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Abstract

Anomalous behavior of heterogeneously catalyzed CO oxidation on ZnO at the steady
state and the transient state has been interpreted by the multi-reaction pathway model based
on the different intermediates (/s). The reaction mechanism consists of a Langmuir-Hin-
shelwood (L-H) part, in which Is is O (neutrally adsorbed oxygen), and an Eley-Rideal (E-R)
part with O~. The mode of transient response curve is sensitively shifted among a monoto-
nous, an overshoot, a false start and a complex type according to the concentrations of CO
and O,. The proposed model consistently explains the anomalous steady state rate kinetics
and the mode of transient response curves, and all the kinetic parameters of the reaction
sequences are evaluated by using a computer simulation technique, indicating the good fit to
the experimental curves.

1. INTRODUCTION

Recent progress of the techniques for characterizing solid surfaces has visualized surface
structure in detail and revealed divers degree of coordinative unsaturation. The heter-
ogeneity of surface ions of metal oxides and supported metals may reasonably induce multi-
reaction pathways caused by the variety of adsorbed species. The specific species (designate
Is) adsorbed on the surface will selectively control the reaction pathway according to the
surrounding conditions'~®. The complexity of the reaction routes progressed in heterogene-
ous surfaces has brought about a complexity of the mode of steady state rate kinetics and
transient response curves obtained and thereby a difficulty of the discrimination of multi-
reaction pathways. The regulation of reaction routes is, however, available to raise reaction
yield and selectivity to important products.

Very recently, Kherbeche et al” have demonstrated the hydrodenitrogenation (HDN) of
prydine to be in multi-reaction pathways depending on the temperature of treatment (Tg) of
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Mo and Ni-Mo-based catalysts under H,. The reduction by H, has two roles: the removing
sulfur at the edges of the supported MoS, phase and the creating the coordinative unsaturat-
ed Mo sites. The kinetics shows, that the rate determining step to be the piperidine transfor-
mation into n-pentylamine at low Ty, where as another route with out any piperidine
intermediate is available at high Tz. These results suggest that the number of coordination
unsaturations can regulate the reaction route according to the reaction conditions.

In the present study, our interest is focused on the discrimination of multi-reaction
pathways, the elevating of the selectivity to a desired reaction route, and the investigation of
specific species which can control both the reaction pathways and the selectivity to desired
products. To discriminate the multi-reaction pathways, one of the most useful tools may be
the transient response method*'® and it has been applied to CO-oxidation on ZnO"'~'¥.

2. EXPERIMENTAL

2-1. Procedure

The zinc oxide used in this study was commercially prepared by Kadox 25. The
catalyst particle size was 20-42 mesh and its BET surface area was 20 m?/g, and it was
confirmed to be an n-type semiconductor by measuring the electrical conductivity of the
catalyst. The detailed procedure for the measurement of the electrical conductivity of
catalyst can be found elsewhere>®. The catalyst was heated in an N, stream for 24 hrs and
then in an O, stream for 24 hrs at 330°C, to stabilize the catalyst activity. A tubular flow
reactor which was made of a pyrex glass tube was used under atmospheric pressure at the
temperature range of 130-170°C. All gas components in the effluent streams were analyzed
by three gas chromatographs to follow the transient state as continuously as possible. The
intraparticle and external particle mass transfer effects were reconfirmed to be negligible by
testing the catalytic activity as a function of catalyst particle size (20-42 and 80-100 mesh) or
flow rate (160 and 320 ml/min), at the same W/F.
2-2. Computer Simulation

NEC PC-9800DS was used to simulate the transient response curves. A new software
package based on C-language was developed for a personal computer simulation technique
and was reconfirmed to be very useful.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3-1. Kinetic Analysis of Steady State Rate Data

Curve I in Fig. 1 illustrates a typical example of steady state rate data on ZnO at 150°C.
The rate clearly exhibits a maximum and a minimum which is an anomalous tendency as a
function of Pco, suggesting the simultaneous progression of multi-reaction pathways as has
been reported in the photo-oxidation of secondary alcohol on ZnO'’. Our speculation comes
on that a Langmuir-Hinshelwood mechanism is available at P¢, lower than 0.2 atm (Region
1), wereas an Eley-Rideal mechanism becomes dominant at higher than 0.4 atm (Region 2).
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Fig.1 Interpretation of the anomalous steady state rate data as a function of Pco.
Curve I : experimental steady state rate data.

Curve II : experimental data evaluated by the transient response curve.
Curve III : estimated by the difference riota1 ~Te-x-

The reaction model can be proposed as follows.

0(g) + S ::2——1 00-S2 (1)
gz(g) tl == W% - (2) LK
02 + 0-:S2 — (02(g) + 28 = (3)
02(g) + 281 =—= 208 W=
0(g) + 0-S1 —=— C02(g) + St (5)

Steps (1)-(3) are the L-H route and steps (4) and (5) are the E-R route. The rate
determining step is step (3) for the L-H route and step (5) for the E-R route. Based on the
multi-reaction pathway model, the total reaction rate (i) can be written as
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respectively. K,, K, and K, are adsorption equilibrium constants of carbon monoxide and
oxygen respectively. These calculated kinetic parameters are summarized in Table 1 and
the comparison between the experimental and calculated curves is presented in Fig. 2. All
energies for adsorption and surface reactions are estimated from Arrhenius plots as illus-
trated in Fig. 3. The trial and error calculation based on the two reaction paths model are
used for the evaluation two parts, E-R and L-H, as shown by curves II and III in Fig. 1. The
same calculation has been applied to whole data obtained at the temperature range of 130-
170°C as displayed in Fig. 4, and the proposed model consistently explains all of them. Using
these data, the Arrhenius plots are constructed and gives good straight lines as shown in Fig.
5 and the apparent activation energies of regions 1 and 2 are separately estimated to be 105
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Where K, and K; are rate constant at the rate determining step of L-H and E-R routes,

and 121 kJ/mol, respectively.

Table 1. Summary of the calculated kinetic parameters.

temp. kl,k2 K1 K2 k3 k4 K4 k5

130°C|3.88x10-5 249 |382 |7.76x10-8(9,.25x10-6105 (1.85x10-8
140°C|8.10x10-5|198 [208 |1.62x10-7(2.63x10-5|30.4(5.26x10-8
150°C|1.73x10-4|145 [113 [3.46x10-7|6.85%x10-5|10.1|1.37x10"7
160°C|4.01x10-5 122 |65.1(8.02x10-7|1.63x10-43.1 [3.25x10-7
170°C|7.50x10-5|10.3|34.8(1.50x10-6|4.25x10-4[1.14|8.50x10"7
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Fig.4 Fitting of the proposed model to the steady state rate curves as a function of Pco.



22 Masaki HAakozAKI, Boris GOLMAN, Tohru KANNO, and Masayoshi KOBAYASHI

Calculated

' Curves
. I Peo: 0. 05atm o /

I Peo:0. 40atm

T

0. 05 L 4
P oo (atn)

E1=105 [KI/mol]
=116 [KI/mol]

1 L L L

2.2 2.3 2.4 2.5 (x107)
1/T (K*)

Fig.5 Comparison of Arrhenius plots of rco, at regions I and II.
Region I : advantage of the L-H part.
Region II : advantage of the E-R part.

3-2. Computer Simulation of Transient Response Curves

Five specified CO concentrations are marked on curve I as A-E in Fig.1 and five
transient experiments are designed between A-E. The results obtained are presented in
Fig. 6 by response curves a-e. The mode of the curves is classified into four different types”,
a complex mode (see curves « and b), a monotonous (see curve ¢), a false start (see curve d)
and an overshoot (see curve ¢). The monotonous mode is resulted from the advantage of the
L-H part. The false start and overshoot mode are caused by the fast response of E-R part
at the initial stage of the curves followed by the slow L-H part. Curves « and b exhibit an
anomalous behavior, a minimum which is due to the E-R part and a maximum due to the L-H
part, indicating the complex mode.

The E-R part can be evaluated by the experimental response curves as shown in curve
¢ by Ar. From the difference, riow ~Te-x, One can easily evaluate the L-H part (see curve
I1I). The proposed model consistently explains the anomalous tendency of the steady state
rate data with maximum and minimum, and the shift of the mode of transient response
curves between the monotonous, false start, overshoot, instantaneous and complex types
depending on the concentration range of CO. The surface species (Is) controlling the
reaction pathways may be considered to be surface oxygen species. In our previous paper?),
it has been demonstrated that two adsorbed oxygen species O~ and O (neutral) are available
for CO oxidation with the two reaction pathways on ZnO, each of which has different rate.
Although we have no concrete experimental evidences discriminating the two species for the
two paths, one may presume O~ to be available for the E-R part, because the change of
electrical conductivity of catalyst during the reaction is fast corresponding to Ar in curve e.
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Fig.6 Variation of the mode of transient response curve depending on the
stepwise change regions between A, B, C, D and E in Pco.

The selectivity of the reaction pathways can be controlled by CO concentration, the
proportion of O~ and O and reaction temperature. At P¢,=0.70 atm and 150°C, the selectiv-
ity of E-R part is about 80% and the L-H part is about 90% at Pc,=0.10 atm. Accordingly
one can easily regulate the proportion of the two reaction pathways due to the partial
pressure of CO. A computer simulation technique exhibits the validity of the proposed

model.
4. CONCLUSIONS

The complicated transient response curves obtained are consistently explained by the
two path reaction model based on E-R and L-H mechanisms. The proportion of the two
path is drastically varied by the reaction conditions such as gas composition and temperature.
The lower P, and reaction temperature make the advantage of L-H route rather than the

E-R route.
5. NOMENCLATURE

E; : activation energy for elementary step j (kJ/mol)
E-R : Eley-Ridel mechanism
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F : molar flow rate of reactant (mol/min)
K., K,, K,: equilibrium constant for equations (1), (2) and (4), respectively (atm™?)
k, : forward rate constant for equation (1) (mol/g*min-atm)
k, : forward rate constant for equation (2) (mol/g*min+atm)
ks : rate constant for equation (3) (mol/g*min)
k, : forward rate constant for equation (4) (mol/g*min-atm)
ks : rate constant for equation (5) (mol/g+*min)
L-H : Langmuir-Hinshelwood mechanism
Pco : partial pressure of CO (atm)
Pos : partial pressure of O, (atm)
Ycoz : steady state rate of CO, formation (mol/g+min)
Pty : reaction rate of E-R part (mol/g*min)
Ti_u : reaction rate of L-H part (mol/g*min)
Ar : differential reaction rate of E-R part evaluated by the CO-CO, response curve as
shown in Fig. 6¢ (mol/g+min)
Teotai : Ig-g +TL-y (mMol/gemin)
S : active site for catalytic reaction (—)
Iz : temperature (K)
W : weight of catalyst (g)
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