation. 
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Table 3.3 Parameter estimates with their approximate individual 95% confidence intervals by 

regression of the data at pH< 85 and T = 303 K. 

parameter pH 6.0-8.5, T=303 K1 pH 6.0-8.5, T = 303 K2 

Kt (m3 mol"1
) 9.4 ± 9.2 

kl (1<&,.. m3 mot·2 s·1) 1.8 ± 1.8 

K2 (10-3 m3 mot·1) 0.2 ± 5 0.2 ± 1.5 

K3 (-) 0.2 ± 1.1 0.01 ± 0.03 

K4 (-) 6 ± 11 3000 ± 7500 

ks (kg.,.. mol"1 s"1
) 0.3 ± 0.25 0.04 ± 0.02 

~ (10"3 m3 mol"1
) 2 ± 4.1 0.4 ± 1.1 

residual sum of squares 5 w-7 6 w-7 

(moJ2 kg·2cat s·~ 

F ratio 770 580 

1: Obtained by regression with rate equation 3.4, corresponding to path R 

2: Obtained by regression with rate equation 3.5, corresponding to path I 
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Table 3A Reduced reaction sequences considering reversible oxygen chemisorption for the 

oxidative dehydrogenation of methyl a-D-glucoside. Path Rp, at pH<8.5 and path R0 H- at pH>85. 

0 R,Pt 0 R,OH" 

1 02 + 2* ... 20* 1 1 

2 RCH20H + * ~ RCH20H* 2 0 .....-

3 RCH20H* + 0* -+ RCHO + H20 + 2* 2 0 

4 RCH20H +OH- _... RCH20- + H20 0 2 ....-

5 RCHzo- + * __... RCH20-* 0 2 ....--

6 RCH20-* + 0* -+ RCHO + oH- + 2* 0 2 

2 RCH20H + 0 2 -+ 2 RCHO + 2 H20 

Table 3.5 Reduced reaction sequences considering irreversible oxygen chemisorption for the 

oxidative dehydrogenation of methyl a-D-glucoside. Path IPt at pH <8.5 and path 10 H- at pH>8.5. 

0 1,Pt ai,OH" 

1 02 + 2* -+ 20* 1 1 

2 RCH20H + 2* __... RCH20* + H* 2 0 .....-

3 H* + 0* __... HO*+* 2 0 ....--

4 RCH20* +OH* -+ RCHO* + H20 + * 2 0 

5 RCH20H +OH- - RCH20' + H20 0 2 ....-

6 RCH20' + * __... RCH20-* 0 2 ....--

7 RCH20-* + 0* -+ RCHO + OH' + 2* 0 2 

2 RCH20H + 0 2 -+ 2 RCHO + 2 H20 
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Estimates of the parameters featuring in rate equations 3.6 and 3.7 are given in 
Table 3.6 and in Table 3.7. Both equations describe adequately the data 
considered. 

Table 3.6 Parameter estimates with their approximate individual 95% confidence intervals 

corresponding to paths RPt and R0 w, reversible oxygen chemisorption. 

parameter 

K1 ( m3 mol'1) 

K2 (10"3 m3 mol"1
) 

k3 (kg.,., mol'1 s·1) 

KsKa/l<w (10·3 m6 mol-2) 

k6 (kg.,., mol'1 s'1) 

Residual sum of squares 
(moJ2 kg.z,., s·2) 

F ratio 

pH 6.0-8.5, T = 303 K1 

39.4 ± 10.9 

3.41 ± 0.68 

0.87 ± 0..33 

5.3 w-7 

1570 

1: Obtained by regression with rate equation 3.6 

2: Obtained by regression with rate equation 3 .. 8 

pH 6.0-10.0, T:: 303 K2 

39.8 ± 10.0 

3.32 ± 0.61 

0.88 ± 0.32 

54.0 ± 12.7 

1.79 ± 0.23 

5.5 w-7 

2342 

3.6 

3.7 
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Table 3.7 Parameter estimates with their approximate individual 95% confidence intervals 

corresponding to paths IPt and loH·• irreversible oxygen chemisorption. 

parameter 

k1 (kg.., m3 mot·2 s·1) 

K2 (10.3 m3 mol"1) 

K3 (-) 

k4 (kg.., mol"1 s'1) 

.l<ni<a/~ (10"3 m6 mol"2) 

k7 (kg cat mol·1 s·1) 

Residual sum of squares 
(mol2 kg·2car s·~ 

F ratio 

pH 6.0-8.5, T = 303 K1 

2.78 ± 1.39 

0.11 ± 0.07 

23.3 ± 15 

0.09 ± 0.02 

6.6 10'7 

916 

1: Obtained by regression with rate equation 3.7 

2: Obtained by regression with rate equation 3.9 

pH 6.0-10.0, T=303 K2 

2.43 ± 0.69 

0.067 ± 0.03 

32.5 ± 16.3 

0.11 ± 0.04 

2.46 ± 1.10 

1.60 ± 0.63 

7.5 10"7 

1437 

Kinetic analysis of the data over the full pH range at 303 K 
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Following the regression of the data at low pH, a regression analysis of all data 
obtained at 303 K, i.e. over the full pH range, was performed. 

Rate equations 3.6 and 3.7 do not depend on the hydroxyl ion concentration and, 
hence, do not match the experimental data above pH 8.5, cf. Figure 3.9. 
In aqueous media methyl a-D-glucoside is in equilibrium with its corresponding 
anion. The dissociation equilibrium coefficient amounts to 2 10·11 mol m·3 

(Vesala et al., 1983). Although at a pH of 9 this results in a methyl a-D

glucoside anion to methyl a-D-glucoside ratio of 2 10·5, it is possible that two 

reaction paths have to be considered, one involving methyl a-D-glucoside and 
dominating at low pH, reaction pathes Rp1 and Ip1 of Tables 3.4 and 3.5, the 

other involving the methyl a-D-glucoside anion and dominating at high pH's, 
reaction pathes R0 H- and I0 H- of Tables 3.4 and 3.5. 
Equations 3.8 and 3.9 are the rate equations corresponding to the occurrence of 

two parallel reaction paths. The estimates of the parameters featuring in 
equations 3.8 and 3.9 obtained by regression of the experimental data at the full 
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pH range and at T=303 K are given in the second part of Tables 3.6 and 3.7 

together with their approximate individual 95% confidence intervals. As 

expected, the estimates for the Langmuir equilibrium coefficients, K1 and K2, 

and for the reaction rate coefficient, k3, featuring in equation 3.6 and the 

estimates for the Langmuir equilibrium coefficient, K2, and for the reaction rate 

coefficients, k1 and k3, featuring in rate equation 3.7 are quite close to those 

featuring in equations 3.8 and 3.9. Both rate equations 3.8 and 3.9 describe the 

data at 303 K over the full pH range adequately. Hence, a discrimination 

between reaction sequences R and I is not possible if only the data at 303 K are 

considered. 

3.8 

3.9 
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Arrhenius and van ' t Hoff parameters 

To estimate the activation energy and the enthalpies of adsorption, the 
temperature was varied between 293 K and 333 K, cf. Figure 3.8. The Langmuir 
adsorption equilibrium coefficients are now written as follows: 

b. So b. Ho 
K- exp(-0 )exp(---0 ) 

R RT 
3.10 

The activation energy was written according to equation 3.3. 
The oxygen solubility in aqueous glucose solutions is equal to that in pure water 
and is not effected by small amounts of carboxylic acids (<50 mol m'3) 

(Dijkgraaf, 1989}. Hence equation 3.11 was used to account for the temperature 
dependence of the Henry coefficient for oxygen (Fernandez-Prini and Crovetto, 

1985): 

H _ 1.8 103 [- 16.8 + 1.684910" _ 4.7351()6 + 3.98710
8

] 
02.T · y2 T3 

3.11 

The standard adsorption enthalpies were calculated under the assumption that 
the ratio of the dissociation equilibrium coefficient for methyl a-D-glucoside and 

the dissociation equilibrium coefficient for water, ~~~ did not depend on the 

temperature and amounted to 2 10'3 m3 mol'1• 

Table 3.8 gives the standard adsorption enthalpies, the standard adsorption 
entropies, the pre-exponential factors and the apparent activation energies, 
obtained by regression of the complete set of experimental data with equation 
3.8. It was not possible to estimate the three standard adsorption enthalpies 
featuring in rate equation 3.8 simultaneously. Therefore two standard enthalpies 
of adsorption were estimated while the third was not accounted for. The 

regression analysis of the data with rate equation 3.8 without accounting for the 
standard adsorption enthalpy of oxygen failed. The estimates of the standard 

adsorption enthalpy of oxygen and methyl a-D-glucoside presented in Table 3.8 
were obtained by setting the standard adsorption enthalpy of the methyl a-D

glucoside anion at -60.7 k1 mot·1; a value obtained from a regression analysis of 
rate equation 3.8, thereby accounting for the standard adsorption enthalpy of the 
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methyl a-D-glucoside anion and of oxygen. The standard adsorption enthalpy of 

oxygen and of methyl a-D-glucoside did not change by regression of rate 

equation 3.8 for a standard adsorption enthalpy of the methyl a-D-glucoside 
anion of 60.7 k:J mol-1• 

Table 3.8 Estimates of the standard adsorption enthalpies, standard adsorption entropies, activation 

energies and preexponential factors with their 95% confidence intervals obtained by regression of 

all data with rate equation 3.8. 

adsorptive t.Soaaq ll.Wa,a~ 
(J moi-1 K"1

) (kJ mol) 

oxygen -107.4 ± 40.0 -60.0 ± 10.5 

methyl a-D-glucoside -46.8 ± 12.8 -17.6 ± 8.3 

methyl a-D-glucoside anion -115.8 ± 38.7 -60.7 ± 54 

reaction step Ea pp Ao 
from Table 3.4 (kJ mol-1

) (kg,., mol"1 s·1
) 

3 RCH20H* + 0* 50.5 ± 6.4 5.5 ± o.s 10S 

6 RCH20-* + 0* 110.5 ± 10.6 2. 7 ± 0.4 1019 

The confidence intervals of the Arrhenius and of the van 't Hoff parameter 
estimates are rather large. Apparently the residual sum of squares is not very 
sensitive to the individual parameter estimates in the neighbourhood of the 
minimum. The parameter estimates are not strongly correlated, however. The 
highest binary correlation coefficient amounts to 0.96. Hence, an assessment of 
the individual parameter estimates with respect to values expected from rate 
theory and for Langmuir sorption is statistically meaningful. 
When a regression of all data was performed with rate equation 3.9 thereby 
accounting for the Arrhenius temperature dependence of the reaction rate 
coefficients, the equilibrium coefficient of the dissociative adsorption of mgsd, 
K2, the equilibrium coefficient of the surface reaction between hydrogen and 
oxygen, K3, and the rate coefficient of the rate-determining step 4, k4, were 
estimated not to be significantly different from zero. Therefore this equation was 
rejected. 
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Final reaction sequence 
Figures 3.5 to 3.9 show the calculated initial reaction rate according to equation 
3.8 and the experimental data versus the oxygen partial pressure, methyl a-D

glucoside concentration, pH, conversion and temperature. The good agreement 
between the calculated initial reaction rate by equation 3.8 and the experimental 
data is also illustrated by the parity diagram shown in Figure 3.10. No systematic 
deviations were observed. Based on the estimates reported in Table 3.6, the ratio 

of the Langmuir equilibrium coefficients for the methyl a-D-glucoside anion, K5, 

and methyl a-D-glucoside, K2, is calculated to be 7 lef at 303 K. Such a high 
ratio is expected on the basis of the usually higher standard enthalpy of 
adsorption for anions (Anson, 1975), which is in line with the result of the 
regression analysis, cf. Table 3.8. This explains the considerable contribution of 
reaction path R0 H- to the overall initial reaction rate, despite the very low 
methyl a-D-glucoside anion concentration. The ratio of the Langmuir equilibrium 
coefficients for oxygen and methyl a-D-glucoside is calculated to be 1.2 10" at 

303 K. With the equilibrium adsorption coefficients from Table 3.6 it can be 
calculated that the surface is mainly covered with oxygen at low pH's. 

8.0 

V) 

J 6.0 

.:X: 

0 
E 4.0 
E 

Q 
X 2.0 
(j) 

0?: a: 
0.0 

0.0 2.0 4.0 8.0 

Figure 3.10 Experimental initial reaction rate versus initial reaction rate 
calcu1ated with rate equation 3.8. Range of conditions : Table 3.1 
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All estimated values of the standard adsorption enthalpies are negative. The low 

absolute value of the standard adsorption enthalpy for methyl a-D-glucoside 

points to physisorption rather than to chemisorption which is in agreement with 

the fact that in the reaction sequence methyl a-D-glucoside is adsorbed 

associatively on one site. The rate equation based on the adsorption of methyl a

D-glucoside on two sites described the data less adequately. Hence, during 

adsorption of methyl a-D-glucoside the glucose ring is still located in the liquid. 

As expected, the absolute value of the standard adsorption enthalpy for the 

methyl a-D-glucoside anion is larger than the standard adsorption enthalpy for 

methyl a-D-glucoside. 

The standard adsorption enthalpy for oxygen is rather low compared to the 

reported values of the adsorption enthalpy for oxygen from the gas phase on 

platinum (typical values for adsorption enthalpies of -200- -300 kJ mol·\ Sen and 

Vannice, 1991). The difference cannot be explained by solvent effects which are 

estimated to be 12 kJ mor1 (Weast, 1988). Only Mills et al. (1984) reported 

values ranging from -25 to -40 kJ mor1 for the adsorption enthalpy of oxygen on 

supported platinum catalysts. Contamination was presumed to be the cause of 

these low values. 

A more critical test to examine the meaningfulness of the Langmuir equilibrium 

coefficients is the evaluation of the standard adsorption entropy. Everett (1950) 

has given a statistical thermodynamic derivation of the Langmuir adsorption 

isotherm for gases with the usual assumptions of localized adsorption on 

equivalent sites and a constant enthalpy of adsorption. The standard entropy 

change for Langmuir adsorption from the gas phase is defined as, 

3.12 

whereby Sg0 is the standard entropy in the gas phase taken at unit pressure and 

Sa 0 is the standard entropy in the adsorbed state at a degree of half coverage of 

a monolayer. Hence, it does not include configurational entropy but it is equal to 

the thermal entropy of vibration and rotation. Boudart et al. (1967) formulated 

two strict rules which must be satisfied by llS0a,g for non-dissociative Langmuir 

adsorption, 

3.13 
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and: 

3.14 

The first rule follows from the necessary loss of entropy when a molecule is 
transferred without dissociation from a three-dimensional to a two-dimensional 

phase. The fact that a molecule can not loose more entropy than it possesses is 

expressed in rule 3.14. 

Boudart et al. (1967) also formulated two additional relations which can be used 

as guidelines to assess the meaningfulness of the values obtained for t.S0 
a,g: 

0 
-t. sa,g > 42 3.15 

-a s~.g ~51- o.oot4c. 11;,8 
3.16 

Rule 3.15 is obtained by calculating the entropy loss which occurs when a gas 

condenses to a liquid at a critical molar volume. The equality sign in 3.16 

corresponds to physical adsorption of a wide variety of compounds on charcoal 

at 273 K (Everett, 1950). This rule holds also for non-dissociative chemisorption 

(Boudart et al., 1967). Vannice et al. (1979) showed that relations 3.13 to 3.16 

are also valid for dissociative adsorption. The oxidation of methyl a-D-glucoside, 

however, is carried out in the liquid phase. The standard entropy change for 

adsorption from the liquid phase can be defined as: 

3.17 

Where S0
aq is the standard entropy in the liquid phase and S0

a the standard 

entropy in the adsorbed state at a degree of half coverage of a monolayer. 

Actually, S8° in equation 3.17 differs from Sa0 in equation 3.12 because in the 

former case the catalyst is in contact with an aqeuous phase and in the latter 

case the catalyst is situated in a gas phase environment. In the following 

discussion it is assumed that the differences between those states can be 

neglected. 
A relation between the standard entropy for adsorption from the gas phase and 

the standard entropy for adsorption from the liquid phase is now obtained by the 
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substitution of relation 3.17 in 3.12, 

3.18 

The standard entropy in the liquid phase, S0aq• and the standard entropy in the 
gas phase, Sg0, for the three adsorptives concerned are listed in Table 3.9. 

Table 3.9 Some thermodynamic properties of oxygen, glucose and glucose anion at 303 K and 1 10' 

Pa (Bohme, 1984; Weast, 1988; Goldberg and Tewari, 1989). 

so AW 
Jmot1 K'1 kJ mol"1 

oxygeng 206 oxygenaq - oxygeng -11.6 

oxygenaq 112 glucoseaq - glucose5 12.1 

glucose5 214 glucoseg - glucoses 113 1 

glucoseaq 275 glucose anionaq - glucoseaq -8 2 

glucoseg 476 3 glucose aniong - glucoseg -84 4 

glucose aniofiaq 270 2 

glucose aniong 384 5 

1: Assumed to be equal to the standard sublimation enthalpy for D-tartaric acid dimethyl ester. 

2: In alkaline media 

3: Estimated with the standard sublimation entropy of D-tartaric acid dimethyl ester.4 

4: Average standard enthalpy change at 298 K for the reaction: OH' + RH ~R· + Hp, where 

RH stands for a small organic molecule such as CH3CH20H. 

5: Calculated with .o.Jrl ron,g 
4 and .o.G0

ion,g for the reaction: 

OH' + CH3CHpH ~CH3CH20H' + Hp at 298 K 

Substitution of the standard entropies from Table 3.9 and the standard entropy 
for adsorption from the liquid phase from Table 3.8 in relation 3.18 gives the 
standard entropy for adsorption from the gas phase. The data is listed in Table 
3.10 for the three adsorptives. Table 3.10 also lists the standard enthalpies for 
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adsorption from the gas phase. These standard adsorption enthalpies were 
obtained by substitution of the thermodynamic data from Table 3.9 and the 

standard enthalpies for adsorption from the liquid phase from Table 3.8 in a 
analogous relation of 3.18. The relation between the enthalpy for adsorption 
from the gas phase and the enthalpy for adsorption from the liquid phase for the 
methyl a-D-glucoside anion, by way of example, is given by: 

3.19 

Table 3.10 Standard entropies and enthalpies for adsorption from the gas phase at 303 K, 

calculated by substitution of the standard adsorption entropies and enthalpies from Table 3.8 and 

the thermodynamic data from Table 3.9 in equation 3.18 and 3.19. 

adsorptive AS0 (J mol"1 K 1
) a,g AH0 

a,g (kJ moP) 

oxygen -201 -72 

methyl a-D-glucoside -248 -120 

methyl a-D-glucoside anion -230 -86 

All standard entropies for adsorption from the gas phase, listed in Table 3.10, 

fulfil the first three rules 3.12 to 3.15, but not the guideline 3.16. 
The fact that the standard entropies for adsorption from the gas phase for all 
three adsorptives do not meet rule 3.16 is probably due to deviation from ideal 
solutions and the rather rough estimates for the standard sublimation and 
ionisation enthalpies and entropies, assumed in the above calculations. 
Hence, from the above evaluation of the standard adsorption entropies follows 

that the Langmuir equilibrium coefficients appearing in rate equation 3.8 are 
meaningful. This indicates that the use of a Langmuir isotherm to describe the 
kinetics over the investigated range of conditions was justified. The physically 
meaningful Langmuir equilibrium coefficient for oxygen in particular supports 
the hypothesis of reversible adsorption of oxygen. 

The transition state theory leads to the following expression for the pre-
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exponential factor of a dual site reaction (Boudart and Djega-Mariadassou, 

1982): 

whereby: 

3.20 

3.21 

Assuming that an atom density on a platinum surface is 1.4 1019 m·2 (Scholten et 
al. 1985) and that there are 6 nearest neighbours of an active site (Pt(lll) 

surface plane) the standard activation entropies were calculated. A standard 
activation entropy of -116.4 J mol"1 K 1 for the rate-determining step 3, in Table 
3.4, was calculated according to equations 3.20 and 3.21 and the pre-exponential 
factor from Table 3.8. A negative standard activation entropy usually indicates a 

strong steric requirement for the rate-determining step. In this case, however, the 
rate-determining step is not an elementary one and is preceded by an 
equilibrium. The apparent reaction rate coefficient is a product of the true 
reaction rate coefficient and of an equilibrium coefficient, 

3.22 

hence, 

3.23 

and 

Eapp -E + t:.W 3.24 
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Apparently the preceding equilibrium is accompanied by a negative change in 

the standard entropy. If it concerns an exothermic equilibrium it also explains 

the rather low activation energy. 
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The pre-exponential factor of the rate-determining step 6, in Table 3.4, is rather 

large and with equations 3.20 and 3.21 and the preexponential factor from Table 

3.8 a positive standard activation entropy of 88.1 J mol-1 K 1 is calculated. This 

rate-determining step 6 can be considered as an elementary step. In this step an 

activated complex is formed with a more delocalized charge. This is 

accompanied by a decrease in solvatation which corresponds to a positive 

standard activation entropy (Barrow, 1973). 

An expresssion for the rate coefficient can also be given in terms of 

thermodynamic functions of the standard entropy and the standard enthalpy of 
activation. The following relation between the standard activation enthalpy and 

the activation energy can be expressed: 

3.25 

A standard enthalpy of activation of 108.0 kJ mot1 is calculated by substituting 
the activation energy from Table 3.8, corresponding to step 6 in Table 3.4, in 

equation 3.25. 

The Arrhenius parameter estimates corresponding to both rate-determining steps 

are in agreement with the transition state theory. This supports the rate equation 
based on the occurrence of the two parallel reaction paths, presented in Table 

3.4. 

3. 7 Conclusions 

A kinetic analysis of the intrinsic initial reaction rates has provided a better 
understanding of the platinum-catalyzed oxidation of methyl a-D-glucoside. The 

reaction kinetics were reduced to the kinetics of the oxidation of methyl a-D

glucoside to 1-o-methyl a-D-aldehydo-glucoside, since the latter appeared to be a 

reactive intermediate and product adsorption could be neglected at the 
conversion levels investigated. The reaction kinetics can be described adequately 

over a broad range of reaction conditions by a relatively simple rate equation 
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based on two parallel reaction paths: one involving adsorbed methyl a-D

glucoside and dominating at low pH's, the other involving the adsorb<:!d methyl 

a-D-glucoside anion and dominating at high pH's. Both reaction paths contain a 

rate-determining step consisting of a surface reaction between two surface 
species, one of them being chemisorbed oxygen. The data could be expressed 

most adequately by a rate equation based on reversible oxygen chemisorption. 

The ambiguity of steady state kinetics does not allow to arrive at more detailed 

conclusions regarding the rate-determining step. The rate equation feqtures 
physically meaningful Langmuir equilibrium coefficients for the chemisorption of 

oxygen, methyl a-D-glucoside and the methyl a-D-glucoside anion. The 

assessment of the Arrhenius parameter estimates with the transition state theory 

showed that the two rate coefficients are physically meaningful. The surface is 
mainly covered with oxygen during oxidation. 
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Al Assessment of transfer limitations 

Al.l Thermodynamic and transport properties 

Because data on methyl a-D-glucoside was not available, the data concerning 

related components, such as D-glucose was used. No serious deviations are 

expected, however. All constants were computed at 303 K and 1 lOS Pa and at a 

methyl a-D-glucoside concentration of 500 mol m·3• 

Table Al.l Thermodynamic and transport properties related to the liquid phase at 303 K, 1 lOS Pa 
and a methyl a-D-glucoside concentration of 500 mol m·3• 

Temperature references 
dependence 

PL (kg m·l) 1032 neglected Weast, 1988 

H02 (Pa m3 mol'1) 1.5 10S 1.8 lfrlexp( -16.8 + Fernandez-Prini 
1.6849 10" /T - 4.735 and Crovetto, 
106/T2 + 3.987 Hf /T3

) 1985 

fl-L (kg m·l s·l) 1.0 10'3 1/10(1.875((T· Perry et al., 1989; 
281.5) + (8078+ (T· 
281.5)2

)
05}-122) 

D02 (mz s·l) 2.1 10-9 D IL /T"' constant Perry et al., 1989 

DMoso (m2 s·1) 7.110'10 DIL/T=constant Satterfield, 1973 

O'L (N m·l) 7.110'2 neglected Perry et al., 1989; 

cp,L (kJ kg-t K-t) 3.2 neglected Goldberg and 
Tewari, 1989 

.\L (W m·t Kt) 0.6 neglected Weast, 1988 

Al.2 Mass transfer 

The following relations exist between the transfer rates and the reaction rate in 

the steady-state: 

ALl 



46 chapter3 

Gas/liquid oxygen transfer 

The gas/liquid mass transfer of oxygen can be described by: 

A1.2 

Yagi and Yoshida (1975) studied the adsorption of C02 in aqueous glycerol 
solutions. They proposed the following correlation: 

A volumetric mass transfer coefficient, kLaGL• of 0.9 s·1 is calculated by 
substitution of the data from Table Al.l and Table A1.2 and assuming u0 =2 10· 
3 m s·1. A volumetric mass transfer coefficient of 0.9 s·1 which is a rather high 
value for slurry reactors. 
The criterion used for the determination of the absence of gas/liquid transfer 
limitation for oxygen is that the ratio of the oxygen concentration at liquid site of 
the gas/liquid interface and of the dissolved oxygen concentration, CL,o2/CiL.02, 

exceeds 0.95. Equations Al.l and A1.2 then lead to the following criterion: 

Table A1.2 Data related to the reactor and to the catalyst. 

reactor catalyst 

N (s'1) 33 ~,max (,urn) 

NP 5 Q, (kg.,.. m'3) 

d1 (m) 0.06 vp (m3 kg,.,'1) 

VL (m3) 5 104 
el' 

>.P (W m·1 K 1) 

15 

1880 

1.12 10'3 

0.678 

0.68 

A1.4 
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Liquid/solid mass transfer 

The liquid/solid mass transfer of oxygen is given by: 

F 02- ks,oPLS VL ( cL,02 - cs,o) 

For the determination of the liquid/solid mass transfer coefficient the 

correlation of Sano et al. (1974) is frequently used: 

with lfJc the Carman factor which is 1 for spherical particles 

and, 
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Al.S 

Al.6 

A1.7 

A liquid/solid mass transfer coefficient for oxygen, ks.m• of 1 to-3 m s-1 is 

calculated by substitution of the data from Tables A1.1 and Al.2 in equation 

Al.S. 

The criterion used for the determination of the absence of liquid/solid mass 

transfer limitations is that the ratio of the dissolved oxygen concentration and of 

the oxygen concentration at the external surface of the solid particle, C5,02/Ct,02, 

is larger than 0.95. Combining equations ALl and A1.6 leads to the following 

criterion: 

R V c 
W 0 2 cat < O.OS A1.8 

k a C s,o2 LS L,o2 
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Whereby aLS is: 

A1.9 

and: 

A1.10 

Pore diffusion 
To verify the pore diffusion limitations the Weisz-Prater modulus concept was 
used (Mears 1971, Froment and Bishoff 1979). The criterion used for the 

determination of the absence of pore diffusion limitations is that the 

effectiveness factor, 17, is larger than 0.95%. For irreversible first-order kinetics 

this corresponds to t < 0.24: 

Al.ll 

Verification of the criteria for mass transfer limitations 
Because the transfer rates of oxygen are directly proportional to the oxygen 

partial pressure and the reaction rate is proportional to the oxygen partial 

pressure with an order of less than 1, the transfer rates will increase faster than 

the reaction rate with increasing oxygen concentration. The first part of Table 

A1.3 shows the left hand side of the criteria A1.4, A1.8 and Al.ll calculated by 

substitution of the reaction rate observed at the lowest oxygen partial pressure 
applied. These criteria are also calculated for methyl a-D-glucoside in a similar 

way. Table A1.3 shows that all criteria are met. Hence, for all other experiments, 

carried out at higher oxygen partial pressures than 5 103 Pa and at 303 K, no 

mass transfer limitations for oxygen will occur. Table Al.3 also shows that the 
transfer of oxygen is most criticaL 

Because the reaction rate increases with increasing temperature and the 
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dissolution of oxygen decreases with increasing temperature, there will be no 
mass transfer limitations at lower temperatures if the left hand side of the 
criteria A1.4, A1.8 and Al.ll are fulfilled at the reaction rate obtained at the 
highest temperature and low oxygen concentration. 
The second part of Table A1.3 indeed shows that all criteria are met at the 
highest temperature applied. 
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Table A1.3 Values of the left hand side of the criteria for absence of mass transfer limitations for 

oxygen and methyl a-D-glucoside. 

021 MGSD1 02 2 MGS~ 

GL (eq.A1.4) 0.036 0.026 

LS (eq.Al.&) 0.026 3 10·5 0.024 2104 

s (eq.Al.ll) 0.17 3 104 0.08 9 104 

l Po2=5.0 1lf Pa, CMGso=100 mol m·3, c .. ,=1.9 kg m·3, T=303 K, Rw=0.00069 mol kg..,·l s·t. 
2 Poz=2.6 10' Pa, CMGso=100 mol m"3

, cca,=0.6 kg m·•, T=333 K, Rw=0.00860 mol kg..,·l s"1
• 

Al.4 Heat transfer 

Solid/liquid heat transfer 

The solid/liquid heat transfer is described by: 

Q- a.aLSVL(Ts-TL) A1.12 

The heat transfer coefficient, as, can be determined with the Chilton-Colburn 

analogy from the mass transfer coefficient, k5, according to: 

A1.13 
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Although the ratio of jH/j0 has to be 1 theoretically, Satterfield (1970) obtained 

experimentally a ratio of 1.37. The heat transfer coefficient calculated with 

equation A1.12 amounts to 87.7 kJ m-2 s-1 K 1• 

The criterion used for the determination of the absence of heat transfer 
limitations is that a temperature gradient is allowed which causes a maximum 
change of 5% in the reaction rate. Assuming an activation energy of 100 kJ mol

\ this leads at 333 K to a temperature gradient of 0.5 K which can be tolerated. 

Thus: 

A1.14 

Intra-particle heat transport 

According to Mears (1971) internal heat transport is fast compared to solid/ 

liquid heat transfer as long as: 

ad Bi a __ P < 10 
P A 

p 

A1.15 

Verification of the criteria for heat transfer limitations 
Assuming an reaction enthalpy of -550 kJ mol-l, the left hand side of criterion 

A1.15 is calculated as 1 104 at the highest observed reaction rate. BiP amounts to 
1.29 which is smaller than 10. Thus, no solid/liquid heat transfer nor internal 

heat transport limitations occured at the conditions investigated. 
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4 CATALYST DEACTIVATION 

4.1 Introduction 

During the platinum-catalyzed oxidation of methyl a-D-glucoside with molecular 
oxygen in water, catalyst deactivation occurs. Several deactivation mechanisms 

for platinum catalysts applied in the liquid phase are proposed: the oxidation of 

platinum (van Dam et al., 1987; Dijkgraaf et al., 1988; Goodenough et al., 1990), 

the blocking of active sites by carbonaceous deposits (Bae et al., 1990) and the 
growth of platinum crystallites (O'Connolly et al., 1967; Bett et al., 1976). 

The interaction between gaseous dioxygen and supported platinum crystallites 

has been studied intensively. Ratnasamy et al. (1972) examined the oxidation of 
supported platinum catalysts by ambient air and found that an average platinum 
partide consists of 2 outer layers of platinum perturbated by the introduction of 
oxygen atoms in a 1:1 O-Pt ratio and of a core of unperturbated platinum. 

McCabe et al. (1988) found that the oxidation of platinum by gaseous oxygen at 

573 K was passivating, and limited to the first layer. This passivation was 

independent of the crystallite size. Hence, sufficiently small particles will be 

oxidized completely as was observed by Nandi et al. (1982) and Stokes (1983). 
There is no full consensus in the literature on the stoichiometry of the platinum 
oxide layers nor on the nature of the interaction between oxygen and platinum. 
The interaction between oxygen and platinum in water is hardly studied, except 
for the electrochemical oxidation of platinum. It follows from the Pourbaix 
diagram of platinum (Pourbaix, 1966) that at atmospheric oxygen pressure and 
298 K Pt02 is the thermodynamically stable form in neutral saturated water. In 

alkaline aqueous solutions the formation of platinates, PtO/-, is 

thermodynamically favoured. 
During the electrochemical oxidation of small organic molecules, such as 
methanol, carbonaceous deposits were found to deactivate the platinum catalyst 

(Parson and Vandernoot, 1988; Bae et al., 1990). The electrode poisoning during 
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the electrochemical oxidation of methanol in acid solutions, is attributed to 

chemisorbed CO species formed via the intermediate *CHO. In alkaline 
solutions, however, electrode poisoning does not occur according to Beden et al. 

(1982). 

Sintering being a thermal process starting at temperatures above the Tamman 
temperature, i.e. above 600 K for platinum, does not seem to play a part in the 
deactivation of the platinum catalyst during oxidation of methyl a-D-glucoside. 

Several studies, however, indicate that recrystallisation processes are enhanced in 
the presence of a liquid (O'Connolly et al., 1967; Bett et al., 1976). In 

electrocatalysis dissolution of small particles and the redeposition on larger ones 

is a well known phenomenon. often referred to as Ostwald ripening (Ross, 1986). 

The solvated ionic platinum species are transferred through the solution. 
The aim of the present study is to obtain insight into the mechanism of the 
deactivation of supported platinum during the oxidation of polyalcohols by 

molecular oxygen in water. Platinum supported on activated carbon and 

platinum supported on graphite were characterized by X-ray Photoelectron 
Spectroscopy (XPS), Scanning Transmission Electron Microscopy (STEM), CO 

chemisorption and cyclic voltammetry before and after reaction. Furthermore, in 
situ information was obtained by electrochemical techniques. In order to 
correlate the extent of the deactivation with the information from the surface 
sensitive techniques, the activity of the catalysts for the oxidation of methyl a-D
glucoside to sodium t-o-methyl a-D-glucuronate was measured before, during 
and after reaction. 

4.2 Experimental 

Catalysts 

In contrast to most inorganic materials, carbon shows an excellent stability in 
virtually all liquid media, in particular in the alkaline media applied in the 
present study. Moreover, metal recuperation is relatively easy with carbon as the 
support. For this study platinum supported on activated carbon and graphite with 
a high surface area was used. Only the graphite supported platinum could be 

characterized by cyclic voltammetry. 
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Platinum supported on activated carbon 

A commercial 5.0 wt% (on dry basis) platinum on activated carbon (Degussa 

F196 RA/W) was used. The catalyst as received contained 50% water and was 

prereduced. The BET surface area amounted to 8.5 10S m2 k&;81•
1

• The catalyst 

suspended in water was crushed in a ball mill to reduce the powder diameter 

below 20 JLm in order to avoid transfer limitations during reaction. After ball 

milling the suspension was filtered on a Millipore membrane filter (HV type, 

pore size of 0.45 JLm). Figure 4.1 shows the pore radius distribution of the 

carbon support after ball milling. The total pore volume amounted to 1.2 10·3 m3 

kg-1
• Figure 4.2 shows the carbon powder diamter distribution after ball milling. 

Fourier transformed infra red spectroscopy showed that the carbon support had 

a low density of surface groups, such as COH, CHO and COOH, and that it was 

activated by oxidation with molecular oxygen rather than by steam (Van Oriel, 

1983). 
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Figure 4.1 Pore radius distribution of 
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Platinum supported on graphite 

Platinum supported on high specific area graphite was prepared according to the 

method of Richard and Gallezot (1987). Surface heterogeneities of the graphite 

support are indispensable to obtain a catalyst with a high fraction of platinum 

atoms exposed (Ehrburger, 1984). Oxygen containing surface groups located at 

the edges of the carbon layers are created by oxidative treatment of the graphite. 

The surface groups are the anchoring sites for the precursor by the exchange of 

protons with a platinum cation complex. A uniform platinum distribution through 

the support is obtained as competing cations are added to the solution (Che and 

Bennett, 1989). In this case the ion-exchange was carried out in a solution of 

ammonia. Hence, ammonium cations competed with the tetrammine platinum 

(11) cations for the exchange sites on the graphite. 

The starting materials consisted of a graphite (Johnson Matthey, CH10213) with 

a BET surface area of 3.12 lOS m2 kg·1 and a solution of tetrammine platinum 

hydroxide, Pt(NH3)iOH)2 (Johnson and Matthey). The graphite was activated by 

partial combustion in flowing air (5 10·3 N l s·1) at 773 K for 5 hours. Under 

these conditions 25% of the graphite was burned off. This was followed by 

stirring a suspension of this graphite in a solution of concentrated sodium 

hypochlorite (Janssen p.a.) for 24 hours at room temperature. 

According to Richard and Gallezot (1987), maximal platinum uptake is achieved 

by introducing 20 wt% platinum with respect to the amount of graphite in 

suspension. Hence, 100 g of a solution of tetrammine platinum hydroxide (8 wt% 

Pe+) was added dropwise to a suspension of 40 g graphite in 800 ml ammonia 

(1000 mol m·3, Merck p.a.). Mter this addition, the suspension was stirred for 25 

hours at room temperature. The suspension was filtered on a Millipore filter 

(HV type, with a pore size of 0.45 IJ.m). The catalyst was washed with distilled 

water and dried at 373 K and 5 kPa. The dried catalyst was heated in flowing 

hydrogen (5 N ml s·1) for 2 hours at 573 K. 

Mter preparation the BET surface area decreased to 1.17 10S m2 kg·1cat· Figure 

4.1 shows the pore radius distribution. The total pore volume amounts to 1.05 

10"3 m3 kg·1• Figure 4.2 shows the graphite powder diameter distribution. 



deactivation 57 

Equipment and procedures 

Reaction conditions 
The oxidation reactions were carried out in the three-phase agitated tank reactor 
operated in the continuous or in a semi-batch mode as described in section 2.1. 
Before reaction the catalyst was reduced with hydrogen in water at 363 K for 
one hour. Then, the water was removed while the reactor was purged with 

nitrogen and cooled down to reaction temperature. The reactor was filled with a 
nitrogen-purged solution containing the appropriate amount of methyl a-D
glucoside and sodium 1-0-methyl a-D-glucuronate. To start an experiment, the 

nitrogen stream was replaced by a given oxygen/nitrogen mixture and the stirrer 

was switched on. 
If a series of successive experiments was performed with the same catalyst batch, 

a regeneration was performed between the experiments. This regeneration was 
applied at the temperature of the previous experiment and consisted of changing 
the flow of oxygen to nitrogen for 10 minutes and purging with hydrogen for 10 
minutes. Before the oxygen flow was restored, the reaction mixture was purged 
with nitrogen for another 10 minutes. At the end of an experiment the reaction 

mixture was removed through the membrane filter, leaving the catalyst in the 
reactor under the gas atmosphere applied during reaction. The catalyst was 
washed with water thereafter. 

Table 4.1 lists the investigated catalyst samples and the corresponding reaction 

conditions. Under these reaction conditions the reaction rates were not subject 

to mass transfer limitations. 
A freshly reduced platinum supported on graphite was also examined. After the 
reduction with hydrogen in water it was immersed in an aqueous solution of 

methyl a-D-glucoside for 10 minutes while purging with nitrogen. 
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Table 4.1 Investigated catalyst samples and reaction conditions. 

catalyst sample CMGSD
0 

Pm pH T caot X l.ot 
mol m·3 kPa K kgm"3 mol mol·1 ks 

activated carbon 

after 1 batch experiment 500 1 7.0 333 29 0.96 58 

after 3 batch experiments1 500 100 8.0 313 20 0.75 396 

after 25 batch experiments 500 1 7.0 333 29 0.9-1.0 1750 

after 1 continuous 500 40 8.0 313 4 0.05 16.2 
experiment 

graphite 

after 5 continuous 200 100 9.0 323 1.8 0.04 72 
experiments 

after 5 continuous 200 100 7.0 323 1.8 0.04 72 
experiments 

1: no intermediate regeneration with hydrogen was applied 

Sample transfer 

After the reaction or the reduction the catalyst samples were washed with water 
and dried at 333 K and 5 kPa overnight. No special precautions were taken to 

prevent air contact, except for some of the graphite supported catalyst samples 
which were transferred in a wet state to the cyclic voltammetry electrode. In the 
latter case oxygen diffusion through the water layer around the catalyst was 

calculated to be slow enough to avoid oxidation of the platinum particles. 

A sample of platinum supported on graphite as prepared was reduced in a glove 
box with gaseous H2 at 573 K and transferred under nitrogen into the XPS 
apparatus by means of a special insertion lock. This sample will be referred to as 
reduced "in situ". 

Determination of the platinum content 
In a solution of excess chlorine ions platinum, with SnC12 present, forms a yellow 
stable complex with an absorption maximum at 403 nm (Ayres and Meyer, 1955; 

Chariot, 1961). To determine the platinum content of a catalyst the platinum 
metal is dissolved in aqua regia containing sodium chloride, followed by the 
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formation of a complex of the platinum ions with SnC12• In order to determine 

the extent of dissolution of platinum during reaction, three samples of 50 ml 

were filtered from the reaction mixture. To the first sample 12.5 ml of a solution 

of HCl (12 mol m-3
), 3.5 g NaCl and 20 ml of a solution of SnC12 (1.27 mol m-3

) 

were added and made up to 100 ml. An additional and known amount of Pt4 + 

was added to the above for the second sample. An internal calibration method 

was used because some oxidation products, in particular sodium oxalate, 

interfered the with determination of platinum ions. The third sample was used as 

a blank, to correct for the colour of the reaction mixture, by following the above 

procedure except the addition of SnC12• 

XPS 

The XPS spectra were obtain~d with a monochromatic spectrometer (VG 

Escalab 200) using AI Ka as the excitation source and a hemispherical analyzer. 

Dried catalyst powder was pressed into an indium template and mounted on a 

tantalum sample holder. The C 1s signal was used as internal reference and set 

at a value of 284.4 e V. The Pt 4f spectra of the platinum supported on activated 

carbon were taken at a pass energy of 10 e V. The spectra of platinum supported 

on graphite were taken at a pass energy of 20 e V. 

The total photoelectric signal I as function of the number of layers n is given by: 

G d IO 
0 XPS 

I XPs -I XPs E exp ( -n-) = ------,--

n-o A 1-exp(-~) 
A 

4.1 

where 1° xPs is the photoelectric signal of a single layer before attenuation, d the 

distance between two layers and A the inelastic mean free path of the 

photoelectrons. 

For platinum the interspatial distance between the Pt(111) planes amounts to 

0.24 nm and the Pt 4f electrons have an inelastic mean free path of 1.4 nm 

(Penn, 1976). Substitution of these values in the right-hand side of equation 4.1 

gives a total Pt 4f signal of 6.3410• The photoelectric signal originating from the 

first 10 layers, equal to 2.4 nm, amounts to 5.3810 which is 85% of the total 
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signal. This complicates the assignment of XPS peaks in the case of slightly 

oxidized platinum particles. 

STEM 

The micrographs were obtained with a JEOL 2000 CX microscope equipped 

with a microprobe with a spot diameter of 50 nm. An accelerating potential of 

200 kV was used. The catalysts were examined in the conventional bright field 

detection mode. 
The samples were ultrasonically dispersed in water and the suspension was 

collected on coated copper grids. Home-made grids as well as perforated lacey 

grids delivered by Biorad were used. 
From the micrographs a platinum particle size distribution was determined by 

means of a computer program for image analysis. The micrograph was 

transferred by a camera into the computer. The non-uniform grey shade 

background usually gave rise to some difficulties in determining the particle size. 
This was solved by subtraction of the defocussed background. The size of 

individual particles as determined by the computer program, was in good 

agreement with the conventional determination. The following definition was 

used for the average particle diameter: 

This equation gives the surface area average diameter which is also obtained 

from the CO chemisorption data (Lemaitre et al., 1988). 

The 95% confidence interval on dp1 was calculated from: 

4.2 

4.3 
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whereby: 

4.4 

To examine the platinum distribution within the support, the catalyst powder was 

embedded in a liquid four-component epoxy resin. Mter hardening the resin was 
cut into slices with a thickness of approximately 20 t.tm which were transferred to 

the microscope. 

CO chemisorption 
The CO pulse chemisorption was performed in a Quantachrome Quantasorb. 
Hydrogen was used as carrier gas. A prereduction was performed with hydrogen 
at 293 K overnight. The platinum surface area was determined from the amount 

of chemisorbed CO assuming a 1:1 stoichiometry (Scholten et al., 1985). The 
relation between the fraction of platinum atoms exposed, FE, and the surface 
area average diameter, assuming 1.42 1019 platinum atoms per square meter, is 
given by Scholten et al. (1985): 

1.3 10-9 

~- FE 

Ex situ cyclic voltammetry 

4.5 

Cyclic voltammetry is carried out in water. This is in contrast to the techniques 
discussed till now and allows its application at conditions close to typical reaction 
conditions. Information can be obtained about the platinum surface area, the 
oxidation state of platinum and about the presence of adsorbates. 
Cyclic voltammetry analysis was performed whereby the catalyst was the working 

electrode and Hg/HgO as a reference electrode (E= +0.96 V versus the 
reversible hydrogen electrode). In the present study the electric potentials are 
reported as related to the reversible hydrogen electrode. A platinum foil was 
used as an auxiliary electrode. The working electrode consisted of the catalyst 
powder using Teflon as a binder. An amount of 20 mg dry or 40 mg wet catalyst 
was suspended in 2 ml 1:1000 diluted polytetrafluoroethylene suspension (DMI 
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Fluon GPI 60% dispersion) and agitated in an ultrasonic bath for 15 minutes. 

This suspension was then filtered on a 0.45 ~-tm Schleicher & Schiill membrane 

filter. The resulting residue was a sticky paste that was put on a glassy carbon 

electrode with a geometrical surface area of 0.24 cm2
• Because no additional 

binder was necessary, a thermal treatment could be avoided. All cyclic 

voltammetry characterization studies were carried out at 298 K in an aqueous 

solution of NaOH (1000 mol m3) as the electrolyte. 

Two different procedures were applied depending on whether the aim was to 

detect the presence of adsorbates or to determine the platinum surface area. In 

order to observe the presence of adsorbates the working electrode made of wet 

catalyst was analyzed by varying the electric potential between 1.06 V and 0.12 V 

at a scan rate of 1 m V s·1• The start potential of 1.06 V corresponds to the 

measured open circuit potential, i.e. the rest potential of the catalyst after 

oxidation of methyl a-D-glucoside with molecular oxygen. The electrochemical 

oxidation of platinum occurs well above this potential. 

The platinum surface area is determined from the charge associated with the 

anodic oxidation of hydrogen atoms between 0 V and 0.4 V or from the charge 

associated with the cathodic reduction of platinum oxide between 0.6 V and 0.8 
V. The catalyst was therefore analyzed by varying the electric potential between 

0.12 V and 1.52 V at a scan rate of 1 mV s·1• Prior to this analysis, the working 

electrode was treated by repetitive oxidation and reduction cycles between 0.12 

V and 1.52 V during 15 minutes at a scan rate of 10 mV s·1• In this way all 

adsorbates are removed and the platinum surface area available for reaction can 

be determined. 

In situ electrochemical methods 
To perform in situ characterization of supported platinum, the oxidation of 

methyl a-D-glucoside was carried out in the electrochemical cell, operated in a 

semi-batch-wise mode. The electrochemical cell, constructed of glass, had a 

volume of 40 ml and a thermostat with a accuracy of less than 0.1 K was used. 

The cell could be purged with either helium or oxygen. 

The reaction conditions were comparable to those applied in the three phase 

agitated tank reactor. In order to obtain sufficient conductance of the solution, a 

pH of 12 was applied and NaC104 was added. It was shown in separate 
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experiments that NaC104 had no significant influence on the oxidation of methyl 

a-D-glucoside. In contrast to the reactions carried out in the three phase agitated 

tank reactor, the pH was not kept constant during the experiments. The 

conversion was limited to 2% and did not lead to a decrease of the pH below 

11. 

In situ cyclic voltammetry 
The catalyst was pressed on the electrode which was covered with a layer of Leit 

C paste (Neubauer Chemikalien). In this way a long-term stable electrode was 

obtained. 

To detect the presence of adsorbates the catalyst was analyzed in the reaction 

mixture after exclusion of oxygen by varying the electric potential between 1.06 
V and 0.12 V. 

In order to determine the platinum surface area, the working electrode was 

treated by repetitive oxidation and reduction cycles during 15 minutes in a 

solution of sodium hydroxide of 1000 mol m·3 at a scan rate of 10 mY s·1• 

Thereafter, the catalyst was analyzed by varying the electric potential between 

0.12 V and 1.52 V at a scan rate of 10 mY s·1• 

Open circuit potential measurements 
A platinized platinum foil was used in order to enable monitoring the open 

circuit potential of the platinum surface during reaction. A platinum foil, with a 

geometric surface area of 6 104 m2
, was immersed in a solution of 

platinumhexachloric acid while applying a cathodic current of 133.3 A m·2 

leading to the deposition of small platinum particles on the platinum foil. In this 

way a real platinum surface area surface of 1. 7 m2 was obtained. This 

corresponds to platinum particles with diameters between 15 and 20 nm (Janssen 

and Moolhuysen, 1976; Gladysheva et al., 1982). The use of a platinized 

platinum foil is the best compromise between a good measurement of the open 

circuit potential and a platinum surface similar to that of platinum supported on 

graphite. It must be kept in mind, however, that oxygen chemisorption in 

particular, is stronger on small platinum particles than on larger ones (Peuckert 

et al., 1986; Briot et al., 1990). 
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4.3 Results 

The observations in the present study do not show any dependence of the 
deactivation on the type of carbon support. Hence, the following sections do not 
differentiate between the platinum supported on activated carbon and the 
platinum supported on graphite. 

Specific reaction rate versus time 
Figure 4.3 shows the specific reaction rate versus time during the oxidation of 

methyl a-D-glucoside over platinum supported on graphite. The discontinuities 

correspond to regenerations. 
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Figure 4.3 Specific reaction rate versus time. Continuous flow experiment. 
Reaction conditions: CMGso=200 mol m-3, p02=1.0 lcf Pa, pH=9, T=323 
K, X=0.04. Platinum supported on graphite. 

The reaction rate decreases rapidly during an experiment and is restored only 

partially after regeneration with hydrogen. Figure 4.3 shows that a distinction can 

be made between a reversible decrease of the reaction rate, i.e. a deactivation 
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which is restored after regeneration with hydrogen and an irreversible decrease. 

The extent of the reversible deactivation can be represented by the ratio of the 

specific reaction rate to the reaction rate observed immediately after 

regeneration, R0 
w,R· The extent of the irreversible deactivation can be 

represented by the ratio of the reaction rate immediately after regeneration to 

the initial reaction rate on a freshly reduced catalyst, R0 w· The reversible 

deactivation occurs on a time scale of 10 ks and the irreversible deactivation on 

a time scale of 100 ks. 
Figure 4.4 shows the extent of the reversible deactivation based upon the five 

deactivation curves presented in Figure 4.3. The coincidence of the curves shown 

in Figure 4.4 shows that the reversible deactivation occurs at a rate, defined as 

the derivative of the extent of deactivation with respect to time, which is 
independent of the number of regenerations. It was observed that the reaction 

rate was restored to the same level by substitution of hydrogen by nitrogen in 

the regeneration procedure. Apparently, the regeneration of the catalyst by 

methyl a-D-glucoside is possible as soon as oxygen is excluded. 

1.0 

0.5 

0.0 L------'--------L--------' 
0 10 20 30 

t 1 ks 

Figure 4.4 Extent of reversible deactivation versus time. Conditions and 
catalyst: see Figure 4.3. 
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Effect of the reaction conditions on the deactivation 
Figure 4.5 shows that the reversible catalyst deactivation strongly depends on the 
oxygen partial pressure. A higher oxygen partial pressure results in an increase of 

the reversible deactivation rate. 

0 3: a:: 

0.5 .__ __ _L_ __ __._ __ __, ___ _.__ __ _J 

0 400 800 1200 1600 2000 

t I ks 

Figure 4.5 Extent of the reversible deactivation versus time for different 
oxygen partial pressures. Continuous flow experiment. Reaction 
conditions: CMGso=200 mol m"3

, pH=9, T=323 K, X=0.04, cca,=l.S kg m· 
3 and D: p02 = 1.0 HY Pa, O: p02 = 1.0 l(f Pa, A: p02 = 1.0 lW Pa. Platinum 
supported on graphite. 

Figure 4.6 shows the extent of the irreversible deactivation versus the amount of 
sodium t-o-methyl a-D-glucuronate produced per kg of catalyst for different 
applied reaction conditions. No correlation was observed between the extent of 

irreversible deactivation and the time of reaction nor with the concentration of 

sodium t-o-methyl a-D-glucuronate nor with the amount of liquid passed 
through the reactor. Figure 4.6 also shows that the extent of irreversible 
deactivation decreases with decreasing pH. 
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Figure 4.6 Extent of irreversible deactivation versus the amount of sodiu 
m 1-0-methyl o:-D-glucosiduronate produced per kg of catalyst. 
Continuous flow experiments. Reaction conditions: o: (CMGSD=200 mol 
m-3, p02 =1.0 ltf Pa, pH=9, T=323 K, X=0.04, Cca1=1.8 kg m"3

) .t.: idem 
except X=0.08, v: idem except C""'=l.O kg m·3, 0: idem except p02 =1.0 
111 Pa, o: idem except CMoso=lOO mol m·3, e: idem except pH=7. 
Platinum supported on graphite. 

Platinum content 

67 

The platinum content of the platinum supported on graphite amounted to 4.9 
wt% as prepared. The platinum content of the used catalyst samples varied 
between 4.7 wt% and 5.0 wt%. The maximal platinum loss amounts to 6 wt% on 
the basis of the initial amount of platinum and occurs, in the case of the 
platinum supported on activated carbon after 1 continuous experiment and in the 
case of the platinum supported on graphite after 5 continuous experiments at a 
pH of 9. During the reaction in the continuous reactor, samples of the liquid 
effluent were taken and analyzed on the presence of platinum ions. The 
platinum ion concentration of the samples was below the detection limit (5 
mmol m-3} as expected from the measured platinum content of the used catalyst 
samples. 
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A platinum ion concentration in the range of 10-20 mmol m·3 was found after 

batchwise oxidation of methyl a-D-glucoside over platinum supported on 
activated carbon at various reaction conditions. Re-use of the catalyst resulted in 
a new loss of platinum. Purging of the reaction mixture with hydrogen after the 
reaction resulted in the reduction of platinum ions in solution accompanied by 

their redeposition. It appeared that the platinum ions were deposited on the 
catalyst, since the platinum content of the platinum supported on activated 
carbon after 25 batch experiments with intermediate hydrogen regeneration was 
still 5.0 wt%. Purging with nitrogen did not result in a reduction of the platinum 

ions. 

STEM and CO chemisorption 
Figures 4.7-1 and 4.8-1 show typical micrographs of platinum supported on 
activated carbon as received and on graphite as prepared. The platinum 
crystallites are not located along the edges of the graphite as was expected from 
the preparation procedure used (Richard and Gallezot, 1987). 
The platinum particle diameter distributions, based upon micrographs such as 
Figures 4.7-1 and 4.8-1, are shown in Figure 4.9. Both catalysts also contain some 
large clusters of platinum particles which are not accounted for in the particle 
diameter distributions. The platinum supported on activated carbon contains 
particles with a surface area average diameter of 2.20 ± 0.08 nm. The average 
diameter of the particles supported on graphite amounts to 1.85 ± 0.04 nm 
which is in good agreement with that of the catalyst examined by Richard and 
Gallezot (1987). The fraction of platinum atoms exposed obtained by CO 

chemisorption and from the micrographs are listed in Table 4.2. The fraction of 
platinum atoms exposed did not change after liquid phase reduction of the 
catalyst. 

Micrographs of used catalysts are shown in Figures 4.7-2 and 4.8-2. The used 
catalysts contain larger platinum particles compared to the fresh catalysts. A 

similar result, as shown in Table 4.2, is obtained from the CO chemisorption 
data The particle diameter distribution of platinum supported on graphite used 
for 5 continuous experiments and of platinum supported on activated carbon 
after 25 batch experiments, presented in Figure 4.10, shows the appearance of 
larger particles at the expense of the smallest platinum particles. 
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Figure 4.7 Micrographs of the platinum supported on activated carbon. 
1: as received, 2: after 25 batch experiments. 
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Figure 4.8 Micrographs of the platinum supported on graphite. 
1: as prepared, 2: after 5 continuous experiments at a pH of 9. 
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Table 4.2 The fraction of platinum atoms exposed of all catalyst samples investigated and obtained 

by CO chemisorption, STEM and cyclic voltammetry. 

catalyst sample 

activated carbon 

as received 

after 1 batch experiment 

after 3 batch experiments 

after 25 batch experiments 

after 1 continuous experiment 

graphite 

as prepared 

freshly reduced 

after 5 continuous experiments 

(pH=9) 

after 5 continuous experiments 

(pH=7) 

STEM 

0.60 

0.40 

0.44 

0.16 

0.40 

0.70 

0.53 

0.65 

CO 

chemisorption 

0.57 

0.38 

0.43 

0.17 

0.37 

0.75 

0.54 

cyclic 

voltammetry 

0.7 

0.4 

0.5 
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Figure 4.9 Platinum particle diameter distribution. 1: platinum supported on activated carbon as 

received; 2: platinum on graphite as prepared. 
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Figure 4.10 Platinum particle diameter distribution. 1: platinum supported on activated carbon after 

25 batch experiments; 2: platinum on graphite after 5 continuous experiments at a pH of 9. 

Transmission electron microscopy of slices of platinum supported on activated 

carbon powder particles embedded in resin show that the distribution of 

platinum was not limited to the outer part of the carbon support. 

XPS 

Figure 4.11 shows the XPS spectra of the Pt 4f core level of the platinum 

supported on activated carbon samples and Figure 4.12 those of the platinum 

supported on graphite. All relevant information of all spectra treated in this 
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section together with those of a platinum foil are listed in Table 4.3. 

The binding energy of the Pt 4f electrons of a catalyst as received and as 
prepared is rather high compared to a platinum foil. This is probably caused by 

a particle size effect (Huizinga et al., 1983; Parmigiani et al., 1990). The rather 

large peak width compared to the peak width of 1.0 e V for a platinum foil, is 

probably due to the particle size distribution. 

No significant shift of the binding energies of the Pt 4f electrons after exposure 
to ambient air is observed with respect to the binding energy of "in situ" reduced 
platinum supported on graphite. According to equation 4.1, a surface oxidic 

platinum layer would account for at least one third to the photoelectric signal. 

68 70 /2 74 76 78 

b1nd1ng energy I eV 

Figure 4.11 XPS spectrum of the Pt 
4f core level of the platinum 
supported on activated carbon. 
1: as received, 2: after 3 batch 
experiments, 3: after 25 batch 
experiments, 4: after 1 continuous 
experiment. 

68 70 72 7 4 76 78 
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Figure 4.12 XPS spectra of the Pt 4f 
core levels of the platinum supported 
on graphite. 
1: after reduction with H2 "in situ", 2: 
after exposure to ambient air, 3: 
freshly reduced, 4: after 5 continuous 
experiments at a pH of 9, 5: after 5 
continuous experiments at a pH of 7. 
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Table 4.3 Binding energy, peak width and the relative surface areas of the Pt 4f core level peaks of 

all catalysts investigated and of a platinum foil. 

sample binding energy binding energy peak width AP141 

Pt 4f712 Pt 4f5t2 Pt 4f712 Acls 

eV eV eV 

foil 71.1 74.4 1.0 

activated carbon 

as received 71.4 74.7 1.9 0.13 

after 3 batch experiments 71.4 74.7 1.9 0.11 

after 25 batch experiments 71.1 74.4 1.9 0.05 

after 1 continuous experiment 71.4 74.7 1.9 0.09 

graphite 

reduced "in situ" 71.3 74.6 2.0 0.18 

freshly reduced 71.4 74.4 2.2 0.18 

after exposure to air 71.5 74.6 2.0 0.19 

after 5 continuous experiments 71.4 74.6 1.9 0.12 

(pH=9) 

after 5 continuous experiments 71.5 74.9 2.0 0.14 

(pH=7) 

Peuckert and Bonzel (1984) examined the oxygen platinum interaction on 
platinum foils. They were unable to distinguish between the Pt 4f electrons 
originating from surface atoms covered by oxygen and those from bulk platinum, 
but identified the 0 1s electron binding energies as being typical for 
chemisorbed oxygen. In the case of platinum supported on carbon, the 0 ls core 
level cannot be used for the identification of chemisorbed oxygen because the 0 
ls electrons originating from chemisorbed oxygen and from oxygen present in 
the functional groups at the surface of the carbon support have similar binding 
energies (Peuckert and Bonzel, 1984; Proctor and Sherwood, 1982). Hence, it is 
not possible to clarify the presence or absence of chemisorbed oxygen on the 
catalyst by using XPS. 
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To verify whether it is possible at all to observe highly dispersed platinum oxides 
by XPS, spectra were collected of a non-prereduced platinum supported on 
activated carbon (Degussa F196 N/W) and of platinum supported on graphite, 
oxidized electrochemically at a potential of 1.5 V for 15 minutes. The latter 
procedure was reported to result in a platinum oxide of a few monolayers 
thickness (Kim et al., 1971). The spectra of these samples could be distinguished 
easily from the spectra of the catalysts. The binding energy of the doublet of the 
Pt 4f electrons of the non-prereduced platinum supported on activated carbon 
was 1 e V higher than the binding energy for platinum supported on graphite 
reduced "in situ". The Pt 4f XPS spectrum of the electrochemical oxidized 
platinum supported on graphite showed a broad signal at approximately 74 e V. 
Table 4.3 shows that the Pt 4f XPS spectra of the used catalyst are quite 
comparable to those of the fresh catalysts. In all spectra the same binding energy 
is observed for the Pt 4f electrons. Hence, the supported platinum after reaction 
is in a metallic state. 
Table 4.3 shows also the ratio of the Pt 4f signal and the C ls signal for the 
catalysts samples. This ratio is proportional to the platinum surface area probed 
by XPS. The calculation of the fraction of platinum atoms exposed from the XPS 
data, based on models such as proposed by Kuipers et al. (1986), was not 
possible neither for platinum supported on activated carbon nor supported on 
graphite. This was caused by the a high surface area of the activated carbon 
support and by the high fraction of atoms exposed of platinum supported on 
graphite. The decrease of the Pt 4f/C 1s ratio for the used catalysts, however, is 
in agreement with the decrease of the fraction of platinum atoms exposed, as 
reported in Table 4.2. The higher Pt 4f/C ls ratio for the platinum supported on 
graphite samples is due to the smaller carbon surface area compared to activated 
carbon. 
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Ex situ cyclic voltammetry 
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Figure 4.13 Cyclic voltammogram of a 
platinum foil in a sodium hydroxide 
solution of 1000 mol m·3, with a scan 
rate of 10 m V s·1
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Figure 4.14 Cyclic voltammograms of 
the catalysts as received and as 
prepared. Dashed line: Pt supported on 
activated carbon, full line: Pt supported 
on graphite. In a sodium hydroxide 
solution of 1000 mol m·3, with a scan 
rate of 1 m V s·1

• 

Figure 4.13 shows the cyclic voltammogram of a platinum foil in a sodium 
hydroxide solution of 1000 mol m-3• The first two peaks in the anodic scan, 

between 0.25 V and 0.4 V, correspond to the oxidation of hydrogen atoms 

chemisorbed on different adsorption sites (Morallon et al., 1990). These peaks 

enable the calculation of the platinum surface area, assuming that the oxidation 
of hydrogen atoms yields 2.1 C per square meter platinum surface area (Bett et 

al., 1973). In the region between 0.4 V and 0.5 V the surface is not subjected 
from adsorbed species and is called the double-layer region. Above 0.5 V the 
chemisorption of oxygen occurs, followed by the formation of oxidic platinum 
and at potentials higher than 1.4 V by the evolution of dioxygen. If the potential 

scan is reversed the oxidic platinum will be reduced whereby a net cathodic 
current is generated. The first peak in the cathodic scan, at 0.68 V, corresponds 

to the reduction of platinum surface oxide. The potential at which this cathodic 

reduction occurs depends on the nature of this interaction. Reduction of small 
oxidic platinum particles occurs at potentials lower than 0.68 V, because of the 
stronger oxygen platinum bond (Peuckert et al., 1986). The reduction of bulk 
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platinum oxide requires stronger reducing conditions corresponding to a low 
electric potential (Visscher and Blijlevens, 1974; Attwood et al., 1981). At 

potentials below 0.4 V, peaks corresponding to the adsorption and reduction of 

protons are observed. 
The presence of adsorbed organic compounds are expected to be manifested by 
their oxidation during the first anodic scan between 0.4 V and 1.1 V. The 
electrochemical oxidation of methyl a-D-glucoside on a platinum foil, for 
example, takes place at a potential of 0.9 V and oxidation of t-o-methyl a-D

glucuronate at 0.8 V. 
Figure 4.14 shows the cyclic voltammogram of the platinum supported on 

activated carbon as received and of the platinum supported on graphite as 
prepared after several anodic and cathodic cycles to obtain a reproducible cyclic 
voltammogram. Charging of the high carbon surface area causes generation of a 
current so large that the platinum features in the cyclic voltammogram are 
masked. The cyclic voltammogram of the platinum supported on graphite, on the 
other hand, is quite comparable to that of platinum foil, although a lower scan 
rate was applied to suppress charging effects. The relative large current of the 
cyclic voltammogram of the platinum supported on activated carbon compared 
to platinum supported on graphite, as shown in Figure 4.14, is due to the larger 
amount of catalyst examined in the former case. 
Figure 4.15 shows the cyclic voltammogram of the platinum supported on 
graphite after exposure to ambient air. In the first cathodic scan a large peak 

corresponding to the reduction of oxidic platinum is observed. 

The surface area between the cathodic peaks corresponding to the reduction of 

oxidic platinum in the first and second scan is similar to the surface area 
corresponding to the oxidation of adsorbed hydrogen atoms during the anodic 
scan. This indicates a coverage of the platinum with a monolayer of oxygen 
adatoms upon exposure to ambient air. 
No significant peak corresponding to the reduction of oxidic species was 
observed in the cyclic voltammogram of a freshly reduced catalyst sample in a 

wet state. A wet catalyst sample after 5 continuous experiments did not show any 

reduction of oxidic species either. Apparently, methyl a-D-glucoside, still present 
after on the sample, reacted with the chemisorbed oxygen atoms. Oxidation of 
organic compounds was indeed observed around 0.8 V during the first anodic 
scan on the latter sample. 
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Figure 4.15 Cyclic voltammogram of the 
platinum supported on graphite after 
exposure to ambient air. full line: first 
scan, dashed line: second scan. In a 
sodium hydroxide solution of 1000 mol 
m·3, with a scan rate of 1 m V s·1• 
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Figure 4.16 Cyclic voltammograms of 
the dried Pt catalyst supported on 
graphite samples. full line: freshly 
reduced, dashed line: after 5 continuous 
experiments at a pH of 9. In a sodium 
hydroxide solution of 1000 mol m·3

, with 
a scan rate of 1 mV s·1• 

Figure 4.16 shows the cyclic voltammograms, after 15 minutes of repetitive 
oxidation and reduction scans, of a freshly reduced platinum supported on 

graphite and that after 1 continuous experiment. The cyclic voltammogram of the 
platinum after reaction hardly shows reduction of platinum oxide nor oxidation 
of hydrogen atoms. This indicates a low platinum surface area. The peak areas 
corresponding to the reduction of oxidic platinum rather than the peaks 

corresponding to the oxidation of hydrogen atoms, were used to arrive at a value 
for the platinum surface area. The amount of catalyst examined was assumed to 
be proportional to sum of the currents corresponding to the double layer in the 
anodic and cathodic scan. The fraction of platinum atoms exposed reported in 

Table 4.2 were calculated with respect to that of the catalyst as prepared, of 
which a fraction of platinum atoms exposed of 0.70 was obtained from the 
STEM micrographs. 

In situ cyclic voltammetry 
The oxidation of methyl o:-D-glucoside with molecular oxygen was carried out in 

the electrochemical cell with platinum supported on graphite as electrode. The 



deactivation 79 

following initial oxidation conditions were applied: CO MGSD = 500 mol m3
, p02 = 1.0 

10S Pa, pffl=12 and T=323 K Figure 4.17 shows the cyclic voltammogram of 
the catalyst recorded in the reaction mixture after 45 ks and substitution of 

oxygen by helium. 
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Figure 4.17 In situ cyclic voltammogram of platinum 
supported on graphite after 45 ks of oxidation of methyl-a
D-glucoside. (298 K, He atmosphere, CNac104 =990 mol m·3, 

scan rate of 10 m V s·1
). Full line: first scan, dashed line: 

second scan. 

The electrochemical cell was cooled down to 298 K before the cyclic 
voltammogram was recorded to suppress the electrochemical oxidation of the 
methyl a-D-glucoside in solution. In the first cathodic scan a small peak at 0.65 
V corresponding to the reduction of oxidic platinum is found. In the first anodic 

scan a peak at a potential of 0.94 V is observed corresponding to the oxidation 
of adsorbed organic species. In the second scan the peak corresponding to the 
reduction of oxidic platinum is absent, the peak corresponding to the oxidation 
of hydrogen atoms increased and the peak corresponding to the oxidation of 
organic species decreased. 
A cyclic voltammogram of the catalyst after 70 ks of reaction was compared to 
that of the catalyst before reaction. A platinum surface area loss of 50% was 
observed. 
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Open circuit potential 
By monitoring the open circuit potential of the platinum during reaction, 
information can be gained about the adsorbed species. The open circuit potential 
of platinum is mainly determined by the presence of adatoms of hydrogen or 
oxygen. The open circuit potential of a platinized platinum foil in water with a 

pH of 12 saturated with dihydrogen at atmospheric pressure and 323 K 
amounted to 0.10 V. The potential increased to 1.12 V when dihydrogen was 
substituted by dioxygen. 
Figure 4.18 shows the open circuit potential of the platinized platinum foil as 

monitored during oxidation of methyl a-D-glucoside with molecular oxygen in the 

electrochemical cell. The following initial reaction conditions were applied: 

COMoso=200 mol m·3, p02 =1.0 10S Pa, pH0=12 and T=323 K. Under these 
reaction conditions no oxygen transfer limitation occurred. 
Before the reaction the cell and reaction mixture were saturated with nitrogen. 
The open circuit potential of the platinized foil covered with methyl a-D

glucoside amounted to 0.26 V. Substitution of nitrogen by oxygen resulted in an 
increase of the potential from 0.26 V to 0.66 V within a few minutes. During the 
oxidation further increase to 1.16 V occurred. Purging with nitrogen for ten 
minutes resulted in an potential drop from 1.16 V to 0.66 V. Reduction with 

hydrogen resulted in a further decrease of the open circuit potential back to 0.26 
V. When comparing Figures 4.3 and 4.18, it appears that the change in potential 
runs parallel to the reversible decrease in oxidation rate. The oxygen 
chemisorption on platinum supported on graphite is stronger, however, than on 
the platinized platinum foil, due to the difference in platinum particle size 
(Peuckert et al., 1986, Briot et al., 1990). 

Cyclic voltammograms of the platinized platinum foil before and after the 
experiment did not show the presence of platinum bulk oxide. The platinum 
surface area was decreased by 50%. 
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Figure 4.18 Open circuit potential of a platinized platinum foil versus 
time during the oxidation of methyl-a-D-glucoside. Oxidation conditions: 
C'MGso=200 mol m·3, p02 =1.0 l!f Pa, pW=l2 and T=323 K. Batch 
oxidation. 

Turnover frequencies 
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A comparison of the activities of the investigated catalysts is only fair and 
meaningful when performed in terms of turnover frequencies, i.e. based on the 
same amount of exposed platinum atoms. The turnover frequencies have been 

calculated from the observed specific reaction rates and the fractions of exposed 

platinum atoms as obtained from STEM. 
Table 4.4 lists the observed intrinsic initial reaction rates and the calculated 
turnover frequencies together with the surface area average particle diameters. 
The activity of platinum supported on graphite for the oxidation of methyl a-D

glucoside was low compared to platinum supported on activated carbon. That is 
why the reaction temperature had to be raised from 303 K to 323 K in order to 
obtain comparable reaction rates for both catalysts. 
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Table 4.4 Initial intrinsic reaction rates, turnover frequencies and surface area average particle 

diameters. 

catalyst sample dp, Rvo 

nm 10'3 mol kg.,.,·l s'1 

activated carbon 

as received1 2.20 ± 0.08 2.2 

after 1 batch experimene 3.20 ± 0.22 1.8 

after 25 batch experiments1 8.00 ± 0.58 1.0 

graphite 

as prepared2 1.85 ± 0.04 2.4 

after 5 continuous experiments 2.45 ± 0.15 1.8 

(pH=9)2 

after 5 continuous experiments 2.00 ± 0.19 2.0 

(pH=7)2 

1: (T=303 K, pH=7.0, CMGso=500 mol m·3
, p02 =110S Pa, Cca1=2 kg m'3) 

2: (T=323 K, pH=7.0, CMGso=500 mol m·3, p02=110S Pa, cca,=1 kg m'3) 

TOF 

w-3 s·l 

22 

27 

31 

20 

22 

19 
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4.5 Discussion 

A distinction is made between the reversible deactivation and the irreversible 
deactivation, as the latter occurs at a much lower rate. 

Reversible deactivation 
If a reaction includes the formation of intermediates, such as adsorbed species, 
the establishment of a steady-state after a change of the reaction conditions 
requires a certain time, the so-called intrinsic relaxation time in the terminology 
of Temkin. It is easy to show that for a two-stage catalytic reaction, the intrinsic 
relaxation time is related to the steady-state turnover frequency, TOF, by 

(Temkin, 1976): 

1 1 
TS---

4 TOF 
4.6 

Equation 4.6 is related to a relaxation process that is determined by the 
mechanism of the reaction itself. This in contrast to extrinsic (or side) relaxation 

processes which occur according to larger time scales. 
As was shown in Chapter 3, the rate-determining step for the oxidation of methyl 

<l-D-glucoside is the surface reaction between adsorbed oxygen atoms and 
adsorbed methyl a-D-glucoside: 

4.7 

The steady-state turnover frequency of the oxidation is in the order of magnitude 
of 0.01 s·1• Hence, a steady state oxidation rate is expected after 100 s, if 
extrinsic relaxation processes can be excluded. 
At the start of an oxidation experiment, the reduced catalyst is suspended into 

the aqueous solution of methyl <l-D-glucoside saturated with nitrogen. According 
to the value of the Langmuir adsorption coefficient for methyl a-D-glucoside 
reported in Table 3.6, a surface coverage with methyl a-D-glucoside of 

BMasn•=0.4 is established (CMasn=200 mol m·3, pH=7, p02 =0 Pa). The 
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oxidation is started by substitution of nitrogen by oxygen. Upon admission of 

molecular oxygen, dissociative chemisorption on the free platinum sites occurs. 

On the time scale of the reaction, i.e. 100 s, a stationary oxygen coverage will be 

established. The latter amounts to 0.8 according to the value of the Langmuir 

adsorption coefficient reported in Table 3.6 (CMoso=200 mol m·3, pH=7, p02 = 
1.0 lcf Pa). The corresponding stationary surface coverage with methyl a-D

glucoside decreases over the same lapse of time to OMoso· =0.08. The increase 
within a few minutes of the open circuit potential from 0.26 V to 0.66 V upon 
switching from nitrogen to oxygen corresponds to the establishment of these 

surface coverages. 

The further increase of the open circuit potential during oxidation, occurring at a 

time scale of 10 ks, indicates that the oxygen surface coverage further increases 

until the platinum surface is almost completely covered by oxygen. A parallel 

decrease of the reaction rate is shown in Figure 4.3. Hence, a distinction can be 

made between the establishment of an oxygen coverage upto o 0 • = 0.8 which is 

an intrinsic relaxation process, and the establishment of oxygen coverages above 
e0 • =0.8 which is an extrinsic relaxation process. The latter cannot be attributed 
to the formation of a platinum oxide. Firstly, XPS and cyclic voltammetry do not 

show the presence of platinum oxide. Secondly, the open circuit potential 
decreases, within a few minutes, to a value corresponding with a low oxygen 

surface coverage, as soon as the oxygen feed is interrupted. Apparently, all 

adsorbed oxygen then reacts with methyl a-D-glucoside. 

It can be estimated from Figure 4.18, when assuming a lineair relation between 

the open circuit potential and the oxygen surface coverage, that after 10 ks an 
oxygen surface coverage of approximately 0.98 is established which corresponds 
to a surface coverage with methyl a-D-glucoside of 0.008. Substitution of these 

values in the equation for the rate-determining step, 4.7, leads to a reaction rate 

of 12% of the initial rate at the same reaction conditions. This calculated 

decrease of the reaction rate agrees with the observed decrease after 10 ks of 

oxidation of methyl a-D-glucoside, cf. Figure 4.3. 

The results of the present study indicate that the nature of the oxygen platinum 

interaction is limited to chemisorption, but do not provide an explanation for the 
increasing oxygen coverage beyond the levels expected from the Langmuir 
isotherm nor for the time scale of this phenomenon. Within the scope of this 

discussion it must be noticed that it follows from the Pourbaix diagram that Pt02 
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is the thermodynamically stable bulk form of platinum in neutral water saturated 

with oxygen at atmospheric pressure and 298 K. It appears that the presence of 
methyl a-D-glucoside does not prevent the platinum to become almost 

completely covered by oxygen. It may be possible that the high time scale of the 
further increase of the oxygen coverage is due to a rearrangement of the 
platinum surface comparable to the electrochemical oxidation of platinum where 
a change in the oxygen platinum interaction was observed by maintaining the 
electrode at a certain potential for half an hour (Angerstein-Kozlowska et al., 
1973). 

Briot et al. (1990) observed a sharp decrease of the adsorption enthalpy of 

oxygen on supported platinum at near monolayer coverages. This could also lead 
to a strong decrease of the chemisorption rate. A similar phenomenon has been 
observed for the chemisorption of oxygen on silver (Van Santen and de Groot, 
1986). 

Irreversible deactivation 
Oxygen diffusion into platinum particles with a diameter of 2 nm occurs on a 
time scale of milliseconds. Hence, the irreversible deactivation cannot be 
attributed to the incorporation of oxygen into the platinum particles as was 
proposed by Dijkgraaf et al. (1989) and van Dam et al. (1987). 

The platinum particle diameter distribution of the used catalyst shows the 
appearance of larger particles at the expense of the smaller ones, i.e. 
recrystallization occurs during reaction. The presence of platinum ions in 
solution during oxidation indicates that recrystallization occurs via the dissolution 

and subsequent redeposition of platinum, rather than by diffusion of platinum 
particles over the support. It appears that this process involves the preferential 
dissolution of the small platinum particles. The extent of the irreversible 
deactivation is correlated with the amount of methyl a-D-glucoside converted per 
amount of catalyst, cf. Figure 4.5. But no correlation is observed with the 
product concentration. Apparently, one of the intermediates or products of the 
oxidation of methyl a-D-glucoside is able to extract and complex platinum. 
Several studies indicate that platinum covered by oxygen can be extracted into 
the liquid phase by 1· and Cl' ions (Shekhobalova and Luk'yanova, 1979; Lietz et 
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al., 1983). A positive correlation between the fraction of platinum atoms exposed 

and the concentration of platinum ions in solution was observed by these authors 
indicating that platinum surface atoms covered by oxygen are the intermediate in 

the dissolution process. 

Particle size effect 
It is shown in Table 4.4 that a temperature of 323 K for platinum supported on 
graphite rather than 303 K was required to obtain specific reaction rates 

comparable to those obtained on activated carbon as support. It is unlikely that 

support factors would have such large effect on the reaction rate. To allow a 
better comparison of the two catalysts, the turnover frequencies for the platinum 

on activated carbon were extrapolated to a temperature of 323 K based on the 

Arrhenius and van 't Hoff parameter estimates reported in Table 3.8. 

Figure 4.19 shows the turnover frequency at 323 K versus the surface area 

average particle diameter obtained by STEM as reported in Table 4.4. Figure 
4.19 indicates that the oxidation of methyl a-D-glucoside over supported 

platinum shows some structure sensitivity: the turnover frequency increases with 

increasing particle diameter (Boudart, 1969). The turnover frequency for the 

electrochemical reduction of oxygen at platinum electrodes has been reported to 
present a similar behaviour. Figure 4.19 (Sattler and Ross, 1986; Peuckert et al., 

1986). Briot et al. (1990) attributed an analogous phenomenon for the oxidation 

of methane over platinum to a decrease of the adsorption enthalpy for oxygen 

with increasing platinum particle diameter. It is indeed known that the activation 

energy for the desorption of oxygen from platinum to the gas phase increases 

with decreasing particle diameter (McCabe et al., 1988; Jeager et al., 1988). 

Peuckert et al. (1986) also observed that the reduction potential for platinum 

oxide in aqueous media is shifted to lower potentials with decreasing particle 
size. The increasing oxygen platinum bond with decreasing platinum particle 

diameter has been attributed to geometrical (Sattler and Ross, 1986) as well as 

to electronic effects (Parmigiani et al., 1990). 

If the decrease of the turnover frequency with decreasing particle diameter is 

attributed to the stronger oxygen platinum bond, the reaction conditions have to 

be such that the reaction rate decreases with an increasing oxygen coverage due 

to an increased chemisorption enthalpy and the relation between the reaction 
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rate and the oxygen platinum bond strength has to be situated on the right-hand 

side of a "vulcano plot". In case of the oxidation of methyl a-D-glucoside the first 

condition is fulfilled because the oxygen partial pressure was 1.0 lcf Pa during 

the oxidation, corresponding to an oxygen surface coverage of more than 0.5. 
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Figure 4.19 Turnover frequency versus the average platinum particle 
diameter. o: platinum supported on activated carbon, .c.: platinum 
supported on graphite. Reaction conditions: T=323 K, pH=7.0, 
CMas0 =500 mol m·3, p02=11W Pa. 
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4.6 Conclusions 

The combination of surface-sensitive techniques, especially those performed in 
situ, in conjunction with the examination of the reaction rates has provided a 

better insight in the deactivation mechanism of platinum supported on carbon 

during the oxidation of methyl a-D-glucoside. 

A distinction has to be made between the reversible deactivation, occurring on 
the time scale of 10 ks and the irreversible deactivation, occurring on the time 

scale of 100 ks. 

After the establishment of the surface coverages with oxygen and methyl a-D

glucoside, on the time scale of the reaction, the oxygen surface coverage 
increases further. This increase of the oxygen coverage is not attributed to the 
formation of platinum oxide, but by further chernisorption. The resulting 

decrease of the surface coverage with methyl a-D-glucoside explains the observed 

decrease of the reaction rate. 
The irreversible deactivation is caused by the dissolution and redeposition of 
platinum. This process involves the preferential dissolution of small platinum 

particles and leads to a catalyst with larger platinum particles. 

The oxidation of methyl a-D-glucoside over freshly reduced supported platinum 

can be classified as a structure-sensitive reaction, although the structure 

sensitivity is not very pronounced. 
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5 PROCESS DESIGN 

5.1 Introduction 

As was mentioned in Chapter 1, l-a-methyl a-D-glucuronide is a precursor for 
several interesting industrial products. However, the platinum catalyzed oxidation 

of carbohydrates is not performed on a commercial basis. 

This chapter deals with the design of a reactor for the production of sodium l-a

methyl a-D-glucuronate on industrial scale. The design is based on the kinetics 
described in Chapter 3. A computer program has been developed to model a 
continuous three phase agitated tank reactor (Roosenboom, 1991). 

5.2 Process description 

The simplified process flow sheet is shown in Figure 5.1. The reactions 

considered are given in Figure 5.2. 

Raw material costs represent a substantial part of the production costs for 

sodium l-a-methyl a-D-glucuronate (de Bruijn et al., 1990). It is important 

therefore, to perform the reaction with a high selectivity. The oxidation of 

methyl a-D-glucoside is accompanied by the consecutive oxidation of the 
secondary alcohol groups. These reactions can be avoided by maintaining a low 

conversion, cf. Figure 3.4. Hence, the reactor is operated at a low single pass 

conversion and recycling methyl a-D-glucoside is necessary. If the conversion is 

kept below 10%, a selectivity of at least 95% can be obtained. The selective 
separation of the product sodium l-a-methyl a-D-glucuronate from the effluent 

stream is possible by ion exchange on a strong alkaline ion exchanger 

(Groenland et al., 1991). Sodium l-a-methyl a-D-glucuronate formed in the 
reactor is exchanged by hydroxide ions on the ion-exchanger, cf. Figure 5.2. At 
steady-state conditions no supply of sodium hydroxide in the feed is required. 

The ion exchangers are operated swingwise. One ion-exchange column is 
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operating in the recycle stream, while the other is being stripped and 
reconditioned. Stripping of the ion exchanger with either hydrochloric acid or 
sodium chloride yields l-a-methyl a-D-glucuronide or sodium l-a-methyl a:-D
glucuronate and the byproducts. The purification of the final product will not be 

discussed. Rather, it is assumed that the reaction proceeds with a 100% 
selectivity and that complete ion-exchange of l-a-methyl cx-D-glucuronate occurs. 
The ion exchange has to be performed at a temperature below 300 K, to avoid 
degradation of the resin. Therefore, two heat exchangers have to be installed 
between the reactor and the ion exchanger, one to cool the effluent stream 

upstream of the ion exchanger and the other to heat the recycle stream. The 
design of the heat exchangers will not be considered. 
During the reaction the catalyst is deactivating, as described in Chapter 4. In 
order to maintain a constant production rate, the catalyst has to be recycled 
continuously. Catalyst regeneration is performed by hydrogen before filtering and 

recirculation. No hydrogenation of the product occurs if the time of regeneration 
is short. 

methyl glucoside 

r-----------
1 

I 
I 
I 
I 
I 
I 
I 
I 

l 
I 

air : 
I 

1 HCI 

2 NaOH 

lE lE 

1 methyl glucuronide 

2 NaCI 

Figure 5.1 Simplified process flow sheet. HE: heat exchanger, IE: ion exchanger. 
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reactor: RCH20H + 0 2 + NaOH -+ RCOONa + 2H20 

ion exchanger: R'N+oH· + RCOONa -+ R'N+Rcoo· + 
NaOH 

1 stripping: R'N+Rcoo· + HCl -+ R'N+cl- + RCOOH 

2 reconditioning: R'N+CI- + NaOH ~ R'N+oa + NaCl ....-

RCH20H + 0 2 + NaOH + -+ RCOOH + 2H20 + 
HCl NaCl 

Figure 5.2 Oxidation of methyl a-D-glucoside to sodium 1-o-methyl a-D

glucuronate, the exchange of the latter with hydroxide ions on the ion 
exchanger, subsequent stripping and reconditioning of the ion-exchanger. 

5.3 Design equations 

The reactor equations derived are based on the following assumptions 
(Roosenboom, 1991): 

- Both the gas and the liquid phase are ideally mixed 

- The catalyst is suspended homogeneously throughout the liquid phase 

- The ideal gas law can be applied 
- Changes of the liquid volume owing to the reaction or to temperature 

differences are neglible 
- The effectiveness factor of the catalyst powder is 1. This is verified with 

equation Al.11, as was shown in the appendix of Chapter 3. 
- The solutes are not volatile 

- Only transfer limitations for oxygen are considered. This is verified on an 

analogous way as shown in appendix of Chapter 3. 

93 

- No oxygen transfer limitations occurs at the gas side of the gas/liquid interface 
- The liquid feed flow contains no dissolved oxygen. 
- The gas feed contains 20% oxygen, 80% nitrogen and no water vapour 

- Methyl a-D-glucoside and sodium 1-0-methyl o:-o-glucuronate have similar 
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physical properties. 
- No accumulation of reactants and products occurs in the reactor 
- The catalyst deactivation is negligible. This is allowed for the specified short 

catalyst residence time. 
- The reactor is operated adiabatically 

Rate equation 
The reactor design is based on the reaction rate equation as derived in Chapter 

3: 

whereby: 

The Arrhenius and van 't Hoff parameters are reported in Table 3.8. 

Mass balance equations 

The mass balance equations for oxygen are given by: 
gas phase: 

· o Po 
F0 -F -k a V ( 2 -C ) • 0 ,02 G,02 L,02 GL L H L,02 

Oz 

5.1 

5.2 

5.3 
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liquid phase: 

5.4 

solid phase: 

5.5 

The correlations which are used to calculate the mass transfer coefficients for 
oxygen in the above equations are given the appendix Al. 

The mass balance equation for methyl a-D-glucoside is given by: 

5.6 

The mass balance equation for sodium 1-o-methyl a-D-glucuronate is given by: 

5.7 

The mass balance equation for water is given by: 

5.8 

Because the transfer of water from the liquid to the gas phase is different from 
the one outlined in the appendix of Chapter 3, the saturation of the gas phase 

with water is checked in appendix A2. 

The mass balance equation for sodium hydroxide is not required due to ideal ion 
exchange. 
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Besides the mass balances the following equations are used: 

the conversion: 

X • F L,NaMGD • C L,NaMGD 

0 0 
F L,MGSD c L,MGSD 

5.9 

the volumetric liquid flow rate: 

5.10 

the volumetric gas flow rate: 

5.11 

the total pressure: 

5.12 
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Enthalpy balance 

The enthalpy balance over the reactor is given by: 

The first summation is over the components in the liquid feed, methyl a-D
glucoside and water, the second summation over the components in the gas 

phase, oxygen, nitrogen and water. Pdis is the total energy dissipation by the 

impeller. 

5.4 Reactor design 

97 

5.13 

Important process variables, such as the oxygen partial pressure, the methyl a-D

glucoside concentration in the feed, pH and temperature are determined by the 
maximization of the turnover number of the catalyst. The latter is defined as the 

moles of methyl a-D-glucoside converted per mole of exposed platinum during 

the residence of the catalyst in the reactor. A commercial 5.0 wt% platinum 

supported on carbon is used as catalyst. This allows for the kinetic results of 
Chapter 3 the and the results on the catalyst deactivation of Chapter 4 to be 

used. 
Figure 3.5 shows that a maximum reaction rate is obtained at an oxygen partial 

pressure of 1.0 104 Pa, corresponding to an oxygen concentration in the liquid 
phase of 0.1 mol m·3• At lower oxygen partial pressures the reaction rate rapidly 

decreases. Hence, an oxygen concentration of 0.1 mol m·3 at the external surface 

of the catalyst pellet is chosen. 

Extrapolation of the data from Figure 3.6 shows a maximum reaction rate at a 
methyl a-D-glucoside concentration of 1000 mol m·3• Higher methyl a-D
glucoside concentrations, moreover, will result in too high a viscosity of the feed. 
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According to Figure 3.9 a higher pH will result in a higher reaction rate, but also 
in a faster catalyst deactivation, cf. Figure 4.6. Therefore a pH of 7 ~as chosen. 
The feed flow rate of methyl a-D-glucoside is determined by the required annual 

production of 1-o-methyl a-D-glucuronide and the conversion per pass. For 
reasons discussed above, the reactor design was based on a conversion of 10% 
per pass. The reactor is designed for a production capacity of 5000 ton 1-o
methyl a-D-glucuronide per year. If 8000 production hours per year are assumed, 

the feed flow rate of methyl a-D-glucoside amounts to 8.7 mol s-1
• A conversion 

of 10% corresponds with a methyl a-D-glucoside concentration of 900 mol m-3 

and a sodium 1-o-methyl a-D-glucuronate concentration of 100 mol m·3• 

In order to maintain a high production rate, the catalyst residence time has to be 

short. Figure 4.6 shows that, at an oxygen partial pressure of 1.0 Hf Pa, an 
average reaction rate of 90% of the initial reaction rate is obtained for a catalyst 
residence time of 1000 s. The mean residence time is given by: 

The volumetric flow rate of the feed is equal to pO L,Masn/CO L,Masn which 
amounts to 8.7 10-3 m3 s-1• If a catalyst residence time of 1000 s is chosen, a 

liquid volume of 8.7 m3 is obtained. 

5.14 

According to the mass balance for sodium 1-o-methyl a-D·glucuronate, equation 

5.7, the production rate, R0wCcatVL, is equal the flow rate of sodium 1-o-methyl 
a-D-glucuronate of 0.87 mol s-1

• If a catalyst concentration of 10 kg m-3 is chosen, 
a reaction rate of 0.01 mol s-1 kg-teat follows. According to the reaction rate 
equation 5.1, this reaction rate is obtained at a reactor temperature of 327 K. 
Although higher catalyst concentrations corresponds to lower reaction 
temperatures, too high a catalyst recycle stream is required. 

The reactor is operated adiabatically. Hence, the inlet temperature of the feed 
flow is obtained from the enthalpy balance equation 5.14. A first estimate of this 

temperature is given by TR·t:.Tad• where 

5.15 
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The adiabatic temperature increase calculated with equation 5.15 amounts to 12 

K, if the standard reaction enthalpy is assumed to be equal to that of the 

oxidation of ethanol to sodium acetate, i.e. -550 kJ mol-1. 

A standard tank configuration was chosen which implies that the reactor 

diameter is equal to the liquid height and a Rushton impeller with a diameter of 

1/3 of the reactor diameter (Trambouze, 1988). The liquid volume is realized by 

a reactor diameter of 2.23 m and a liquid height of 2.23 m. The stirrer speed is 

set on 2.3 s·• which is higher than the minimum speed necessary to keep the 
catalyst in suspension (Zwietering, 1958; Chapman et al., 1983). A verification 

afterwards has to be done to see wether an increase of the stirrer speed results 

in a better oxygen transfer from the gas to the liquid phase. Table 5.1 lists all 

design specifications which are fixed so far. Two process variables still have to be 
determined; the oxygen feed flow rate and the total pressure. Compressed air 

rather than pure oxygen will be used to reduce the costs and to avoid safety 

problems related to handling of oxygen. 

Table 5.1 Design specifications 

C5,02 (mol m·3) 0.1 VL (mJ) 8.7 

COL,MGSD (mol m·3) 1000 ccat (kg m·3) 10 

CL,MGSD (mol m·3) 900 R0w (mol s·1 kg"1ca1) 0.01 

CL.NaMGD (mol m"3) 100 TR (K) 327 

pH 7 ~L(K) 315 

X 10% DR(m) 2.23 

pOMGSD (mol s·l) 8.7 HL (m) 2.23 

FNaMGD (mol s·l) 0.87 Nmin (s-1) 2.3 

r cat (s) 1000 

The mass balance equations still contain 9 unknown variables. Besides the two 

process variables, the oxygen feed flow rate, p0 G,02, and the total pressure, P, 
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also FL,MGSD• Fo,o2• FL,02• P02• CL,02• Fo,H20• FL,H2o are unknown. 
There are only 8 equations; the mass balance for methyl a-D-glucoside, three 

mass balances for oxygen, the mass balance for water, two equations for the 

volumetric flow rate and the equation for the total pressure. Hence, either the 

oxygen feed flow rate or the total pressure has to be chosen. 

The effect of the oxygen feed flow rate at two total pressure levels on the oxygen 

concentration at the external surface of the catalyst pellet is shown in Figure 5.3. 

A total pressure of 4.0 tOS Pa was chosen corresponding with a oxygen feed flow 

rate of 2.5 mol s·1. 
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Figure 5.3 The oxygen concentration at the external surface of the 
catalyst pellet versus the oxygen inlet flow. Full line: at a total pressure of 
4.0 l(f Pa, dashed line: At a total pressure of 1.0 lef Pa. 

The mass balances form a set of non-lineair equations which is solved by means 

of a Newton-Raphson algorithm. Then, the enthalpy balance is solved in order to 

obtain the required temperature of the feed flow. The computer program was 

further used to verify that the design specifications are met. An increase of the 

stirrer speed did not improve the oxygen transfer from the gas to the liquid 

phase significantly. Hence, the stirrer speed is set to the minimum speed of 2.3 s· 
1 
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The gas flow rate of water from the reactor amounts to 0.45 mol s-1 which is 

smaller than the production rate of water of 1.74 mol s-1. Hence, 1.29 mol s-1 

water has to be withdrawn during stripping of the ion-exchanger. 

Table 5.2 shows the remaining output data of the reactor modelling. The oxygen 

concentration at the liquid side of the gas/liquid interface amounts to 0.48 mol 

m-3
, while the bulk concentration of oxygen amounts to 0.12 mol m-3

• Hence, the 

largest resistance to the transfer of oxygen is at the gas/liquid interface. 

A gas-holdup of 0.1, a kLaGL for oxygen of 0.28 s-I, a k5aLS for oxygen of 4.9 s-1 

and a superficial gas velocity of 0.02 m s-1 are typical values for industrial slurry 

reactors (Trambouze, 1988). 

Table 5.2 Process variables satisfaying the design equations (5.3, 5.4, 5.5, 5.6, 5.8, 5.10, 5.11 and 

5.12) and specifications. 

FL,MGSD (mol s-1) 7.8 FG,H20 (mol s-1) 0.45 

pO G,o2 (mol s-1) 2.5 FL,H20 (mol s-1) 420 

FG,o2 (mol s-1) 1.6 P02 (Pa) 0.54 10S 

FL,o2 (mol s-1) 9 10-3 CL 02 (mol m-3
) 0.12 
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Al Mass transfer of oxygen 

Gas/liquid oxygen transfer 

The following correlation was used to calculate the gas/liquid mass transfer 

coefficient for oxygen (van Dierendonck, 1970): 

Al.! 

N0 is the rotation speed at which the dispersion of the gas into the liquid starts. 
k0 L is given by: 

[

D v ]os 
kf-1.13 ;~ b 

whereby: 

The velocity of a single gas bubble, vb, is given by: 

2 
1 1::. P GLgdb 

V •-----
b 18 p. L 

A1.2 

A1.3 

A1.4 
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[ 
2 2]0.33 1 npoUJ 

V --
b 4 p LIJ. L 

if 30 < Reb < 1000 

[ 

d ]0.5 
vb- 1.76 n P ::g b if Reb > 1000 

whereby: 

The stirrer rotation speed N0 is given by the following correlation (van 

Dierendonck et al., 1968): 

The gas/liquid interfacial area is given by (van Dierendonck et al., 1968): 

whereby: 

if e0 < 0.3 and u0 <0.03 m s-1 

103 

A1.5 

A1.6 

A1.7 

A1.8 

A1.9 

Al.lO 
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The gas bubble diameter is given by (van Dierendonck et al., 1968): 

d
2 

g [ H (N-N )D. l-2 

b P L • 1.2 + 260 ,.., L 0 1mp 

aL aL 

liquid/solid oxygen transfer 

The liquid/solid mass transfer coefficient is calculated with the following 

correlation (Sano et al., 1975): 

chapter 5 

A1.11 

A1.12 

with 'Pc the Carman factor which is 1 for spherical particles. Re and Se are given 

in the appendix of Chapter 3. 

The liquid/solid interfacial area is given by: 

A1.13 
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A2 Assessment of transfer limitations for water 

To verify whether the assumption of neglecting mass transfer limitations for 
water to the gas phase is valid, the degree of water saturation in the gas phase is 
determined. 
The water vapour pressure is calculated from: 

--0 
Pnp- rG,HpPHp A2.1 

To determine the degree of water saturation in the gas phase the transfer of 
water from the liquid phase to the gas bubbles is explicitly considered. For a 
single gas bubble the degree of saturation, according to is given by: 

r _ 1_6exp(-1r 2Fo) 
G.H,P 2 .,. A2.2 

if 

4D t 
Fo- Hp > 0.1 A2.3 

d2 

whereby d is the gas bubble diameter. 
The time averaged degree of saturation for water becomes: 

A2.4 

where E0 is the residence time distribution and r 0 the mean residence time of 
the gas. Substitution of equation A2.2 in equation A2.4 and subsequent 
integration gives: 

A2.5 
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The output of the reactor modelling indeed showed a degree of water saturation 

in the gas phase of 1 as calculated by equation A2.5. 
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NOTATION 

Ccat 

CMGSD 

Cou· 

CRCH20H 

cP 
D 

De 
d 

d 

E 

E 

E 

F 

Fv 
FE 
Go 

g 

H 
Ho 

I 

IxPS 

lo 
jD 
jH 
k 

kL 

preexponential factor, k&at moi·1 s·1 

preexponential factor of the reaction rate coefficient, m2 s·1 

gas liquid interfacial area per volume, m·1 

liquid solid interfacial area per volume, m·1 

vector of parameter estimates 

Biot number, o:d.x-1 

concentration of catalyst, kg m·3 

concentration of methyl aDd-glucoside, mol m·3 

concentration of hydroxyl ions, mol m·3 

concentration of methyl a-D-glucoside, mol m·3 

specific heat at constant pressure, J kg·1 K-1 

molecular diffusivity, m2 s·1 

effective diffusivity, Der·I, m2 s·1 

diameter, m 

interspatial distance, m 

potential, V 

activation energy, kJ moi·1 

residence time distribution 

molar flow, mol s·1 

volumetric flow rate, m3 s·1 

fraction of atoms exposed 

standard Gibbs free energy, J mol"1 

acceleration of gravity, 9.8 m s·2 

Henry's law coefficient, Pa m3 mol·1 

standard enthalpy, J mol·1 

electric current, A 

photoelectric signal, a.u. 

photoelectric signal before attenuation, a.u. 

Chilton-Colbum j factor for heat transfer 

Chilton-Colburn j factor for mass transfer 

reaction rate coefficient, k&at mot·1 s·1 or k&at m3 mol·2 s·1 

mass transfer coefficient from interface to liquid bulk, m s·1 



ks mass transfer coefficient between liquid and external catalyst surface, 
m s·1 

K equilibrium adsorption coefficient, equilibrium rate coefficient, Pa·1 

or m3 mol"1 

Ka equilibrium dissociation coefficient of methyl a-D-glucoside, m3 mol"1 

Kw equilibrium dissociation coefficient of water, m6 mol"2 

L 1 surface concentration of active sites, mol kg"1cat 

N stirrer revolution speed, s·1 

NP power number 
n number of experiments 

n number of moles 
n number of platinum layers 
ne number of carbon atoms in a molecule 
ni number of particles with diameter di 
Nu Nusselt number, adA -t 

p number of parameters 
p02 oxygen partial pressure, Pa 
p partial pressure, Pa 

P total pressure, Pa 

Pdis dispersed energy, W 

Pr Prandtl number, p.CPA-t 

Q heat, J mol"1 

R gas coefficient, 8.3 J moi·1 K-1 

R reaction rate, mol s·1 

Rw specific production rate, mol kg"1 
cat s·1 

r reaction rate, mol kg·1 
cat s·1 

S selectivity 
S0 standard entropy, J mol'1 K 1 

S(b) objective function, mol (kg cat)·1 s·1 

s estimate of the standard deviation 
s(b1) standard deviation on parameter estimate bi 
Se Schmidt number, p.p"1D·1 

Sh Sherwood number, k5dD"1 

T temperature, K 
Tm mean temperature, K 
TOF turnover frequency, s·1 

t time, s 
u superficial velocity, m s·1 

V volume, m3 



W catalyst mass, kg 

X conversion 

* active site 

Greek symbols 

a change of having rejected a correct hypothesis 
a heat transfer coefficient, J m·2 s·1 K"1 

r saturation degree 

€ catalyst porosity 
€ 0 gas-holdup 

11 effectiveness factor 

o degree of surface coverage 

o emission angle, rad 

A inelastic mean free path of photoelectrons, m 
A thermal conductivity, W m·1 K"1 

J.l. dynamic viscosity, kg m·1 s·1 

v stoichiometric coefficient 
p density, kg m·3 

aL surface tension of liquid, N m·1 

a stoichiometric number 

r tortuosity factor 
r mean residence time 

+ Thiele modulus for first-order irreversible reactions 

rpc Carman factor 

Subscripts 
0 at reactor inlet 

a adsorption 
ad adiabatic 
aq aqueous 
cat catalyst 
env environment 
G gas 
I stirrer 



I 

ion 

j 
L 

m 

MGSD 

NaMGD 

p 
R 
r 

rds 

RCH20H 
s 
s 
sol 

sub 
sup 

w 

Superscript 
0 
a pp 

# 
A 

irreversible 

step number 

ionization 

experiment number 

liquid 

mean 

methyl a-D-glucoside 

sodium methyl a-D-glucuronate 

particle 
reversible 

reaction 

rate-determining step 

methyl a-D-glucoside 

solid 

surface 

solubility 

sublimation 
superficial 

catalyst 

initial, standard 

apparent 
interfacial 

reparametrized 

activation 

calculated 
average 
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