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Abstract

The Pt-catalysed oxidation of the alcohol methylα-D-glucopyranoside to 1-O-methylα-D-glucuronic acid has been studied under vary
pH conditions. Two types of catalysts with different metal dispersion are used, that is, Pt on active carbon support and Pt on graphi
The pH of the reaction medium is varied between 6 and 10. The initial reaction rate increases with an increase in pH, and so do
of catalyst deactivation, because of overoxidation, for both catalysts. Thecarbon-supported Pt catalyst gives higher initial reaction rate
compared with the graphite-supported Pt catalyst.

A dynamic, pH-dependent, electrochemical kinetic model is presented based on a detailed investigation of the mechanism
oxidation. The model adequately describes the observed pH effect byconsidering the alcohol dehydrogenation occurring in two para
reaction steps, one playing a role under acidic conditions, which is independent of the hydroxyl concentration, and a second one playing
role under alkaline conditions, which is linearly dependent onthe hydroxyl concentration.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Traditionally, because of fast production demands
one-pot operation, synthesis routes of fine chemical
pharmaceutical compounds have been based on alcoho
idation with stoichiometric quantities of inorganic oxidan
This oxidation process suffers from low atom efficiency a
high toxic waste production[1]. Alcohol oxidation by en-
zymes is practiced as an environmentally friendlier al
native; however, product separation and waste produc
remain a problem. Homogeneous catalysis is an efficien
ternative; however, catalyst recovery, reactant recycling,
reactor corrosion limit its utilisation on an industrial scale
A recent review of Mallat and Baiker[2] gives an extensive
survey of “green” methods for heterogeneously cataly
alcohol oxidation. Noble metal-catalysed alcohol oxidat
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doi:10.1016/j.jcat.2004.11.021
-

with cheap oxidants such as air or molecular oxygen
clean and elegant alternative with mild reaction conditio
with which high selectivities can be obtained[3–5].

Generally, aqueous alcohol oxidation is carried out i
weakly acidic or alkaline medium (pH 6–11). The influen
of pH on alcohol oxidation is complex and difficult to stud
as the pH can influence the reaction in several direct and
indirect ways[4]. Multiple influences of pH have been r
ported. First, with an increase in pH, the rate of oxidation
creases in an alkaline medium[6–9]. Second, the selectivit
towards the aldehyde intermediate decreases with increa
pH [10,11]. Third, at low pH (< 6), product adsorption to th
catalyst strongly inhibits the reaction[12]. Finally, at high
pH (> 11), the formation of by-products or leaching of t
catalyst inhibits the reaction[13,14]. However, in the cas
of alcohols with low acidity (high pKa value) and strong re
ducing ability, the pH has no influence on the oxidation r
[14–16]. Vleeming et al. showed that with Pt on graph
catalyst, the rate of initial oxidation decreases with an
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crease in pH from 8 to 10[11]. However, in an earlier stud
with Pt on carbon catalyst, a linear increase of the rat
pH > 8.5 was reported[8]. These seemingly contradicto
findings may be due to the multiple influences of pH,
the interaction of the catalyst support with adsorbed reacta
alcohol and/or oxygen species, the concentration of inter
diate aldehyde and (side) products, and catalyst deactivatio
due to overoxidation.

Several types of catalyst deactivation mechanisms
been identified, such as overoxidation (corrosion), deca
bonylation (CO formation), aldol condensation (polymeri
tion or coking), crystalline growth (Ostwald ripening), a
metal dissolution (leaching)[17]. These deactivation mech
anisms lead to a decrease in the active metal surface are
hence to a decrease in the reaction rate.

In electrochemistry research, reactions are carried
without oxidising agents like oxygen but with electrode p
tentials. At low potential (< 0.4 V RHE) in acidic or neutra
medium, CO poisoning is the main cause of catalyst de
vation[18,19]. However, most of the experimental eviden
on CO poisoning is obtained from methanol oxidation
periments[20,21]. The formation of adsorbed CO can
reduced or avoided with an increase in the pH of the s
tion or by promoting electrode potential (> 0.7 V RHE) or
with electrodes of heavy metals, such as Bi, Pb, etc.[20,22].

In gas–solid catalysis, extensive work has been don
the decomposition pathways of alcohols and aldehyde
single crystal metal surfaces[23]. A fundamental surfac
science study on a Pd metal surface under ultrahigh
uum (UHV) conditions has demonstrated that on a cl
or oxygen-free Pd surface, decarbonylation is inevita
whereas oxygen-covered surfaces suppress decarbony
reactions[24].

There is hardly any evidence of CO formation under n
mal conditions of liquid-phaseheterogeneous alcohol ox
dation. CO formation has been observed only under oxy
mass transport limited conditions, for certain compou
like aromatic alcohols and aldehydes[25]. In the absence
of oxygen mass transport limitations, the study of Abbad
al. on the influence of pH on Pt-catalysed D-glucose ox
tion revealed that the “free” form of the product, D-gluco
acid, and not CO is the main poisoning species in an acid
medium[12]. In weakly alkaline or acidic medium under k
netic limited conditions, overoxidation has been observe
be the main cause of catalyst deactivation[26–29].

The present work focuses on the Pt-catalysed oxida
of a primary polyol underoxygen-rich conditions (> 0.7 V
RHE), in which CO formation or deposition of carbonace
species is unlikely[30]. Furthermore, for the investigate
pH range, it is unlikely that the aldol reaction would res
in a high-molecular-weight by-product[8,28]. Hence, these
types of catalyst deactivation are excluded from the prese
kinetic model. In addition, long-term catalyst deactivatio
by coking, attrition, crystalline growth, and leaching is n
subject of this study, and care has been taken to avoid t
types of deactivation. It was verified through intermedi
d

n

e

catalyst reactivation that overoxidation was the main ca
of the catalyst deactivation.

In the literature some efforts have been made to m
the possible effects of pH on alcohol oxidation. Schuurm
et al. performed initial rate kinetic modelling by cons
ering two reaction paths; the first involved adsorbed alco
hol dominating at low pH, and the second involved alco
anion dominating at high pH[8]. In previous work, an
other approach was shown in electrochemical kinetic m
elling through oxygen and oxide reduction,which are proton
concentration-dependentsteps[31,32]. However, these mod
els are inadequate for describing the effects of pH associate
with catalyst deactivation due to overoxidation.

The goal of this work is to develop a dynamic ele
trochemical kinetic model that quantitatively describes
observed reaction rates and the catalyst deactivation
to overoxidation. In addition, the model provides a be
understanding of the effect of catalyst support and ac
metal dispersion in relation to catalyst deactivation. Exp
iments are performed at pH values between 6 and 10,
carbon- and graphite-supported Pt catalyst, for methylα-D-
glucopyranoside (MGP) oxidation as a test reaction.

2. Mechanistic steps of alcohol oxidation

It is generally accepted, in both heterogeneous ca
sis and electrochemistry, that liquid-phase alcohol oxida
on noble metal catalysts takes place via a dehydrogen
mechanism followed by the oxidation of the adsorbed
drogen atom with dissociatively adsorbed oxygen[5–7,15,
33–36]. Alternative mechanisms, such as direct involvemen
of the oxidising species in the rate-determining step of de
drogenation[8,16,17,26,37,38]and, more recently, oxygen
assisted dehydrogenation mechanisms[25] have also bee
proposed. However, the exact reaction sequence thr
which the dehydrogenation mechanism occurs is still un
dispute[39], because of the complex nature of the adsor
species on the metal surface, such as the origin of adso
oxygen species, O2 or OH− or H2O, or the type of adsorbe
reactant alcohol, RCH2OH or RCH2O− or RCH2O. The na-
ture of the adsorbed species mainly depends on the pH o
reaction medium, the concentration of the oxidising ag
and the acidity of the catalyst.

Several possible reaction sequences describing the g
reaction of alcohol oxidation with oxygen on Pt cataly
by different adsorption and surface reaction steps have
considered in the literature. Excluding formation of CO a
carbonaceous deposits, three steps (in any order) ca
identified as important ones:

1. Oxygen adsorption and reduction.
2. Alcohol/aldehyde dehydrogenation.
3. Platinum oxide formation that is, overoxidation or c

rosion (deactivation) and reduction (reactivation).
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2.1. Oxygen adsorption and reduction

One of the most essential functions of the catalyst is
activation of oxygen. The way in which oxygen becom
activated is a crucial problem in oxidation catalysis[40].
Generally speaking, oxygen activation is assumed to o
by its adsorption. Oxygen may adsorb to metal surfaces

1. Weakly adsorbed molecular oxygen.
2. Chemisorbed atomic oxygen.
3. Oxygen atoms penetrating the most external layer

metal crystals, thus forming “subsurface” oxygen.

The kind of metal oxygen bond depends on the purity
the metal surfaces, temperature, and the crystal face b
studied. At platinum (111), molecular adsorption of oxyg
is predominant below 120 K and exhibits a desorption p
at 150 K,

O2 + ∗ � O2∗, (1)

O2 + e− + ∗ � O2
−∗, (2)

where∗ is the free adsorption site.
In the case of silica-supported and presumably finely

vided platinum, O2− species were identified by electron sp
resonance (EPR) measurements at ambient temperatur−
species were also present[40]. Electron transfer from the
metal to oxygen results in a positive potential of the me
up to 1.5 V RHE[41]. Molecularly adsorbed oxygen play
the role of precursor to adsorbed atomic oxygen:

O2∗ + ∗ � 2O∗, (3)

O2
−∗ + e− + ∗ � 2O−∗. (4)

Atomic oxygen at the surface of Pt is the predominant fo
of adsorbed oxygen within the temperature range of 1
500 K. Further heating of platinum in oxygen above 500
results in the formation of “subsurface” oxide, which d
composes at 1250 K[42]. Direct proof of the penetration b
oxygen of the near-surface layer of the solid was obtai
for Pt(111) by ion scattering[40].

According to electrochemistry research of corrosio
processes, the oxygen reduction reaction is a multi
process involving four electron transfers during which bo
are broken and formed, with important involvement of
surrounding water molecules[43]:

O2∗ + 2H2O + 4e− → 4OH− + ∗, alkaline medium, (5)

O2∗ + 4H+ + 4e− → H2O2∗ + 2H+ + 2e−
→ 2H2O + ∗, acidic medium. (6)

Bockris and coworkers[44] have proposed that the adsor
tion of oxygen atoms arises from an equilibrium of the wa
discharge reaction with the Pt surface in acidic mediu
which usually occurs at 0.6–0.8 V RHE:

H2O + ∗ → O∗ + 2H+ + 2e−, (7)
whereas in alkaline medium, adsorption of OH− species is
taking place:

OH− + ∗ → O∗ + H+ + 2e−. (8)

Recently, Harting and Koper[45] proposed in their theoret
cal study that the rate-determining step in oxygen adsorp
is molecular electrosorption, in which one electron is ac
cepted from the metal, as shown in Eq.(2). Depending on
the acidity of the solution, this electron transfer is accomp
nied or followed by a proton transfer to the oxygen, lead
to a precursor for hydrogen peroxide formation:

O2 + H+ + e− + ∗ → HO2∗. (9)

In liquid-phase heterogeneous catalysis, which is norm
carried out at 293–353 K, it is assumed that oxygen ads
tion on Pt occurs via dissociative chemisorption, which ma
be either reversible[8,28](Eq.(3)) or irreversible[16,31], as
follows:

O2 + 2∗ → 2O∗. (10)

It can be seen that oxygen adsorption on the metal cat
can be described by different steps, depending on the
perature, the electrochemical potential, and the pH of th
reaction medium.

2.2. Alcohol/aldehyde dehydrogenation

A number of different ways to describe the surface che
istry of the oxidative dehydrogenation mechanism have b
proposed[4]. In a pure dehydrogenation mechanism,
rate-determining step is considered to be dehydrogenati
alcohol to the intermediate aldehyde, followed by aldeh
hydration and dehydrogenation to the acid:

RCH2OH∗ + 2∗ � RCHO∗ + 2H∗, (11)

RCHO∗ + H2O � RCH(OH)2∗, (12)

RCH(OH)2∗ + 2∗� RCOOH∗ + 2H∗. (13)

This is in agreement with the observed high rate of aldeh
oxidation in cases where the hydration equilibrium is shifted
towards the geminal glycol form and the hydration is ca
ysed by bases[3,6]. If the glycol formation is negligible, the
aldehyde-to-acid transformation is an oxidation reaction. I
has also been observed that the oxidation rate for alde
increases with increasing pH[11]. Because of their highe
nucleophilic property, at highpH, hydroxyl ions rather than
water are involved in aldehyde dehydrogenation[38]:

RCHO∗ + OH− → RCOOH∗ + H+ + 2e−. (14)

Dijkgraaf et al. have proposed that the dehydrogenatio
alcohol starts with proton abstraction, followed by hydr
transfer from the carbon atom towards the noble metal
face[26]:

RCH2OH∗ + OH− � RCH2O−∗ + H2O, (15)

RCH2O−∗ + ∗ → RCHO∗ + H−∗. (16)
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The validity of this step has been disputed, as deprot
tion of a very weak acid, such as sugar alcohols, in we
alkaline medium is rather difficult[46]. Another possibility
for this step is hydrogen abstraction from the adsorbed a
hol molecule in two successive steps, assuming that the
bond is broken first, forming surface alkoxides[8,15]:

RCH2OH∗ + ∗ � RCH2O∗ + H∗, (17)

RCH2O∗ + ∗ → RCHO∗ + H∗. (18)

Recently, Markusse et al. have proposed in their kinetic s
ies that at high catalyst potentials, the alcohol and aldeh
dehydrogenation steps can be described as irreversible
are accompanied by the production of electrons and
tons[31]:

RCH2OH∗ → RCHO∗ + 2H+ + 2e−, (19)

RCHO∗ + H2O → RCOOH∗ + 2H+ + 2e−. (20)

In electrochemistry, depending on the pH of the medium,
following methanol dehydrogenation steps have been
posed[20]:

• in acidic medium:

CH3OH∗ → CH3O∗ + H+ + e−, (21)

CH3O∗ → CH2O∗ + H+ + e−; (22)

• in alkaline medium:

CH3OH∗ + OH− → CH3O∗ + H2O + e−, (23)

CH3O∗ + OH− → CH2O∗ + H2O + e−. (24)

It can be seen that the pH plays a crucial role in the a
hol/aldehyde dehydrogenation step.

2.3. Platinum oxide formation and reduction

It emerges from the dehydrogenation mechanism of a
hol oxidation that the reaction proceeds on free noble m
sites. There is no significantcatalyst deactivation while th
reactor is operated in a transport-limited regime; that is, the
oxygen supply is the rate-determining step and there are
active metal sites present. In batchwise operation, the
ation changes after a certain conversion: the surface c
ical reaction becomes the rate-determining step becau
the lower liquid reactant concentration. This means that th
rate of oxygen supply to the catalyst surface is higher t
its consumption, which causes successive oxidation o
active metal sites, and the catalyst deactivates. This phe
nomenon is called overoxidation, which can be seen
der oxygen-rich conditions. According to Dijkgraaf et al.
adsorbed oxygen atoms on the platinum active metal
slowly penetrate the skin of the platinum metal (dermas
tion) and form a subsurface atom, leading to platinum ox
formation, which finally causes catalyst deactivation[26].
d

-
f

This was considered to be a purely chemical and rever
step[28,47]:

O∗ + ∗s � O∗s + (∗), (25)

where∗s denotes adsorption sites for the formation of
active platinum oxide (O∗s), and (∗) means free sites tha
are not available for further adsorption. The simplest wa
reduce or reactivate the catalyst is to replace oxygen with ni
trogen (inert gas), and then the alcohol reactant reduce
noble metal surface:

RCH2OH∗ + O∗s → RCHO∗ + H2O + ∗s. (26)

Markusse et al. have supported the above mecha
(Eq. (25)) but assumed that formation of the inactive o
ide is a purely chemical step, being irreversible, as obse
through cyclic voltammetry experiments, whereas reduc
of the oxide, an electrochemical step, depends on the ca
lyst potential[31]:

O∗s + H+ + 2e− + ∗ → OH− + ∗ + ∗s. (27)

In electrochemistry, oxide formation is considered a corro
sion phenomenon, and it has been proposed that the o
of the oxygen species responsible for the oxide formatio
water and not molecular oxygen, which has only one r
which is to increase the catalyst potential[44]. The corrosion
process occurs above a potential of 0.8 V RHE, for exam
in acidic medium:

H2O + ∗ → OH∗ + H+ + e−, (28)

whereas in alkaline medium, adsorption of OH− species is
taking place:

OH− + ∗ → OH∗ + e− (29)

followed by

OH∗ → O∗s + H+ + e−. (30)

It can be seen from this section that in heterogeneous cata
ysis, the oxide formation step has been considered t
pH independent. However, from electrochemistry, it can
concluded that with an increase in pH, the rate of c
alyst deactivation due to overoxidation or corrosion
creases.

3. Kinetic model

From the above discussions, it is clear that aqueous a
hol oxidation can be described through several mechani
which can lead to various kinetic models. It seems com
and difficult to arrive at a general mechanism that can
plain all of the phenomena. In recent work Gangwal et
have demonstrated the versatile nature of the previousl
veloped electrochemical kinetic model of Markusse et al. fo
alcohol oxidation and catalyst deactivation due to overoxida
tion [31,33]. However, this model is only suitable for mo
elling alcohol oxidation at pH 8. It is found that at pH 6, t
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Table 1
Reaction steps and rate equations for alcohol oxidation mechanism

Reaction step Rate equation

O2 + 2∗ → 2O∗ R1 = k1CO2Θ∗2 (I)
RCH2OH+ ∗ρ � RCH2OH∗ρ ΘRCH2OH = K2CRCH2OHΘ∗ρ (II)
RCHO+ ∗ρ � RCHO∗ρ ΘRCHO= K2aCRCHOΘ∗ρ (IIa)
RCH2OH∗ρ + ∗ → RCHO∗ρ +2H+ + 2e− + ∗ R3 = k3ΘRCH2OHΘ∗exp( EF

RT
) (III)

RCH2OH∗ρ + ∗ + OH− → RCHO∗ρ + H2O+ H+ + 2e− + ∗ R4 = k4ΘRCH2OHΘ∗COH exp( EF
RT

) (IV)
RCHO∗ρ + ∗ + H2O → RCOOH∗ρ + 2H+ + 2e− + ∗ R5 = k5ΘRCHOΘ∗ exp( EF

RT
) (V)

RCHO∗ρ + ∗ + OH− → RCOOH∗ρ + H+ + 2e− + ∗ R6 = k6ΘRCHOΘ∗COH exp( EF
RT

) (VI)
O∗ + H2O+ 2e− → 2OH− + ∗ R7 = k7Θo exp(−EF

RT
) (VII)

O∗ + ∗s → O∗s + ∗ R8 = k8Θo(1− Θox) (VIII)
OH− + ∗ → O∗s + H+ + 2e− R9 = k9COHΘ∗ exp( EF

RT
) (IX)

RCOOH+ ∗ρ � RCOOH∗ρ ΘRCOOH= K10CRCOOHΘ∗ρ (X)
O∗s + H2O+ 2e− + ∗ → 2OH− + ∗ + ∗s R11 = k11ΘoxΘ∗ exp(−EF

RT
) (XI)
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model predicts nearly 20 times higher oxidation rates t
experimentally observed, whereas at pH 10, the model
dicts nearly 20 times lower oxidation rates, compared w
pH 8. It is verified by the present experimental work that
model of Markusse et al. fails to describe, qualitatively a
quantitatively, the observed pH-dependent reaction rate

To describe the pH effect, the adopted kinetic mec
nism and the reaction rate equations are presented inTa-
ble 1. It is assumed that oxygen and the organic compou
(reactant alcohol and the reaction products) adsorb inde
dently. The oxygen adsorption step (I) is considered to
irreversible, as described in Eq.(10). The alcohol reactan
adsorption step (II), the intermediate adsorption step (
and the acid product adsorption step (X) are considere
be associative, as assumed by Markusse et al.[31].

The pH effect is assumed to occur through parallel
action steps: dehydrogenation of alcohol (III and IV), o
dation of aldehyde (V and VI), and platinum oxide form
tion (VIII and IX). Depending on the pH of the reactio
medium, acidic or alkaline, the rate-determining or do
nating reaction step will change. Under acidic conditio
step III is the rate-determining step for alcohol dehyd
genation, in accordance with Eqs.(19) and (21), whereas
under alkaline conditions, step (IV) is the dominating s
(Eq. (23)). For aldehyde oxidation,under acidic conditions
step V is the dominating step (Eq.(20)), whereas under alka
line conditions, step VI is the dominating step (Eq.(14)). It
is assumed that strongly adsorbed oxygen is responsibl
platinum oxide formation due to overoxidation or corrosio
no discrimination is made between adsorbed oxygen and
sorbed hydroxyl species. Underacidic conditions, step VIII
is the dominating oxide formation step, in accordance wit
Eq. (25), whereas under alkaline conditions, step IX is
dominating step (Eqs.(29) and (30)).

In the present model, the oxygen reduction (VII) and
ide reduction (XI) reaction steps are considered to be in
pendent of pH, in contrast to the model of Markusse et
which assumes proton concentration dependency[31]. The
site balances applied in the present kinetic model are s
lar to the model of Markusse et al., except for the additio
-

r

-

involvement of the aldehyde site coverage, as follows:

alcohol adsorption,

(31)Θ∗ρ + ΘRCH2OH + ΘRCHO+ ΘRCOOH= 1,

(32)oxygen adsorption, Θ∗ + Θo + Θox = 1,

(33)subsurface oxygen, Θ∗s + Θox = 1,

whereΘ∗ρ is the fraction of the free organic compound a
sorption sites,Θ∗ is the fraction of the free oxygen adsor
tion sites,Θox is the coverage of inactive oxide formatio
andΘ∗s is the fraction of the oxide formation sites. Fro
Eq. (31) and the equilibrium Eqs. (II), (IIa), and (X) inTa-
ble 1, the alcohol coverage fraction is determined as

(34)

ΘRCH2OH = K2CRCH2OH

1+ K2CRCH2OH + K2aCRCHO+ K10CRCOOH
,

whereKi are the equilibrium adsorption parameters defi
in Table 7. Similarly, for the intermediate aldehyde and t
product acid, the coverage fractions are determined as

(35)

ΘRCHO= K2aCRCHO

1+ K2CRCH2OH + K2aCRCHO+ K10CRCOOH
,

(36)

ΘRCOOH= K2CRCH2OH

1+ K2CRCH2OH + K2aCRCHO+ K10CRCOOH
.

The surface specific alcohol dehydrogenation rateR3
(step III,Table 1) increases with increasing free site fractio
Θ∗, and consequently decreases with increasing oxy
coverage,Θo. Based upon the non-steady-state site balan
and the rate equations given inTable 1, the rates of chang
of oxygen coverage (Θo) and oxide coverage (Θox) are de-
termined by the following differential equations:

(37)

dΘo

dt
= 2k1CO2Θ∗2 − k7Θo exp

(
−EF

RT

)

− k8Θo(1− Θox),

(38)

dΘox

dt
= k8Θo(1− Θox) + k9COHΘ∗exp

(
EF

RT

)

− k11ΘoxΘ∗exp

(
−EF

)
,

RT
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where ki are the reaction rate parameters defined inTa-
ble 7, CO2 (mol m−3) is the oxygen concentration at th
catalyst surface,E (V) is the electrochemical catalyst poten
tial, F (C mol−1) is Faraday’s constant,R (J mol−1 K−1) is
the ideal gas constant, andT (K) is the reaction temperatur
The catalyst potential is determined by balancing the rate o
electrons produced(R3 + R4 + R5 + R6 + R9) per volume
of catalyst and the rate of electrons consumed(R7 + R11)

per volume of catalyst as

(39)E = RT

2F
ln

(
Roxid1 + Roxid2

Rred1+ Rred2+ Rred3+ Rred4+ Rred5

)
,

whereRi are the reaction rates of speciesi, defined inTa-
ble 1, and

(40)Rred1= k3LtρpΘRCH2OHΘ∗,

(41)Rred2= k4LtρpCOHΘRCH2OHΘ∗,

(42)Rred3= k5LtρpΘRCHOΘ∗,

(43)Rred4= k6LtρpCOHΘRCHOΘ∗,

(44)Rred5= k9LtρpCOHΘ∗,

(45)Roxid1 = k7LtρpΘo,

(46)Roxid2 = k11LtρpΘoxΘ∗,

whereki are the reaction rate parameters defined inTable 7,
Lt is the weight-specific number of platinum surface ato
(i.e., molPts kg−1

cat), based on the assumption that one Pt
face atom equals one catalytic site, andρp is the catalys
particle density. It should be noted that two important p
nomena limit the range of the catalyst potential. First, be
a potential of 0.4 V RHE, hydrogen gas evolves, beca
of water reduction, and CO formation is possible. Seco
above a potential of 1.5 V RHE, oxygen gas evolves, bec
of water oxidation. Since these reactions are not taken
account in the kinetic model presented inTable 1, Eq. (39)
can be applied only if

(47)0.4 V RHE< E < 1.5 V RHE.

The overall volumetric rate of consumption of oxyge
Rv,O2 (mol m−3 s−1), is dependent on the amount of ox
gen present at the catalyst surface as well as on the ac
of the catalyst. Therefore, from Eq. (I) ofTable 1,

(48)Rv,O2 = LtCcatk1Θ∗2Co2,

whereCcat is the catalyst concentration. The weight-specific
dehydrogenation rate of the reactant alcohol,RRCH2OH
(mol kg−1 s−1), from Eqs. (III) and (IV) ofTable 1, can be
determined as

(49)RRCH2OH = Lt (k3 + k4COH)ΘRCH2OHΘ∗exp

(
EF

RT

)
.

The weight-specific acid formation rate,RRCOOH (mol
kg−1 s−1), which is measured through the rate of alk
(NaOH) addition, can be calculated from the rate of al
hyde oxidation (Eqs. (V) and (VI) ofTable 1) as

(50)RRCOOH= Lt (k5 + k6COH)ΘRCHOΘ∗exp

(
EF

)
.

RT
Table 2
Catalyst properties

Catalyst property Pt/Gr Pt/C Pt/Gr
(Vleeming
et al.[28])

(Engelhard,
code-43545)

(Johnson Matthey
JM287)

Dispersion (%) 43 42 15
BET surface area
(m2 g−1)

102 900 15

Pt content (wt%) 3.3 5 5
Particle size (µm) 15 35–40 15
Moisture content (%) Dry 46.88 Dry
Porosity (%) 40 80 40
Density (kg m−3) 1350 1050 1350

4. Experimental

In this work, experiments were performed in a stirr
three-phase semi-batch reactor. The aqueousalcohol methyl
α-D-glucopyranoside (MGP) is added in a batch mode.
gaseous oxidant (molecular oxygen) is supplied cont
ously by a mass flow controller. The oxygen partial press
is set by the nitrogen flow, also supplied by a mass flow c
troller. The pH is monitored and kept at a constant le
by controlled addition of a 0.1 M NaOH solution. Durin
the reaction, the liquid reactant is converting to the prod
with time, that is, MGP gives 1-O-methylα-D-glucuronic
acid (MG) with methyl α-D-6-aldehydo-glucopyranosid
(MAGP) as the intermediate. The acid formation rate is m
sured through the rate of addition of alkali. The oxygen c
centration in the liquid phase is measured with an oxy
electrode. The open-circuit electrochemical catalyst pote
tial is measured with a smooth Pt wire as a working electr
and Ag/AgCl, saturated KCl, as a reference electrode.

Two commercial nonuniform (egg shell) catalysts
5 wt% Pt on carbon (Engelhard, code-43545) and a 5 w
Pt on graphite (Johnson Matthey, JM287), were used.
properties of the catalysts are presented inTable 2. The pH
of the reaction medium is the only parameter that differs be
tween the experiments. Experiments were performed u
the set of reaction conditions presented inTable 3; the pro-
cedure is described elsewhere[33].

5. Kinetic parameter estimation

The goal of this work is to obtain a dynamic elect
chemical model with a set of kinetic parameters that
adequately describe the observed experimental data, a
ferent pH conditions for the catalyst with different suppo
and metal dispersion. To avoid strong interdependence
mutual correlation of the parameters and to achieve a rel
parameter estimation, we obtained the kinetic parameters
the model described in Section3 in two consecutive steps
First, pH-independent parameters (k1, K2, k3, k7, k8, and
K10) are estimated, which are then further used for the e
mation of pH-dependent parameters (k4, k5, k6, andk9).
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r

Table 3
Experimental operating conditions

Operating condition CSTR (Vleeming et al.[28]) Semi-batch reacto

pH (−) 8 6–10
Degree of conversion (%) 3–47 5–40
Temperature,T (K) 323 323
Catalyst concentration,Ccat (kg m−3) 2 2
Stirring speed (rpm) 1000 1000
Oxygen partial pressure,PO2 (kPa) 10–100 40
Initial MGP concentration,CMGP (mol m−3) 11–427 100
Initial MG concentration,CMG (mol m−3) 1.5–41 0
Liquid volume,VL (m3) 0.35× 10−3 0.5× 10−3

Gas volume,VG (m3) 0.2 0.35
Volumetric gas flow,FG (m3 s−1) 5× 10−6 14× 10−6

Gas-to-liquid mass transport coefficient,kGLaGL (s−1) 0.4 0.4
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5.1. pH-independent kinetic parameters

The pH-independent kinetic parameters are estim
from a set of 12 experiments performed in a CSTR with
on graphite catalyst (43% dispersion). The catalyst pro
ties and experimental conditions are presented inTables 2
and 3, respectively. Each experiment is performed at a c
stant pH of 8 and contains 40 reaction rate data measur
a constant conversion level. The details of the experime
procedure are described elsewhere[28]. It was verified that
all data were obtained under intrinsic kinetic conditions, ex
cept for data obtained at a partial pressure of 10 kPa, w
represent the effect of gas-to-liquid mass transport lim
tion [32].

The kinetic model presented inTable 1is simplified with
the help of the following assumptions to account for the c
stant pH:

• The intermediate aldehyde disappearance, step (V
very fast; that is, the rates of the disappearance of
aldehyde (Eq.(42)) and of the alcohol (Eq.(40)) can be
considered equal:Rred3= Rred1.

• The hydroxyl concentration-dependent steps (IV), (V
and (IX) are considered insignificant because exp
mental data are available at sufficiently low pH (pH
This meansRred2� Rred1, Rred4� Rred1, andRred5�
Rred1.

With the above assumptions, the catalyst potential equa
(Eq.(39)) can be rewritten as

(51)E = RT

2F
ln

(
Roxid1 + Roxid2

2Rred1

)
,

which then leads to

(52)exp

(
EF

RT

)
=

(
k7Θo + k11ΘoxΘ∗
2k3ΘRCH2OHΘ∗

) 1
2

and

(53)exp

(
−EF

)
=

(
2k3ΘRCH2OHΘ∗ ) 1

2

.

RT k7Θo + k11ΘoxΘ∗
t

Substitution of Eqs.(52) and (53)in Eqs.(37), (38), and (49)
results in

(54)

dΘo

dt
= 2k1CO2Θ∗2 − k7Θo

(
2k3ΘRCH2OHΘ∗

k7Θo + k11ΘoxΘ∗
) 1

2

− k8Θo(1− Θox),

(55)

dΘox

dt
= k8Θo(1− Θox)

− k11ΘoxΘ∗
(

2k3ΘRCH2OHΘ∗
k7Θo + k11ΘoxΘ∗

) 1
2

,

(56)RRCH2OH = Ltk3ΘRCH2OHΘ∗
(

k7Θo + k11ΘoxΘ∗
2k3ΘRCH2OHΘ∗

) 1
2

.

It turns out that these simplified model equations res
ble the kinetic model equations of Markusse et al.[31]. In
previous work, it was found that some of the kinetic p
rameters of this model, especiallyk3 and k7, are highly
correlated (approximate correlation> 0.9) [48]. For the reli-
able estimation of these parameters, the lumped param

(k3k7)
1
2 and (k3k11)

1
2 are identified, which can be reco

nised in Eqs.(54), (55), and (56). In addition, to include the
measured reaction rate data at an oxygen partial pressu
10 kPa and initial reaction conditions, the influence of g
to-liquid mass transport limitation has to be accounted fo
the model for accurate parameter estimation[48]. The mass
transport equations must be considered are as follows:

Gas phase (G) mass balance.
Oxygen mass transport from the gas phase to the li

phase:

VG

RT

dPO2

dt
= FG(P in

O2
− PO2)

RT

(57)− kGLaGLVL(HPO2 − CO2,L),

where VG (m3) is the volume of gas in the reactor,PO2

(kPa) is the oxygen partial pressure in the reactor,FG
(m3 s−1) is the total volumetric gas flow rate,kGLaGL (s−1)
is the volumetric gas-to-liquid mass transport coefficie
H (mol m−3 Pa−1) is the Henry coefficient, andCO2,L
(mol m−3) is the oxygen concentration in the liquid phase
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Table 4
Kinetic parameters with their individual 95% confidence intervals and correlation matrix, obtained with initial rate (after 50 s) data of MGP oxidation in CSTR

Parameter Reaction step Pt/Gr (dispersion 43%) Correlation matrix

k1 (m3 mol−1 s−1) Oxygen adsorption (1.76± 4.30) 1 0.16 0.06 −0.11
K2 (m3 mol−1) Alcohol adsorption (6.51± 8.60) × 10−3 0.16 1 0.43 −0.83
K10 (m3 mol−1) Acid adsorption (9.75± 13.67) × 10−2 0.06 0.43 1 0.10

(k3k7)
1
2 (s−1) Alcohol oxidation (1.58± 0.66) × 10−1 −0.11 −0.83 0.10 1

Fig. 1. Effect of (a) MGP concentration and (b)oxygen partial pressure, on experimental (symbols) and model predicted (solid lines), MGP oxidation rates
obtained after 50 s. Data used: (a)PO2 = 40 kPa,Lt = 0.073 mol kg−1

cat and (b)CMGP = 90 mol m−3, CMG = 10 mol m−3, Lt = 0.073 mol kg−1
cat.
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Liquid phase (L) mass balance.
Oxygen mass transport from the liquid phase to the s

phase:

(58)VL
dCO2,L

dt
= kGLaGLVL(HPO2 − CO2,L) − Rv,O2,

whereVL (m3) is the total liquid volume andRv,O2 is the
overall volumetric oxygen consumption rate, determined
Eq.(48).

A generalised nonlinear least-squares routine of MAT
LAB, which uses the Levenberg–Marquardt algorithm[49],
is used for the optimisation. The residual sum of squares
is minimised is

(59)residCSTR= �(RRCH2OH,t (model) − RRCH2OH,t (exp))
2.

The regression analysis is performed in two parts. First
initial oxidation rate data (after 50 s) are used to obtain e
mates for the parameters of the initial rate model. Next,
regression analysis is extended to the entire oxidation
data in the time interval between 50 and 10 000 s, in wh
all parameters are estimated simultaneously.

5.1.1. Initial oxidation rate data
For the regression analysis, it is assumed that the cat

deactivation due to overoxidation is absent, that is,Θox = 0.
Hence, the oxide formation (step (VIII)) and oxide reduct
(step (XI)) can be eliminated from the model. The revers
steps (II) and (X) are considered to be in quasi-equilibri
Eq.(51) then simplifies to

(60)E = RT

2F
ln

(
Roxid1

2Rred1

)
,

t

t

which leads to

(61)exp

(
EF

RT

)
=

(
k7Θo

2k3ΘRCH2OHΘ∗
) 1

2

.

Substitution of the above equation in Eqs.(37) and (49)re-
sults in

(62)
dΘo

dt
= 2k1CO2Θ∗2 − (k3k7)

1
2 (2ΘRCH2OHΘ∗Θo)

1
2 ,

(63)RRCH2OH = Lt (k3k7)
1
2 (0.5ΘRCH2OHΘ∗Θo)

1
2 .

For the parameter estimation, the kinetic model Eqs.(62)
and (63)are solved in combination with the gas-to-liqu
mass transport Eqs.(57) and (58). The regression analys
is performed with experimental data obtained after 50 s.
estimated kinetic parameters, along with their confidenc
tervals, are presented inTable 4. The confidence interva
for the first three parameters (k1, K2, andK10) are quite
wide, which suggests that the measured data availabl
the regression analysis are not sufficient and the param
estimates are preliminary. The fitting of the model is illu
trated inFigs. 1a and 1b, which shows the effects of MG
concentration and oxygen partial pressure, respectively
the initial oxidation rate. It isfound that the kinetic parame
ters obtained in previous work[48] are present within th
confidence interval of newly estimated parameters. The
relation matrix, which gives an indication of the degree
interdependence between the estimated parameters, i
presented inTable 4. The mutual correlation between th

parameters is low, except that between parameters(k3k7)
1
2

andK2, which corresponds to 0.83. This can be explai
by the structure of the model, since substitution of Eq.(34)
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Table 5
Kinetic parameters with their individual 95% confidence intervals and correlation matrix, obtained with the rate data, in the interval of 50–10 000 s,of MGP
oxidation in CSTR

Parameter Reaction step Pt/Gr (dispersion 43%) Correlation matrix

k1 (m3 mol−1 s−1) Oxygen adsorption (9.11± 0.94) × 10−1 1 0.10 0.09 0.15 −0.39 −0.13
K2 (m3 mol−1) Alcohol adsorption (8.50± 1.00) × 10−3 0.10 1 0.53 −0.73 −0.01 0.13
K10 (m3 mol−1) Acid adsorption (1.29± 0.16) × 10−1 0.09 0.53 1 0.03 −0.07 0.03

(k3k7)
1
2 (s−1) Alcohol oxidation (1.64± 0.06) × 10−1 0.15 −0.73 0.03 1 0.22 0.01

(k8) (s−1) Oxide formation (1.15± 0.08) × 10−3 −0.39 −0.01 −0.07 0.23 1 0.66

(k3k11)
1
2 (s−1) Oxide reduction (5.61± 3.54) × 10−5 −0.13 0.13 0.03 0.01 0.66 1

Fig. 2. Effect of (a) MGP concentration and (b)oxygen partial pressure, on experimental (symbols) and model predicted (lines) MGP oxidation rates obtained
in time interval of 50–10 000 s. Data used: (a)PO2 = 40 kPa,Lt = 0.073 mol kg−1

cat, and (b)CMGP = 90 mol m−3, CMG = 10 mol m−3, Lt = 0.073 mol kg−1
cat.
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in Eq. (56) shows that the rate is mainly determined by

product of(k3k7)
1
2 andK2

1
2 .

5.1.2. Oxidation rate data including deactivation
The initial kinetic parameters, presented inTable 4, are

used as starting values for the parameter estimation wit
entire oxidation data,t > 50 s. The model predictions are o
tained with the use of gas-to-liquid mass transport Eqs.(57)
and (58)and kinetic Eqs.(54), (55), and (56). For the pa-
rameter estimation the kinetic equations are simplified
is assumed that during alcohol oxidative dehydrogenatio
in the presence of oxygen, the catalyst potential is ma
determined by the oxygen reduction (Roxid1) and alcohol de-
hydrogenation(Rred1) reactions (i.e., in Eq.(51), Roxid1 �
Roxid2). However, with respect to catalyst reactivation
oxide removal, the catalyst potential is determined by
ide reduction (Roxid2) and alcohol dehydrogenation (Rred1),
since oxygen is removed andΘo quickly becomes very low
This means that in Eq.(51), Roxid2 � Roxid1. The estimated
kinetic parameters, along with their confidence intervals,
presented inTable 5. The kinetic parameters are obtain
within the confidence interval of the initial kinetic param
ters ofTable 4. The correlation matrix is also presented
Table 5. The mutual correlation between the same param
ters as discussed in the previous section is low, and m
imum correlation amounts to only 0.73.Figs. 2a and 2b
show the effects of MGP concentration and oxygen pa
pressure on the rate of oxidation and catalyst deactivation
respectively. It can be seen that the model with the estim
kinetic parameters describes the observed experimental da
well.

5.1.3. Modelling catalyst reactivation
Vleeming et al. showed that the catalyst activity can

recovered by reduction of the catalyst in situ, by shutof
the oxygen supply, for about 1000 s[28]. However, becaus
of insufficient information on experimentally observed
activation times, an insignificant oxide reduction paramet

(k3k11)
1
2 is obtained, as presented inTable 5. To model the

experimentally observed catalyst reactivation times, the pa
rameter estimation is repeated, but this time the individ
oxide reduction parameter,k11, is used. The value of this pa
rameter is selected from previous work[48] and kept fixed
(k11 = 1.50 × 103 s−1), while the rest of the paramete
are reestimated. It is found that the adsorption parame
k1,K2 andK10, remain unchanged. However, new estima
for k3, k8, andk7 are obtained, as presented inTable 6. It
should be noted that during regression the lumped param

(k3k7)
1
2 remains the same. The results of the model sim

tions for catalyst deactivation and subsequent reactivatio
which is known as the redox cycle, are shown inFigs. 3a
and 3b. The details of the model simulation procedure for
redox cycle can be found elsewhere[32]. The oxide reduc
tion parameter (k11) can be safely used within the range
(1.5–2.2)×103 s−1 with corresponding reactivation times
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Table 6
Kinetic parameters with their individual 95% confidence intervals for th
catalyst reactivation of MGP oxidation in CSTR

Parameter Reaction step Pt/Gr (dispersion 43%)

k3 (s−1) Alcohol dehydrogenation (5.28± 3.02) × 10−9

k7 (s−1) Oxygen reduction (5.10± 2.96) × 106

k8 (s−1) Oxide formation (1.13± 0.08) × 10−3

k11 (s−1) Oxide reduction 1.5× 103

1349–1574 s, which is close to the experimentally obse
reactivation time of 1000 s[28].

5.2. pH dependent kinetic parameters

For the estimation of the pH-dependent parameters,
of six experiments performed in a semi-batch reactor w
two different catalysts, Pt on carbon (42% dispersion)
t

Pt on graphite (15% dispersion), is used. Each experim
contains 10 acid formation rate data obtained under di
ent pH conditions. The catalyst properties and experime
conditions are presented inTables 2 and 3, respectively. Fur
thermore, the complete kinetic model presented inTable 1is
used. To avoid overparameterisation, and depending o
type of catalyst used, the kinetic parameters, estimated
discussed in the previous section, are kept fixed or are
justable, as shown inTable 7. For example, in the case of th
carbon-supported Pt catalyst, the adsorption paramete
the organic reactants (K2 andK2a) are kept adjustable, whil
the acid product adsorption parameter (K10) is kept fixed. It
is found that as a result of stronger adsorption for orga
reactants, the carbon-supported catalyst gives a higher i
rate of reaction as compared with the graphite-supported
alyst [48]. In the case of the graphite-supported Pt cata
the adsorption parameters are kept fixed while the oxy
Fig. 3. Simulated (a) specific rate of consumption of MGP and (b) oxide coverage, to illustrate catalyst deactivation and reactivation by removing oxygen, on
MGP oxidation rates. Data used:PO2 = 40 kPa,Lt = 0.073 mol kg−1

cat, CMGP = 90 mol m−3, CMG = 10 mol m−3, andPO2 = 0 after 7200 s.

Table 7
Kinetic parameter estimates with their individual 95% confidence intervals by regression of experimental data obtained at pH= 6–10 andT = 323 K, for
MGP oxidation in semi-batch reactor

Parameter Reaction step Pt/C
(dispersion 42%)

Pt/Gr
(dispersion 15%)

k1 (m3 mol−1 s−1) Oxygen adsorption 9.10× 10−1 9.10× 10−1

(fixed) (fixed)
K2 (m3 mol−1) Alcohol adsorption (5.78± 2.30) × 10−2 8.50× 10−3

(fixed)
K2a (m3 mol−1) Aldehyde adsorption (5.78± 2.30) × 10−2 8.50× 10−3

(fixed)
K10 (m3 mol−1) Acid adsorption 1.29× 10−1 1.29× 10−1

(fixed) (fixed)
k3 (s−1) Alcohol dehydrogenation 5.28× 10−9 5.28× 10−9

(fixed) (fixed)
k4 (m3 mol−1 s−1) Alcohol dehydrogenation (pH) (3.40± 0.62) × 10−4 (5.80± 4.72) × 10−4

k5 (s−1) Aldehyde dehydrogenation (4.88± 1.72) × 10−7 (6.42± 6.88) × 10−8

k6 (m3 mol−1 s−1) Aldehyde dehydrogenation (pH) 1.60± 1.18 3.68± 5.08
k7 (s−1) Oxygen reduction 5.10× 106 (4.57± 1.28) × 107

(fixed)
k8 (s−1) Oxide formation 1.13× 10−3 1.13×10−3

(fixed) (fixed)
k9 (m3 mol s−1) Oxide formation (pH) (9.39± 3.44) × 10−7 (6.0± 6.06) × 10−7

k11 (s−1) Oxide reduction 1.50× 103 1.50× 103

(fixed) (fixed)
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reduction parameter is kept adjustable because of the low
dispersion, that is, larger Pt crystallites compared with
carbon-supported Pt catalyst. Throughout it is assumed
the aldehyde adsorption parameter is of the same magn
as the alcohol adsorption parameter. This is acceptable be
cause aldehyde and alcohol have nearly equal molar ma
and they are assumed to be adsorbed in a similar ma
The complete kinetic model, combined with mass trans
equations, is implemented in a laboratory-scale semi-b
reactor model for the estimation of the kinetic paramet
The residual sum of squares that is minimised with
Levenberg–Marquardt algorithm is

(64)
residsemi-batch= �(RRCOOH,t (model) − RRCOOH,t (exp))

2.

The estimates of the kinetic parameters, along with t
confidence intervals, are presented inTable 7. The esti-
mated mutual correlation between the parameters is fo
to be low, and the maximum correlation obtained is o
0.74. Examples of fitting results of the complete mo
are discussed and compared with experimental data in
tions5.2.1 and 5.2.2. It can be seen fromTable 7that for the
Pt on carbon catalyst, adsorption parameters (K2 andK2a) of
the organic reactants are estimated to be nearly 5 to 7 time
higher compared with the graphite-supported Pt catalys
addition, the overall (k5 + k6COH) aldehyde disappearanc
rate parameter is estimated to be two orders of magni
higher than the overall (k3 + k4COH) alcohol dehydrogena
tion rate parameter at pH> 7. This has also been show
experimentally by Schuurman et al.[8].

For the graphite-supported Pt catalyst (15% dispersi
which has a lower dispersion compared with the carb
supported Pt catalyst (42% dispersion), an oxygen reduc
parameter(k7) that is nearly 10 times higher is obtaine
This can be a consequence of the decrease in the oxyge
sorption enthalpy[50], or the increase in the electrochemic
reduction rate of oxygen at platinum electrodes[51,52], due
to larger metal crystallites.

5.2.1. MGP oxidation with Pt on carbon catalyst
Fig. 4a shows the acid formation rate as a function of ti

for the eggshell type of Pt on carbon catalyst under dif
ent pH conditions. The rate of acid formation increases w
increasing pH. It can also be seen that with increasing pH
the rate of catalyst deactivation increases. To understan
observed catalyst deactivation,the catalyst potential again
time is presented inFig. 4b. The catalyst potential increas
with increasing pH. It can be seen that starting from a re
duced catalyst (0.1 V potential)surface, the catalyst poten
tial instantly increases to 0.83 V for pH 6 and 0.93 V
pH 8 and 10, as soon as the oxygen reaches the catalys
face and stabilises to higher level, around 0.87 V for pH
0.97 V for pH 8, and 0.99 V for pH 10. This indicates th
the catalyst deactivates very fast, because of a high o
coverage, with increasing pH.

Fig. 4a shows that the developed model, with the r
constants as given inTable 7, is well able to describe th
t
e

s,
.

-

-

r-

observed reaction rates under different pH conditions.
increase in the reaction rate with increasing pH is followed
by strong catalyst deactivationcaused by overoxidation. Th
deactivation due to overoxidation can also be seen thro
the simulated oxide coverage against time inFig. 4c. After
5000 s, at pH 6, approximately 70% (Θox = 0.7), whereas
at pH 10, approximately 80% (Θox = 0.8) of the catalyst
surface is covered with inactive platinum oxide. This me
with increasing pH from 6 to 10, the rate of catalyst deact
tion due to overoxidation increases by approximately 10
as indicated by the oxide coverage.

Fig. 4d shows the simulated intermediate aldehyde c
centration against time. The aldehyde concentration
creases with increasing pH of the reaction medium. Unde
the present conditions the maximum aldehyde concen
tion obtained is around 1 mol m−3 at pH 6, and it decrease
to approximately 0.02 mol m−3 at pH 10.Fig. 4e shows
the simulated oxygen coverage with time. It can be s
that the initial oxygen coveragedecreases with increasin
pH, and a maximum coverage of around 0.6 is observe
pH 6.

Fig. 4f shows the simulated concentration of the reactan
alcohol, MGP, as a function of time. It can be seen tha
lower pH the calculated conversion, from MGP concen
tion data, is around 25% over the 5000-s period of the re
tion. Within this conversion, it can be accepted that the M
oxidation displays close to 100% selectivity, whereas at
higher pH 10, the conversion is 40%, at which the exp
mentally observed selectivity is close to 90%. It was verifi
that carbon balance does not deviate significantly from 10
and the alkali consumption is completely accounted for
the total amount of carboxylic anions analysed[11]. Consid-
ering these facts and the model performance, it can be
that the developed model accurately describes the obse
pH effect on MGP oxidation.

It should be noted that Schuurman et al. also found
the rate of MGP oxidation increases linearly with incre
ing pH above 8.5, whereas at low pH, between pH 6 an
no difference in the oxidation rates was observed[8]. This
latter observation is also verified through model simulati
showing that at pH 6 and 8, there is no difference in
MGP oxidation rates, which can be seen from MGP con
sion (Fig. 4f). However, it is noted that the acid formatio
rate presented inFig. 4a is a measure of the aldehyde d
appearance rate and hence shows slight differences in th
initial rates at pH 6 and 8. This effect can also be s
from the change in the aldehyde concentrations, present
Fig. 4d. The rate of aldehyde disappearance increases
increasing pH. A similar observation has been reported in
literature[11,53]. The observed catalyst deactivation w
increasing pH is a well-known phenomenon in electroch
istry that is referred to as corrosion[41,44]. This suggests
that the oxygen species responsible for the high oxide
erage at pH 10 originates from hydroxyl species.
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Fig. 4. Effect of pH on: (a) the acid formation rate; (b) the electrochemicalcatalyst potential; (c) the platinumoxide coverage; (d) the intermediate aldehyde
concentration; (e) the oxygen coverage; (f) the alcohol reactant MGP concentration, during Pt/carboncatalysed MGP oxidation. Symbols represent experimen-
tal data, i.e. circles for pH= 6, triangles for pH= 8, and squares for pH= 10, whereas lines represent modelling results, i.e. dashed–dotted line for pH= 6,
continuous line for pH= 8, and dashed line for pH= 10. Data used:PO2 = 40 kPa,Lt = 0.0385 mol kg−1

cat, andCMGP,ini = 100 mol m−3.
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5.2.2. MGP oxidation with Pt on graphite catalyst
Fig. 5a shows the acid formation rate as a function

time for the eggshell type of Pt on graphite catalyst at
ferent pH. It can be seen from the experimental results
the initial rate of reaction increases with increasing pH, s
ilar to the carbon-supported catalyst. However, the reac
rates are nearly two times lower compared with the carb
supported Pt catalyst.Fig. 5b shows the measured cataly
potentials as a function of time. It can be seen that for
graphite-supported catalyst, with increasing pH, the po
tial increases along with the increase in the reaction rate
the rate of catalyst deactivation due to overoxidation also
creases.

It can be seen that starting from a reduced catalyst (0
potential) surface, the catalystpotential instantly increase
to 0.8 V for pH 6 and 0.9 V for pH 8 and 9, as soon
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Fig. 5. Effect of pH on: (a) the acid formation rate; (b) the intermediate aldehyde concentration; (c) the platinumoxide coverage; (d) the electrochemical
catalyst potential; (e) the oxygen coverage; (f) the reactant MGP concentration, during Pt/graphitecatalysed MGP oxidation. Symbols represent experimental
data, i.e. circles for pH= 6, triangles for pH= 8, and squares for pH= 9, whereas lines represent modelling results, i.e. dashed–dotted line for pH= 6,
continuous line for pH= 8, and dashed line for pH= 9. Data used:PO2 = 40 kPa,Lt = 0.1077 mol kg−1

cat, andCMGP,ini = 100 mol m−3.
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the oxygen reaches the catalyst surface and stabilises
higher level, around 0.91 V for pH 6 and around 0.94 V
pH 8 and pH 9. This increase in potential coincides with
catalyst deactivation due to overoxidation. The lower ini
catalyst potential compared with the carbon-supported c
lyst indicates the lower initial acid formation rate. Howev
the magnitude of the measured potentials for the oxid
state appears to be lower, but in view of the limitation of
measurement technique, this is not considered to be sig
cant[54].

Fig. 5a shows that the developed model, with the r
constants as given inTable 7, is well able to describe th
aobserved reaction rates under different pH conditions.
increase in the reaction rate with increasing pH is followed
by an 80% decrease for pH 9, during a reaction period
5000 s, due to strong catalyst deactivation caused by ove
idation. The calculated potentials presented inFig. 5b show
the right magnitude for the increase in the reaction rate w
increasing potential from the reduced state followed by ca
alyst deactivation with increasing pH corresponding to
oxidised potential level of approximately 1 V. The ca
lyst deactivation due to overoxidation can be seen thro
the simulated oxide coverage against time inFig. 5c. Af-
ter 5000 s, at pH 6, approximately 60% (Θox = 0.62) of
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the catalyst surface is covered with inactive platinum
ide whereas at pH 9, approximately 80% (Θox = 0.72) of
the catalyst surface is covered with inactive platinum ox
This means with increasing pH from 6 to 9, the rate of dea
tivation due to overoxidation increases by 20%, higher t
the rate observed for the carbon-supported catalyst.

Fig. 5d shows the simulated concentration of the
termediate aldehyde, methylα-D-aldehydoglucopyranosid
against time. It can be seen that the selectivity for the a
hyde decreases with increasing pH, as observed for
carbon-supported catalyst. However, the maximum con
tration of aldehyde (4.5 mol m−3) is observed to be almo
4.5 times higher than for the carbon-supported catalys
pH 6. This can be seen through the lower apparent a
hyde disappearance parameter (k5+k6COH) for the graphite-
supported catalyst compared with the carbon-supported
alyst, at pH 6. The possible explanation for this, altho
intrinsic conditions are considered for organic compoun
can be that the rate of the intermediate aldehyde disap
ance is relatively high and hence pore diffusion limitatio
might be present for the aldehyde transfer, especially in
case of the carbon-supported catalyst, which has highe
tive metal dispersion compared with the graphite-suppo
catalyst.

Fig. 5e shows the simulated oxygen coverage with tim
can be seen that the initial oxygen coverage decreases
increasing pH, and a maximum coverage of around 0.
observed at pH 6, compared with the coverage of 0.6 fo
platinum-on-carbon catalyst. This is the result of a hig
oxygen reduction rate for the graphite-supported cata
Fig. 5f shows the simulated concentration of the reactan
alcohol, MGP, as a function of time. It can be seen t
the calculated conversion, from MGP concentration data,
around 18–20% over a reaction time of 5000 s. Within
conversion level, it can be accepted that the MGP oxida
displays close to 100% selectivity.

6. Conclusions

In the present work, a dynamic electrochemical kine
model has been developed that describes the observe
effect and catalyst deactivation due to overoxidation.
rate-determining steps and the model parameters have
deduced from previous reaction rate measurements
CSTR, with graphite-supported Pt catalyst[28], and from
stirred slurry semi-batch reaction rate data, with carbon-
graphite-supported Pt catalyst (this work). The effect of
is incorporated by the consideration of parallel reaction s
depending on the acidity or the alkalinity of the medium. H
droxyl ions are mainly responsible for strong deactivation
the catalyst in alkaline medium, whereas in neutral or acid
medium the deactivation is due to strong adsorption of o
gen atoms only. In both cases, the formation of inactive p
inum oxide is responsible for the catalyst deactivation. Th
two types of catalyst show the same degree of vulnerab
-

-

-

n

to deactivation due to overoxidation. However, the carb
supported Pt catalyst gives higher initial reaction rates c
pared with the graphite-supported catalyst. The mode
results confirm that the intermediate aldehyde is prese
low pH and the selectivity towards the aldehyde decre
with increasing pH. The graphite-supported Pt catalyst g
an intermediate aldehyde concentration almost four ti
higher than that obtained with the carbon-supported cata
However, pore diffusion limitation can result in estimates
the rate parameters of a highly reactive intermediate that a
too low. The observed catalyst potential gives useful in
mation on the oxidation state of the catalyst. The develo
model can describe well the observed catalyst potenti
varying pH.
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