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Abstract

The influence of the reaction start-up procedure on the oxidation of a polyol, methylα-D-glucopyranoside, was investigated. Results w
obtained from semi-batch experiments with Pt catalysts and molecular oxygen as oxidant. Three types of reaction start-up proce
applied with respect to the pretreatment of the catalyst slurry: reductive, oxidative, and inert. The experimental results are desc
recently developed dynamic electrochemical kinetic model. The reductive start-up results in the highest initial catalyst activity, c
with the other start-up procedures. It was found that the catalyst needs pretreatment before the reaction is started, as inert start
in no catalytic activity at all. The formation of inactive platinum oxides (i.e., overoxidation) is the main cause of catalyst deac
under oxygen-rich conditions, for a weak reducing compound, and is independent of the start-up procedure. It also appeared tha
overoxidation is lower in the absence of reaction, which could be modelled with the assumption that overoxidation needs free sit
place. The mechanism of catalyst deactivation has been verified through intermediate catalyst reactivation. The model adequate
this reactivation step.
 2005 Elsevier Inc. All rights reserved.
Keywords: Reaction start-up; Catalyst deactivation; Overoxidation; Reactivation; Alcohol oxidation; Electrochemical model
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1. Introduction

There is an increasing trend, for heterogeneously c
ysed liquid-phase oxidation, toward replacement of stoic
metric quantities of inorganic oxidants[1]. The stoichio-
metric oxidation process suffers from a low atom efficien
and high toxic waste production[2]. Noble-metal-catalyse
oxidations with molecular oxygen are an attractive alter
tive, as the oxidant is converted to water and the oxidat
are in general more selective[3–5]. It is generally accepte
that alcohol oxidation on noble-metal catalysts takes p
via a dehydrogenation mechanism followed by the oxida
of the adsorbed hydrogen atoms by dissociatively adso
oxygen[6–9].
* Corresponding author. Fax: +31 40 2446653.
E-mail address: j.c.schouten@tue.nl(J.C. Schouten).
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The major obstacle for the large-scale operation of
process is the limited lifetime of the catalyst[10]. The na-
ture of catalyst deactivation is largely influenced by
amount of oxygen present at the catalytic surface. In
oxygen mass transport limited regime, the catalyst sur
is reduced, that is, it shows a low electrochemical po
tial (0.2–0.7 V vs reversible hydrogen electrode, RHE). T
rate of alcohol dehydrogenation is low, and the catalyst m
deactivate by adsorption of carbonaceous deposits and
[11–15]. This phenomenon is more pronounced when
catalyst is prereduced by the organic reactant[16–18]. With
an increase in the oxygen mass transfer rate, the rate of d
drogenation increases with increasing electrochemical c
lyst potential, and an optimum alcohol dehydrogenation
can be obtained[14]. However, it is rather difficult to main

tain an optimum dehydrogenation rate because the rate of
oxygen supply easily exceeds the rate of oxygen consump-
tion, because of the low reactivity of the alcohol compound.

http://www.elsevier.com/locate/jcat
mailto:j.c.schouten@tue.nl
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In the intrinsic kinetic regime, the catalyst surface is s
cessively oxidised, leading to the formation of inactive s
face oxides, that is, it shows high catalyst potential (∼ 1 V
vs RHE). The rate of alcohol dehydrogenation is low, a
the catalyst deactivates because of overoxidation[13,19–24].
Depending on the type of reaction and the conditions, o
catalyst deactivation mechanisms may exist, such as a
condensation (polymerisation or coking)[11], metal crystal-
lite growth (Ostwald ripening)[18,21], and metal dissolution
(leaching)[17,18,21,22].

The open-circuit catalyst potential measured during
reaction is a direct indication of the oxidation state of
catalyst surface[11,25]. The catalyst potential is mainly in
fluenced by the relative amounts of adsorbed species,
as hydrogen species, oxygen-containing species, and or
species. Mallat and Baiker[26] even suggested that the ca
alyst potential is a key to controlling alcohol oxidation, a
catalyst deactivation can be avoided by proper monitorin
the catalyst potential. Recently, Gangwal et al.[27] success-
fully demonstrated the ability of a developed electroche
cal kinetic model, which uses the relation between the
face coverage and the catalyst potential, to describe the
namic behaviour of alcohol oxidation. On-line open-circ
catalyst potential measurements showed that catalyst de
vation is accompanied by an increase in the catalyst pote
[13,18,21,22,26,27]. However, there is no agreement on t
interpretation of the increase in the catalyst potential. It
been attributed to an increase in the oxygen coverage,
ing to catalyst deactivation due to overoxidation, and to
coverage by carbonaceous deposits and CO.

Dirkx and van der Baan[28,29] have clearly demon
strated the importance of the start-up procedure for the
alyst activity. It was found that for gluconic acid (wea
reducing agent) oxidation on Pt catalyst in a semi-batch
actor, starting with a reduced catalyst resulted in a 14 ti
higher activity than starting with an oxidised catalyst. Ho
ever, for glucose (strong reducing agent) oxidation on
catalyst, the catalyst activity difference between the two p
cedures amounted to a factor of only 1.4. Furthermore, D
graaf et al.[20,30] have presented an elementary model
a catalyst deactivation and regeneration process, use
the Pt-catalysed oxidation of sodium-D-gluconate (weak
ducing agent). Jelemensky et al.[31] found that, depending
on the start-up procedure, multiple steady states can
during ethanol oxidation in a continuous stirred-tank re
tor (CSTR). A low steady-state activity was established w
an oxidative start-up, and a high steady-state activity wi
reductive start-up. This behaviour was described by a c
sideration of the transformation of surface oxygen spe
into subsurface oxygen[32,33].

It is clear that the reaction start-up procedure has a
nificant influence on the catalytic activity, and interpretat
of the measured catalyst potential is important to an un

standing of the cause of catalyst deactivation. The goal of
this study is to provide detailed quantitative analysis of the
effect of reaction start-up and catalyst deactivation during
talysis 232 (2005) 432–443 433
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alcohol oxidation under oxygen-rich conditions. Results
obtained with a three-phase stirred slurry semi-batch rea
and Pt-catalysed oxidation of methylα-D-glucopyranoside
a weakly reducing compound, as a test reaction. Exp
ments are performed at a constant pH of 8 and a sufficie
high oxygen partial pressure of 40 kPa. A detailed se
batch reactor model is used to describe and validate
observed catalytic reaction rates. Long-term catalyst d
tivation by coking, attrition, crystalline growth, and leachi
is not subject of this study. These types of catalyst deac
tion are negligible under the chosen experimental conditi
Since the reactor was operated batchwise (i.e., the r
tant alcohol concentration was continuously decreasing
time), multiple steady-state behaviour could not be identi
and is not part of this study.

2. Modelling

2.1. Kinetic model

In this work the recently developed dynamic elect
chemical kinetic model is used[27], which uses the elec
trochemical potential of the catalyst to describe the exp
mentally observed data in a heterogeneous catalytic sys
The reaction mechanism is presented inTable 1with the
reaction rate equations. The details of the reaction m
anism and the model construction are described elsew
[27]. The model assumes that catalyst deactivation oc
through strong chemisorption of oxygen, leading to the
mation of inactive platinum oxide. The formation of th
oxide is represented through steps (VIII) and (IX),Table 1,
where∗s denotes oxide formation sites. Throughout the
per this process is referred to as overoxidation. The surf
specific alcohol dehydrogenation rateR3 (step (III),Table 1)
increases with increasing free site fraction,Θ∗, and con-
sequently decreases with increasing oxygen coverageΘo.
Based upon the non-steady-state site balances and th
equations given inTable 1, the rates of change of oxyge
coverage and oxide coverage are determined by the fol
ing differential equations:

dΘo

dt
= 2k1CO2Θ∗2 − k7Θo exp

(
−EF

RT

)

(1)− k8Θo(1− Θox),

dΘox

dt
= k8Θo(1− Θox) + k9COHΘ∗exp

(
EF

RT

)

(2)− k11ΘoxΘ∗exp

(
−EF

RT

)
,

whereΘo is the oxygen surface coverage,Θox is the cover-
age of inactive oxide formation,Θ∗ is the free site surfac
coverage,ki are the reaction rate parameters defined inTa-

−3
ble 2, andCO2 (mol m ) is the oxygen concentration at the
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
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Table 1
Reaction steps and rate equations for alcohol oxidation mechanism (Gangwal et al.[27])

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)

O∗ + ∗ → O∗s + ∗ R8a= k8aΘoΘ∗ (VIIIa)

OH− + ∗ → O∗s + H+ + 2e− R9 = k9COHΘ∗exp
(
EF
RT

)
(IX)
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RCOOH+ ∗ρ � RCOOH∗ρ

O∗s + H2O+ 2e− + ∗ → 2OH− + ∗ + ∗s

Table 2
Kinetic parameters for reaction steps defined inTable 1(Gangwal et al.
[27])

Parameter Reaction step Pt/C (dispersion 42%)

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

K2 (m3 mol−1) alcohol adsorption 5.78× 10−2

K2a (m3 mol−1) aldehyde adsorption 5.78× 10−2

K10 (m3 mol−1) acid adsorption 1.29× 10−1

k3 (s−1) alcohol dehydrogenation 5.28× 10−9

k4 (m3 mol−1 s−1) alcohol dehydrogenation (pH) 3.40× 10−4

k5 (s−1) aldehyde dehydrogenation 4.88× 10−7

k6 (m3 mol−1 s−1) aldehyde dehydrogenation (pH) 1.60
k7 (s−1) oxygen reduction 5.10× 106

k8 (s−1) oxide formation 1.13× 10−3

k8a (s−1) modified oxide formation (2.63± 0.09) × 10−3

k9 (m3 mol s−1) oxide formation (pH) 9.39× 10−7

k11 (s−1) oxide reduction (1.50–2.00) × 103

the ideal gas constant,T (K) is the reaction temperature, an
t is time.

The steady-state catalyst potential during alcohol ox
tion is based on the mixed potential theory[34,35]. It is
assumed that each Pt particle acts as a “short-circuited”
trochemical cell, in which the anodic (alcohol dehydroge
tion) and cathodic (oxygen reduction) half-reactions t
place at the same rate and the same catalyst potentia[25,
26]. The catalyst potential is a function of the surface c
erages of various reducing and oxidising species[13,36,37].
The catalyst potential is determined by balancing the rat
electrons produced (R3 +R4 +R5 +R6+R9) per volume of
the catalyst and the rate of electrons consumed (R7 + R11)
per volume of the catalyst. The resulting catalyst poten
can be expressed by the Nernst equation:

(3)E(t) = RT

2F
ln

(
Roxid1 + Roxid2

Rred1+ Rred2+ Rred3+ Rred4+ Rred5

)

with

(4)Roxid1 = k7LtρpΘo,
ΘRCOOH= K10CRCOOHΘ∗ρ (X)

R11 = k11ΘoxΘ∗exp
(−EF

RT

)
(XI)

-

(5)Roxid2 = k11LtρpΘoxΘ∗,

(6)Rred1= k3LtρpΘRCH2OHΘ∗,

(7)Rred2= k4LtρpCOHΘRCH2OHΘ∗,

(8)Rred3= k5LtρpΘRCHOΘ∗,

(9)Rred4= k6LtρpCOHΘRCHOΘ∗,

(10)Rred5= k9LtρpCOHΘ∗
where ki are the reaction rate parameters defined inTa-
ble 2, Lt is the specific number of platinum surface ato
(i.e., mol Pts kg−1 catalyst, based on the assumption that
Pt surface atom equals one catalytic site),ρp (kg m−3) is
the catalyst particle density,ΘRCH2OH is the reactant alco
hol surface coverage,ΘRCHO is the intermediate aldehyd
surface coverage, andCOH (mol m−3) is the hydroxyl con-
centration. It should be noted that two important phenom
limit the range of the catalyst potential. First, at a poten
lower than 0.4 V RHE, catalyst coverage with adsorbed
drogen species and CO formation become significant.
ond, above a potential of 1.5 V RHE, oxygen gas evol
because of water oxidation. Since these reactions are
taken into account in the kinetic model presented inTable 1,
Eq.(3) can only be applied if

(11)0.4 V RHE< E < 1.5 V RHE.

2.2. Semi-batch reactor model

In practice, the oxidation reaction is generally carried
with the aqueous alcohol reactant in a batch mode and
oxidant, molecular oxygen, in a continuous mode. For
reaction to take place, oxygen has to be transferred from
gas phase to the liquid phase, through the liquid to the
alyst particle, and finally has to diffuse through the pore
the catalytic site inside the particle. For this work, it was v

ified that liquid-to-solid mass transport limitation and intra-
particle diffusion limitations are not present and hence were
not taken into account[38]. The transient material balance



l of Ca

hase

te
con

and

nd
ac-
P)

o-
ces
fol-

d is

lcu-
s
e as

)

or

s).

ed
reac-
olec-
on-
gen
the
ad-
g

duct
ugh
the
pen
ith

Cl,
on-
V.R. Gangwal et al. / Journa

equations for oxygen in the gas phase and in the liquid p
are as follows:

VG

RT

dP

dt
= FV,G

P in − P

RT
− kGLaGLVL(HP − CL),

(12)gas phase (G),

VL
dCL

dt
= kGLaGLVL(HP − CL) − VLRV,O2,

(13)liquid phase (L),

whereV G (m3) is the volume of gas in the reactor,P (Pa) is
the oxygen partial pressure in the reactor,FV,G (m3 s−1) is
the total volumetric gas flow rate,kGLaGL (s−1) is the volu-
metric gas-to-liquid mass transport coefficient,H (mol m−3

Pa−1) is the Henry coefficient,CL (mol m−3) is the oxygen
concentration in the liquid phase,V L (m−3) is the total liquid
volume, andRV,O2 (mol m−3 s−1) is the overall volumetric
oxygen consumption rate:

(14)RV,O2 = CcatLtk1Θ∗2CL,

whereCcat (kg m−3) is the catalyst concentration. The ra
of reaction can also be expressed in terms of the specific
sumption of the reactant alcohol,RRCH2OH (mol kg−1 s−1),
from Eq. (III) in Table 1as

(15)RRCH2OH = Ltk3ΘRCH2OHΘ∗exp

(
EF

RT

)
,

whereΘRCH2OH is the reactant alcohol surface coverage
is calculated from Eq. (II) inTable 1.

The liquid reactant alcohol is in a batch mode a
is continuously converting to the product as the re
tion progresses; for example, methyl glucoside (MG
gives methyl glucuronic acid (MG) with methyl aldehyd
glucoside (MAGP) as an intermediate. The material balan
for the liquid reactant and the products are described as
lows:

The rate of disappearance of alcohol to aldehyde is

(16)
dCRCH2OH

dt
= −CcatRRCH2OH,

(17)
dCRCHO

dt
= Ccat(RRCH2OH − RRCHO),

whereRRCHO is the rate of aldehyde disappearance an
determined from Eq. (IV) inTable 1as

(18)RRCHO= Ltk4ΘRCHOΘ∗exp

(
EF

RT

)
,

whereΘRCHO is the aldehyde surface coverage and is ca
lated from Eq. (IIa) inTable 1. The rate of acid formation i
calculated from the rate of disappearance of the aldehyd

(19)
dCRCOOH

dt
= CcatRRCHO.
The reactor model equations are solved with Matlab soft-
ware, with the use of the catalyst properties and the experi-
talysis 232 (2005) 432–443 435
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Table 3
Catalyst properties

Catalyst properties Eggshell Pt/C
(Engelhard, code-43545

Dispersion (%) 42
BET surface area (m2 g−1 m−1) 900
Pt content (wt%) 5
Particle size (µm) 35–40
Moisture content (%) 46.88
Porosity (%) 80
Density (kg m−3) 1050
Lt (mol kg−1) 0.1078

Table 4
Experimental operating conditions

Operating condition Semi-batch react

pH (–) 8
Degree of conversion (%) 5–30
Temperature,T (K) 323
Catalyst concentration,Ccat (kg m−3) 2
Stirring speed (rpm) 1000
Oxygen partial pressure,P in (kPa) 40
Initial MGP concentration,CMGP (mol m−3) 100
Initial MG concentration,CMG (mol m−3) 0
Liquid volume,V L (m3) 0.5× 10−3

Gas volume,V G (m−3) 0.35× 10−3

Volumetric gas flow,FV, G (m3 s−1) 14× 10−6

kGLaGL (s−1) 0.4

mental conditions as given inTables 3 and 4. The differential
equations, Eqs.(12), (13), (16), (17), and (19), are solved by
a stiff ordinary differential equation solver routine (ode23

3. Experimental

3.1. Conditions

In this work, experiments were performed in a stirr
three-phase semi-batch reactor. The aqueous alcohol
tant is added in a batch mode. The gaseous oxidant (m
ular oxygen) is supplied continuously by a mass flow c
troller. The oxygen partial pressure is set by the nitro
flow, also supplied by a mass flow controller. The pH of
reaction medium is kept at a constant level, by controlled
dition of a known concentration of an alkali (NaOH). Durin
the reaction, the alcohol reactant is converted to the pro
acid with time. The acid formation rate is measured thro
the rate of addition of alkali. The oxygen concentration in
liquid phase is measured with an oxygen electrode. The o
circuit electrochemical catalyst potential is measured w
a smooth Pt wire as the working electrode and Ag/Ag
saturated KCl as a reference electrode. A commercial n

uniform (egg shell), 5 wt% Pt on carbon (Engelhard; code-
43545) catalyst is used. The properties of the catalyst are
listed inTable 3. Experiments were performed under the re-
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action conditions listed inTable 4, and further details of the
procedure are described elsewhere[38].

3.2. Reaction start-up procedure

Depending on the pretreatment of the catalyst, three
ferent reaction starting procedures are investigated, as
lows:

3.2.1. Reductive start-up
For the reductive start-up procedure, the catalyst sl

is prereduced in a hydrogen atmosphere for about 1800
323 K. After it is flushed with nitrogen, the liquid reactan
aqueous alcohol, is added to the slurry, and the experim
is started by a specific partial pressure of oxygen introdu
by the gas inlet to the reactor. The details of the experime
procedure are described elsewhere[38].

3.2.2. Oxidative start-up
For the oxidative start-up procedure, the catalyst pretr

ment is similar to the reductive start-up. However, bef
starting the reaction, the catalyst slurry is oxidised by
posure to a 40-kPa partial pressure of gaseous oxygen,
specific time of 1800 s. The reaction is then started in o
dising medium, by the addition of a known concentration
aqueous alcohol to the reactor.

3.2.3. Inert start-up
The term “inert” means that the reaction is started w

out any pretreatment of the catalyst. The catalyst slu
is brought to the reaction temperature in a nitrogen
mosphere. The liquid reactant, aqueous alcohol, is adde
the aqueous catalyst slurry, at the reaction temperature
the experiment is started by simultaneous addition of oxy
to the reactor.

4. Results and discussion

4.1. Reductive start-up

Fig. 1a shows the experimentally observed acid f
mation rate as a function of time for the reductive sta
up procedure. The initial acid formation rate obtained
5.6 mmol kg−1s−1. As the reaction progresses the react
rate clearly drops. This drop is due not only to conversion
the liquid reactant, but also to strong catalyst deactivat
To visualise this catalyst deactivation phenomenon, the
served catalyst potential against time is presented inFig. 1c.
Starting from a reduced catalyst (0.1 V potential) surfa
the catalyst potential instantly increases to 0.9 V as soo
the oxygen reaches the catalyst surface; thereafter it sl

increases further and stabilises around 0.97 V. This further
increase in the catalyst potential indicates that the catalyst
deactivates because of overoxidation[24,25].
talysis 232 (2005) 432–443

t

t

d

In the literature, it has been argued that overoxidatio
the result of catalyst deactivation due to carbonaceous
position and that overoxidation is not the direct cause
catalyst deactivation[4,12]. The simplest way to verify the
main cause of the deactivation is to restore the initial
of reaction by interruption of the oxygen supply to the
actor or to stop the gas-inducing stirrer for a few minu
[30], which facilitates the reduction of the catalyst by the
cohol reactant.Fig. 1a shows that after 2500 s of reacti
time, the oxygen supply to the reactor was stopped for a
1100 s and then was started again. There is a tempo
sharp increase in the reaction rate, from 1.75 mmol kg−1 s−1

to 2.23 mmol kg−1 s−1, at the initial stage of the regener
tion, and then the reaction rate immediately drops. After
oxygen flow is resumed, the rate of reaction is restore
the level of the fresh active catalyst. The catalyst is rege
ated by a simple in situ reduction process, which shows
overoxidation is the main cause of deactivation and not
deposition of carbonaceous compounds. However, the m
nitude of the recovered reaction rate is not the same a
the beginning of the reaction, because of the drop in
reactant concentration (conversion 17%). The temporar
crease in the reaction rate, shortly after the oxygen flo
stopped, may be an indication of the consumption of in
tive oxide together with the negative order dependence
oxygen concentration, which has been demonstrated in
previous modelling work[39]. The reduction of the catalys
can also be seen through the drop in the measured ele
chemical catalyst potential (Fig. 1c), which reaches 0.4 V
As soon as the oxygen flow is resumed, the catalyst po
tial follows its previous track; however, it reaches a hig
level of 0.97 V more quickly.

Fig. 1a shows that the dynamic semi-batch reactor mo
which assumes overoxidation to be the main cause of c
lyst deactivation, is well able to describe the observed r
tion rates. The high initial catalytic activity followed by th
strong catalyst deactivation accompanied by reactant co
sion is accurately described by the model. In order to mi
the experimental data, after a simulation time of 2500 s,
gas-phase oxygen partial pressure in the model was forc
zero for 1100 s and then switched back to its original va
The reactor model with the electrochemical kinetics clea
demonstrates that the catalyst activity is fully regenera
and overoxidation is the main cause of the deactivation
order to describe a temporary increase in the acid forma
rate as observed in the experiment at the beginning o
reactivation period, diffusion limitation inside the cataly
particle has to be considered in the model[39]. Immediately
after the oxygen partial pressure is set to zero, the m
shows a temporary increase in the reaction rate (Fig. 1b).
However, the magnitude of this increased rate is lower t
that observed in the experiment. This may be due to the
that the model insufficiently accounts for the oxygen stor

capacity of the catalyst support and the platinum oxide.

The calculated potentials presented inFig. 1c, show the
right magnitude for the increase in the reaction rate with
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Fig. 1. Effect of the reductive startup procedure: (a) acid formation rate; (b) enlarged view of the acid formation rate using diffusion model, for simulating the

verag l
epres

cat-
ed

on

odel
mical
tial
reactivation period; (c) electrochemical catalyst potential; (d) oxide co
from 2500 to 3600 s. Symbols represent experimental data and lines r

increase in potential from the reduced state followed by
alyst deactivation with time, corresponding to an oxidis
potential level of approximately 1 V. During the reducti

period, the drop in the model predicted potential is smaller,
compared with the measured catalyst potential. However, af-
ter some time, the model shows a rapid drop in the potential
e; (e) oxygen coverage; and (f) MGP concentration. The oxygen suppy stopped
ent model results.

to a level of 0.4 V. There is a discrepancy between the m
and the experiments because the measured electroche
catalyst potential is quite dynamic, as it is a mixed poten

of colliding catalyst particles, the reaction mixture, and the
smooth Pt wire, whereas in the model the removal of oxide
is a relatively slow process. As soon as the oxygen pressure
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is switched back to its original value, the potential increa
faster and stabilizes to a slightly higher level (1 V) than
original level (0.99 V), similar to the experimentally me
sured catalyst potential.

The degree of catalyst deactivation due to overoxida
is presented as the simulated oxide coverage against tim
Fig. 1d. After 2500 s, approximately 60% (Θox = 0.58) of
the catalyst surface is covered with inactive platinum ox
During the reduction time, the drop in oxide coverage
incides with the catalyst potential. It can be seen from
figure that at 3200 s the oxide coverage decreases to
which means 700 s of reduction time is sufficient for
generation of the catalyst. This means that with this mo
the reduction period can be optimised, which is essentia
avoid carbonaceous deposits due to prolonged exposu
the reduced catalyst to organic compounds[16,17].

Fig. 1e shows the simulated oxygen coverage with tim
The initial oxygen coverage (approx. 0.5) decreases
time because of the increase in oxide formation. During
reduction period the coverage quickly drops to zero. As s
as the oxygen pressure is switched to its original value,
oxygen coverage at the catalyst surface increases, goe
higher level because of lower alcohol coverage (convers
and drops again because of overoxidation.Fig. 1f shows
the simulated concentration of the reactant alcohol, M
as a function of time. It can be seen that the calculated
version, from MGP concentration data, is around 26% o
5000 s of the simulation time. Within this conversion lev
it can be accepted that the MGP oxidation has close to 1
selectivity[24].

4.2. Oxidative start-up

Fig. 2a shows the experimentally observed acid forma
rate as a function of time for the oxidative start-up pro
dure. The catalyst slurry, after reduction with hydrogen
oxidised with a 40 kPa partial pressure of oxygen, for ab
1800 s, in the absence of the alcohol reactant. The rea
is started by the addition of a known amount of alcohol
actant to the catalyst slurry, in the presence of oxygen.
initial acid formation rate obtained is 4.21 mmol kg−1 s−1,
which is 1.3 times lower than the initial rate for the reduct
start-up. As the reaction progresses the drop in the rea
rate can clearly be seen. This drop occurs not only bec
of conversion of the reactant but also because of strong
lyst deactivation. Again to visualise the catalyst deactivat
the observed catalyst potential against time is presente
Fig. 2b. In the oxidising medium the catalyst has a poten
of about 1.1 V, and as soon as the alcohol reactant is add
the catalyst slurry the potential drops to 0.9 V, and therea
it slowly increases to 0.97 V and stabilises. This increas
the catalyst potential indicates that the catalyst has de
vated.
To verify the mechanism of deactivation, the regeneration
procedure as described in the previous section is followed.
Fig. 2a shows that after 4000 s of run time, the oxygen sup-
talysis 232 (2005) 432–443

,

f

a

-

o

ply to the reactor was stopped for about 800 s and sta
again. There is a temporary increase in the reaction
from 1.95 to 3.45 mmol kg−1 s−1, at the initial stage of the
regeneration and then the reaction rate immediately dr
This temporary increase in the reaction rate is almost 3 ti
higher than that for the reductive start-up. After the oxyg
flow is resumed, the rate of reaction is restored to the l
of fresh active catalyst. The catalyst is regenerated by
simple in situ reduction process, which confirms that over
idation is the main cause of deactivation. The reduction
the catalyst can also be seen through the drop in the m
sured catalyst potential (Fig. 2b), which reaches 0.4 V. A
soon as the oxygen flow is resumed, the catalyst pote
follows its previous track; however it rather quickly reach
a higher level of 0.97 V.

For modelling of the oxidative start-up, the semi-ba
reactor model has been modified, containing two parts:
the oxidised period (no reaction), where the reactant a
hol is not present, followed by the reaction period, with
standard set of equations.

For the oxidised period (no reaction), Eqs.(1), (2), (12),
and (13)are used, whereas the catalyst potential Eq.(3) is
modified, because of the absence of alcohol reactant an
action products, as follows:

(20)E = RT

2F
ln

(
Roxid1 + Roxid2

Rred5

)
.

It is found that during the preoxidising period, in the abse
of the alcohol reactant, the model predicts a high degre
catalyst deactivation (Θox = 0.8), which results in a much
lower reaction rate (not shown here) compared with the
served reaction rate. However, after the reduction period
model shows complete regeneration of the catalytic ac
ity and gives an accurate description of the reaction r
thereafter, which duplicates the reductive start-up. In o
to describe the initial observed reaction rates, for the ox
tive start-up, the kinetic step (VIII), inTable 1, is modified
to step (VIIIa). It is assumed that free sites are needed fo
transformation of chemisorbed oxygen into inactive oxide
can be envisaged that chemisorbed oxygen, in the absen
co-reactants, forms a regular layer on the platinum surf
which only decomposes into inactive oxide, depending
the degree of layer disruption (creation of free sites). Th
similar to the “oxygen passivation” phenomena in corros
science, or place exchange mechanisms observed in ele
chemistry[40]. This is also in agreement with Dirkx an
van der Baan[28], who have found that catalyst deactivati
due to overoxidation is higher in the presence of the re
tant alcohol (reaction) than in the absence of the reac
The kinetic parameter,k8a, of the modified step, (VIIIa) in
Table 1, is estimated with the use of former experimen
data, obtained under different pH conditions[27], with the
other parameters kept fixed. It is verified that the results

sented for the reductive start-up are not altered, because of
the modification in this step. The parameterk8a is exchanged
for k8a × Θ̄∗ in the model, and the average free site cover-
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Fig. 2. Effect of the oxidative startup procedure: (a) acid formation rate; (b) electrochemical catalyst potential; (c) oxide coverage; (d) oxygen (continuous
. The topped fr
ent m

ch

de-

rtial
and
rly
line) and free site coverage (dashed line); and (e) MGP concentration
4000 to 4800 s. Symbols represent experimental data and lines repres

age,Θ̄∗, during the reaction is approximately 0.43, whi
results ink8a∼ 2.35× k8.

Fig. 2a shows that the reactor model is well able to

scribe the observed reaction rates. The acid formation rate
after the pre-oxidation period (no reaction) is now properly
simulated. In order to mimic the experimental data, after
reactant alcohol, MGP, is added after 1800 s and the oxygen supply som
odel results.

a simulation time of 4000 s, the gas-phase oxygen pa
pressure in the model was forced to zero for 800 s
then switched back to its original value. The model clea

demonstrates that the catalyst activity is fully regenerated
and overoxidation is the main cause of catalyst deactivation.
Immediately after the oxygen partial pressure is set to zero,
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the model shows a temporary increase in the reaction
However, the magnitude of the increased rate is lower
observed in the experiment, similar to the reductive star
simulations.

The calculated potentials presented inFig. 2b show that
the model adequately describes the measured electroc
ical catalyst potentials. In the oxidised period the elec
chemical catalyst potential reaches a high value, aro
1.2 V, compared with the reaction period. The potential
creases to a lower value of 0.99 V with the addition of
alcohol reactant. However, during the reduction period,
model predicts a slower drop in the catalyst potential co
pared with the measured potential, similar to that for
reductive start-up.

The degree of catalyst deactivation due to overoxida
is presented as the simulated oxide coverage against tim
Fig. 2c. During the pre-oxidation period of 1800 s, appro
imately 22% (Θox = 0.22) of the catalyst surface is cover
with inactive platinum oxide. It can be determined that a
approximately 33 h of continuous exposure of the catalys
the oxygen supply, full coverage with inactive platinum o
ide (Θox = 1) is obtained. After the addition of the reacta
alcohol, the reaction starts but the level of the oxide cove
remains the same. This shows that the reactant alcohol i
able to reduce the oxide in the presence of oxygen, w
confirms that the reactant MGP is a weak reducing c
pound. However, the oxygen coverage presented inFig. 2d
drops from 0.8 to below 0.4, which has a slight effect
the catalyst potential, lowering its value from 1.2 to 1
(Fig. 2b).

After 4000 s of simulation time the model shows 60% c
alyst deactivation, whereas the same degree of catalyst
tivation (60%) was obtained after 2500 s with the reduc
start-up. This means that a higher catalyst deactivation
is observed with reaction than without reaction. In pract
catalyst deactivation seems to be proportional to the turn
frequency[28]. This can be understood by considering t
the alcohol dehydrogenation rate, step (III) inTable 1, and
the inactive oxide formation rate, steps (VIIIa) and (IX), a
proportional to the number of available free sites. During
reduction time, the drop in oxide coverage coincides w
the catalyst potential. The oxide is completely removed a
800 s of catalyst reduction, which indicates complete reg
eration of the catalyst.

Fig. 2d shows the simulated oxygen coverage and
site coverage with time. The oxidative start-up leads t
higher initial oxygen coverage (approx. 0.9) than the red
tive start-up (approx. 0.5). As soon as the reactant alcoh
added to the slurry, the oxygen coverage drops from a l
of 0.8 to below 0.4, whereas the free site coverage incre
to 0.38. The oxygen coverage further decreases with
due to an increase in oxide formation. The increased num
of available free sites contributes to overoxidation during

reaction, through kinetic steps (VIIIa) and (IX) inTable 1.
During the reduction period the oxygen coverage quickly
drops to zero, and the free site coverage reaches 1. When th
talysis 232 (2005) 432–443

.

-

-

-

s

oxygen pressure is switched to its original value, the o
gen coverage at the catalyst surface increases and goe
higher level (approx. 0.6), because of a lower alcohol co
age (conversion), and drops again because of overoxida
Fig. 2e shows the simulated concentration of the reac
alcohol, MGP, as a function of time. It can be seen t
the calculated conversion, from MGP concentration dat
around 22% over 6000 s of the simulation time.

4.3. Inert start-up

Fig. 3a shows the experimentally observed acid forma
rate as a function of time for the inert start-up procedure;
is, the catalyst was used from the shelf. It can be seen
the catalyst shows hardly any activity. The inert start-up r
resents an extreme case of the oxidative start-up. The in
rate obtained was only 0.3 mmol kg−1 s−1, which is nearly
19 times lower than the reductive start-up and 14 times lo
than the oxidative start-up. Furthermore, to understand
cause of such a low activity, the oxygen flow was stop
after 3500 s for about 1000 s and started again. It ca
seen from the figure that the catalyst was fully regener
and an acid formation rate of 5.8 mmol kg−1 s−1 was ob-
tained, which is of the same magnitude as for the reduc
start-up. This shows that with the inert start-up proced
before the reaction was started, the catalyst was fully ove
idised. The initial reaction rate is close to the reaction
obtained by Dirkx and van der Baan[29] for an overoxidised
catalyst. The complete reactivation of the catalyst confi
that overoxidation is the main cause of the catalyst de
tivation. The temporary increase in the reaction rate, fr
0.5 to 1.1 mmol kg−1 s−1, at the initial stage of the regen
eration, matches the findings from the other start-up pr
dures.

To understand catalyst deactivation, the observed e
trochemical catalyst potential against time is presente
Fig. 3b. Starting from an oxidised surface with a poten
around 1 V, after addition of the reactant, the potential dr
to a lower value of 0.9 V. The catalyst potential stays
the same level over the reaction time. This inertness of
catalyst potential corresponds to the unaltered concentr
(no conversion) of the reactant alcohol. During the red
tion period, the catalyst potential drops to 0.4 V. As soon
the oxygen flow is resumed, the catalyst potential insta
neously increases to 0.9 V and quickly reaches 0.97 V du
the reaction, where it stabilises, confirming the overoxi
tion.

For modelling of the inert start-up, it is assumed that
catalyst is fully oxidised, that is, there is a high coverage
oxide (Θox ≈ 0.9). In agreement with the previous sectio
the modified kinetic step (VIIIa) is used to determine the
active oxide formation.Fig. 3a shows that the reactor mod
is well able to describe the observed low reaction rates. In
e

der to mimic the experimental data, after a simulation time
of 3500 s, the gas-phase oxygen partial pressure in the model
was forced to zero for 1000 s and then switched back to its
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Fig. 3. Effect of the inert startup procedure: (a) acid formation rate; (b) electrochemical catalyst potential; (c) oxide coverage; (d) oxygen coverage; and
s. S .

cat-
the
gen

peri-
(e) MGP concentration. The oxygen supply stopped from 3500 to 4600

original value. The model clearly demonstrates that the
alyst activity is fully regenerated and overoxidation is
main cause of the deactivation. Immediately after the oxy

partial pressure was set to zero, the model showed a tempo
rary increase in the reaction rate. However, the magnitude
ymbols represent experimental data and lines represent model results

of the increased rate was lower than observed in the ex
ment, similar to that for the reductive start-up.

The calculated potentials presented inFig. 3b properly

-describe the observed electrochemical catalyst potential.
During the reduction period the drop in the model predicted
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potential is smaller compared with the measured cata
potential, as observed for the other start-ups. The pote
then drops to the level of 0.4 V, and, as soon as the oxy
pressure is switched back to its original value, the poten
increases faster and stabilizes at a higher level (1 V) than
original level (0.95 V), similar to the experimentally me
sured catalyst potential.

Fig. 3c shows the simulated oxide coverage against ti
The oxide coverage remains at a high level, for a long per
as assumed at the beginning of the reaction (Θox = 0.9).
During the reduction period, the oxide coverage drops
zero after 1000 s. The model clearly demonstrates tha
catalyst activity is fully regenerated.

Fig. 3d shows the simulated oxygen coverage with tim
It can be seen that the oxygen has insignificant coverag
the catalyst surface, which is due to a high oxide cover
This also indicates a low activity of the catalyst. During
reduction period, the coverage becomes zero. As soon a
oxygen pressure is switched to its original value, the o
gen coverage at the catalyst surface increases and goe
higher level of 0.5, similar to that for the reductive start-up
can also be seen that the oxygen coverage further decr
because of overoxidation.Fig. 3e shows the simulated con
centration of the reactant alcohol, MGP, as a function
time. It can be seen that the calculated conversion, f
MGP concentration data, is around 15% over 6000 s of s
ulation time.

5. Conclusions

In this work the effect of the reaction start-up proc
dure on the oxidation of methylα-D-glucopyranoside wa
investigated. Results have been obtained with experim
performed in a stirred slurry semi-batch reactor with Pt
carbon catalyst and molecular oxygen as oxidant. The
ductive start-up case gives a nearly 1.3 times higher in
reaction rate than the oxidative start-up case and a ne
19 times higher initial rate than the inert start-up case
has been demonstrated, with the help of experiments
the recently developed electrochemical reaction model,
independently of the start-up procedure, overoxidation
the main cause of catalyst deactivation. These results
be generalised for the oxidation of weakly reducing co
pounds, under oxygen-rich conditions in a weakly alka
medium. As the reaction progresses, the conversion of th
actant alcohol increases, the rate of oxygen supply beco
higher than the rate of reaction, and the catalyst deactiv
because of overoxidation. The results obtained in exp
ments are validated with the model. The experimental
generation period can be optimised with the model, to av
carbonaceous deposits on the reduced catalyst. The obs
catalyst potential gives useful information on the oxidat

state of the catalyst. The electrochemical model can describe
well the observed catalyst potential at different start-up con-
ditions. A modified kinetic step, which considers that free
talysis 232 (2005) 432–443

l

e

a

s

-
s

d

sites are needed for transformation of chemisorbed oxy
into inactive oxide, gave a good description of the oxida
start-up. Investigation of the effect of varying oxygen par
pressure, length of the pre-oxidising period, pH, and m
crystallite size on the initial reaction rate would give use
additional data to verify or adjust the kinetic equations t
describe overoxidation.
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