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Relaxation Processes during the Selective Oxidation of Aqueous
Ethanol with Oxygen on a Platinum Catalyst

Ludo Jelemensky, Ben F. M. Kuster,* and Guy B. Marin

Laboratorium voor Chemische Technologie, Schuit Institute of Catalysis, Eindhoven University of Technology,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands

The observed loss of activity at constant conditions during the selective oxidation of ethanol
with oxygen in a continuous stirred-tank reactor with carbon-supported platinum can be
described by a model considering reversible transformations between three oxidizing species on
the catalyst. One of these species is much more reactive toward ethanol and can be considered
as a reaction intermediate in the selective oxidation of the latter. The model is also able to
simulate the relaxation of the catalyst potential when the reaction is performed with a platinum
foil in an electrochemical cell. The loss of activity as well as the relaxation of the catalyst
potential can be attributed to changes in the degree of coverage by the two less reactive forms
of oxygen. The latter should be considered as an extrinsic relaxation in contrast to the
establishment of the steady-state degree of coverage by the reaction intermediates in the selective
oxidation of ethanol, i.e., the intrinsic relaxation.

Introduction

The noble metal catalyzed oxidative dehydrogenation
of aqueous alcohols or hydrated aldehydes is a reaction
with many applications in carbohydrate conversion and
fine chemistry. The reaction is a very clean one, using
gaseous oxygen or air as the oxidant and producing only
water as a side product. A recent review is given by
Mallat and Baiker (1994).

Ethanol is used as a model molecule in the present
paper. This reaction occurs in two stages—the oxidative
dehydrogenation of ethanol

C,H;OH + 1,0, — C,H,0 + H,0
followed by the oxidation of acetaldehyde
C,H,0 + NaOH + ',0, — C,H,0,Na + H,0

From the literature (Mallat and Baiker, 1994; Vleem-
ing et al., 1994; Schuurman et al., 1992) it appears that
there are many causes of activity loss during the noble
metal catalyzed oxidation of alcohols in liquid phase.
One reason for activity loss is overoxidation of the
catalyst surface. As the rate of overoxidation depends
on the balance between the alcohol dehydrogenation
during or subsequent to chemisorption and the surface
oxidation of the chemisorbed species, this cause of
activity loss is dominant when the reaction rate is not
limited by oxygen transfer from the gas phase (Vleeming
et al., 1994). Under oxygen transfer limited condition,
active site coverage is at the origin of activity losses
(Mallat and Baiker, 1994) and overoxidation is the
result rather than the cause of the latter.

The catalyst potential during reaction is a direct
indication of the oxidation state of the catalyst surface
(Mallat et al., 1992; Spiro, 1986), as it is mainly
influenced by the relative amounts of adsorbed species,
such as adsorbed oxygen containing species and alcohol.
Mallat and Baiker (1995) even suggested that through
measuring the catalyst potential the rate of oxygen
supply can be controlled to avoid catalyst overoxidation.
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Jelemensky et al. (1995) observed that the steady-
state reaction rates for ethanol oxidation in a continuous
stirred-tank reactor (CSTR) are reached after a time
interval, which is much higher than the so-called
intrinsic relaxation time, i.e. the time corresponding to
the reestablishment of a steady-state degree of coverage
of the catalyst surface by the reaction intermediates
(Temkin, 1976). In several experiments (Schuurman et
al., 1992; Vleeming et al., 1994; Mallat and Baiker,
1994) a corresponding slow relaxation of the catalyst
potential was found. As a rule, the existence of such
slow relaxations is ascribed to some extrinsic phenom-
ena rather than to pure intrinsic factors. The term
extrinsic relaxation processes was introduced by Temkin
(1976) and corresponds to variations in the chemical or
phase composition of the surface under the effect of the
reaction conditions. Extrinsic relaxation can be much
slower than intrinsic relaxation. For catalytic cycles
consisting of linear elementary reactions, i.e. the rate
of which is proportional to the concentration of the
involved intermediates, it was shown that the intrinsic
relaxation time was of the order of the reciprocal of the
steady-state turnover frequency.

Catalyst overoxidation also appears to result in
multiple steady states (Jelemensky et al., 1995). Up to
three stable steady-state rates for ethanol oxidation
could be established over a feed ethanol concentration
range from 300 to 400 mol m~3. The upper steady state
was reached by a reductive startup procedure, i.e.
starting in the absence of oxygen, while the two lower
steady states required an oxidative startup, i.e. starting
with oxygen in the absence of ethanol. A model con-
sidering the reversible formation of less reactive oxygen
adatoms and even less reactive subsurface oxygen from
the reaction intermediates, OH species, which could
describe the multiplicity of steady state quantitatively
was developed (Jelemensky et al., 1996).

The present paper is aimed at showing that this
steady-state model allows us to understand and simu-
late the activity loss observed during the oxidation of
aqueous ethanol. The latter should be considered as an
extrinsic relaxation from an initial state to a steady
state. Although catalyst deactivation strictly speaking
corresponds to an irreversible loss of activity, the
extrinsic relaxation phenomena discussed in this work

© 1997 American Chemical Society
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Figure 1. Continuous stirred electrochemical cell: W.E. =
working electrode, R.E. = reference electrode, and C.E. = counter
electrode.

have practical consequences for reactor operation very
similar to those of catalyst deactivation. In analogy
with catalyst deactivation the activity loss should be
related as much as possible to an observable property
which is a measure for its cause, e.g. coke content of
the catalyst in the case of deactivation by coke deposi-
tion (Froment and Bischoff, 1990). The present paper
is intended to provide more direct indications of catalyst
overoxidation and its relation with steady-state multi-
plicity and activity loss by the measurement of the
catalyst potential during reaction.

Experimental Procedures

It is in principle possible to measure the potential of
the suspended catalyst powder in a CSTR. However,
in order to obtain well-defined potential measurements
a dedicated electrochemical cell was used in the present
work.

Electrochemical Setup. The measurement of cata-
lyst potential during the oxidation of ethanol with
molecular oxygen has been carried out in a continuous
flow stirred electrochemical cell with external recircula-
tion depicted in Figure 1. Oxygen is dissolved in a
separate vessel. Both the electrochemical cell and the
vessel are thermostated.

Two mass flow controllers allow the feeding of differ-
ent mixtures of oxygen and nitrogen to the gas inlet. A
solution of ethanol was continuously fed to the vessel.
The concentration of oxygen in the liquid phase is
monitored by an oxygen sensor (Orbisphere 2641).

All electrochemical measurements were performed
with a computer-controlled Autolab PGSTAT 20 poten-
tiostat/galvanostat (Ecochemie). The working electrode
is the catalyst of which the potential is measured under
open circuit conditions. An unmodified platinum foil
was used as the catalyst. No mass transport limitations
occurred. As the reference electrode Hg/HgO was used.
All potentials are referred to the reversible hydrogen
electrode. All solutions were prepared with Millipore
superQ (18 MQ cm) water and analytical grade reagents
(Merck p.a.).

The surface area of platinum metal was 4.7 cm?, as
determined from the charge associated with the anodic
oxidation of the monolayer of hydrogen atoms taking
place between 0 and 0.4 V. Assuming a Pt:H stoichi-
ometry of 1:1 and a platinum number surface density
of 1.31 x 101 m~2, 2.1 C m~2 is transferred during the

oxidation of a monolayer of hydrogen atoms (Trasatti
and Petrii, 1992).

For all experiments a total pressure of 101 kPa, a
temperature of 298 K, a pH = 13, and a stirring speed
of 20 s was used. The ethanol feed concentration was
50 and 100 mol m~3. The feed flow rate of the ethanol
solution was kept constant at 3 mL/min. Under the
investigation conditions the ethanol conversion was
lower than 0.01%. No transport limitations occurred.

A standard pretreatment was given to the Pt electrode
before a set of experiments was performed. It consisted
of heating the electrode in a flame for 1 min followed
by the activating procedure: 100 times the potential
cycling between 0.05 and 1.6 V in 0.1 M NaOH with a
scan rate of 0.1 V/s.

To study the relaxation processes of the catalyst
potential from the initial state to a steady state,
different start-up conditions were used. In the so-called
reductive start-up procedure the potential of the work-
ing electrode was kept constant at 0.0 V for 50 s, and
during the next 50 s the potential was fixed between
0.0 and 0.6 V before a step change to open circuit
conditions was performed. In the so-called oxidative
start-up procedure first the potential of the working
electrode was kept constant at 0.0 V for 50 s and then
the potential was fixed during 50 s between 0.9 and 1.5
V before a step change to open circuit conditions was
performed.

It should be noted that relaxation processes were well
reproducible if different initial potentials were applied
before the working electrode was cycled in a minimum
of 10 times between 0.5 and 1.6 V in the presence of
the ethanol.

CSTR Setup. The selective oxidation of ethanol has
been carried out in a continuous stirred-tank reactor
containing 0.35 x 1073 m?3 of aqueous phase and 0.347
x 1078 kg of dry catalyst, 0.8% Pt on active carbon, at
323 K, 600 kPa total pressure, and pH = 8.4. The
oxygen partial pressure in the reactor was varied
between 8 and 120 kPa, and the feed ethanol concentra-
tion was between 100 and 2500 mol m~3. The oxygen
concentration in the liquid was set by the oxygen partial
pressure being maintained in the reactor constant using
a PID control for the oxygen and nitrogen feed flow rate.
No transport limitations occurred.

In the reductive startup ethanol is admitted prior to
oxygen; hence, the catalyst surface is occupied with
dehydrogenated ethanol and is free of oxygen when the
reaction starts. In the oxidative startup, ethanol is
admitted after oxygen; hence, the catalyst surface is
mainly occupied with oxygen-containing species when
the reaction starts. A more extensive description of the
experimental and start-up procedures in the CSTR
setup has been given by Jelemensky et al. (1995).

It should be noted that at the start of an experiment
for both start-up procedures the oxygen concentration
in the liquid is not equal to the set point. It takes
approximately 1500 s to reach the set oxygen concentra-
tion in the liquid. The time dependence of the oxygen
concentration in the liquid was accounted for during the
simulation of relaxation processes in the CSTR by an
exponential relation, Po,(t) = Po, set vaiue — A °8), and
assuming equilibrium between gas and liquid.

Model Equations

Reaction Kinetics and Mass Balances for the
Surface Species. The modeling of steady-state mul-
tiplicity of the rate of selective oxidation of aqueous



ethanol over a platinum on a carbon catalyst has been
reported recently by Jelemensky et al. (1996). A model
which sufficiently describes the experimental data is
based on the assumption that three different forms of
oxygen exist on the platinum: hydroxyl, atomic oxy-
gen, and subsurface oxygen, the former being the
reaction intermediate for the ethanol oxidation. For
details on the kinetics of the selective oxidation of
ethanol which are described by the classical Hougen—
Watson—Langmuir—Hinshelwood approach the reader
is referred to Jelemensky et al. (1996). Only the
features important for the relaxation will be briefly
presented here.

Molecular oxygen in water irreversibly adsorbs on the
surface in hydroxyl form with a rate given by

r, = klcozef g(79sofso) (1)

It can be seen that the oxygen adsorption rate, ry,
strongly decreases if less free active sites are available
and also decreases exponentially with an increasing
degree of coverage by subsurface oxygen as was sug-
gested by Bassett and Imbihl (1990). In contrast to the
previous work (Jelemensky et al., 1996), in this work
no Frumkin formalism for adsorption and desorption
rate coefficients of ethanol and oxygen was assumed as
the latter is not essential to describe the observations.
Thereafter adsorbed hydroxyl species slowly and re-
versibly are converted into atomic oxygen according to
r,=k,03,e®P% r_ =k ,0,0.e P%H (2)
The rate of transformation of surface hydroxyl to surface
oxygen, r, is strongly increased by the presence of
surface oxygen, while the rate of the reverse process,
r_p, is decreased by the presence of surface hydroxyl
species. A similar feedback is assumed for the slow
reversible oxidation of the metal surface layer by
formation of subsurface oxygen at a rate given by
r; = K300+5, e(Psofiso) r_; = K_30500~ e(TPsofo) (3)
The reactivities of these three forms of oxygen, with
respect to ethanol and aldehyde, are assumed to de-
crease strongly in the order of hydroxyl, atomic oxygen,
and subsurface oxygen. Equations 2 and 3 introduce
strong positive and negative feedback features in the
model and play a key role for the description of the
multiplicity of steady states. These relations cause
abrupt switching between the hydroxyl species and the
oxygen adatoms as dominant species on one hand and
between the oxygen adatoms and subsurface oxygen on
the other hand. The latter can be considered as a
reconstruction of the catalyst surface. Both transforma-
tions can be interpreted as extrinsic processes.
The balances for the active sites on the surface and
in the subsurface layer are given by
0.=1—20g— Oy — 0p — 0o G*SL=1—GSO 4)
where *g|_is an empty site in the subsurface layer. Note
that according to eq 4 there is no direct link between
the fraction of free active sites on the surface, 6+, and
the degree of occupation of the subsurface layer by
oxygen atoms, 6so.
The above considerations lead to expressions for the
net production rates of the five surface species consid-
ered and allow us to simulate both the observations in
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the CSTR (Jelemensky et al., 1996) and in the electro-
chemical cell. The full model equations for the latter
situation are given by the following dimensionless
ordinary differential equations:

hydroxyl form

de
d:H = puobt €907 — 20,67, — 2kiOp 05, —
2k'265)H e(Doﬁo) 4 2k'_2909* e(*Do(’OH) (5)
ethanol
0,
ar uebs — K08 — g0y, —

Kg0ebo — Kio0ebso (6)
acetaldehyde

do,,

dar = GEOéH + Ky + KigOegblso — kéeAleéH -

kéeAleo - k'11‘9A|‘9so - k’70AI (7)

oxygen adatoms

do
o = Kooy %) — K060, 0" — k0.0, -

k'90AL00 — kégOH*SL e(Dsoﬁso) + k,—30809* e(stoeo) (8)
subsurface oxygen

(o [7298
dr

— kéGOQ*SL e(Dsob‘so) —

k’,3¢9300* e(_DSOHO) - k'loeeeso - kllleALBSO )

The initial conditions for eqs 5—9 will be discussed later.

The dimensionless concentrations of oxygen and etha-
nol in the liquid phase are defined as

—4—le —EC 10
ﬂo_k5 o, P‘E_k5 E (10)

Note that only the concentrations of oxygen and ethanol
and not of acetaldehyde nor of sodium acetate feature
in the righthand sides of eqs 5—9 in view of the low
ethanol conversion in the electrochemical cell.

Relation between Degree of Coverage by Sur-
face Species and Catalyst Potential. The analogy
between a liquid phase heterogeneous catalytic reaction
and an electrochemical reaction has been treated by
several authors (Mallat and Baiker, 1994, 1995; Spiro,
1986; Horanyi, 1994; Creeth and Spiro, 1991; Farchmin
et al., 1993).

Some liquid phase heterogeneous catalytic reactions
can be regarded as two electrochemical half-reactions
proceeding on the same surface. The heterogeneous
catalytic oxidation of ethanol to the corresponding
aldehyde and carboxylic acid by molecular oxygen is in
this way composed of
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oxidation
CH,CH,OH — CH,CHO + 2H" + 2e~

CH,CHO + H,0 — CH,COOH + 2H" + 2¢~
reduction
0, +4H" + 4e” — 2H,0

The so-called mixed current—potential curve resulting
from two redox couples is obtained by the addition of
the two individual current—potential curves (Wagner
and Traud, 1938). The steady-state potential during a
chemical reaction that consists of two electrochemical
half-reactions is obtained when the so-called mixed
current equals zero. At potentials different from the
steady-state potential the rates of the half-reactions are
not in balance, resulting in a net production or con-
sumption of electrons, which requires an external sink
or source for the latter, or accumulation of charge on
the catalyst. At the steady-state potential the rate of
the chemical reaction is equal to the rate that corre-
sponds to the current of the separate anodic and
cathodic half-reaction.

Starting from Nernst equations no simple relation
between surface coverage and the potential can be
derived due to the large number of reducing and
oxidizing species. Furthermore, Nernst equations cor-
respond to thermodynamic equilibrium rather than to
steady state.

Also the addition of two individual current—potential
curves is only valid if the two redox couples act
independently. The anodic oxidation of the alcohol may
not be hindered by the presence of oxygen, and the
presence of alcohol may not hinder the cathodic reduc-
tion of oxygen. There are indications in the literature
(Vleeming et al., 1994; Mallat and Baiker, 1992, 1994,
1995; Schuurman et al., 1992; Gao et al., 1991; Beden
et al., 1992; Chu and Gilman, 1994) that both assump-
tions are likely to be invalid. This means that the
steady-state individual current—potential curves are not
sufficient to explain the dynamic behavior of the catalyst
potential during oxidation of alcohol with molecular
oxygen. The suggested extension (Creeth and Spiro,
1991; Farchmin et al., 1993) of the Wagner and Traud
(1938) principle, which consists of the measurement of
the separate current—potential curves in the presence
of the interfering redox couple, is not practical for the
prediction of the behavior of the heterogeneous catalytic
reaction at different conversions. This is due to the fact
that current—potential curves should be recorded at a
large range of concentrations of reactants and products.

In this paper it is assumed that the catalyst potential
during oxidation of ethanol with molecular oxygen
depends in an additive way on the degree of coverage
of the different surface species. The following linear
relation was assumed in first approximation between
the surface composition and the catalyst potential:

E =Ep 0« + Eonbon + Egbo + Ega(20: + 6,) (11)

The potential of the double layer Ep, equals 0.5 V as
determined by cyclic voltammetry and corresponds to
a free surface: 6-=1. For a surface fully covered with
hydroxyl the potential, Eon, was taken equal to the
standard potential of Pt/Pt(OH), = 0.98 V (Nagel and
Dietz, 1961, Latimer, 1952; de Bethune and Loud, 1964).
For a surface fully covered with oxygen adatoms the

1.00 11.00
osof - (OH)  10.80
Yosor H0.60
o B 7 s}
T [ 1
> r 4
2 0.40] H0.40
w = N
0.20 K 6(E) ~40.20
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0.00 T e =20 00
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Figure 2. The platinum foil potential calculated from eqs 5—11,
with parameter values in Table 1, versus time and the correspond-
ing degree of coverage of hydroxyl, oxygen adatoms, ethanol, and
acetaldehyde. Initial surface composition: 6g = 0.0, 6oy = 0.4,
Oa = 0.0, 60 = 0.2, and 1950 = 0.0.

potential, Eo, was taken equal to the standard potential
of Pt/PtO-2H,0 = 1.04 V (Grube, 1910). The potential
of a surface fully covered with ethanol and acetaldehyde
in the range of concentration of 50—100 mol m~3, Ega,
equals 0.44 V as determined under open circuit condi-
tions. Figure 2 shows an example of the resulting
catalyst potential calculated from eq 11. Clearly, with
the values of the constants in eq 11 given above, the
potential gives only limited information on the state of
the catalyst surface. Surfaces fully covered with either
OH or O are expected to be at a potential around 1 V,
whereas surfaces free of surface species or mainly
covered with ethanol or acetaldehyde will have a
potential around 0.5 V.

Ineq 11 itis assumed that the catalyst potential does
not depend on the degree of coverage by subsurface
oxygen. This assumption was motivated by the experi-
mental observation that the potential increased when
oxygen was adsorbed on a platinum surface in the
absence of ethanol up to 1.3 V but then decreased to
1.2 V during 4000 s. Thereafter the catalyst potential
slowly increased, up to 1.3 V. The model is able to
explain this behavior if it is assumed that the subsurface
oxygen has no direct influence on the catalyst potential.
The catalyst potential increase is attributed to an
accumulation of oxygen adatoms on the surface up to a
sufficiently high surface concentration of oxygen ada-
toms to allow the formation of subsurface oxygen. At
this point the oxygen adatoms are transformed into
subsurface oxygen. The degree of coverage by oxygen
adatoms decreases because the formation rate of sub-
surface oxygen, eq 3, is higher then the oxygen adsorp-
tion rate, eq 1, due to increasing degree of coverage by
subsurface oxygen. This decrease in degree of coverage
by oxygen adatoms results in a decrease of the catalyst
potential, according to eq 11. When the second layer is
sufficiently occupied by subsurface oxygen, the forma-
tion rate of subsurface oxygen decreases which results
in an increase in degree of coverage by oxygen adatoms
and the catalyst potential.

Experimental Results

Relaxation Processes in the Electrochemical
Setup. The relaxation of the potential of the working
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Figure 4. Steady-state platinum foil open circuit potential ver-
sus the oxygen concentration for T = 298 K, pH = 13, and
a concentration of ethanol of (a) 100 mol m~3 and (b) 50 mol
m~3: (@) reductive startup procedure; (M) oxidative startup
procedure.

electrode from different initial potentials is depicted in
Figure 3. Clearly, the relaxation behavior depends
strongly on the initial potential. When the potential
relaxes from 0.0 V the steady-state potential is first
approached within 20 s, after which it further relaxes
slowly to reach the steady state after 100 s. From 0.3
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V the potential relaxes through a maximum after 20 s.
Then the same steady state as that starting from 0.0 V
is reached after 200 s. Note that initial potentials
between 0.0 and 0.4 V are thought to correspond to a
reductive startup. From 1.3 V the potential reaches a
steady state after 20 s. The corresponding potential is
lower than the steady-state potential reached after a
reductive startup. From 1.5V the potential approaches
the steady state within 50 s and then further relaxes
very slowly to the same lower steady-state potential
after 5000 s.

For each initial potential a distinction can be made
between a fast relaxation region, which corresponds to
intrinsic relaxation, and a slow relaxation toward a
steady state, which corresponds to extrinsic relaxation.
Furthermore, it is evident that the catalyst potential
which is reached at steady state depends upon its
initially imposed value, and this in a nonobvious, i.e.
not intuitively expected, manner. This is why the
relation between the initially imposed potential and
the steady-state open circuit potential was further
investigated.

Multiplicity of Steady-State Catalyst Potential
in the Electrochemical Cell. Figure 4, part a, shows
the steady-state potential of a platinum foil as a function
of the oxygen concentration in the liquid phase for 100
mol m~2 of ethanol. Every experiment was repeated
three to five times, and the error bars show the standard
deviation from the average value. It is clear that the
catalyst potential shows a multiplicity of steady states
in a large range of oxygen concentrations. Furthermore,
only below 0.42 mol m~2 of oxygen is the lower steady-
state potential reached from reductive startup and the
higher steady-state potential from oxidative startup as
intuitively expected. Above 0.42 mol m~2 of oxygen, the
situation is the opposite. Figure 4, part b, shows the
steady-state potential as a function of the oxygen
concentration in the liquid phase, but now for 50 mol
m~3 of ethanol. Comparison of Figure 4, parts a and b,
indicates that with a decrease in the ethanol concentra-
tion there is a corresponding slight decrease in the
oxygen concentration which leads to a higher steady-
state potential for a reductive startup than for an
oxidative startup.

Relaxation Processes in the CSTR. Figure 5
shows the relaxation of the specific disappearance rates
of ethanol for two startup procedures. The highest
reaction rate is observed when the reductive startup was
followed. For both startup procedures the relaxation
consists of a monotonous decrease in the reaction rate.
This decrease is more pronounced for the reductive
startup.

As mentioned in the Experimental Procedures, the
oxygen concentration in the liquid reaches the set value
only 1500 s after a PID control for the oxygen and
nitrogen feed flow rate started to control the oxygen
concentration in the gas outlet. This slow establishing
of the oxygen concentration obviously has an influence
on the relaxation processes.

From Figure 5 it is clear that the relaxation does
not correspond to intrinsic processes. The latter would,
according to Temkin (1976), occur on a time scale of 4 s
as the steady-state turnover frequency reached at the
conditions corresponding to those of Figure 5 amounts
10 0.25 s71. The steady-state reaction rate is approached
after 3000 s, i.e. even much later than expected for an
intrinsic process after correction for the time scale on
which the oxygen liquid concentration is established.
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Figure 5. Specific disappearance rate of ethanol versus time for
a feed concentration of ethanol of 400 mol m=3, T = 323 K, Po, =
58 kPa, pH = 8.4. (a) (®) Experimental data obtained in a CSTR
with a reductive startup procedure; (full line) reaction rate
calculated using equations and parameter values given by Jele-
mensky et al. (1996), assuming an initial surface composition given
by O = 0.5, 8oy = 0.0, 64 = 0.0, 60 = 0.0, and Oso = 0.0 and that
in the liquid phase only ethanol is present; (dashed line) degree
of coverage by hydroxyl calculated in an analogous way as the
reaction rate; (dashed-point line) degree of coverage by oxygen
adatoms calculated in an analogous way to that of the reaction
rate. (b) (W) Experimental data obtained in a CSTR with an
oxidative startup procedure; (full line) reaction rate calculated
using equations and parameter values given by Jelemensky et al.
(1996), assuming an initial surface composition given by g = 0.0,
Oon = 0.1, 641 = 0.0, 60 = 0.5, and Oso = 0.6 and that in the liquid
phase only ethanol is present; (dashed line) the degree of coverage
by oxygen adatoms calculated in an analogous way to that of the
reaction rate.

Discussion

Simulation of the Relaxation Processes in the
Electrochemical Setup. The relaxation of the poten-
tial of the working electrode was simulated by eqs 5—11.
The values of the kinetic parameters are given in Table
1. They are lower than those reported previously
(Jelemensky et al., 1996) in order to account for the
temperature difference and the difference between the
catalysts used, i.e. platinum foil versus carbon-sup-
ported platinum (dpt ~ 2 Nm). It was assumed that all
the considered steps, including the feedback mecha-
nisms involved in the transformation of the oxygen
species, were activated. In particular the oxygen ad-
sorption rate had to be lowered, reflecting the influence
of Pt particle size. Furthermore it should be kept in

mind that support effects will also play a role which is,
up to now, not well documented.

It should be stressed that no parameter estimation
by regression of the relaxation data was performed.
There were two main reasons for not doing so. First,
one of the purposes of this paper is to show that steady-
state model equations sufficiently detailed to describe
nonlinear phenomena, such as steady-state multiplicity,
can contain the information, in particular the required
rate coefficients, necessary to explain relaxation to these
steady states. Second, as long as only a potential
measurement characterizes the initial state of the
catalyst, an element of arbitrariness is introduced.
Indeed, the simulation of the relaxation requires the
knowledge of the initial degrees of coverage of each of
the individual species on the catalyst.

All parameters presented in Table 1 are within the
range of physically realistic values (Zhdanov et al., 1988;
Dumesic et al., 1993) expected. From the balances for
the active sites on the surface and in the subsurface
layer eq 4, it follows that the rate coefficients are
correlated. It should be stressed that the model is
mainly sensitive to the parameters Do, Dso and also ka,
k-2 and ks, k—3. For example, if Do < 10 and Dspo < 6
and the rest of parameters in Table 1 are unchanged,
the model predicts only one steady state. Then also
relations 2 and 3 do not cause abrupt switching between
hydroxyl species and oxygen adatoms and between
oxygen adatoms and subsurface oxygen. On the other
hand if Do > 10 and Dsp < 6, the model predicts two
steady states, and if Do > 10 and Dso > 6, the model
predicts three steady states.

Furthermore, the time scale of the slow relaxation of
the catalyst potential to the steady state strongly
depends on the values of the rate coefficients k;, k—, and
ks, k—3. If the model has to predict the observed time
scale of the slow relaxation of the catalyst potential, the
values of these rate coefficients have to be in the order
1074-10"5s71. If the values are higher (1072—10"*s™1),
then the model predicts a smaller time scale of the slow
relaxation process then the one experimentally ob-
served.

1. Initial State. In the absence of spectroscopic
information there is no unambiguous relation between
the startup procedures described in the Experimental
Procedures and the initial degree of coverage.

The initial conditions typical for the reductive startup
can be, for example, the following: only ethanol present
on the surface, g = 0.5, corresponding to 0.44 V, the
balance consisting of free surface and subsurface sites;
a completely free catalyst surface and subsurface, 6~ =
1 and 6, = 1, corresponding to 0.5 V; a surface which
is partially covered by hydroxyl and oxygen adatoms
and a completely free subsurface, e.g., e = 0.0, oy =
0.4, 6o1= 0.0, 80 = 0.2, and 6sp = 0.0, corresponding to
0.6 V.

The initial conditions typical for the oxidative startup
can be, for example, the following: a catalyst surface
which is completely occupied by hydroxyl and oxygen
adatoms as well as a subsurface which is partially
occupied, e.g., 0 = 0.0, 6oy = 0.7, a1 = 0.0, 60 = 0.3,
and Ospo = 0.6, corresponding to 1 V or 6g = 0.0, oy =
0.1, 64 = 0.0, 60 = 0.8, and 6spo = 0.6, corresponding to
0.93 V.

The fact that the model defined by eqs 5—9 considers
five surface species makes it very hard to explicitly show
the domains of the initial degree of coverage for each
species which correspond to the reductive and oxidative
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Table 1. Set of Values for the Kinetic Parameters of the Model Eqgs 5—9

parameter value parameter value parameter value
k? [m3 mol—1s71] 6.2465 x 10! K, [s™ 2.925 ko [s7] 0.001
K [s7Y] 3.00 x 1075 ks [s71] 1.125 ki1 [s71] 0.001
K, [s71] 1.000 x 1074 ke [s71] 0.200 Oso 2.00
K3 s 1.00 x 1075 k7 [s71] 0.070 Do 19.0
K, [s7Y] 1.00 x 1075 ks [s71] 0.2025 Dso 5.0
kS [m3 mol—1s71] 0.00675 ke [s71] 0.0450
1.00 = 0.0564, 6o = 0.7244, and 0so = 0.586. The same steady
. state is reached from the initial surface composition 6oy
0.96 b = 0.1, 60 = 0.8, and 0spo = 0.6 after 100 s. It is clear
C that, for an oxidative startup, the time to reach the
T r , steady state strongly depends on the initial surface
T 0.92 7 concentration of oxygen adatoms. If the initial degree
® F T of coverage by oxygen adatoms is far away from the
e e steady-state degree of coverage, the relaxation to the
weor steady state is very slow.
o.8al It is evident that the model is able to qualitatively
simulate the experimental relaxation data depicted in
r Figure 3. The calculated potential is also characterized
0,80 = T T T 0 2o “2990 3000 by a fast initial region which corresponds to intrinsic
tis] processes. On the other hand, the processes of trans-

Figure 6. Catalyst potential calculated from eqs 5—11 with
parameter values given in Table 1 versus time for an ethanol
concentration of 100 mol m=3, T = 298 K, pH = 13, and a oxygen
concentration of 0.84 mol m=3. Assumed initial surface composi-
tion: reductive startup, (—) g = 0.5, 6on = 0.0, 65 = 0.0, 6o =
0.0, and Oso = 0.0 and (—'—) O = 0.0, o = 0.4, 651 = 0.0, O =
0.2, and 6spo = 0.0; oxidative startup, (- - -) e = 0.0, Oon = 0.7, Oa
= 0.0, 60 = 0.3, and 5o = 0.6 and (...) 6g = 0.0, Oon = 0.1, O =
0.0, 60 = 0.8, and Oso = 0.6.

startup. For example, if it is assumed that in the first
set of initial conditions for the oxidative startup the
degree of coverage by subsurface oxygen is zero, still
the same steady-state surface composition is reached.
But if the initial degree of coverage by oxygen adatoms
is lower than 0.22, a steady-state surface composition
corresponding to a reductive startup is reached. The
main difference between the reductive and the oxidative
startup is that in the latter the degree of coverage by
oxygen adatoms is sufficiently high.

2. Relaxation. Figure 6 shows a simulation of the
relaxation of the platinum foil potential calculated from
eqs 5—11 at the same conditions at which the observa-
tions reported in Figure 3 were performed. The full line
corresponds to the relaxation of the system from an
initial condition representative for a reductive startup,
0 = 0.5. The potential reaches the domain of the
steady state after 40 s, and the steady-state potential
is reached after 100 s. If the relaxation starts from
another initial surface composition representative for
a reductive startup, 6on = 0.4 and 6o = 0.2, then the
potential goes through a maximum, reaches the domain
of steady state after 40 s, and then slowly relaxes to
the same steady state which is reached after 100 s. It
is clear that for a weakly oxidized surface, where the
hydroxyl form of oxygen is dominant, the same steady-
state potential is reached as from an initial surface
composition where only adsorbed ethanol is present.

If the relaxation starts from a more strongly oxidized
surface, then the situation is different. When the initial
surface composition is 6oy = 0.7, o0 = 0.3, and 0so =
0.6, the corresponding potential reaches the domain of
the steady state after 40 s. Thereafter it very slowly
relaxes toward the steady-state potential which is
reached after 10 000 s. The steady-state surface com-
position is given by 6g = 0.0394, 0oy = 0.0164, 0a =

formation of hydroxyl into oxygen adatoms and oxygen
adatoms into subsurface oxygen described by eqgs 2
and 3 are a source of slow relaxation toward the steady
state.

3. Steady State. Figure 7, part a, shows the
calculated catalyst potential and the corresponding
disappearance rate of ethanol for the conditions given
in Figure 4, part a. It is clear that the model qualita-
tively describes the experimental steady-state data
depicted in Figure 4, part a. The higher steady-state
potential below 0.8 mol m~3 of oxygen is reached from
an initial surface composition corresponding to an
oxidative startup and above 0.8 mol m~2 from an initial
surface composition corresponding to a reductive star-
tup. The differences in steady-state potential are of
course caused by differences in the coverage of the
catalyst surface; see Figure 7, part b, for the degrees of
coverage by OH and O. It is difficult to represent
graphically the complete state of the surface, but for
example, the steady-state surface composition for an
oxygen concentration of 0.84 mol m~2 from a reductive
startup corresponds to 6g = 0.0085, 6oy = 0.8412, O
= 0.032, 6o = 0.0078, and Oso = 0.00052. This is in
contrast with the situation resulting from an oxidative
startup: 0 = 0.0394, 6oy = 0.0164, O = 0.0564, 6 =
0.7244, and 6so = 0.586. It is clear that from an
oxidative startup the sum of the degree of coverage by
hydroxyl and oxygen adatoms and hence, according to
eq 11 the potential is lower than that from a reductive
startup. As a corollary, from an oxidative startup the
degree of coverage by ethanol and acetaldehyde is
higher than that from a reductive startup.

According to the model, with a reductive startup, the
steady-state catalyst potential increases up to 2.6 mol
m~3 of oxygen, corresponding to a turning point, due to
an increase in the degree of coverage by hydroxyl
species; see Figure 7, part b. The OH species are
dominant on the surface. Further increasing the liquid
oxygen concentration leads to an abrupt decrease in the
degree of coverage by hydroxyl, which becomes small.
At this point oxygen adatoms becomes the dominant
species on the surface. The corresponding steady-state
catalyst potential decreases slightly up to the value
which would have been obtained directly by an oxidative
startup.
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Figure 7. (a) Steady-state catalyst potential and the steady-state
areal disappearance rate of ethanol in the electrochemical cell
calculated from egs 5—11 with parameter values given in Table 1
versus the oxygen concentration for T = 298 K, pH = 13, and an
ethanol concentration of 100 mol m=3. (b) Steady-state degree of
coverage by a hydroxyl species and oxygen adatoms in the
electrochemical cell calculated from eqs 5—11 with parameter
values given in Table 1 versus the oxygen concentration for an
ethanol concentration of 100 mol m=3: (—) stable steady state;
(- --) unstable steady-state; calculations corresponding to (®)
reductive startup procedure and (M) oxidative startup procedure.

With an oxidative startup the steady-state catalyst
potential increases with increasing oxygen concentra-
tion up to 0.80 mol m~3 of oxygen (see Figure 7, part a)
due to an increase in the degree of coverage by oxygen
adatoms (see Figure 7, part b). At this point the
formation rate of subsurface oxygen, eq 3, becomes
higher than the oxygen adsorption rate, eq 1, due to
the increasing degree of coverage by subsurface oxy-
gen and the positive feedback of the latter on the rate
of transformation of oxygen adatoms into subsurface
oxygen; see Figure 7, part b. The corresponding de-
crease in the degree of coverage by oxygen adatoms
results in an increase in the fraction of free active sites
which then are partially occupied with ethanol and
acetaldehyde. The corresponding catalyst potential,
according to eq 11, is decreasing; see Figure 7, part a.
Further increasing the oxygen concentration in the
liquid phase results in an increase in the degree of
coverage by subsurface oxygen up to 1 mol m~3, at which
point the formation rate of subsurface oxygen decreases
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Figure 8. Steady-state catalyst potential and the steady-state
areal disappearance rate of ethanol in the electrochemical cell
calculated from egs 5—11 with parameter values given in Table 1
versus the oxygen concentration for T = 298 K, pH = 13, and an
ethanol concentration of 50 mol m=3. (—) Stable steady state;
(- - -) unstable steady state; calculations corresponding to (®)
reductive startup procedure and (M) oxidative startup procedure.

strongly. The catalyst potential then increases again
as an accumulation of oxygen adatoms on the surface
now takes over.

Figure 7, part a, also shows the steady-state areal
disappearance rate of ethanol. With a reductive startup
the rate increases with increasing oxygen concentration
as long as the degree of coverage by OH is lower than
0.50, at which point a maximum is reached. Further
increasing the oxygen concentration leads to a continu-
ous decrease of the reaction rate up to the turning point
at 2.6 mol m~3 where an abrupt increase to the branch
corresponding to an oxidative startup occurs. Note that,
in the case of an oxidative startup, from 1 mol m=3 of
oxygen the disappearance rate of ethanol is higher than
that from a reductive startup. As was mentioned above,
the first layer has in the former case more free active
sites which can be occupied with ethanol and acetalde-
hyde. Such an increase in degree of coverage by ethanol
and acetaldehyde results in an increase in the reaction
rate. Hence, it should be stressed that a reductive
startup procedure does not necessarily lead to the
highest steady-state rate.

Figure 8 shows the calculated steady-state potential
and the corresponding steady-state disappearance rate
of ethanol for an ethanol concentration of 50 mol m—3
for the conditions corresponding to Figure 4, part b. In
agreement with the experimental results, the model
clearly indicates that with a decrease in the ethanol
concentration there is a corresponding decrease in the
oxygen concentration from which on a reductive startup
leads to a higher steady-state potential than that on an
oxidative startup. Both steady-state potential branches
and, hence, their intersection shift to lower liquid
oxygen concentrations.

Simulation of the Relaxation Processes in the
CSTR. An example of simulation of the relaxation
process of the disappearance rate of ethanol from an
initial state to a steady state in the CSTR with the
model and the parameter values reported by Jelemen-
sky et al. (1996) is depicted in Figure 5 together with
the observed rates. During the simulation the change
of the oxygen concentration in the liquid phase in the
first 1500 s was also taken into account as discussed in



the Experimental Procedures. The agreement between
the calculated and observed values of the rates can be
considered satisfactory as only the observed steady
states were involved in the estimation of the kinetic
parameters (Jelemensky et al., 1996). It is also clear
that these parameter estimates do not exactly fit all
transient experimental data. However, it is important
to show that the calculated reaction rate relaxes to the
steady state on the same time scale as the observed
reaction rate. From Figure 5, part a, follows that, for
an initial surface composition representative for a
reductive startup, 6g = 0.5, oy = 0.0, 64 = 0.0, O =
0.0, and 650 = 0.0; in the presence of ethanol, the
calculated reaction rate relaxes through a maximum,
which is reached after 300 s and reaches the domain of
the higher steady state after 3000 s. Thereafter the
reaction rate slowly relaxes, and the higher steady state
is reached after 10 000 s, corresponding with a surface
composition given by 6g = 0.02, oy = 0.8, 65 = 0.06,
0o = 0.01, and 0s0 = 4.0 x 1074

The extrinsic relaxation of the reaction rate can be
attributed to the slow increase in degree of coverage by
the oxygen adatoms resulting from the transformation
of hydroxyl into oxygen adatoms. From the model it
follows that, if the oxidation of ethanol started from a
reductive startup, the catalyst surface is weakly over-
oxidized by oxygen adatoms. The steady state amount
of subsurface oxygen can be neglected.

Figure 5, part b, shows the simulation of the relax-
ation of the reaction rate from an initial surface
composition representative for an oxidative startup, 6g
=0.0, 004 =0.1, 65, = 0.0, 60 = 0.5, and Oso = 0.6. The
reaction rate also relaxes through a maximum, which
is reached after 10 s. Thereafter a slow decrease in
reaction rate is due to the slow formation of oxygen
adatoms. The lower steady-state reaction rate is reached
after 10* s, corresponding to a surface composition given
by 6 = 0.03, 6oy = 2.4 x 1074, A = 0.02, 6o = 0.85,
and 0spo = 0.064. With an oxidative startup the catalyst
surface is more strongly overoxidized by oxygen adatoms
than with a reductive startup.

Conclusions

A relative simple model with a single set of parameter
values can describe at least qualitatively the existence
of steady-state multiplicity and relaxation toward steady
state both for the oxidation rate of ethanol and the
corresponding catalyst potential. The measurement of
the catalyst potential provides only limited information
on the state of the catalyst, as it can at most discrimi-
nate between oxidizing and reducing species and not for
instance between OH and O species. Nevertheless the
measurement of the catalyst potential has allowed us
to confirm the postulated reaction mechanism, in par-
ticular, the causes of the activity loss at constant
conditions, which should be considered as a relaxation
from an initial state to a steady state. The relaxation
process is extrinsic and consists of a slow transformation
of surface hydroxyl to oxygen adatoms and of the latter
to subsurface oxygen.

It is believed that such transformations are at the
origin of a rather broad category of so-called deactiva-
tions of noble metal catalyzed reactions, both oxidations
and reductions. Also it is believed that catalyst regen-
eration can be described in an analogous way.

Notation

C = concentrations [m3 s71]
D = parameter

Ind. Eng. Chem. Res., Vol. 36, No. 8, 1997 3073

k = reaction rate coefficient [s™1] or [m® mol~1 s71]

k' = dimensionless reaction rate coefficient in eqs 5—9
defined as k' = ki/ks

Po, = oxygen partial pressure [Pa]

R\ = disappearance rate [mol kgca:™* s71]

Rs = disappearance rate [mol m=2 s™1]

t = time [s]

W = mass of dry catalyst [kg]

Greek Symbols

6 = fraction of total number of active sites
o = stoichiometric number
7 = dimensionless time defined as 7 = tks

Subscripts

1, 2, 3 ... = number of reaction step
E = ethanol

Al = acetaldehyde

Ac = sodium acetate

* = free active surface site

O = atomic oxygen

SO = subsurface oxygen

SL = subsurface layer

DL = double layer

Superscripts
o=foro*x=1
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