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The systematic investigation by means of wavefront analysis of the dependence of the micro-
kinetics of the water—gas shift reaction on the oxidation state of a CuQ/ZnO industrial catalyst is
reported. The catalyst was pretreated for a long period of time in a mixture of H,O, H,, and N, at
definite = py,o/py, ratios, from ¢ = 0.1 to y = 10.0 and at 230°C. The fitting procedure at different
¥ levels suggested a three-path reaction model consisting of two formal Eley—Rideal-type mecha-
nisms which are relevant for the microkinetic shift conversion through adsorption intermediates of
CO and H,0, and a redox mechanism which regulates the oxygen activity on the catalyst surface
and accounts for the interaction catalyst/reaction medium. In this investigation, an Elovich-type
rate dependence of the redox mechanism has been suggested.

INTRODUCTION

Heterogeneous catalytic conversions
proceed by the participation of some sur-
face intermediates on the catalyst surface.
Contrary to widespread opinion, solid cata-
lysts do not remain invariant after their ex-
posure to the reaction medium. Their
chemical composition, surface structure,
and/or other catalytic properties change in
dependence on the composition of the reac-
tion mixture and temperature. Thus, each
change in the ambient fluid causes a relaxa-
tion of the catalyst itself, the corresponding
relaxation times being as a rule very large.
However, at elevated (technical) tempera-
tures this process is fast enough and is well
observable under transient conditions. This
kind of interaction between solid catalyst
and reaction medium has been recognized
by Wagner and his research group (/) and
by Soviet scientists such as Temkin (2) and
Boreskov (3).

We report here a systematic investigation
to estimate quantitatively the change in the
overall activity as well as the shift in the
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mechanistic scheme in dependence on the
oxidation state of the catalyst.

As stated correctly by Boreskov (3), a
consequence of the interaction between
solid catalyst and ambient fluid is that the
change in the catalytic properties causes a
change in the reaction rate. A genuine ki-
netic investigation demands therefore to
find out the whole rate functional which de-
scribes the influence of the catalyst on the
reaction medium (i.e., corresponds to the
stoichiometry of the chemical conversion)
and at the same time describes the influence
of the reaction medium on the catalyst. Un-
fortunately, this functional is of a rather
complex nature so that special techniques
(such as the one discussed here) should be
applied in order to separate the two kinds of
dependences of the reaction rate.

Following Temkin (2), we define as in-
trinsic or microkinetic relaxations the re-
laxation processes of the conversion on the
catalyst surface through sorption interme-
diates (i.e., chemisorption, surface re-
action, desorption), and as extrinsic or
macrokinetic relaxations the relaxation
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processes of the influence of reaction mix-
ture on the catalyst (i.e., change in the cata-
lytic properties).

PRINCIPLES OF WAVEFRONT ANALYSIS

The wavefront analysis of reaction kinet-
ics is a special transient technique for ki-
netic investigations in continuous flow, dis-
turbed heterogeneous catalytic systems
under technical operating conditions. It has
been introduced in Ref. (4) and presented
in Ref. (5) in a more detailed and improved
form, together with several applications. A
complete mathematical presentation, fur-
ther theoretical advances and additional ap-
plications of this technique in connection
with complex catalytic processes are con-
tained in a comprehensive treatise by one
of us (6).

The new technique is an enlargement of
known relaxation methods in the sense that
it considers in addition to the transition of
the disturbed system from the initial to the
end steady state, the relaxation in space of
the propagating primary disturbance (for
clear definition of the front, a step distur-
bance is used). Actually, the wavefront
analysis is limited to the relaxation pro-
cesses at the wavefront and the propagation
line of the disturbance in the space/time co-
ordinate plane. It supplies an additional de-
gree of freedom compared to a stationary
analysis.

We define as space relaxation the ampli-
tude change of the propagating disturbance,
as time relaxation the rest of the transient
response after passage of the wavefront,
i.e., the transient originated by the propa-
gated primary disturbance. The elements of
the analysis are:

® The propagation speed of the distur-
bance, controlled by capacitive effects in
the phases (i.e., chromatographic effects),

® The space relaxation of the distur-
bance, representing a measure of the initial
rate (i.e., initial relaxation),

® The time gradient of the time relaxa-
tion at the front of the disturbance, repre-
senting a measure of the initial rate acceler-
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ation (6) (i.e., acceleration of the initial
relaxation).

In this way, a splitting of the information
content of the transient response in pure
accumulative and kinetic parts is achieved
(see Table 1) and in addition initial rate and
initial acceleration are directly measurable
in dependence on well-defined initial states
of temperature and catalyst activities. For
practical applications, it is important that
the time relaxation is slower than the
change on what is practically defined as a
“*‘wavefront,”’ which means siower than the
space relaxation of the front of the distur-
bance. Short-range chromatographic ef-
fects are not kinetically relevant as long as
their action is much shorter than the time
constant of the time relaxation (on space
relaxation basis, see (6)).

NOMENCLATURE

c gas phase concentration (kmol/m?
gas)

ki,s4 effective rate constants (s7!), see
text

K, thermodynamic equilibrium con-
stant of the water—gas shift reac-
tion

m,,  eigenvalues for the space relaxation
(s

Di partial pressure

r reaction rate

t time

! time measured on the propagating

wavefront

T temperature (K)

Greek Symbols

a propagation line of the wavefront

Ac concentration disturbance

A¢ time gradient of the time relaxation

0 oxygen activity of the catalyst sur-
face (kg atom oxygen/m’ cata-
lyst)

Ty hydrodynamic time constant = res-
idence time of the wavefront

4 equilibrium ratio pco,/pco

¥ equilibrium ratio py,0/pu,



330

FIOLITAKIS AND HOFMANN

TABLE 1

Differences between Wavefront Analysis and Conventional Transient Response Techniques

Elements of
transient

Applicability

response Wavefront analysis

(Only distributed systems)

Conventional transient
response techniques
(Distributed and concentrated systems)

Propagation speed

Reflects the ratio of the corresponding

Not available

total capacitance to the capacitance of
the movable phase (convective accu-

mulative effects)
Time relaxation
wavefront

Space relaxation

Transient response after passage of the

Amplitude change along the propagation

The whole transient response containing
information about convective accumu-
lative effects, kinetic effects corre-
sponding to the initial steady state and
to the relaxation of the whole system

Not separated

line caused by kinetic effects corre-
sponding to the initial steady state

MATHEMATICAL EQUATIONS

The following two equations are impor-
tant for the application of wavefront analy-
sis to the present investigation (5-7).

Amplitude change of the propagating
concentration step disturbance, i.e., relaxa-
tion in space,

(B)eg = | Hew, 6, TY A, (1)

where ¢’ is the time measured by an ob-
server on the wavefront; t' = 0 is at the
inlet of the system. Equation (1) means that
the step disturbance Ac in the present in-
vestigation is meeting on the propagation
line ap only with stationary states of tem-
perature T and of catalyst (oxygen) activity
0, . A necessary condition for exact measur-
ing of the disturbance front is that the rate
acceleration remains bounded. The time
gradient of the time relaxation A¢, which is
a measure of this acceleration, obeys (6, 7)

T - .

ar 46 0 T
_Aé+<r r o0

a_o'EJ'ST'E?)%' @)

Equation (2) is obtained by means of per-
turbation analysis at the wavefront, i.e., de-
veloping in series, Ac and r about «y, insert-
ing in the differential form of Eq. (1) and
comparing coefficients; for more details see
Refs. (6, 7). Its solution gives

= (). = el [ (o))
[y el -} o))

(ar a8 or 9

36 3 T aT )t ©

We should point out that the quantities
with the suffix aq are only functions of the
time t'; here the acceleration A¢ has its
cause in the surface effects and in thermal
effects. This equation remains valid as long
as the quantities in parenthesis remain sim-
ple functions of the rate r (c,, T, 65), i.€.,
the partial derivatives (86/9¢)q, and (97/91)q,
remain bounded.
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SUMMARY OF PREVIOUS EXPERIMENTAL
RESULTS AND CONCLUSIONS

The experimental setup and preliminary
investigations are described elsewhere (5,
6, 7, 8, 9). For the water—gas shift reaction
it was shown that:

(a) For a catalyst at high oxidation level
at the wavefront the CO, production is
faster than the H, production. A redox
mechanism, which is probably responsible
for the faster CO, production, regulates the
oxygen potential over the catalyst surface
and is inhibited by H,0.

(b) For a catalyst at low oxidation level,
e.g., at a state established by a long pre-
treatment in a CO/N, mixture, one obtains
at the wavefront H, and CO, in the ratio
2:1. This is an indication that at the begin-
ning of the reoxidation the redox reaction
proceeds equally as fast as the shift reac-
tion, i.e., the limiting step in the shift reac-
tion is the reoxidation of the catalyst. In
other words, the shift conversion is possi-
ble only after certain oxide forms have been
built up on the catalyst surface. This devia-
tion from the stoichiometry declines slowly
with a time constant of about 10 min.

(c) The participation of sorption interme-
diates in the shift reaction could be estab-
lished, where the relevant adsorption/de-
sorption steps, i.e., CO adsorption, H,O
adsorption, CO, desorption, H, desorption
under the selected experimental conditions
are not kinetically controlled, as suggested
by the form of the transients (6, 10). Fur-
ther more, the adsorption/desorption char-
acteristics seem to depend on the oxidation
state and temperature of the catalyst (6).
Thus, for example at high oxidation levels
of the catalyst, H,O adsorption proceeds by
two mechanisms, one of which is probably
physisorption, the other one chemisorption
(8). At low oxidation states, the concentra-
tion of chemisorbed H,O is higher than that
at higher oxidation states but it does not
participate in the shift reaction (6, 9), sug-
gesting that the H,O chemisorption sites at
low oxidation level are different from those
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ones at higher or intermediary oxidation
levels. In addition, H,O can be removed af-
ter stripping with N, (9), i.e., H>O is revers-
ibly adsorbed. On the contrary, chemi-
sorbed CO on the catalyst at low oxidation
state cannot be stripped off by N; (9).

Therefore, it seems plausible that the mi-
crokinetic conversion of the reactants on
the catalyst surface proceeds by participa-
tion of sorption intermediates, following a
reaction mechanism of Langmuir or of
Eley-Rideal type. Beyond that a redox
mechanism participates, regulating the oxy-
gen activity of the catalyst surface, whereas
this change in the oxygen activity is very
slow. Whether the redox mechanism is also
relevant for the stationary shift conversion
is an open question. However, as prelimi-
nary experiments have shown, the overall
catalyst activity depends significantly on
the oxidation level of the catalyst, i.e., the
slow redox reaction controls the stationary
catalyst overall activity. It therefore
seemed important to investigate in detail
the relationship between catalyst activity
and oxidation level of the catalyst.

EXPERIMENTAL

In this investigation the catalyst of type
Girdler/Sidchemie G66B (with CuO/ZnO
as main components) has been pretreated
for several hours, until equilibrium has
been established, in a mixture of HyO/H,/N,
(technical) at defined levels of the ratio ¢y =
Pu0/PH, over two decades, i.e., from ¢ =
0.10 to y = 10.0. The so-pretreated catalyst
has been tested thereafter by a mixture of
CO/H,0/N;, the amplitude of the CO- and
H,0-concentration step having been varied
between 0.06 and 0.33 bar and 0.25 and 0.67
bar, respectively, by sudden exchange of
the pretreatment mixture with the test mix-
ture. The experiments have been per-
formed at the 230°C level at a constant flow
velocity of 0.11 m?N/h; the pretreatment
phase was about 30 min, the testing phase
about 3 to 5 min.
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RESULTS

In order to demonstrate the application
of the new technique, in Fig. | are depicted
typical transients from a similar investiga-
tion (/1) at a higher temperature and at a
lower oxidation state of the catalyst (i.e.,
280°C and ¢ = 0.01), in order to obtain
stronger effects of the catalyst reoxidation
process. Here the pretreatment mixture
consists of H; (0.50 bar), H,O (0.005 bar),
N, (0.495 bar). The test mixture consists of
CO (0.15 bar), H,0 (0.25 bar), N, (0.60 bar).
The testing has been performed by sudden
exchange of the pretreatment mixture with
the test mixture.

The wavefront amplitudes which corre-
spond to the space relaxation of the used
concentration step disturbance, are mea-
sured at the indicated time point, i.e., im-
mediately after the short-range chromato-
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graphic effects have been finished. For
instance, here the relevant chromato-
graphic effects have their cause in the fact
that CO sweeps adsorbed H, from the sur-
face; this process, however, proceeds fast
enough and is not kinetically controlled,
generating therefore the observed equilib-
rium chromatographic effects.

A further inspection of the transient re-
sponses has established the following facts,
in agreement with the above reported quali-
tative analysis: As the catalyst has been
pretreated until a low oxidation state has
been reached, during testing the H, ampli-
tude is also here twice the CO, amplitude.
The time relaxations show no evidence of
significant adsorption/desorption effects,
because the sum of H;, H,O as well as of
CO, CO, transients equals the feed concen-
trations in the testing mixture. This means
that in the time-relaxation region H,O is
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F1G. 1. Concentration transient responses from a similar investigation (1) in order to demonstrate

the application of wavefront analysis.
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converted to H, and CO to CO, without any
significant capacitive effects on the cata-
lyst.

However, even for this extreme situation
of highly reduced catalyst at high tempera-
ture, the observed time relaxations are slow
enough so that despite the (short range) rel-
evant chromatographic effects, the mea-
sured amplitudes represent a more or less
exact measure of the initial rates of the shift
reaction and of the reoxidation process.
The latter is manifested in Fig. 1 as over-
production of H,.

In this investigation, the time relaxations
correspond to thermal and surface effects.
The observed H, and H,O transients corre-
spond mainly to the reoxidation of the cata-
lyst by the reaction medium and the indi-
cated time gradient could be correlated by
Eq. (2). We are confined here to the analy-
sis by means of Eq. (1) of space-relaxation
data which correspond to the initial oxygen
activity and initial temperature. Thus, the
kinetics to be obtained in this paper corre-
spond to the equilibrium between the oxy-
gen distribution on the catalyst surface and
the ambient gas mixture, as this has been
established during the pretreatment period.

Fitting of the Space-Relaxation Data

The measured amplitudes of H, and CO,
at a given y level have been fitted to a series
of kinetic expressions by means of the
least-squares Marquardt routine (/2). In
view of the fact that in this investigation the
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amplitudes of H, and CO, differ only
slightly, i.e., pu, = pco,, we have tried at
first to fit the data to a single-path reaction
model.

Table 2 contains the corresponding ki-
netic expressions.

In agreement with the results of the quali-
tative analysis, we considered a practically
common and quasistationary conversion
for H, and CO,. This means that for the
amplitudes of H, and CO, in this kind of
dynamic experiment we assumed that the
kinetic expressions of Table 2 are the rate
controlling ones. The results of the fitting
are summarized as follows.

(a) Single-site Langmuir—Hinshelwood
kinetics. The separate fitting of the H, or
CO, data has failed, because the obtained
parameters are of the order of magnitude of
107.

(b) Stationary redox kinetics. The fitting
was successful but the sum k_; + k_, was
significantly negative.

Thereafter, a three-path reaction model
has been used, as shown in Table 3, which
accounts besides the shift reaction also for
the reoxidation process between the cata-
lyst surface and the reaction medium. This
represents practically an enlargement of the
models in Table 2 in the sense that for the
CO, and H; production additional rate
terms have been considered, corresponding
to nonstationary redox steps. The reduc-
tion and oxidation steps, as written in Table
3, are certainly relevant for the conversion

TABLE 2

Single-Path Reaction Models

(a) Single-site Langmuir—Hinshelwood mechanism

_ k(pcoPryo — PuyPco/Kp)

'ty =

(b) Redox mechanism

I + Kipuo + Kapceo,

k |kz(PC0PH20 - PHZPcoz/ K p)

FrRp =

kipuyo + kapco + k-t + k_3)peo,

with pu, =~ pco,, and therefore only the sum k_; + k_; of the reverse shift reaction parameters, k_, and k_,,

can be estimated as a single parameter.
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TABLE 3

Three-Path Reaction Models (Preliminary Fitting)

Nonstationary redox reaction

CO + (0) B CO, + (), i.e., reduction of the catalyst

H,0 + ( )% H, + (0), i.e., oxidation of the catalyst

combined for the shift conversion with:

(a) single-site Langmuir-Hinshelwood mechanism

rco, = run + kspcobo = rin + kipeo,
ruy = rn + kapuob ) = rn + kapuyo,

where ryy is the Kinetic expression (a) from Table 2, and 6,6,

k; = kyfo,
ky = kb ),

, are the activities of the oxidizing and reduc-

ing surface sites corresponding to the pretreatment of the catalyst, and therefore constant for the analysis of

space-relaxation data at constant pretreatment level

(b) redox mechanism

r 13
rco, = rro + kapPeo

’ !
ra, = rep + keprjo

where ki, k; are defined as above and rgp is the kinetic expression (b) in Table 2 without the ‘‘negative’’ pa-

rameter k_, + k_,

S kxpcopuo — Puypco/Kp)

RD —

Puyo T (koK) peo

at the beginning of the relaxation process
(i.e., at the neighborhood of the wave-
front), because the catalyst is either further
reduced by CO which is here a stronger re-
ducing agent than H,, or reoxidized by H,O
which is here a stronger oxidizing agent
than CO,, in good agreement with our ex-
perimental observations.

The results of the fitting to this three-path
model can be summarized as follows:

(a) Nonstationary redox with single-site
Langmuir—-Hinshelwood mechanism. The
kinetic constants &k, K;, K, of the LH ex-
pression are here also of the order of magni-
tude of 107 for fitting of both CO, and H,
data; the constants k3 and K are of the
order of magnitude of 10°. The LH-model
seemed therefore nonrealistic to us and has
been rejected, because, obviously, the de-
nominator has to be much larger than 1, in
order to fit the data to the model, i.e., the
LH model has a lack of fit.

(b) Nonstationary redox with a station-
ary redox mechanism for the shift conver-

sion. The results of the fitting are contained
in Table 4. It is characteristic that the sta-
tionary model parameters k, and ky/k, are
different for the CO, and the H; fitting, sug-
gesting a lack of fit, too. Furthermore, the
parameter k,/k; in the CO, fitting is (the ¢ =
5.0 level excepted) as a rule larger than 1
whereas the same parameter in the H, fit-
ting is not significant on the 95% signifi-
cance level. If one takes into consideration
that the term py,pco,/K, does not contrib-
ute practically (as K, = 80), the above
result means that the appropriate reaction
model in this investigation has to be linear
in both CO and H,0, i.e.,

rco, = Apco + Bpu,o,
ru, = A'pco + B'puyo.

This linearity of the reaction rate has
been established also by a plot of the con-
versions vs the feed of H,;O and CO de-
picted in Fig. 2. Therefore, at least in this
investigation there exists a simple linear de-
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TABLE 4
Results of the Fitting to Model (b) of Table 3¢
Pretreatment Fitting of the CO, data Fitting of the H, data
¥
kz/k] kz k; kz/k| kz I(;

0.20 16.349 8.730 0.688 0.065 0.993 0.505

+2.289 +0.928 +0.110 +0.178 +0.153 +0.094

0.53 16.005 10.422 0.525 0.023 0.813 0.630

+3.608 +1.901 *0.216 +0.289 *0.230 *0.161

1.00 7.987 4.621 0.561 0.038 0.976 0.340

+1.471 +0.613 +0.098 +0.080 *(.203 +0.098

2.00 12.045 4.205 0.649 0.448 1.247 0.333

+3.387 +1.104 *0.205 +(.816 +0.601 +0.247

5.00 2.000 2.030 0.333 0.735 1.583 0.040

+(0.734 +0.398 +0.149 +0.191 +0.127 +0.032

10.00 9.838 2.979 0.674 0.014 0.762 0.168

+2.062 +0.461 +0.077 +0.057 +0.091 +0.040

a4 = 0.10 is not fitted here.

pendence of the rates on pco and pyyo.
However, if one takes into consideration
the results of the qualitative analysis, that
the shift conversion proceeds by the partic-

\ .
(p.) =0333bar R
oF (P, aspa 1D
0.20- » 020
J / : /’/
010+ 010
x §=10000 #
o $= 5000 y
o ¢= 2000
] ! =0333ba
+ $= 1.000 J ﬁ/ (pHZO)F f
o ¢= 0534
S ~ %3 020 040 -
' (P ghresa o] ' (Peg Jreea [bar]

ipation of adsorption/desorption intermedi-
ates, it seems plausible that the established
linearity comes about because certain de-
nominators of hyperbolic rate expressions

FiG. 2. Linear dependence of conversion on the wavefront on the feed concentrations at different

pretreatment levels.
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are not significant (i.e., the corresponding
capacitances are saturated under the exper-
imental conditions). We suggest therefore
the following reaction scheme to account
for the space-relaxation data:

(i) formal Eley-Rideal mechanism, CO-
adsorbed

H,0 + (CO)* & H, + CO,

(ii) formal Eley~Rideal mechanism, H,O-
adsorbed

CO + (H,0)* 3 H, + CO,

(iii) redox mechanism
@@ CO+(0)8Co,+ ()

() H,0 + ( )= H, + (0)

It is an open question whether in reactions
(i) and (ii) the H,O and CO come from the
gas phase or from loose (linear) physi-
sorbed H,0 and CO.

Fitting to the Stationary Formal
Eley-Rideal and Nonstationary Redox
Mechanism

The space-relaxation data of H, and CO,
have been fitted simultaneously to the lin-
ear reaction model stated in Table 5. The
simultaneous fitting is possible because the
H; and CO, conversions at the wavefront
differ generally one from the other. As the
measured conversions correspond to inte-

co ky + ky ki

’
PH0 | o, k;

which describes the conversion along the
propagation line of the wavefront .
Whether the parameters k3, ki are statisti-
cally significant or not is a question which
does not influence the nonsingular charac-
ter of the matrix in Eq. (4).

FIOLITAKIS AND HOFMANN

TABLE 5

Formal Eley—Rideal Mechanisms Relevant for the
Shift Conversion

k
() H0 + (CO)* > H, + CO,,
where (CO)* is CO chemisorbed

k:
(i) CO + (H,0)* = H, + CO,,
where (H,0)* is H,O chemisorbed

The reverse reaction has been neglected, as here K,
~ 102,

(iii) Redox mechanism regulating the surface oxygen
activity

@ CO+(©0)3co,+ (),

® HO0 +( )3 H, + (),

where (O) is reducible surface oxygen site, ( ) is
oxidizable surface site; (CO)* and (H,0)* are in
equilibrium with the gas phase, i.e.,

oCO = OCO( T’ pCO)s 0}{20 = 0H20( T9 pHgO)

In this investigation, the adsorption capacity is satu-

rated, i.e.,
8co = (Bco)maxs 6H20 = (Gﬂzo)max

Therefore

n= klpﬂzo(oco)max
riy = kcho(eﬂzo)max

and

rco, = hi + ri + kspcobo
ra, = 1+ ri + kepuyof )

gral data, the following linear matrix differ-
ential equation should be solved:

Pco
) )

k; + k;t szO o

The solution of Eq. (4) is easily obtained
analytically in dependence on eigenfunc-
tions exp(m 7o) and exp(myrg), with 74 the
mean residence time of the disturbance in
the catalyst bed. The eigenvalues m;, m,
are the solutions of the quadratic equation
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(ky + ky — m) (ky + ky — m)

— kiky = 0. (5

ki = ki(Bco)max = const,
ks = ky(01,0)max = const,
ki = k8o = const,

ks = k48 ) = const,

The eigenfunctions represent a measure of
the overall shift activity, which means that
the eigenfunction has to be significantly dif-
ferent from 1 in order to contribute to the
overall conversion. The eigenvalues m;;
are correlated in this sense with the time
constants for the overall rate of the space
relaxation as:

TR1,2 = —Um]‘z.

©®)

DISCUSSION

From the results of the fitting in Table 6
one sees that the redox parameters k3, kg
are statistically (on the 95% significance
level) nonsignificant. The Eley-Rideal pa-
rameters k;, k5 show a rather monotonous
dependence on log ¢ (as depicted in Fig. 3).
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The results of the fitting can be seen in Ta-
ble 6, where

because adsorption capacity is saturated,
because adsorption capacity is saturated,
because (O), () correspond to the pretreatment,

because (O), () correspond to the pretreatment.

The eigenvalues m;, m, of the linear system
depend practically linearly on log .

As one can see, for the space relaxation
only the eigenfunction exp(m,ry) is rele-
vant here. Therefore, only m, is dominant
and shows a steep decrease with increasing
log . The significant decrease in the over-
all activity by increasing ¢ is well in agree-
ment with the experimental observations.

Thereafter one can summarize the above
results by saying that the overall activity is
expressed by the fact that the eigenvalue m;,
decreases linearly with log . This suggests
that the overall reaction kinetics has a loga-
rithmic dependence on the equilibrium rela-
tion pu,o/pH,, or in other words the oxygen
chemisorption follows a logarithmic depen-
dence on the equilibrium relation py,o/py,,

TABLE 6

Results of the Fitting of the Space-Relaxation Data to the Three-Path Reaction Model Consisting of Two

Formal Eley-Rideal Mechanisms and One Redox Mechanism for 230°C

¥ k; iy k; ks m my exp{m,1.) exp(m,r.)

0.10 0.439 1.034 -0.078 -0.018 —0.094 ~1.4365 0.995 0.454
*0.052 +0.076 +0.087 +0.054

0.20 0.355 0.962 -0.092 0.064 -0.063 —1.294 0.966 0.491
+0.050 +0.081 +0.095 +0.054

0.534 0.492 0.804 -0.097 0.069 -0.069 -1.327 0.963 0.482
+0.097 +0.165 +0.188 +0.109

1.00 0.375 0.780 —0.081 0.046 —0.061 —1.158 0.967 0.529
+0.073 *+0.105 +0.126 +0.082

2.00 0.254 0.817 —0.071 0.044 —0.087 —1.061 0.953 0.558
+0.079 +0.133 +0.166 +0.090

5.00 0.271 0.724 0.020 —0.036 —0.054 -1.028 0.971 0.568
+0.078 +0.137 +0.175 +0.089

10.00 0.194 0.706 0.022 —0.008 -0.032 -0.925 0.983 0.601
*+0.032 +0.049 +0.064 *+0.036




338

FIOLITAKIS AND HOFMANN

[S—'] T

L
11.1.

061

T T T T

T T 171
2 k, . Eley-Rideal CO-adsorbed
£ k;'; Eley-Rideal,H,0-adsorbed -

o0 x

0\_{
L
1

Ky 1000 max ] ‘1
-L E|
X
S |
! I
02 I -
0.066-0.020 log
[ ® b
[ ) ® o————— o
0 F U R R S S R Lo TR S B L 1
-0 0 oo

FiG. 3. Dependence of the effective Eley—Rideal kinetic parameters k;, k; and of the eigenvalues m;,

m, for the space relaxation on log .

a conclusion which seems to be in agree-
ment with early results by Temkin (6). Fur-
thermore, the weight of both mechanisms
in the space relaxation is different by
changing the oxygen activity. The logarith-
mic dependence suggests that the redox re-
action follows an Elovich-type kinetics.

CONCLUDING REMARKS

The investigations reported here refer to
the dependence of the reaction kinetics on
the oxygen activity of a CuO/ZnO catalyst.
The wavefront analysis is an adequate tech-
nique for investigations of this kind, be-

cause the space relaxation depends on the
thermodynamics and the time relaxation on
the kinetics of oxygen activity. The depen-
dence of reaction kinetics on the oxygen
chemisorption as established by the equilib-
rium of the reaction

H,0 + ( Y2 H; + (0)

has been mainly studied here. The question
what is the dependence of the kinetics from
the pretreatment until equilibrium for a
mixture of CO,/CO can be easily answered,
because the equilibrium ratio { = pco,/Pco
is coupled with ¢ by the thermodynamic
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equilibrium relation
Y= 1/K,.

Since K, the equilibrium constant of the
shift reaction, in the interesting tempera-
ture interval is of the magnitude of 10?2, one
has to change { in a 100-fold lower interval
in order to obtain the same variations in m,
as with ;. This makes clear the experimen-
tal difficulties with a ¢ variation.

At the steady state when catalyst and gas
phase are in equilibrium, one has to expect
that in any catalytic fixed-bed reactor, an
activity profile will be formed, i.e., the
overall rate activity of the catalyst is not a
unique one, but is a function of the posi-
tion.

We would like to point out that the three-
path kinetic reaction scheme reported here,
consisting of the formal Eley—Rideal mech-
anism and the redox mechanism, seems to
be justified by independent dynamic experi-
ments (6). Investigations of this type have
been performed at higher temperatures (17)
and they confirmed the validity of the
above considerations, too. Furthermore,
we assume that the established Elovich de-
pendence on the redox reaction rate, i.c.,
with a linear dependence of activation en-
ergy on oxygen activity, must correspond
to a two-dimensional oxide phase on the
catalyst surface. The above mentioned in-
vestigations (/1) and investigations on the
reduction/oxidation kinetics by Hy/H,0
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suggest for the activation energy a most
complex dependence, i.e., a quadratic one,
rather than the linear one of the Elovich
kinetics (6), probably because a three-di-
mensional oxide phase has been built up.
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