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Simultaneous Determination of Reaction Kinetics and Oxygen Activity
in an Oxidic Multicomponent Catalyst during Partial Oxidations
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The partial oxidation of an aldehyde to a carboxylic acid has
been studied over an oxidic multicomponent catalyst, mainly based
on Mo, V, and Cu. The experimental setup enabled the simultane-
ous determination of reaction kinetics and the oxygen activity of
the catalyst under working conditions. The Kinetic measurements
were performed by monitoring the gas phase composition along
the length of a fixed bed of catalyst. The reactor was treated as an
isothermal plug flow system. The reaction kinetics can be described
by asimple triangular network consisting of the main reaction (alde-
hyde to carboxylic acid), a consecutive reaction (carboxylic acid to
by-products), and a parallel reaction (aldehyde to by-products). The
simultaneous determination of the oxygen activity in the catalyst
has been realized by use of a solid electrolyte potentiometry (SEP)
cell, connected to the apparatus. The cell consists of an oxygen-ion-
conducting solid electrolyte (ZrO, + 8.5 wt% Y,03) coated with a
platinum reference electrode on one side and with the catalytically
active electrode on the other side, the latter being made of the same
catalyst material used in the tubular reactor. While the measuring
electrode was in contact with the gas phase to be analyzed, the ref-
erence electrode was always flushed with air. The oxygen activity
of the catalyst is derived from the measured potential difference
between both electrodes. The results clearly show that the catalyst
under working conditions is always in a reduced state rather than in
equilibrium with the oxygen in the surrounding gas phase. The axial
profile of the oxygen activity along the fixed bed reactor indicates
the existence of two different oxidation states of the catalyst. The
more reduced state in the first part of the reactor reflects the strong
interaction of the aldehyde with the catalyst; the less reduced one in
the final part of the reactor indicates the weaker interaction of the
catalyst with the intermediate carboxylic acid. Both the kinetic and
potentiometric measurements lead to consistent results. © 2000
Academic Press
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1. INTRODUCTION

Multicomponent oxidic catalysts are commonly used in
the partial oxidation of hydrocarbons and other organic
compounds. They may show—at reasonably high activity—
extremely good selectivities for the products aimed at (1).
The efficiency of such catalysts and the synergy effects ob-
served in the presence of one or more well-defined oxidic
phases raise the question of their origin. Different explana-
tions of these synergetic effects, the enhancement of both
activity and selectivity, have been proposed (2). They cover
the change of morphology of the catalyst under the condi-
tions of the catalytic reaction (3), the remote control process
(4), which is due to spillover of oxygen from one oxide to
another, and the interactions between phases (5).

Anyhow, the availability and transfer of oxygen is a func-
tion of the phase composition of the catalyst, its oxidation
state. Under operating conditions this oxidation state is not
only determined by the oxygen partial pressure in the gas
phase but also results from the rates of oxygen transfer to
and from the solid. There is a mutual interaction of the gas
phase and the catalyzing solid. One may wonder how the
latter is modified when the composition of the gas phase is
totally changed from the feed to the product stream. One
may even suspect that the use of multicomponent catalysts,
often not justified by any topographic reason, is determined
by the necessity to “buffer” the oxidation state independent
of the gas phase composition.

Tocharacterize the oxidation state of asolid, Carl Wagner
(6) proposed the measurement of its oxygen activity by a
potentiometric method. It is based on the use of an ion-
conducting solid as the electrolyte. Two porous electrodes
of a galvanic cell are separated gas-tight by the solid elec-
trolyte. One electrode is exposed to the reacting gas mixture
and acts simultaneously as the catalyst; the second electrode
is in contact with a given value of the oxygen partial pres-
sure as reference. The measurement of the potential dif-
ference between these two electrodes leads to the value of
the oxygen activity in the catalyst, which is operationally de-
fined by this method, named solid electrolyte potentiometry

(SEP).
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In the following we present an experimental setup that
allows the simultaneous determination of the gas phase
composition and the oxygen activity of the solid catalyst
under operating conditions along a tubular fixed bed reac-
tor. Preliminary results of the partial oxidation of acrolein
to acrylic acid on an oxidic catalyst illustrate the possibilities
of the experimental approach.

2. METHODS

The experimental setup (Fig. 1) can be divided into two
parts, the fixed bed reactor used for the kinetic measure-
ments and a second device intended for the solid electrolyte
potentiometry.

2.1. Kinetic Measurements

The fixed bed reactor has been described in detail else-
where (1, 7). The reaction mixture is admitted through ther-
mal mass flow controllers, the concentrations of acrolein
and water being fixed by loading a stream of nitrogen or air
via two saturation—condensation systems operated at con-
stant pressure and temperature. The Kinetic experiments
were carried out in a tubular reactor (1500-mm length,
15-mm internal diameter) at a pressure of 1.4 bar and a tem-
perature of 300°C. A fixed bed consisting of 200 g of spher-
ical egg-shell catalyst was employed. The feed stream con-
tained 2-4 mol% acrolein, 3—-11 mol% oxygen, 0-5 mol%
water, and balance nitrogen at volume flow rates of 60 or
80 ml/s (NTP).

The reactor was divided into nine segments with sepa-
rate electrical heating and individual temperature control
to maintain isothermal operation. Heated capillaries were
located at the inlet and at the outlet of each segment leading
to the analytical section. Thus, the gas phase composition
along the length of the fixed bed could be monitored by dis-
tributed local sampling. In contrast to the setup used before
(1, 7) each side stream selected by use of a multiposition
valve entered a SEP cell (cf. 2.2) prior to analysis by gas

Analysis
e GC : Org. Comp.
TOR: Total Oxidation Reactor R :C0,, CO
SPR : Sample Port Reactor Magnetomech. : O,
MPV: Multiposition Valve

SEP ; Solid Electrolyte Potentiometry

FIG. 1. Schematic diagram of the experimental setup.

0, Acrolein Oz Acrylic Acid

FIG. 2.

Oxygen transfer in a mixture of two oxides.

chromatography (organic components), infrared photome-
ters (CO, CO,), and a magnetomechanic device (Oy).

2.2. Potentiometric Measurements

The principles of the SEP measurements have been de-
scribed in detail elsewhere (8). The underlying assumptions
for its use in the case of single phase, oxidic catalysts have
been equally discussed (9). As long as the solid is in equilib-
rium with the surrounding gas phase, the value of its oxygen
activity is determined by the oxygen partial pressure:

a3 = po,- [1]

As soon as there is an oxygen sink, the oxygen activity is
generally less than the oxygen partial pressure (a3 < po,)
but can still be measured by SEP.

However, applying SEP to a multicomponent catalyst, as
it is done in this study, accounts for further assumptions.
Therefore, let us discuss the meaning of the oxygen activity
in the mixture of two oxidic phases, oxide 1 and oxide 2. We
assume that the oxygen activity in the pure oxide 1 under
the same reaction conditions is higher than that in oxide 2,
always considering a constant value of the oxygen activity
throughout the pure oxides:

aé.oxidel > aé,oxideZ' [2]

Furthermore, we assume that both oxides exist side by side
separately in the mixture and do not form a new oxidic
phase. If the reactant mixture (acrolein, oxygen, water,
acrylic acid) is applied, an oxygen transfer between both
oxidic phases due to the gradient in the oxygen activity
will occur. As the oxygen activity in the pure oxide 1 is
supposed to be higher than that in the pure oxide 2 un-
der the same conditions, the former will serve as an oxygen
donor and the latter as an oxygen acceptor. Oxygen is trans-
mitted in the solid from oxide 1 to oxide 2 via a spillover
mechanism along the catalyst surface (cf. Fig. 2) or via bulk,
both mechanisms leading to a reoxidation of oxide 2. Thus,
SEP provides a possibility of confirming the ranking of the
strength of solid oxygen acceptors and donors suggested by
Delmon and Weng (4) and discussed elsewhere (10). Fol-
lowing the above-mentioned concept, strong solid oxygen
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acceptors should correspond to low values of oxygen activ-
ity and strong oxygen donors to high values when exposed
to the same reactant mixture.

SEP was carried out in a galvanic cell consisting of a solid
electrolyte disk (thickness 2 mm) made of yttria (8.5 wt%)
stabilized zirconia, coated with the same active component
(cf. 2.3) used in the reactor on the measuring side and with a
porous platinum electrode on the reference side. The mea-
suring electrode was in contact with the gas phase to be
analysed and simultaneously worked as a catalyst. The ref-
erence electrode was flushed with air. Both electrodes were
connected via a high ohmic volt meter. Temperature and
pressure in the cell were the same as those in the fixed bed
reactor (T =300°C, p=1.4 bar). The possibilities to apply
SEP at such temperatures have been discussed in detail
elsewhere (11).

Itis the aim of the potentiometric measurements to deter-
mine the distribution of oxygen activity in the catalyst along
the fixed bed in parallel to the concentration profile in the
gas phase. To avoid the use of one galvanic cell at each sam-
pling port, the side streams collected sequentially passed
over the catalyst electrode of the SEP cell shown in Fig. 1.

The catalyst electrode has been prepared in a way that
the additional acrolein conversion in the cell was kept below
10% in any case. Thus, we can safely assume a constant gas
phase composition in the SEP cell and the measured poten-
tial difference between the electrodes is characteristic for
the oxidation state of the catalyst under the reaction condi-
tions and the gas phase composition at the corresponding
sample port of the tubular reactor. In addition, there are no
inner transport resistances due to the small film thickness
(<50 um) of the catalyst electrode.

2.3. Catalyst and Electrode Preparation

The fixed bed contained 200 g of spherical egg-shell
catalysts, diluted by shattered steatite particles (0.9 <d <
1.6 mm) in a mass ratio 1:1 to ascertain plug flow. The
egg-shell catalyst used throughout the study was prepared
by coating spherical steatite particles of 4- to 5-mm diame-
ter with a porous oxidic layer. The final catalyst contained
10 wt% active compound, the thickness of the shell being
100 um. The oxidic catalyst consisted mainly of Mo, V, and
Cu; its preparation has been described elsewhere (12). The
overall stoichiometry of the multicomponent oxide with re-
spect to its main constituents is M012V3Cu2,2044.

The reference electrode was prepared by coating the elec-
trolyte with a thin layer (80 «m) of a commercial platinum
paste and sintering the film for 2h at a temperature of
800°C.

The measuring electrode employed the same catalyst
powder (12) that was used to prepare the egg-shell cata-
lyst. It was mixed with an organic binder, giving a viscous
paste. The solid electrolyte was coated with this paste up
to a film thickness of 80 um and sintered for 1 h at 320°C,

leading to a sufficient adherence of the porous electrode on
the electrolyte.

2.4. Data Evaluation

2.4.1. Kinetic measurements. By using the experimen-
tal setup shown in Fig. 1, we measured concentration pro-
files as a function of the modified residence time t.,, which
is defined by the ratio of the mass of the catalytically active
oxide mc; between the reactor inlet and sample port z and
the volume flow V through the reactor:

mC,z

v
As the volume flow is constant throughout the reactor, we
can define

[3]

tm,z ==

—the acrolein conversion X, up to sampling port z:

Xz _ CA(:roleinA,in - CAcrolein,z 7 [4]

CAcroIein,in

—the integral reactor selectivity RS;, for the formation
of product i at port z:

Ci,z- €

RS,Z = [5]

(CAcroIein,in - CAcrolein,z) * €Acrolein .
By using the dimensionless factor ¢;j, which designates the
number of carbon atoms in one molecule of species i, the
reactor selectivity is normalized to values between 0 and 1.

It has been shown earlier that the Kinetics of selective
acrolein oxidation can be described by using a simple net-
work (cf. Fig. 3) of chemical reactions (7). CO,, CO, and
acetic acid generated in small amounts can be lumped to-
gether into one pseudospecies (“by-products™). The net-
work consists of the main reaction from acrolein to acrylic
acid, a parallel reaction of acrolein to by-products and the
consecutive reaction of acrylic acid to by-products.

The rate of the individual reactions in this system can be
represented by the rate equations listed above where the
reaction rate in pathway i, j, rmi, j is given in mol |
rate coefficients kmi ; are related to the mass of the cata-
lytically active compound. Mass balancing the reactor in
steady state leads to a set of three simultaneous differential

km,z

Acrolein  ————————  Acrylic Acid Km1,2 * Cacrolein
fmt,2 S tbor [6]

't, & Acrolein

7y e

By-Products Foa= Km1,3 € Acrolein [7]

(CO, CO,, Acetic Acid ...) ™ 14b-Cagrolein
23 =Km2,3 “Cacylic Acid 3]

FIG. 3. Network of acrolein oxidation and rate equations.
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equations that can be solved numerically by use of the
Runge-Kutta method. The values of the kinetic coefficients
kmi, jand b are determined by curve fitting of the calculated
concentration profiles to the experimentally determined
ones.

We can derive characteristic parameters for the activity
and selectivity of the used catalyst from these coefficients:

—Due to the fractional order of the parallel reactions
rmi2 and rmi3, we make use of a conversion-dependent
parameter, k* ., characterizing the activity of the catalyst
with respect to acrolein conversion:

% km1,2 + km1,3 * *
%1=I——177—=kmz+km3 [9]
T Tn@=X%

kx, may be considered as the pseudo-first-order rate co-
efficient, giving the same acrolein conversion X* at the
same residence time t, at the reactor outlet. Its derivation

has been described elsewhere (13). k*, is calculated for
X*=0.99, as the maximum yield of acrylic acid is always

obtained at conversions near that value.

—For a given catalyst and temperature the course of
selectivity with respect to the production of the interme-
diate acrylic acid as a function of conversion is fixed by
two parameters, the grain selectivity toward acrylic acid
KSA(:rylicAcidn

Km1,2

lim _
Km1.2 + Km1.3

Acrolein—>

KSﬁ\crylicAcid = RSﬁ\crylicAcid = ’ [10]

andthe grain stability of the metastable intermediate acrylic

acid:

k:ﬂ,Z
Kmz2,3
Both quantities have been introduced and discussed by

Riekert (14) in the case of a similar triangular reaction
network.

K)»Acrylic Acid = [11]

2.4.2. Potentiometric measurements. As stated above,
the oxygen activity aé in the catalyst is operationally de-
fined by the potentiometric measurement. Its value is re-
lated to the experimentally determined potential difference
AE (open circuit potential) via the NERNST equation

R-T a3
AE=——"In
4.F

, 12
Po,,Ref [12]

where po, ret designates the oxygen partial pressure at the
reference side and F is the Faraday constant (F =96486 C
mol~1). The relation is based on the potential-determining
reaction that takes place at the three-phase boundary line
gas—electrode—electrolyte at both electrodes.

— 2—
Oz»g + 4e(EIectrode) g 2O(Electrode)' [Rl]

As mentioned before, the oxygen activity in the solid is
equal to the oxygen partial pressure in the gas phase if the
oxygen in the gas phase is in equilibrium with the oxygen
in the solid catalyst (a3 = po,, cf. Eq. [1]).

Equation [1] is always valid if the gas phase over the
catalyst electrode only consists of oxygen and inert com-
ponents (for example, nitrogen). Additionally, Eq. [1] also
holds under reaction conditions if the time constant of the
oxygen uptake of the catalyst from the gas phase is much
smaller than the time constant of the oxygen removal from
the catalyst by a gaseous oxygen acceptor A (for example,
A =acrolein, acrylic acid). We call this case slow reaction.

For the discussion of the potentiometric measurements,
we need the rate of total oxygen consumption at the catalyst
I'm.0,.totalr WHiCh under the conditions investigated can be
obtained under consideration of the reaction stoichiometry
of the reaction paths (15) shown in Fig. 3 as follows:

r;yozytom =05-rm2+28 -rms+22 rms. [13]
Following Eq. [13], only the oxidation reactions of acrolein
and acrylic acid contribute to the value of r | o - Other
oxidation reactions of other gaseous oxygen acceptors can
be neglected either due to the very low concentrations of the
gaseous oxygen acceptor (acetic acid, acetaldehyde, aceton)
or for kinetic reasons (CO) since the rate of CO oxidation
has been found to be several orders of magnitude lower
than the rate of acrolein or acrylic acid oxidation (16).

3. RESULTS

3.1. Typical Concentration and Oxygen Activity Profiles

Typical results of the combined kinetic and potentio-
metric measurements are shown in Fig. 4. The experimen-
tally determined concentration profiles in the gas phase
(left axis) and the oxygen activity of the catalyst (right
axis) are plotted against the modified residence time tp,.
The solid lines are the results of the kinetic model calcula-
tions, obtained by the procedure described in the preceding
paragraph. The agreement of the simulation with the exper-
imental measurements justifies the description by a simpli-
fied network.

Table 1 summarizes the values of the main parameters
determined as described in section 2.4.1. It is interesting to
note that the value of k1 3, obtained after curve fitting, is
equal to 0 at the temperature considered (T =300°C). This
means that the main reaction of acrolein to acrylic acid is
much faster than the parallel reaction of acrolein to by-
products. Furthermore, the rate of oxidation of acrolein to
acrylic acid is about 2 orders of magnitude higher than the
rate of the consecutive oxidation of acrylic acid as reflected
by the values of k¥ ; and km2 3. The low rate of acrylic acid
oxidation in combination with a high rate of acrylic acid
production by acrolein oxidation leads to a high value of
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FIG. 4. Product distribution (left axis), oxygen activity, and oxygen
partial pressure (right axis) as a function of the modified residence time,
X0,.in = 5.8%, Xacrolein,in = 4%0, XH,0.in = 5%, and T =300°C. Symbols, ex-
perimental data; lines, calculated after curve fitting.

the stability parameter ", which is one major reason for
the high acrylic acid yield Y acryiic Acia Of 95%.

Let us now consider the evolution of the oxygen activity
of the catalyst along the fixed bed reactor. No disconti-
nuity could be observed but a continuous profile was ob-
tained. From the reactor entrance the values of a3 remain
at a constant, low level, nearly independent of the com-
position of the gas phase over a wide range of acrolein
conversion (X = 75%). This is surprising since the molar
fraction of acrolein decreases from 4% at the reactor inlet
to 1%. For acrolein conversion near 100%o, the oxygen ac-
tivity strongly increases, reaching a second constant level
at complete acrolein conversion. (Here, complete acrolein
conversion means that acrolein is no longer detectable in
the gas phase by gas chromatography.)

The values of the oxygen activity are always at least 12
orders of magnitude lower than the oxygen partial pres-
sure (open triangles) of the corresponding gas phase over
the catalyst. This clearly indicates a partially reduced state
of the catalyst rather than an equilibrium between the
oxygen in the catalyst and the surrounding gas phase since

TABLE 1

Kinetic and Characteristic Parameters at 300°C: Xo,,in = 5.8%0;
XAcrolein,in = 4%0; XH,0,in = 5%

Kinetic parameters Characteristic parameters

a K int
kml,z km1,3 km2,3 b YECa:;/“CACid SA(:n/lit:Acid )\AcrylicAcid k*m|

70 0 043 35 0.95 1 93 40

@ The values of kp, j and k* ; are always given in cm®/(gs).

1E-16

o’y / bar

E-17 8 e e

AE—18~ @

=19+

1E-20 i i i ‘ T

X Acrolein / mol %

FIG.5. The oxygen activity as a function of the molar fraction of
acrolein, T=300°C, Xo,,in = 5.8%, and Xn,0,in = 5%.

in the latter case the oxygen activity should equal the oxy-
gen partial pressure (cf. Eq. [1]).

For further validation of the congruence of kinetic and
potentiometric measurements, we determined the influence
of acrolein concentration on the oxygen activity in the cata-
lyst by increasing it step by step at constant values of oxygen
and water concentrations. The results shown in Fig. 5 illus-
trate that an increase of the acrolein molar fraction from
2% to 5% only leads to a small change in the oxygen activ-
ity in the catalyst, indicating the existence of a lower limit
of the oxygen activity at high acrolein concentrations. The
kinetic experiments show the same saturation effect at high
acrolein concentration through the fractional orders of the
formal rate expressions derived for the acrolein consump-
tion (reaction paths 1,2 and 1,3). Thus, the consistency of
the kinetic and potentiometric measurements is once more
illustrated.

3.2. The Correlation between Oxygen Activity, Oxygen
Partial Pressure, and the Total Rate of Oxygen
Consumption at the Catalyst

For a detailed understanding of the oxygen activity pro-
file along the tubular reactor, we first have to discuss the
main parameters influencing its value. Let us first consider
the case of an oxygen acceptor, A, in the gas phase, which
is oxidized to AO at constant temperature and pressure:

A+0.50; - AO. [R2]
We may separate the global reaction into two elementary
steps, the oxygen uptake by the solid catalyst and the con-
sumption of this oxygen by reaction with the gaseous ac-
ceptor A, a concept first proposed by Wagner and Hauffe
(17) and Mars and van Krevelen (18). We may further ex-
pect that, at constant gas phase composition (po, 1 = const.,
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FIG. 6.
of the oxygen activity and gas phase composition.

Rates of oxygen consumption and oxygen uptake as a function

pa1=const.), the rate of oxygen uptake on the catalyst
r$,oz decreases with rising oxygen activity in the catalyst,
whereas the rate of oxygen consumptionr, 5, on the cata-
lyst due to the oxidation of the gaseous acceptor A to AO
increases (thin lines in Fig. 6). Under steady state condi-
tions both rates are equal and determine a stationary value
of the oxygen activity a3 ;.

On the other hand, we may assume a positive reaction
order of r |l o with respect to po, and of ry, o, with respect
to pa. Therefore, we can imagine a second mixture with
Po,.2 > Po,.1andpa2 < pa1 (fatlinesin Fig. 6), which results
in the same value of the reaction rate as that in the first case
but in a higher oxygen activity of the catalyst, aéyz.

In conclusion, the stationary value of the oxygen activity
of a solid catalyst in contact with a reactive gas phase is not
determined by the mere oxidation rate but depends on two
parameters, e.g., the oxygen partial pressure po, and the
oxygen consumption rate r | 5, and we can write:

a4 = f(Po,.Tmo,)- [14]
Both parameters vary along the tubular reactor.

At this point the question arises of how we have to en-
large these considerations if several oxygen transfer reac-
tions are catalyzed by the same oxide as that in the oxidation
of acrolein and acrylic acid in the present study. Bruck (19)
has shown in the case of catalytic reduction of nitrogen
oxides over V,0s5/TiO, catalysts that at constant oxygen
partial pressure the oxygen activity in the catalyst is cor-
related to the global oxygen consumption rate r o,
which is calculated from the sum of the rates in the dif-
ferent oxygen-consuming steps. We may therefore suppose
that in the present study the oxygen activity is a function
of the oxygen partial pressure and the total rate of oxygen
consumptionr | o, . N accordance with Eqs. [13] and [14]
is replaced by

a(2) = f (pOZ’ rr;,og,total)' [15]

The mathematical form of the relationship between oxy-
gen activity, oxygen partial pressure, and total rate of oxy-
gen consumption is not predictable a priori as the values
of 1 o,.total @Nd Po, change over the length of the tubular
reactor. The total rate of oxygen consumptionr | o ., de-
creases with rising residence time in the reactor due to the
decrease of the acrolein concentration, which should lead
to higher oxygen activity. On the other hand, the oxygen
concentration in the gas phase is simultaneously reduced,
which in contrast should lower the oxygen activity. The ten-
dency of the oxygen activity to rise with increasing oxygen
concentration and decreasing total rate of oxygen consump-
tion may be described in a general form by Eq. [16]:

aé _ f{ _pOz }
rm.Oz,totaI

The parallel evolution of a3 and PO, /T m.0,.total @ @ fUNction
of acrolein conversion is represented in Fig. 7. The result
clearly indicates that a correlation between both quantities
should indeed exist. We can specify this correlation by plot-
ting the oxygen activity a3 against po, /I, o, tota in @ double
logarithmic scale (cf. Fig. 8). The symbols in Fig. 8 represent
experimental data from seven series of measurements with
different feed compositions. We obtain a straight line with
a slope of 4. Thus, we can derive an unambiguous correla-
tion between the oxygen activity a§ and po,/, o, tota at
the considered temperature (300°C):

=t <7p°2 )4 .
rr;,oz,total

This correlation describes the oxidation state of the catalyst
to be expected under working conditions.

[16]

[17]
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FIG.7. Oxygen activity and poz/rn:.oz.total as a function of acrolein

conversion at 300°C, Xo,.in = 3%, Xacrolein,in=4%0, and Xu,o0,in = 5%.
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3.3. Interpretation of the Oxygen Activity Profile
along the Integral Reactor

Keeping in mind Eg. [17], we can now easily explain
the form of the oxygen activity profile along the reactor
as shown typically in Figs. 4 and 7. Considering that the
total rate of oxygen consumption r o iq, is composed of
the oxidation rates of acrolein (reaction paths 1,2 and 1,3)
and of acrylic acid oxidation (reaction path 2,3, cf. Eq. [6],
we may divide the reactor into three different regions of
acrolein conversion:

(a) region 1: X acrolein < 70%.
(Depending on the feed composition, we determined values
of acrolein conversion between 70% and 90% as the limit
of region 1.)
As long as the acrolein conversion is lower than 70%,
I'm.0,.total MaINly depends on the rate of acrolein oxidation
and the contribution of the consecutive reaction (path 2, 3)
to the value of r | o, a1 IS Negligible. Indeed, the value of
the kinetic parameter k2 3 is about 2 orders of magnitude
lower than k?;, (cf. Table 1), the latter reflecting the contribu-
tion of acrolein oxidationtor,, 5, (o, IN this region the val-
ues of po, /I, o, tora @Nd as a consequence the oxygen activ-
ity a3 remain on amore or less constant low level (cf. Fig. 7).
The absolute values of the oxygen activity (102! <a3 <
107 bar) depend on the feed composition. They consti-
tute the lower part in Fig. 8.

(b) region 2: 70% < X acrolein < 99.7%.
When the acrolein conversion lies inbetween 70% and
99.7%, the rates of acrolein oxidation and acrylic acid fur-
ther oxidation are of the same order due to low acrolein
and high acrylic acid concentrations. In this region the
oxygen activity strongly rises with increasing conversion
(cf. Figs. 4 and 7). These values of oxygen activity (a3 >
10~ bar) constitute the upper part in Fig. 8.

(c) region 3: Xacrolein > 99.7%.
When acrolein is no longer detectable in the gas phase
(Xacrolein > 99.7%)—in a technical scale we would say
acrolein is completely converted—the course of the oxy-

gen activity along the tubular reactor again reaches a con-
stant level (cf. Fig. 4). The oxygen activity in this region
only depends on the concentrations of oxygen and acrylic
acid, which determine the total oxygen consumption rate
I'm.0,.total- FOT @crolein conversions >99.7% the concentra-
tions of both acrylic acid and oxygen decrease with increas-
ing residence time in the reactor, leading to a higher oxygen
activity in the case of acrylic acid and to a lower oxygen
activity in the case of oxygen. This compensation effect in
combination with very small relative changes of acrylic acid
and oxygen concentration are the reasons for the constant
oxygen activity in the region of complete acrolein conver-
sion as shown in Fig. 4.

Asan additional conclusion, for a given feed composition
every series of measurements results in only one character-
istic couple (a3, Po,/Im.0,.w) IN the region of complete
acrolein conversion, each represented by one closed circle
in Fig. 8.

It is interesting to note that the correlation between the
oxygen activity and po,/r'y, o, 1ot €aN be described by the
same straight line, even in the region of complete acrolein
conversion. This is a strong hint that, as supposed in section
3.2, the total rate of oxygen consumption is indeed respon-
sible for the oxygen activity in the catalyst, independent of
the individual rates of acrolein and acrylic acid oxidation.

4. DISCUSSION

In the present study gas phase composition and the oxida-
tion state of the catalyst, represented by its oxygen activity,
were both monitored by simultaneous kinetic and poten-
tiometric measurements in the case of selective oxidation
of acrolein. To our knowledge, it is the first time that the
oxygen activity profile along an integrally operated tubu-
lar reactor could be determined by use of solid electrolyte
potentiometry in such a partial oxidation over an oxidic
multicomponent catalyst.

The SEP measurements have been made in the stationary
state. Due to the low conversion in the cell (Xsgp < 10%),
the solid catalyst as a whole is in contact with a gas mixture
of identical composition, independent of its local position.
Additionally, as already mentioned, we can also rule out
concentration profiles in the solid as a consequence of mass
transport limitation. Therefore, there should be no global
gradient in the oxygen activity in the solid if steady state is
attained. Consequently, there is no net diffusion of oxygen
through the solid to the three-phase boundary gas—cata-
lyst electrode—solid electrolyte. It follows that the oxygen
activity determined is representative of the whole catalyst
under working conditions.

However, this does not exclude the existence of differ-
ences in composition and/or structure on a microscopic
scale. The coexistence of two phases as a patchwork in the
catalyst (“Mosaik-Struktur”) has first been discussed by
Wagner (20). That structure implies that constant fluxes
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of material between the gas phase and the solid are
accompanied by the diffusion of species on a microscopic
scale due to local activity gradients, e.g., of the oxygen
activity. In such cases the determined value of the oxygen
activity represents a mean value characteristic of the actual
structure of the catalyst. If it remains constant, we may
expect that neither the macroscopic nor the microscopic
state of the solid has changed as it is highly improbable
that structural/compositional variations of the catalyst are
compensated in such a way that the resulting value of a3
remains constant.

Thus, even if we cannot use SEP to discriminate locally
between domains of different structures/compositions, we
can use the measured oxygen activity to operationally de-
fine an “oxidation state” of the catalyst under working con-
ditions. As in the case of one stoichiometrically defined
oxide (21), it results from the rates of oxygen transfer to
and from the solid. The lower the value of the oxygen ac-
tivity obtained by the measurement, the more reduced the
catalyst by comparison to a former value.

The results show that in the case of acrolein partial oxi-
dation two domains of a nearly constant oxygen activity in
the solid exist. This indicates that two values of the oxida-
tion state of the catalyst are buffered in the system under
consideration in spite of dramatic variations of the compo-
sition of the oxygen acceptors acrolein and acrylic acid in
the gas phase.

When we compare the values of the kinetic coefficients
(K, =40 cm3/(gs) and Kmz3=0.43 cm®/(gs) in the case
of Fig. 4), it becomes obvious that the rate of acrolein ox-
idation to acrylic acid (reaction path 1,2 in Fig. 3) is about
2 orders of magnitude higher than the rate of acrylic acid
oxidation to by-products (cf. reaction path 2,3 in Fig. 3).
In accordance with this, we obtain extremely low values of
the oxygen activity in the catalyst in a gas phase containing
acrolein and values several orders of magnitude higher if
the mixture contains acrylic acid instead (cf. Figs. 4 and 7).
Thisshows the strong interaction of acrolein and the weaker
interaction of acrylic acid with the catalyst. Acrolein, by
reacting to acrylic acid, is able to efficiently remove oxy-
gen from the catalyst whereas acrylic acid, once formed, is
rather stable, only a small fraction being further oxidized
to by-products. Thus, acrolein acts as a stronger reducing
agent than the product acrylic acid, which is in accordance
with the high value of the stability parameter KxAcry|icAcid
for the latter, derived through the kinetic measurements.

In conclusion, we can say that a good catalyst for the pro-
duction of acrylic acid from acrolein should always result
in a lower value of the oxygen activity when applied in a
mixture containing acrolein than in a mixture containing
the same amount of acrylic acid, thus indicating a high sta-
bility of the desired partially oxidized product acrylic acid
(KkAcryncAcid > 1). Low stability of the metastable interme-
diate is the main reason for the very poor yields of partially

oxidized products in the case of low (C1-C3) alkane oxida-
tion (22). However, SEP cannot help to answer the question
whether the grain selectivity with respect to acrylic acid
KSacryiic acia Shows reasonably high values, for SEP cannot
make a difference between selective oxygen (leading to the
production of acrylic acid) and unselective oxygen (leading
to the formation of by-products). Moreover, the oxygen ac-
tivity is correlated to the total rate of oxygen consumption
on the catalyst.

If different phases composing a multicomponent catalyst
are identified and can be synthesized separately, it is promis-
ing to determine the oxygen activity profiles in those single
phases as well as the profile in the multicomponent catalyst
itself, resulting from the evolution of the same gas phase.

We can expect that the combination of the kinetic and
potentiometric measurements will give a strong hint con-
cerning the role of the different phases within the reaction
network and may lead to practical correlations between
the oxidation state of a catalyst and its kinetic behavior (se-
lectivity and activity) during oxidation. This approach has
been exemplified recently (10).
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