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Simultaneous Determination of Reaction Kinetics and Oxygen Activity
in Single-Phase Oxidic Catalysts and Their Mixture
during Partial Oxidations
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The partial oxidation of an aldehyde to a carboxylic acid has been
studied over two single-phase oxidic catalysts and a mixture of both
phases. One phase was mainly based on Mo and V (Mo-V-0,); the
other was a copper molybdate, CuMoQy4. The experimental setup
enabled the simultaneous 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 which was
loaded into a sample port reactor. The reactor was treated as an
isothermal plug-flow system. Over Mo—V-O, the aldehyde could be
oxidised to the corresponding acid with high activity and selectivity
(maximum acid yield: 92 mol%). In contrast, the copper molybdate
proved to be nearly inactive and unselective with respect to the acid
production under the same reaction conditions, with the maximum
yield of the acid always being below 2 mol%. Surprisingly, the selec-
tivity towards the acid and as a consequence the acid yield could be
significantly improved (maximum acid yield: 95 mol%) by mechan-
ically mixing both oxidic phases. This demonstrates a synergism
between the Mo—-V-O, and the copper molybdate in the case of the
partial oxidation investigated. The simultaneous determination of
the oxygen activity in the catalyst has been realised by use of a
solid electrolyte potentiometry (SEP) cell, connected to the appara-
tus. 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. While the measuring electrode was in contact with the gas
phase to be analysed, the reference electrode was always flushed
with air. We used the same catalyst in the tubular reactor (typical
acrylic acid catalyst Mo—V-Cu-Oy) for all potentiometric measure-
ments in order to obtain the same gas-phase composition over the
measuring electrode. The oxygen activity of the catalyst is derived
from the measured potential difference between both electrodes.
The results of the potentiometric measurements show that both
single-phase catalysts, the Mo-V-O, and the copper molybdate,
are always in a reduced state under working conditions. As long
as a significant amount of the aldehyde (>0.2 mol%) was present
in the gas phase the Mo-V-O, remained in a highly reduced state,
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reflecting the strong interaction between the aldehyde and the Mo—
V-0,. The less reduced state of Mo-V-0, in contact with a mixture
containing the carboxylic acid instead of the aldehyde reflects the
weaker interaction of Mo—-V-0O, with the intermediate carboxylic
acid. In contrast, the reduction of the copper molybdate catalyst
was more pronounced in contact with a mixture containing the
acid instead of the aldehyde. This indicates that the rate of the total
oxidation of the acid is higher than the rate of its formation, which is
the main reason for the low acid yields over the copper molybdate.
The oxygen activity in Mo—V-Cu-O, (1), which can be regarded
as a mixture of Mo-V-O, and CuMoQy, lay between the values
for the single oxides, which can be interpreted by the transport of
oxygen from the donor-phase CuMoQy to the acceptor-phase Mo—
V-0,. The transferred oxygen may act as a selective species, thus
increasing the selectivity of the aldehyde oxidation with respect to
the corresponding acid.  © 2002 Elsevier Science (USA)

Key Words: synergism; donor; acceptor; solid electrolyte po-
tentiometry; oxygen activity; oxidation reaction; oxygen transfer;
Kinetic, in situ.

1. INTRODUCTION

Multicomponent oxidic catalysts are commonly used
in the partial oxidation of hydrocarbons and other or-
ganic compounds. They may show (2)—at reasonably high
activities—extremely good selectivities for the products
aimed at. The efficiency of such catalysts and the synergy ef-
fects observed in the presence of one or more well-defined
oxidic phases raise the question of their origin. Different
explanations for these synergetic effects, i.e., the enhance-
ment of both activity and selectivity, have been proposed
(3). According to the concept of “site isolation” (4) high se-
lectivities to the partially oxidised intermediate can be ob-
tained if the amount of oxygen at an active site of a catalyst
is limited to such an extent that the total oxidation reaction,
which requires more oxygen than the partial oxidation re-
action, cannot occur for stoichiometric reasons. This might
be realised by properly adjusting the degree of reduction
of the catalyst or partly covering the active phase with an-
other one. In the “oxygen transfer” concept it is assumed
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that mobile oxygen species which are transferred from the
so-called oxygen donor phase to the acceptor phase might
dramatically influence the catalytic behaviour of the latter
phase. Concerning the mechanism of oxygen transfer in the
solid and the function of the transferred oxygen species dif-
ferent explanations are given. According to the “remote
control” theory developed by Delmon and Weng (5) the
mobile oxygen species are transferred via surface migra-
tion (“spillover”) from the so-called donor phase to the
acceptor phase. Teichner (6) defines spillover as the “mo-
bility of sorbed species from one phase on which it is easily
adsorbed onto another phase where it does not directly ad-
sorb.” Although the spillover oxygen species might also act
asatruereactantits mainrole in the remote-control concept
is the creation or regeneration of active sites on the accep-
tor phase, for example by efficiently eliminating coke (5).
In contrast to the remote-control concept Moro-Oka (7)
claims that in the case of propene oxidation over the oxidic
mixture Bi-Mo-O,/Co-Fe-Mo-O, oxygen is transferred
from Co-Fe-Mo-O, via bulk migration through lattice va-
cancies (O?") to the Bi-Mo-O,, on the surface of which the
oxidation of propene occurs. Thus Moro-Oka states that
oxygen is transferred through the bulk as an ionic species
and furthermore is directly involved in the partial oxida-
tion reaction. Ozkan et al. (8) explain the observed phase
synergism between MnMoO4 and MoOj3; during oxidation
of butene, butadiene, and furane similarly. They state that
oxygen species are transferred from MnMoO,4 to MoO3
to reoxidise the reduced active sites of MoOs3, where the
transformation of butene occurs. Due to the special role
of each phase—one phase incorporating gas-phase oxygen
in the lattice, the other phase transferring lattice oxygen
in the adsorbed reactant molecule—Ozkan speaks of “job
distribution.”

Besides the different concepts for explaining the synergy
in mixed oxides it is pointed out in the literature that the
nature of the oxygen species, which is transferred from the
catalyst to the adsorbed reactant to be oxidised, might de-
termine whether the desired partial oxidation reaction or
the total oxidation takes place. Most authors agree that
usually only the participation of nucleophilic lattice oxygen
species (O?7) leads to partial oxidation whereas adsorbed
oxygen species (O;) and electrophilic species (O, O~, O5)
favour total oxidation (3). This concept—the participation
of lattice oxygen in the selective oxidation reaction—is
widely accepted in the literature and is claimed, for ex-
ample, for the oxidation of isobutyric acid over heteropoly-
acids (9) and for the oxidation of acrolein to acrylic acid
over Mo-V-oxides (10).

Anyhow, the availability and transfer of oxygen is a func-
tion of the phase composition of the catalyst, i.e., its oxida-
tion state. Under operating conditions the oxidation state
results from the rates of oxygen transfer to and from the
solid. There is a mutual interaction of the gas phase and
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the catalysing solid. To characterise the oxidation state of
a solid, Wagner (11) proposed the measurement of its oxy-
gen activity by a potentiometric method. It is based on the
use of an ion-conducting solid as electrolyte. Two porous
electrodes of a galvanic cell are separated, gas tight, by the
solid electrolyte. One electrode is exposed to the reacting
gas mixture and acts simultaneously as the catalyst; the sec-
ond electrode is in contact with a given value of the oxygen
partial pressure as reference. The measurement of the po-
tential difference between these two electrodes leads to the
value of the oxygen activity in the catalyst, which is oper-
ationally defined by this method, named solid electrolyte
potentiometry (SEP).

In the following we present an experimental setup which
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 re-
actor. Furthermore, we show that in the case of acrolein
oxidation over an oxidic multicomponent catalyst, mainly
consisting of Mo, V, and Cu, a significant synergistic effect
with respect to the selectivity of acrylic acid formation ex-
ists. The in situ determination of the oxygen activity of the
single phases and a mixture of both phases gives us a hint
as to the nature of the observed synergism.

2. METHODS

The experimental setup (cf. Fig. 1) has already been de-
scribed in (12). It can be divided into two parts: the fixed-
bedreactor used for the kinetic measurements, and a second
device intended for the solid electrolyte potentiometry.

2.1. Kinetic Measurements

The reaction mixture is admitted through thermal mass
flow controllers, with the concentrations of acrolein and
water being fixed by loading a stream of nitrogen or air via
two saturation—condensation systems operated at constant
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FIG. 1. Schematic diagram of the experimental setup.
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pressure and temperature. The kinetic experiments were
carried out in a tubular reactor (1500-mm length, 15-mm
internal diameter) under isothermal conditions at a pres-
sure of 1.4 bar and at temperatures of 533 and 573 K. A
fixed bed consisting of about 200 g of spherical eggshell
catalyst was employed. The feed stream contained 4 mol%
acrolein, 3-11 mol% oxygen, 5 mol% water, and balance
nitrogen at volume flow rates of 60 or 80 ml/s (NTP).

The reactor was divided into seven segments with sepa-
rate electrical heating to maintain isothermal conditions. At
the end of each segment a small side stream was withdrawn
by use of heated capillaries. Each side stream selected by use
of a multiposition valve entered the solid electrolyte poten-
tiometry (SEP) cell (cf. Section 2.2) and was subsequently
analysed by gas chromatography (organic components), in-
frared photometers (CO, CO;), and a magnetomechanic
device (Oy).

2.2. Potentiometric Measurements

Each side stream collected at the sample ports sequen-
tially passed over the catalyst electrode of the SEP cell
shown in Fig. 1.

SEP was carried out in a galvanic cell consisting of a solid
electrolyte disk (thickness, 2 mm) made of yttria (8.5 wt%)-
stabilised zirconia, coated with the oxidic catalyst on the
measuring side, and with a porous platinum electrode on
the reference side. The measuring electrode was in con-
tact with the gas phase to be analysed and simultaneously
worked as a catalyst. The catalyst electrode has been pre-
pared in a way that acrolein conversion in the cell was kept
below 10% in any case. Thus, we can safely assume a con-
stant gas-phase composition over the catalyst electrode. In
addition, there were no inner transport resistances due to
the small film thickness (<50 um) of the catalyst electrode.
The reference electrode was flushed with air. Both elec-
trodes were connected via a high-ohmic volt meter. The
measured potential difference between both electrodes is
characteristic of the oxidation state of the catalyst electrode
under working conditions. The pressure in the cell was the
same as in the fixed-bed reactor (p = 1.4 bar); the temper-
ature was adjusted to 573 K in all cases.

During the potentiometric measurements the operating
conditions in the tubular reactor, containing the typical
acrylic acid catalyst Mo-V-Cu-O, (1), were kept constant.
Therefore, the axial concentration profiles remained the
same and we measured the response of different oxidic elec-
trodes to an identical profile in the gas phase.

2.3. Catalyst Preparation for the Fixed Bed

The fixed bed contained 200 g of a spherical eggshell
catalyst, diluted by shattered steatite particles (0.9 mm <
d <1.6 mm) in a mass ratio of 1:1 to ascertain plug-flow
conditions. The eggshell catalysts used throughout the study
were prepared by coating spherical steatite particles of
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TABLE 1

Preparation of EggShell Catalysts Used for the Kinetic
Measurements in the Fixed-Bed Reactor

Active Shell
mass thickness
Catalyst (Wt%)  (pm) Preparation

CuMoOy4 10 100 Single phase (13)
Mo-V-0, 20 220 Single phase (14)
Mo-V-0,/CuMoOy4 20 220 Mechanical mixture

of single oxides
Mo-V-Cu-O, (typical acrylic 10 100 Mixed oxides

acid catalyst) 20 220 one-pot synthesis (1)

4- to 5-mm diameter with a porous oxidic layer. The final
catalysts employed during the kinetic measurements con-
tained 10 or 20 wt% active mass corresponding to a shell
thickness of 100 and 220 pum.

The pure oxidic phases, CuMoO4 and Mo-V-0O,, used
throughout the kinetic measurements have been described
in detail elsewhere (13, 14). The mechanical mixture of
both phases was obtained by mixing the powder of the pure
phases at a mass ratio mcumoo,/MMo-v-o, of 1/8. The typi-
cal acrylic acid catalyst mainly contains Mo, V, and Cu and
is prepared in a so-called one-pot synthesis according to
(1). For the mentioned reason we used the same fixed-bed
catalyst in the tubular reactor—the typical acrylic acid cata-
lyst with 10 wt% active mass—in all potentiometric mea-
surements. The different catalysts used are summarised in
Table 1.

2.4. Electrode Preparation

The reference electrode was prepared by coating the
electrolyte with a thin layer (80 pm) of a commercial plat-
inum paste and sintering the film for 2 h at a temperature
of 800°C. The measuring electrodes consisted of the same
catalyst powder (1, 13, 14) which was used to prepare the
eggshell catalysts. Each catalyst powder was mixed with an
organic binder, giving a viscous paste. The solid electrolyte
was coated with this paste up to a film thickness of 50 um
and sintered for 1 h at 320°C, leading to a sufficient adher-
ence of the porous electrode on the electrolyte. Details are
reported in (15).

2.5. Data Evaluation

2.5.1. 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 f,,, which
is defined by the ratio of the mass of the catalytically active
oxide mc ; between reactor inlet and sample port z and the
volumetric flow rate V through the reactor:

nmc

e = ——. 1
2 7 (1]
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Because of the constant volumetric flow rate throughout
the reactor we can define the acrolein conversion X, up to
sampling port z,

CAcrolein, in — CAcrolein, z
X. = , 2]

CAcrolein, in

and the integral reactor selectivity RS, . for the formation
of product i measured at port z,

Ciz " &
RSi,z =

3]

(CAcrolein, in — CAcrolein,z) + €Acrolein

By using the dimensionless factor ¢;, which designates the
number of carbon atoms in one molecule of species i, the
reactor selectivity is normalised to values between zero
and one.

It has been shown earlier that the kinetics of selective
acrolein oxidation over oxidic catalysts can be described
by using a simple network (cf. Fig. 2) of chemical reac-
tions (15, 16). CO,, CO, and acetic acid generated in small
amounts can be lumped together into one pseudospecies
(“by-products”).

The network 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 below, where
the reaction rate ry; ; in pathway i, j is given in moles per
gram per second. All rate coefficients ky,; ; are related to
the mass of the catalytically active compound. Mass bal-
ancing the reactor in steady state leads to a set of three
differential equations which can be solved numerically by
use of the Runge—Kutta method. The values of the kinetic
coefficients kp; ; and 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:

e Due to the fractional order of the parallel reactions
rm1,2 and rm1 3 we make use of a conversion-dependent pa-
rameter k', characterising the activity of the catalyst with

Ky ; k .C .
Acrolein = Acrylic Acid  F p = -2 ~Acrolein [4]
’ 1+b- CAcrolein
ﬁ"a (=
_Kmi3 Cacrolein
By-Products fm1,3 = [5]

1+b-c i
(CO, CO,, Acetic Acid ...) Actolein

Mm2,3 = Km2,3 'cAcryIic Acid [6]

FIG. 2. Network of acrolein oxidation and rate equations.
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respect to acrolein conversion:

« _ kmio+kmi3
ml — 1— bh-X*
In(1— X*)

= k1o + ki 3 (7]

»1 may be considered the pseudo first-order rate coeffi-
cient giving the same acrolein conversion X* at the same
residence time f,, at the reactor outlet. Its derivation has
been described elsewhere (15, 17). k%, is calculated for
X*=0.99, as the maximum yield of acrylic acid was always
obtained at conversions near that value except in the case
of CuMoOy.

e For a given catalyst and temperature the course of the
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 towards acrylic acid
KSAcrylicAcida

km1,2
km1,2 + km1,3

and the integral stability of the metastable intermediate
acrylic acid,

lim  ®Sacrylic Acid = [8]

X Acrolein—>

K _
S Acrylic Acid =

*

int ml,2

X Acrylic Acid = T, [9]
kmo,3

with k7, , designating an integral rate constant according
to Eq. 7.

Both quantities have been introduced and discussed by
Riekert (18) in the case of a similar triangular reaction
network.

2.5.2. Potentiometric measurements. As stated above
the oxygen activity a2 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 ad

AE =21
4 F 1

: [10]
PO, Ref
where po, rer designates the oxygen partial pressure at the
reference side and F is the FARADAY constant (F =
96, 486 C mol~!). The relation is based on the potential-
determining reaction R1, which takes place at the three-
phase boundary line of gas—electrode—electrolyte at both
electrodes.

- 2—
Oz,g + 4e(Electr0de) <20

(Electrolyte)* [Rl]

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:

a(Z) = Po,- [11]

This has been verified previously (15).
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3. RESULTS

3.1. Results of the Kinetic Measurements

Typical results of the kinetic measurements over the sin-
gle phases Mo-V-O, and CuMoOQy are shown in Fig. 3. The
experimentally determined axial concentration profiles in
the gas phase are plotted against the modified residence
time f,,. The open symbols represent the measured concen-
tration profiles over the copper molybdate, and the closed
symbols over the Mo-V-O,. The concentration profiles
over the typical acrylic acid catalyst Mo—V-Cu-O, and the
mechanical mixture Mo-V-0O,/CuMoQy are not shown in
this picture since they are quite similar to the profiles mea-
sured over the pure Mo-V-0O,. A detailed analysis of the
reaction kinetics measured over Mo-V-Cu-O, has been
given in (12). The solid lines in Fig. 3 are the results of the
model calculations using the values of the kinetic coeffi-
cients as obtained by the procedure described in the pre-
ceding paragraph. The agreement of the simulation with
the experimental measurements justifies the description by
the simplified network. The corresponding values of the ki-
netic coefficients and the derived characteristic parameters
are given in Table 2.

Due to their high activity with respect to acrolein con-
version the kinetic coefficients at 573 K for Mo-V-0O,, the
mechanical mixture Mo-V-0,/CuMoQy, and the typical
acrylic acid catalyst Mo—-V-Cu-O, are influenced by inter-
nal mass transport limitation. However, by variation of the
shell thickness of the coated catalysts (we obtained the same
values of ky; ; for catalysts with 5, 10, and 20 wt% active
mass) we could show (15) that the influence of internal mass
transfer is neglectable for all catalysts investigated at the
lower temperature of 533 K.

Let us first discuss the results of the kinetic measurements
obtained for the pure phases Mo—V-0O, and CuMoOQy.
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FIG. 3. Concentration profiles over CuMoO, and Mo-V-O, dur-

ing acrolein oxidation at 573 K, yacrolein.in =4 V01%, y0,.in =11 vol%,
YH,0,in = 5vol%.

The value of &, at 573 K for Mo-V-O, is more than
one order of magnitude higher than for CuMoQy, indicat-
ing that Mo-V-O, is the active phase in acrolein oxida-
tion. The comparatively big value of the parameter b in the
case of the copper molybdate shows that the concentration
profiles over this phase could alternatively be described
by using rate equations of zeroth order with respect to
acrolein for the reaction pathways of acrolein consumption
(cf. Fig. 2, reaction pathway 1,2 and 1,3). The zero-order rate

TABLE 2

Kinetic Coefficients and Characteristic Parameters of Acrolein Oxidation over CuMoQ, (10 wt% of Active Mass), Mo-V-0O,,
the Mechanical Mixture Mo—V-0,/CuMoOQy,, and the Typical Acrylic Acid Catalyst Mo-V-Cu-O,

Kinetic parameters

Characteristic parameters

Catalyst *km1.2 km1.3 km2.3 KS Acrylic Acid i), Acrylic Acid Y enytic Acid ki

T =533 K

CuMoOy Not determined

Mo-V-0O, 21 1.14 0.13 0.95 111 0.92 15.2

Mo-V-0,/CuMoQO, 28 0.6 0.08 7.1 0.98 138 0.95 11.3

Mo-V-Cu-O, 233 0.3 0.16 32 0.99 86 0.95 14
T =573K

CuMoO, 1.9 0.8 4.6 16.3 =0.7 0.09 <0.02 0.6

Mo-V-0O, 43 14 0.51 1.7 0.97 62 0.92 32.5

Mo-V-0,/CuMoQOy4 39 0.2 0.59 2.6 0.99 42 0.92 25.1

Mo-V-Cu-0O, 44 0 1 1.8 1 32 0.91 31.7

Note. All 20 wt% active mass; at 533 and 573 K, yacrolein,in = 4 V01%, Y0,.in = 11 vol%, yn,0,in = 5 vol%.
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constants describing the pathways of acrolein consump-
tion could then be expressed by (km12/b) and (km13/b).
It can be stated further that the acrolein conversion over
CuMoO, was always below 10% even at a temperature of
573 K. Therefore, we did not determine the kinetic param-
eters at the lower temperature of 533 K in the case of the
pure CuMoOQOy. The low activity of CuMoO4 with respect to
acrolein conversion is equally illustrated by the low value
of k% ,, which for the reason of comparison is computed
for an acrolein conversion of 99% as before (although this
conversion value could not be achieved with CuMoQOy4 un-
der the conditions stated).

In addition to the big difference concerning the activ-
ity with respect to acrolein conversion we can also ob-
serve a completely different selectivity behaviour between
CuMoO,4 and Mo-V-0,. In the case of Mo—V-0, high val-
ues of the grain selectivity towards acrylic acid close to 1
were obtained. The grain selectivity is higher at 573 K (97%)
than at 533 K (95%), indicating that the activation energy
for reaction pathway 1,2 (acrolein to acrylic acid) is higher
than for reaction pathway 1,3 (acrolein to by-products).
Furthermore, the rate of oxidation of acrolein to acrylic acid
is about two orders of magnitude higher than the rate of the
consecutive oxidation of acrylic acid, as reflected by the high
value of the stability parameter I"'A, which is one major rea-
son for the high acrylic acid yield (Y acrylic Acia =92 mol %)
over Mo-V-0O,. In contrast to the grain selectivity the
stability parameter of acrylic acid ™A decreases with in-
creasing temperature, which can be explained by a higher
activation energy for the reaction pathway 2,3 (acrylic
acid to by-products) compared to the reaction pathway 1,2
(acrolein to acrylic acid).

In the case of pure CuMoOy the values of acrylic acid
selectivity have to be considered with caution (cf. Fig. 4).
One has to keep in mind that the selectivity of acrylic
acid formation is calculated as the ratio of the observed
values of acrylic acid yield and acrolein conversion. As
a consequence the values of acrylic acid selectivity might
scatter at low values of acrolein conversion (X <3%), as
obtained with CuMoQ;. In this region of acrolein conver-
sion (X <3%) the error in acrylic acid selectivity is of an
order that a reasonable confidence interval cannot be given.
Nevertheless, we can say that the main reason for the low
acrylic acid yield over CuMoOy is the fact that the selec-
tivity towards acrylic acid sharply decreases with increasing
acrolein conversion, as shown by the decrease in acrylic acid
selectivity and the curvature of the line for acrolein conver-
sion, >3%. For a conversion of about 10% the selectivity
towards acrylic acid only amounts to 20%, although the
grain selectivity seems to be in the range of 70%. Thus, it is
obvious that acrylic acid, once formed over CuMoQy, is im-
mediately subject to overoxidation to by-products. This is
also reflected by the comparatively high value of &y 3, indi-
cating a high rate of the consecutive reaction over CuMoOy4
(cf. Table 2). As a consequence of the low reaction rate of
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FIG. 4. Reactor selectivity and yield with respect to acrylic acid as
a function of acrolein conversion over CuMoOy at 573 K, yacrolein,in =
4 VOI‘%)7 Y0,,in = 11 vol%, YH,0,in =5vo0l%.

acrolein oxidation to acrylic acid on the one hand and the
high reaction rate of acylic acid oxidation to by-products on
the other hand, the value of ™) is far below 1 in the case of
CuMoOy (cf. Table 2).

Let us now consider the kinetic behaviour of the mechan-
ical mixture CuMoO4/Mo-V-0O, and the typical acrylic acid
catalyst Mo—V-Cu-O, (cf. Fig. 5).

Generally we can say that the kinetics of acrolein oxi-
dation are similar over the pure Mo-V-0O,, the mechan-
ical mixture CuMoO4/Mo-V-0O,, and the typical acrylic
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0.9 \ \ [
0 0.2 0.4 0.6

XAcroIein

FIG. 5. Reactor selectivity with respect to acrylic acid as a function of
acrolein conversion over Mo-V-QO,, the mechanical mixture Mo-V-0,/
CuMoOy, and the typical acrylic acid catalyst Mo-V-Cu-O, at 533 K,
YAcrolein,in = 4 VOl%a yOz.in =11 VOl%v yHZO,in =5vol%.
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acid catalyst Mo—V-Cu-O,. The mass-related activity of
the mechanical mixture and the typical acrylic acid catalyst
with respect to acrolein conversion is slightly lower than for
pure Mo-V-O, (cf. value of £, in Table 2). However, the
most striking difference between pure Mo—V-0O, on the one
hand and the mechanical mixture CuMoQO4/Mo-V-0O, and
the typical acrylic acid catalyst Mo—V-Cu-O, on the other
hand concerns their selectivity behaviour. At an acrolein
conversion below 95% the acrylic acid selectivity is always
higher in the case of the mechanical mixture and the typical
acrylic acid catalyst at both temperatures investigated (cf.
Fig. 5). This is mainly due to the higher grain selectivity to-
wards acrylic acid observed for the mechanical mixture and
Mo-V-Cu-O; (cf. Table 2). As a consequence of the higher
grain selectivity we could increase the maximum yield of
acrylic acid at 533 K from 92 to 95% by adding CuMoOy4
to Mo-V-0O,. However, at 573 K the maximum yield of
acrylic acid is about the same as for the pure Mo-V-0O,,
the mechanical mixture CuMoO4/Mo-V-0O,, and the typ-
ical acrylic acid catalyst Mo—V-Cu-O, although the grain
selectivity towards acrylic acid stays significantly higher in
the case of the mechanical mixture (99 compared to 97%)
and Mo-V-Cu-0O, (100 compared to 97%). The reason is
illustrated by the lower value of the stability parameter ™A
obtained for both the mechanical mixture and Mo-V-Cu-—
O, (cf. Table 2), which seems to point out that the addition
of CuMoO,4 to Mo-V-0, enhances the rate of overoxida-
tion of acrylic acid to by-products, as is also indicated by the
kinetic measurements over the pure CuMoOQOy. This effect
seems to become more pronounced for the high tempera-
ture of 573 K. Both effects, the increase in the grain selec-
tivity to acrylic acid on one hand and the decrease in the
stability of acrylic acid on the other hand, compensate for
each other with respect to the maximum acrylic acid yield
at 573 K.

3.2. Results of the Potentiometric Measurements

Let us now consider the evolution of the oxygen activity
in the separate phases Mo-V-O, and CuMoOQy as a function
of the concentration profiles along the fixed-bed reactor (cf.
Fig. 6). As explained in Section 2 all potentiometric mea-
surements have been performed using the same catalyst in
the fixed-bed reactor (Mo-V-Cu-0O,, 10 wt% active mass).
Thus the resulting concentration profiles, represented by
the closed symbols in Fig. 6, remain the same.

A continuous profile for the oxygen activity was obtained
for both phases. The values of the oxygen activity are al-
ways at least 11 orders of magnitude lower than the oxygen
partial pressure of the corresponding gas phase over the
catalyst. This clearly indicates a partially reduced state of
both catalysts rather than an equilibrium between the oxy-
gen in the catalyst and in the surrounding gas phase. In the
latter case the oxygen activity should be equal to the oxygen
partial pressure (cf. Eq. 11).

183

1.2 4 1E-13
2
~ ae”/bar
mg /17 777777777777777777777777
~
o — 1E—-15
€
~— 0.8 T R Ee B
~ | @
- | [
© | } | a 0,cuMo0,
06— A-—t—————d-———— 2 - 1E=17
| } } Oa O,Mo—V-0,
\ 2
ol © } } A g Mo-v-cu-0
| ‘
048 & m=77| eAcrolein
| | SAcrylic Acid [ 1E-18
0.2 [ }7777 ¥By—Products
0% - 1E—21
Q 0.05 0.1 0.15 0.2 0.25
tm
=3
g°s-cm

FIG. 6. Concentration profiles (left axis) and oxygen activity profiles
(right axis) as a function of the modified residence time over CuMoOQy,
Mo-V-O,, and Mo-V-Cu-O, at 573 K, yacroleinin =4 v0l%, yo,.in=
11 vol%, yn,0,in =35 vol%.

The oxygen activity profile for Mo—V-O; is quite similar
to that obtained for the typical acrylic acid catalyst Mo—V—
Cu-O,, which has been discussed in detail in (12) and is
also shown in Fig. 6 for a better understanding. Over the
whole range the values of the oxygen activity of Mo-V-0O,
are about one order of magnitude lower than the values
obtained for Mo-V-Cu-0O,.

From the reactor entrance on, the values of a3 for Mo-
V-Cu-0O, and Mo-V-0O, remain at a low level over a wide
range of acrolein conversion (X = 75%). This is surprising
since the molar fraction of acrolein decreases from 4% at
reactor inlet to 1%. If the acrolein conversion is near 100%,
the oxygen activity strongly increases, reaching a constant
level at complete acrolein conversion, where acrolein is no
longer detectable in the gas phase by gas chromatography.

A completely different oxygen activity profile was ob-
served in the case of the pure CuMoQO, (open squares in
Fig. 6). First of all we can say that the values for the oxygen
activity of CuMoQOy in contact with the reaction mixture
at the reactor entrance are about five orders of magnitude
higher than in the case of Mo-V-O, and Mo-V-Cu-O,.
Furthermore we obtain a lower value of the oxygen activity
if CuMoOQy is in contact with the reaction mixture at the
reactor outlet (complete acrolein conversion) than if it is in
contact with the reaction mixture at the reactor inlet. This
indicates that in the case of the pure CuMoQy acrylic acid
is a stronger reducing agent than acrolein. The removal of
oxygen from CuMoO, by oxidation of acrylic acid to CO
and CO, takes place at a higher rate than by the oxidation
of acrolein. This important result is totally in agreement
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with the results obtained from the kinetic measurements.
The value of ™, which is below 1 in the case of the pure
CuMoOQOy, shows that the rate coefficient of acrylic acid ox-
idation is higher than the rate coefficient of acrylic acid
production by acrolein oxidation.

The situation in the case of Mo-V-O, and Mo-V-Cu-0O,
is just the opposite. For both catalysts the oxygen activity
at the reactor entrance is lower than for complete acrolein
conversion and accordingly the values of ™ (cf. Table 2)
are clearly above 1.

4. DISCUSSION

In the present study of selective oxidation of acrolein
the gas-phase composition and the oxidation state of dif-
ferent oxidic catalysts, represented by their oxygen activity,
were both monitored by simultaneous kinetic and potentio-
metric measurements. Both measurements led to consistent
results.

The results of the kinetic measurements show that Mo—
V-0, is the active and selective phase during acrolein oxi-
dation, whereas CuMoQy alone is more or less inactive and
unselective with respect to acrolein oxidation. At this point
the question arises as to whether synergistic effects concern-
ing the kinetics can be observed in a mixture of both phases.
Therefore, we also determined the Kinetics of acrolein ox-
idation over the mechanical mixture Mo-V-0O,/CuMoQOy4
and over the typical acrylic acid catalyst Mo—V-Cu-0O,.

Let us first consider the activity with respect to the con-
sumption of acrolein, which is characterised by the kinetic
parameter k. In a plot of &%, over the CuMoO, content
in the active mass of the catalysts, the values of &, for all
catalysts which do not show synergetic effects are given by
the straight line fixed by the values for the pure phases Mo—
V-0, and CuMoOy (cf. Fig. 7). If the value of &}, lies above
this line we speak of a synergetic effect. As we can see in
Fig. 7 the values of £, at both the mechanical mixture and
the typical acrylic acid catalyst differ only by less than 15%
from the linear relationship. Thus, concerning the activity of
acrolein conversion CuMoQy acts as a diluent when mixed
with Mo-V-0, and we cannot speak of a synergetic effect.

In contrast to activity a remarkable synergetic effect
could be observed concerning the selectivity of acrolein
consumption. The addition of CuMoO4 to Mo-V-0, sig-
nificantly increases the grain selectivity towards acrylic acid
(cf. Table 2 and Fig. 5) at both temperatures investigated
(533 and 573 K). As a consequence the maximum acrylic
acid yield at 533 K was higher with the mixed catalysts (Mo—
V-0,/CuMo0O, and Mo-V-Cu-0O,) than with the pure
Mo-V-0,.However, at the higher temperature of 573 K the
addition of CuMoO4 to Mo-V-0, leads to more overoxida-
tion of acrylic acid, thus decreasing the stability parameter
of acrylic acid ™2, as also reflected by the kinetic results ob-
tained for the pure CuMoQy, for which the rate of acrylic
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acid oxidation is much higher than the rate of acrolein ox-
idation (cf. Fig. 4). Therefore, the maximum acrylic acid
yield at 573 K was the same for the pure Mo-V-O, and
the mixed catalysts. Due to the described phenomena the
maximum acrylic acid yield at temperatures above 573 K
should be higher for the pure Mo—V-0O, than for the mixed
catalysts. The negative influence of CuMoO, with respect
to the total oxidation of acrylic acid at the high tempera-
ture of 573 K might be due to an aggregation of CuMoQO4
clusters serving as centres of total oxidation.

From these results we would expect the maximum acrylic
acid yield for an isothermal operated reactor at 573 K over
a structured catalyst bed containing the mixture Mo-V-
O,/CuMoOy in the first zone and pure Mo-V-O, in the
second.

The described results are especially important for the
operation of a commercial acrylic acid reactor since even a
small gain of acrylic acid yield leads to a remarkable cost
reduction of the production process.

The results of the potentiometric measurement are con-
sistent with the results obtained from the kinetic measure-
ments. In the case of the pure CuMoQy the potentiometric
measurements indicate that the removal of oxygen from
CuMoOy by oxidation of acrylic acid to CO and CO, takes
place at a higher rate than by the oxidation of acrolein. This
is totally in agreement with the low value of the stability pa-
rameter ("4 < 1) observed for CuMoQOy, which shows that
the rate coefficient of acrylic acid oxidation is higher than
the rate coefficient of acrylic acid production by acrolein
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oxidation. In this sense we could think of applying SEP to
test oxidic phases with respect to the stability of the desired
intermediate of a selective oxidation reaction over these
phases. The oxygen activity of the oxidic catalyst in contact
with a gas phase containing the intermediate (here: acrylic
acid) should always be higher than in contact with a gas
phase containing the starting material (here: acrolein) to
obtain a reasonable stability of the intermediate.

Furthermore, the potentiometric measurements might
point out the reason for the synergetic effect in the case
of acrolein oxidation over Mo-V-Cu-0O,: The results of the
potentiometric measurements show that under the same re-
action conditions the oxygen activity in the pure CuMoOy4
is always higher than in the pure Mo-V-0,. Let us now con-
sider a mixture of both phases in which CuMoO,4 and Mo—
V-0, exist side by side without forming a new oxidic phase.
In this case CuMoQOy could principally serve as an oxygen
donor and the Mo-V-O, as an oxygen acceptor when ex-
posed to a gas phase which contains acrolein and oxygen.
Oxygen is transferred from CuMoO4 to Mo—V-0, driven
by the gradient in the oxygen activity. The oxygen transfer
between the solids can generally proceed via the bulk and
via the catalyst surface, the latter being called spillover. The
application of SEP does not allow discrimination between
both transfer mechanisms. However, the oxygen transfer
from CuMoQO,4 to Mo-V-0, results in an oxygen activity
characterising the mixture of both phases, which lies be-
tween the values of the oxygen activity of the pure phases.
Although the typical acrylic acid catalyst Mo—V-Cu-O is
prepared in a one-pot synthesis it can be regarded as a mix-
ture of mainly Mo-V-0, and CuMoQy. Due to the one-pot
synthesis both phases should be highly dispersed, which in-
dicates that oxygen transfer between CuMoO4 and Mo-V-
O, can take place quite effectively in Mo-V-Cu-O,, lead-
ing to a homogenous oxygen activity over the whole solid.
Indeed, the oxygen activity in Mo—V-Cu-O, lies between
the values for the pure phases CuMoO,4 and Mo-V-0O, (cf.
Fig. 6), indicating the direction of oxygen transfer in Mo—
V-Cu-0, from CuMoQO, to Mo-V-0, (cf. Fig. 8).

It has been shown recently (19) that the redox model pro-
posed by Mars and van Krevelen (20) can be applied to the

. O
0, Acrolein 72 Acrylic Acid

spill over

FIG. 8. Schematic drawing of the oxygen transfer in Mo-V-Cu-O,.
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acrolein oxidation over Mo—V-Cu-O,. In accordance with
that model Andrushkevich et al. (10) observed that strongly
bound lattice oxygen is used preferentially in the selective
oxidation of acrolein to acrylic acid whereas the unselec-
tive side reaction to by-products is due to weakly bound
adsorbed oxygen species. Keeping this in mind we may as-
sume that the oxygen species transferred in Mo—V-Cu-O,
are mainly incorporated in the lattice to reoxidize reduced
active sites of Mo—V-0,. Thus the oxygen transferred from
CuMoQOy4 to Mo-V-0, should always act selectively, form-
ing acrylic acid, and the addition of CuMoQO4 to Mo-V-0O,
leads to an increased selectivity, as observed in both the in-
dustrially used Mo—V-Cu-0O, and the mechanical mixture
Mo-V-0,/CuMoQy.

Other explanations for the observed phase synergism
cannot be ruled out. For example, applying the concept of
“site isolation” we may assume that CuMoOQOy partly cov-
ers Mo-V-0, and therefore limits the amount of available
oxygen at an active site of Mo—-V-0O,. As a consequence the
rate of the total oxidation reaction of acrolein to CO and
CO; would be suppressed.

However, SEP gives a strong hint that oxygen is trans-
ferred from CuMoQO4 to Mo-V-0O, independently of its
function in the catalytic cycle.
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