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Abstract

The platinum catalysed aqueous oxidation of alcohols and carboxylic acids is studied using electrochemical methods
under circumstances typical for catalytic oxidation reactions, being 408C and pH 8. The investigated reactants are

Ž . Ž . Ž . Ž .cyclohexanol CL , methyl a-D-glucopyranoside MGP , sodium oxalate OA , and sodium formate FA . Two catalytic
oxidation regimes are distinguished: the intrinsic kinetic regime, and the oxygen transport limitation regime. Save OA, all
reactants react on adsorbate-free, reduced platinum. On adsorbate-free, reduced platinum carbonaceous adsorbates are
formed, inhibiting catalytic reactions. This situation is found when operating in the oxygen transport limitation regime.
Under intrinsic kinetic conditions, platinum catalyst deactivation is caused by platinum oxide formation. Platinum oxide
reduction is inhibited by the presence of adsorbed oxygen. A kinetic model for MGP oxidation, platinum deactivation, and
reactivation is evaluated. q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Platinum; Alcohol oxidation; Catalysis; Deactivation; Electrochemistry

1. Introduction

Platinum catalysed selective oxidation of or-
ganic compounds such as alcohols and carbo-
hydrates provides useful products and interme-
diates for various applications in fine chemistry.
In general, the oxidant used is oxygen and the
solvent is water. The platinum catalyst is gener-
ally supported on activated carbon or graphite.
This process is attractive due to low environ-
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mental impact, high selectivity, and mild reac-
Ž .tion conditions 20–808C, ambient pressure .

In general, two different reaction operation
regimes can be distinguished: the oxygen trans-
port limitation regime and the intrinsic kinetic
regime. The regime is determined by the oxy-
gen transport rate. The amount of oxygen pre-
sent at the catalyst surface has a large influence
on the behaviour of the platinum catalyst, espe-
cially on catalyst deactivation. Catalyst deacti-
vation is a major issue in platinum catalysis,
preventing large-scale use of these oxidation

w xprocesses in fine chemistry 1 .
When the oxygen transport to the catalyst is

limited and the catalyst surface is largely unoc-
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cupied, catalyst poisoning is likely to occur.
Carbonaceous reactant degradation products are
strongly adsorbed to the catalyst surface, thus
blocking the active sites. These degradation
products have been studied by various authors,

w xusing electrochemical methods 2–4 .
In the intrinsic kinetic regime, where oxygen

is present in excess, platinum catalyst over-
oxidation occurs, as shown by in situ extended

Ž .X-ray absorption fine structure EXAFS spec-
w xtroscopy 5 . Platinum oxides are formed on the

catalyst surface, dramatically decreasing the cat-
alyst activity. Under extreme or long-term ox-
idative circumstances or in the presence of
strong chelating agents, platinum dissolution has

w xbeen observed 6 .
Within our laboratory, the oxidation of sev-

eral alcohols and carbohydrates has been stud-
ied through kinetic analyses and various catalyst
characterisation methods, including EXAFS and
electrochemistry. The catalysts used were pro-
moted, and unpromoted platinum and palladium
catalysts supported on activated carbon, carbon

w xfibrils, and graphite 5–9 . Several models have
been proposed to explain oxidation and deacti-
vation kinetics, including a complete model for

Ž .oxidation of methyl a-D-glucopyranoside MGP
and platinum catalyst deactivation and reactiva-

w xtion 8 . In this model, the active oxygen species
is assumed to be adsorbed O. The proposed
mechanism for platinum catalyst deactivation is
the formation of platinum oxide, which can be
reduced by the reactant in the absence of oxy-
gen.

The aim of this paper is to provide electro-
chemical evidence for the proposed kinetic
model. Electrochemistry offers the opportunity
to study catalytic oxidation of organic reactants
in the absence of gaseous or dissolved oxygen.
Most publications on electrochemical oxidation
of organic reactants report data from strong acid

w xor alkaline solutions 2–4,10 . Selective cat-
alytic alcohol oxidations are preferably carried
out in neutral or slightly alkaline solutions, due

Žto the sensitivity of the reactants especially
. w xcarbohydrates and products 1 . The present

contribution aims to elucidate reaction and deac-
tivation mechanisms using cyclic voltammetry
at pH 8, and compare these with the oxidation

w xreaction mechanism proposed in Ref. 8 .

2. Experimental

Cyclic voltammetric measurements were per-
formed in a thermostated three-compartment
120 ml electrochemical cell. Potentials and cur-
rents were controlled by means of an Autolab
PGSTAT20 potentiostatrgalvanostat. An aged
platinised platinum electrode with a geometric
surface area of 3.52 cm2 and a hydrogen ad-

Ž y7sorption capacity of 38.4 mC 3.98=10 mol
y 2 .e or H , real surface area, 183 cm was usedad

as the working electrode. Another platinised
platinum electrode served as the counter elec-
trode. A HgrHg SO rsat. K SO reference2 4 2 4

electrode was used. All potentials are referred to
Ž .the reversible hydrogen electrode RHE .

All solutions used were prepared with Milli-
Ž .pore superQ water 18 MVrcm and analytical

grade reagents. All solutions were buffered at
pH 8 using 46.5 molrm3 sodium dihydrogen
phosphate and 26.8 molrm3 sodium tetraborate.
The conductivity of the solutions was improved
by adding 500 molrm3 sodium perchlorate. For
comparison with catalytic reaction circum-
stances, all measurements were performed at
313 K, while argon was bubbled through the
solution. The organic reagents used were cyclo-

Ž . Ž .hexanol CL , MGP, sodium oxalate OA , and
Ž .sodium formate FA .

Prior to adsorbate measurements, the plat-
inum electrode was stripped by a reductive
Ž . Žy0.03 V during 20 s and an oxidative 1.27 V

.during 20 s treatment. The electrode was ex-
posed to a 100 molrm3 pH 8 solution of the

Ž .organic reactant CL, MGP, OA or FA for 30
min, during which the electrode potential was
kept at 0.67 V. The electrode was rinsed with
distilled water and placed in a blank pH 8
electrolyte. Starting from 0.67 V in negative
direction, cyclic voltammograms were recorded
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in the range 0.03–1.46 V at scan rate 5 mVrs.
This procedure is referred to as ‘indirect oxida-

w xtion’ by Gootzen et al. 2 . From the first scan,
Žthe differences in the hydrogen region 0.03–

. Ž .0.37 V and the oxygen region 0.75–1.46 V
were examined. The second and later scans
were identical with cyclic voltammograms
recorded with a clean platinum electrode in
fresh, blank electrolyte.

3. Results and discussion

The presence of adsorbed oxygen or hydro-
gen on the platinum surface has a large influ-
ence on the oxidation of organic reactants. In
order to investigate the reactivity of platinum
towards CL, MGP, OA, and FA, cyclic voltam-
mograms were recorded using 100 molrm3 so-
lutions of these reagents. The platinum elec-
trode potential was cycled between 0.03 and
1.46 V vs. RHE.

First of all, the buffering capacity of the
electrolyte needs to be examined. Local pH
changes can distort the voltammograms dramat-
ically, as shown by Pletcher and Sotiropoulos
w x11 using unbuffered neutral solutions. From
the hydrogen adsorption and desorption peaks in

Ž .blank electrolyte Fig. 2 , a peak shift of q50

mV is observed. This corresponds to a 0.85 pH
decrease, which is acceptable.

The features to be found in a typical voltam-
mogram are indicated in Fig. 2. As shown in

Ž .Fig. 1, the two alcohols CL and MGP show
two significant peaks: a broad peak around 1.15
V due to the oxidation of carbonaceous residue,
and a distorted peak around 0.6 V due to direct

Ž .alcohol oxidation and to a minor extent car-
bonaceous residue formation. This behaviour
has been observed for various alcohols, includ-

w x w xing ethylene glycol 12 and 1-butanol 3,10 .
The deformation of the alcohol oxidation peak
in the negative-going scans stems from platinum
oxide reduction, which also takes place in this
region. Clearly, a reduced platinum surface is
necessary for this type of alcohol oxidation.

OA shows a large current in the oxidic re-
gion, above 1.1 V vs. RHE. As stated by Chol-

w xlier et al. 13 , OA oxidation strongly depends
on pH. In 0.5 M sulfuric acid, OA oxidation
starts at 0.8 V vs. RHE. The cyclic voltammo-
gram of FA is diffusion and conductivity con-
trolled, due to the extremely high reactivity of
this reactant. Its oxidation commences around
0.4 V just above the hydrogen adsorption re-
gion.

The results of our adsorbate studies are pre-
sented in Table 1. The first scan after electrode

w xFig. 1. Cyclic voltammograms in the range 0.03–1.46 V, scan rate 5 mVrs, 408C. Electrode potential V on horizontal axis, current density
w 2 x 3 3mArcm on vertical axis. In the left figure thin line for 100 molrm CL, thick line for 100 molrm MGP; in the right figure thin line for
100 molrm3 FA, thick line 100 molrm3 OA.
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Fig. 2. Cyclic voltammograms in the range 0.03–1.46 V, scan rate
w x5 mVrs, 408C. Electrode potential V on horizontal axis, current

w 2 xdensity mArcm on vertical axis. The thin line represents blank
electrolyte, the thick line for 100 molrm3 MGP.

transfer to a blank solution gives information
about the adsorbates formed. The decrease in

Ž .hydrogen peak charge 0.03–0.37 V is a mea-
sure for the amount of platinum surface sites
blocked by the reactant or its degradation prod-

Ž .ucts. In the oxygen region 0.75–1.46 V , all
reactants showed an increase of the peak charge
in the first scan. This appears as a broad peak
with its maximum at 1.12–1.20 V, superim-
posed on the broad platinum oxidation peak. As

w xGootzen et al. 2,14 showed for several alco-

hols, including MGP, this peak can be attributed
to complete oxidation of carbonaceous residues
towards carbon dioxide. Their residue oxidation
charge after adsorption of a 5 molrm3 MGP

2 w xsolution at pH 13 was 250 mCrcm 2 , which
is much more than the charge we found for a
100 molrm3 MGP solution at pH 8. As men-

w xtioned by Mallat and Baiker 1 , carbohydrate
oxidations should be performed at pH between
7 and 9, due to side reactions at higher and
lower pH. These side reactions, forming car-
bonaceous residue, are the cause of platinum
deactivation in the oxygen transport limitation
regime.

In order to investigate the reactivity of oxi-
dised, deactivated platinum towards the alco-
hols, the platinum electrode potential was cy-
cled between 0.77 and 1.46 V vs. RHE. We
assume that after 10 consecutive scans, a full
oxide layer has formed. The results are shown
in Fig. 3. The small currents in the voltammo-
grams are largely due to double-layer charging.
The net charge consumption in one scan in
blank electrolyte was 14 mCrcm2; in MGP, 47
mCrcm2; and in CL 69, mCrcm2. For MGP,

Ž y .assuming selective oxidation 4 e per MGP ,
this amounts to an average turnover frequency
of 1.0=10y4 sy1. The maximum oxidation

Žcurrent in the double-layer region at 0.68 V,
. 2Fig. 1 was 49.2 mArcm , which is equivalent

to a turnover frequency of 5.9=10y2 sy1. The
catalytic turnover frequency at equivalent cir-

y2 y1 w xcumstances is 1.58=10 s 7 . Clearly, free
Pt0 sites are much more active for alcohol
oxidation, but the reaction pathway via platinum
oxide is significant for the relation between
reactant concentration and oxide coverage in

Table 1
Ž 2Results of adsorbate studies of various organic reactants on platinised platinum at 0.67 V vs. RHE. Peak charge increase mCrcm and

. Ž . Ž .percentage of blank hydrogen peak in the hydrogen region 0.03–0.37 V and the oxygen region 0.75–1.46 V
2 2w x w x w x w xReactant H-region mCrcm H-region % O-region mCrcm O-region %

CL y68 y32 454 216
MGP y30 y14 86 41
OA y115 y55 244 116
FA y46 y22 123 58
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Ž . Ž .Fig. 3. Cyclic voltammograms in the ranges 0.77–1.46 V left figure and 0.67–1.46 V right figure , scan rate 5 mVrs, 408C. Electrode
w x w 2 xpotential V on horizontal axis, current density mArcm on vertical axis. Dotted lines represent blank electrolyte, thin lines for 100

molrm3 CL, thick lines for 100 molrm3 MGP.

deactivated catalysts. For methanol, formal-
dehyde and formic acid, this pathway has been

w xobserved by Oxley et al. 15 using open-circuit
potential decay measurements.

The formation of carbonaceous residues was
incited by expanding the potential range to-
wards the double-layer region. The platinum
electrode potential was cycled between 0.67 and
1.46 V vs. RHE. In the section between 0.67
and 0.77 V, the platinum surface is partially
reduced. The results are shown in Fig. 3. The
net charge consumed in one scan in blank elec-
trolyte was 0.07 mCrcm2; in MGP, 0.86
mCrcm2; and in CL, 1.74 mCrcm2. This indi-
cates that carbonaceous residue is only formed
in the double-layer region, corresponding to the
oxygen transport limitation regime. The charge
involved in oxidation of carbonaceous residue is
larger for CL than for MGP. Two explanations
are possible: CL is less stable on clean platinum
surface and forms more residue or CL residue
requires more electrons for complete oxidation.

When discussing the implications of these
findings for platinum catalyst performance, one
should consider some important differences be-
tween platinised platinum electrodes and com-
mercial supported platinum catalysts. The plat-
inum particle size in commercial catalysts is
approximately 2 nm. The formation of carbona-

ceous residues probably requires several adja-
cent platinum surface sites. On small particles,
and in the presence of adsorbed oxygen, these

Ž .clusters may not be available ensemble effect .
Still, poison formation is likely to occur under
oxygen transport limited circumstances. Also,
mass transfer restrictions within the catalyst may
cause oxygen and reactant concentration gradi-
ents.

Experimental results from kinetic studies on
w xselective platinum catalysed MGP oxidation 7

have been used for the construction and valida-
tion of a reaction model for platinum catalysed

w xaqueous alcohol oxidations 8 . The experiments
used for model validation were all in the intrin-
sic kinetic regime, as verified by mass transport
calculations. The model equations are presented
in Table 2. The reaction, deactivation and reac-
tivation kinetics are adequately described using
two oxygen species: active adsorbed atomic
oxygen and inactive surface platinum oxide.
The latter may be identical with the strongly

w xadsorbed oxygen species Gootzen et al. 2 used
to explain continuing deactivation at constant
platinum potential 0.99 V vs. RHE.

The proposed reaction mechanism involves
an adsorbed oxygen assisted alcohol dehydro-

Ž Ž ..genation as the rate determining step Eq. 4 .
The consecutive step 4a, oxidation of the inter-
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Table 2
Kinetic model for selective methyl a-D-glucopyranoside oxidation on graphite supported platinum

k1
) ) ) 2 Ž .O q2 ™2O R sk c u 12 1 1 O 2

k2
) ) ) Ž .MGPq plMGP p u sK c u 2MG P 2 MGP p

k3
) ) ) Ž .MGq plMG p u sK c u 3MG 3 MG p

k4
) ) ) ) ) ) Ž .MGP pqO q ™MAGP pqH Oq2 R sk u u u 42 4 4 MGP O

k4a
) ) ) ) ) Ž .MAGP pqO q ™MG pq2 u f0 4aMA GP

k5
) ) Ž .O ™ox R sk u 55 5 O

k6
) ) Ž . Ž .ox ™O R sk u exp yg u 66 6 ox SO O

k7
) ) ) ) Ž .MGP pqox ™MAGP pqH Oq R sk u u 72 7 7 MGP ox

k7
) ) ) ) Ž .MAGP pqox ™MG pq u f0 7aMA GP

mediate methyl a-D-6-aldehydoglucopyranoside
Ž .MAGP towards the product 1-O-methyl a-D-

Ž .glucuronic acid MG , which is completely pro-
ton dissociated at pH 8, is more than 100 times

w xfaster 9 . The same is assumed for reaction
steps 7 and 7a. Reaction step 4 is assumed to
depend on adsorbed oxygen coverage in a linear
way. A third order elementary reaction step is
very unusual. As shown in Fig. 1, electrochemi-
cal MGP oxidation starts outside the oxygen
adsorption region. Adsorbed oxygen is not nec-
essary for the electrochemical reaction, but it
increases the platinum open circuit potential,
thus activating the active platinum sites. The

linear dependence, as found in our kinetic study
w x8 , may be a coincidence. Naturally, non-elec-
trochemical MGP oxidation requires oxygen as
the electron acceptor.

Catalyst deactivation is described with the
formation of surface platinum oxide. The fast
reactivation of the catalyst in an oxygen-free
environment, in contrast with the slow deactiva-
tion, is described with feed-back mechanism. In
this proposed mechanism the presence of ad-
sorbed oxygen prevents the reduction of surface
platinum oxide. This is comparable with the
extreme hysteresis in electrochemical platinum
oxidation and reduction. The model does not
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include deactivation by carbonaceous poison
formation, which is negligible under the reac-

w xtion circumstances 7 . Direct reduction of plat-
Ž .inum oxide, as assumed in Eq. 7 , only plays a
w xminor role in the kinetic model 8 .

4. Conclusions

The platinum catalysed aqueous oxidation re-
actions of CL, MGP, OA, and FA have been
studied using cyclic voltammetry. The experi-
mental conditions, 408C and pH 8, are unusual
in electrochemistry, but have been chosen for
comparison with heterogeneous catalysis. The
alcohols CL and MGP have been found to react
on clean, metallic platinum. They show very
low activity towards platinum oxide. OA is only

Žoxidised at very high potential over 1.1 V vs.
.RHE . FA oxidation, like alcohol oxidation, is

catalysed by metallic platinum.
In the platinum double-layer region, i.e. with-

out adsorbed hydrogen or oxygen, the formation
of carbonaceous residues has been established
for all investigated reactants. These residues are
oxidised in the oxygen adsorption region at
platinum potential approximately 1.15 V vs.
RHE. Under oxygen transport limitation cir-

cumstances, the platinum catalyst potential will
be in the double-layer region. Therefore, car-
bonaceous poison formation is the main cause
of platinum catalyst deactivation in the oxygen
transport limitation regime.

On exposure to a large excess of oxygen, the
open circuit potential of a graphite supported
platinum catalyst reaches about 1.0 V vs. RHE
w x7 . CL, MGP and FA are oxidised in this
region, but OA is not. Oxalates are often found
as unreactive end products of platinum-cata-

w xlysed carbohydrate oxidation 16 , which is sup-
ported by this observation. Catalyst deactivation
by platinum oxide formation is obvious in the
intrinsic kinetic regime. Platinum oxide shows
very low activity towards alcohol oxidation.
Deactivation by carbonaceous poison formation
is unlikely in the intrinsic kinetic regime.

The kinetic model for platinum catalysed
w xMGP oxidation, as derived in Ref. 8 , is sup-

ported by the presented electrochemical data.
The rate determining reaction step involves
weakly adsorbed MGP and a free reduced plat-
inum site that is activated by adsorbed oxygen.
Catalyst deactivation in the intrinsic kinetic
regime is due to platinum oxide formation. Plat-
inum oxide reduction is inhibited by the pres-
ence of adsorbed oxygen.

List of symbol
3c concentration of 1-O-methyl a-D-glucuronic acid molrmMG
3c concentration of methyl a-D-glucopyranoside molrmMGP
3c concentration of dissolved oxygen molrmO2

g adsorbed oxygen feedback parameter –SO

k reaction constant, relative to equation ii
3K equilibrium constant, relative to equation i m rmoli

R surface reaction rate, relative to equation i molrmol Pt si s

u fractional MAGP coverage –MAGP

u fractional MG coverage –MG

u fractional MGP coverage –MGP

u fractional oxygen coverage –O

u fractional oxide coverage –ox
)u fraction free chemisorption sites –
)u fraction free physisorption sites –P
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