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Abstract

Behavior of heterogeneous catalytic reaction under unsteady condition has been investigated
in this study. Reduction of NO by CO over Rh/ALO, under bang-bang periodic condition was
selected as a model system. In order to find the kinetics of the reaction, experiments and calculation
were conducted for both steady and unsteady conditions. The obtained kinetics information was
interpreted in order to determine appropriate reaction mechanism and its parameters. They were
employed for predicting the performance of the reaction under wide range of periodic condition.
The results from this research confirmed that application of steady-state reaction rate measurement
and fitting the deformation pattern of concentration wave occurring under the periodic condition was
an effective method for studying kinetics of such a complicated heterogeneous catalytic reaction.

This technique should be further useful for study of other reaction systems, as well.
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Abstract

The preliminary kinetics of CO+NO reaction over RWAIL,Q, has been investigated based on the
steady-state rate measurement. The experitnent was performed at 150 °C using a packed-bed reactor
which contained 0.15 g of the catalyst. Concentration of the two reactants were varied in the ranges of

o= 0.0409 — 0.2454 mol'm” and Cro =0.0204 - 0.1431 mol'm”. The experimental result showed that

C,

C

‘the orders of the reaction were 0 and 0.45 with respect to the concentration of CO and NO, respectively.

‘Finally, an appropriate mechanism was proposed for the reaction based on the experimental result and

infrared spectroscopy information reported in literatures.
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Application of bang-bang periodic operation to kinetic study

for heterogeneous catalytic reaction: NO-CO reaction over Rh/Al,O,
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Abstract

A bang-bang periodic operation was applied together with a conventional
steady-state rate measurement in order to study the kinetics of NO-CO reaction over
Rh/ALQO; at 150 °C. Steady-state rate data showed that the reaction order was 0.03
with respect to CO concentration and 0.45 with respect to NO concentration. Under
the bang-bang periodic condition, deformation of NO concentration wave resulting from
strong adsorption of NO and CO was observed at the outlet of the packed-bed reactor.
Three plausible mechanisms those can explain strong adsorption of reactants with
insignificant self-inhibition effect on the rate were proposed. Discrimination of the

mechanisms was performed according to the results obtained at the steady-state as well
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as under the periodic condition. Kinetip parameters of the mechanism satisfied the
experimental results were then determined by fitting the calculated relation between
-rno VS. reactant concentration and the NO concentration wave with the experimental
ones. Finally, reliability of the model was evaluated by simulating performance of the
reaction under other periodic conditions using the selected mechanism and its

determined parameters.

Keywords: Kinetics, Heterogeneous catalytic reaction, Rate parameter, NO-CO reaction,

Rhodium, Periodic operation

1. Introduction

NO-CO reaction over noble metal catalysts has been widely investigated for
several decades since it is an important reaction occurring in an automotive catalytic
converter. Muraki and Fujitani |[1] studied periodic performance of several noble
metal catalysts for the reaction. They found that in a low temperature region, when
NO and CO were alternatively introduced into a reactor, time-average conversion of NO

was remarkably enhanced for Pt whereas it was insignificantly influenced by the

*Corresponding author: Tel.&Fax.: +66-2-739-2418, E-mail: knduangk@kmitl.ac.th
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operation for Rh. These different behaviors were explained correlated to the degree of
alleviation of CO self-poisoning for the catalysts by the operation. Our previous work
has also shown an interesting result that the periodic performance of a two-stage
catalyst bed reactor used for the reaction depended remarkably on the order of the
catalysts placed inside [2]; the reactor having Pt/Al;O; at the inlet- and Rh/AL,O5 at the
outlet-side gave higher time-average conversion of NO than the reverse packed one.
In order to clarify these phenomena, a suitable reaction mechanism with adequate
kinetic parameters for each catalyst is necessity.

Information on kinetics of NO-CO reaction over rhodium catalyst have been
reviewed by Zhdanov [3]. There are several mechanisms proposed in the literature and
the kinetics of this reaction seems to be sensitively depended on types of the catalyst
used and ranges of the investigated condition. Although there are some arguments in
details of each mechanism, all the proposed mechanisms were discussed based on
reversible adsorptions of NO and CO at steady-state. Several reaction pathways were
proposed for the formation of products. Surface reaction presented in the literature

could be summarized as the followings.

NO+s = NO-s (M

CO+s = (CO-s )

-34.



CO-s + NO-s CO;+N-s+s (3)
CO +NO-s CO; +N-s 4)
CO-s+NO COz +N-s 5)

2 NO-s N; +2O-s (6)
2NO-s N2O+0O-s+s @)
NO-s+s N-s + O-s (8
NO-s + N-s N>O+2s &)
NO-s + N-s Nz +O-s +5 (10)
2 N-s Ny +2s (11)
CO-s+0O-s CO,+12s (12)

Unfortunately, we could not find the mechanism with kinetics parameters which could
predict the above mentioned periodic behaviors of the rhodium catalyst.

Our previous work [4] have showed that application of bang-bang periodic
operation was an effective method for studying kinetics of somewhat complicated
system such as NO-CO reaction over Pt/Al,O3. Rh has similar adsorption characteristic
with Pt; NO and CO are strongly adsorbed onto the catalytic site, the proposed
technique should be, therefore, effective for the kinetics study for NO-CO reaction over

Rh/AlyO3, as well. However, some evidences from infrared spectroscopic study [35, 6]
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showed that several types of adsorbed species which could not be observed on Pt site
(e.g. Rh(NO);, Rh(CO), and 1:\IO-Rh-CO) are formed on Rh site, The existence of
these twin species could lead to complicated reaction path for the reaction over Rh.

In this work, we applied the bang-bang periodic operation to study the kinetics of
NO-CO reaction over Rh/Al,O3 at 150°C. Based on the obtained results, an adequacy
of this technique for studying kinetics of a complicated heterogeneous catalytic reaction

was discussed.

2. Experimental

A catalyst, 1wt%Rh Al O3, was prepared by impregnation method using a
y-alumina (JRC-ALO-4, Catalyst Society of Japan, 60-80 mesh) and an aqueous
solution of rhodium trichloride (RhCI3-3H,0) as a precursor. The procedure was
similar to the one employed for the preparation of 1wt% Pt/Al,O3 in our previous work
[7] except that the Rh/Al,O3 was oxidized in a flow of oxygen at 450°C for 3 h and
subsequently reduced in a flow of hydrogen at 500°C for 3 h. Before each reaction test,
the catalyst was pretreated at 450°C in flowing of pure oxygen for I h and then of pure

hydrogen for 1 h.
An apparatus was the same as the one employed in our previous work [7]). The

rate of reaction was measured at steady-state using a fixed-bed reactor packed with 0.15
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g of the RWWALO; catalyst. The reaction temperature was 150 °C and the total flow
rate of the feed was 50 mlmin™" (8.33x107 m’s™). The tested range of reactant
concentration was 0.0204 to 0.1431 mol-m™ (500-3000 ppm) for NO and 0.0409 to
0.2454 mol-m™ (1000-6000 ppm) for CO. Concentration of NO was measured online
using a NOx analyzer (NOA-7000, Shimadzu). Concentration of other gases in the
effluent of the reactor was measured using a gas chromatograph with two packing
materials connected in series; porapak Q and molecular sieve 5A. The rate of reaction
(-rno) was calculated from the overall rate of NO reduction.

Bang-bang periodic operation was conducted by alternately feeding the reactants
into the fixed-bed reactor. Concentration of each reactant in the feed was controlled as
a square wave with Cno = 0.0446 mol-m” and Ceo = 0.223 mol'm™ by digital mass
flow controller. Split of NO (sno) was 0.5 and the phase lag was n radian. The
cycling period (7) varied in the range of 30-180 5.  The reactor packed with 0.5g of the

Rh/Al,O5 catalyst was operated isothermally at 150 °C.

3. Results and discussion
3.1 Behaviors of the reaction under steady and periodic conditions
The steady-state rate of NO reduction was measured under differential condition.

Effects of external and internal mass transfer were neglected in our kinetic analysis
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since the rates insignificantly changed with the feed flow rate and size of the catalyst.
Figures 1 and 2 show that the rate gradually increased with the Cyg and almost constant
with respect to the Cco. The reaction orders with respect to Cyo and Ceo calculated
from the logarithmic plots in Figs. 3 and 4 were 0.42 and 0.03, respectively. The
orders were then used as initial guesses for nonlinear regression analysis of a power rate

law and we obtained the power rate law expressed as Eq. (13).

Cro=2.146 x 107 % €38 (13)

The orders indicate weak self-inhibition by NO and CO over RW/Al;O;. Our
previous IR study [6] showed that the active sites on RWALO; can simultaneously
adsorb two molecules of NO as Rh-(NO), for NO adsorption and two molecules of CO
as Rh-(CO), for CO adsorption. The existence of these twin adsorbed species
indicates the possibility of the formation of NO-Rh-CO during NO-CO reaction. This
should be the reason for insignificant suppression of the rate by either NO or CO even
the two reactants are strongly adsorbed onto the catalytic site.

Under the bang-bang periodic condition with a period of 180 s, the pattern of Cyno

wave at the reactor outlet deformed as illustrated by the solid line in Fig. 5. The

time-average conversion of NO, X, , calculated from the curve was 0.41. In the NO
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feeding half-cycle, NO was observed in gas phase after a short introduction period.
This pattern indicates that NO can adsorbed onto the catalytic site and/or react with CO
that remains on the surface. In the CO feeding half-cycle, NO suddenly appeared in
the gas phase. These important characteristics of the response curve implied strong
adsorption of the two reactants [2].
3.2 Mechanism for surface reaction

Several combinations of the elementary steps shown in section 1 were considered.
Since our preliminary IR observation showed small amount of isocyanate species on the
catalytic surface during the reaction, the steps involving the formation and the
consumption of this species were not considered. Only three plausible mechanisms
those can explain both steady-state and periodic behaviors of the reaction described in
section 3.1 were seclected for further discussion. The number given for each

elementary reaction is corresponding to that in section 1.

Mechanism 7

ka,NO
—_—
-

kano

kyco
—

=
kaco

NO +s NO-s ¢))

CO+s CO-s (2)
ks '
CO-s+NO-s — CO;+N-s+s (3)

NO-s + N-s ﬁ N,O+2s (9
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2 N-s

Mechanism I

NO+s

CO+s

CO +NO-s

CO-s+NO

NO-s + N-s

2 N-s

Mechanism fI7

NO+s

CO+s

C0O-s+NO-s

CO +NO-s

CO-s+NO

NO-s + N-s

2 N-s

v

kano

ka,CO
—_

k
o

karvo

&

\

N;+2s

NO-s

CO-s

CO2 +N-s

CO; + N-s

NO+2s

N2+25

NO-s

CO-s

CO;+N-s+s

CO,; + N-s

C02 + N-s

NyO +35

N2+2S
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Reactions (1) and (2) represent reversible adsorption of NO and CO, respectively.
In all the mechanisms, NO and CO are adsorbed on the same active site and do not
dissociate by themselves. Only NO-s, CO-s and N-s were considered as adsorbed
species. N;0, N, and CO; are the products formed. N»O is produced by the reaction
between NO-s and N-s, reaction (9). N is produced by the recombination of N-s,
reaction (11). These three mechanisms mainly differ on 2 points; 1) the number of
active site required for the reaction and 2) how the two reactants react together. TFor
mechanism I, each reactant is firstly adsorbed onto an active site and the adsorbed
molecules successively react together via reaction (3); Langmuir-Hinshelwood (L-H)
mechanism. For mechanism [/, the two reactants react via reactions (4) and (5). As
discussed in section 3.1 that NO-Rh-CO may form during the reaction but its absorption
band were not observed in IR spectrum, we write reactions (4) and (5) to represent the

following two successive reactions.

CO+NO-s ~slow
\
NO-s-CO (14)
CO-s +NO ~Fow

f:
NO-s-CO 5 CO,+N-s (15)

In this point of view, reactions (4) and (5) are Eley-Redial-like steps that one of the
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reactants is pre-adsorbed onto one active site (reaction (14)) and when the other comes
to this site they react simultaneously (reaction (15)). Once NO-s-CO species is formed
by reaction (14), it is suddenly consumed by reaction (15). Although reactions (4) and
(5) may proceed with different rate, it is difficult to distinguish the difference. We,
therefore, assumed that these two steps proceed with the same rate. For mechanism 777,
reactions (3), (4) and (5) were included. In other words, the rate of reaction (3) and the
rate of reaction (4) or (5) are comparable and the reactants are consumed by both L-H
and E-R-like mechanisms.

In order to derive the steady-state rate expression for each mechanism, equilibrium
adsorption of NO and CO were assumed. The obtained rate expression for each

mechanism is summarized in Table 1.

3.3 Model discrimination and parameter determination

For further analysis, the steady-state results shown in Figs. (1)-(2) and the periodic
behavior shown in Fig.5 were calculated using the rate expressions in Table 1 and a
plug-flow reactor model. The mass conservation equation for gas phase in the flow
reactor is expressed as Eq. (16). The balances of the surface species for each mechanism

are expressed in Eqgs. (18) - (26).
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P p i,
of £ oW ’

where

r., =n(k C.6 —kd‘,ﬁ,.)

ai iy

Mechanism I

48

dr:o = ka,NOCNogv - kd,NOHNO - k-sCCOONO - k99N09N
de
_f = ky coCoby —k4.cofco = ksCnoflo
ae Oy

=k Coobno +5Cn0bco — ksbroby — k1 —-
di 2
Mechanism IT

de

df:O =k, noCrnoby — ko noPno — %39c0Fn0 — £4Cobyo = keOnobn
de
G0 k. oCeoby — ks coPeo —k50c0Crio — ksCroBo
by 65

7 = kJGNOHCO + k‘iCCOeNO + kSCNOgCO - k99N09N - kll _2_'

Mechanism ITT

A,

= ka, NoCNogv - kd,NoeNO - kaacogNo - k99N0‘9N

dlq

= ka, COCCOBV - kd,CO Bco - }‘3 eco gNo
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(18)
(19)

20)

1)
(22)

(23)

24)

(25)



do N
TtN - kagnoaco - erNOBN - k” TN (26)

By varying value of the parameters in each mechanism, all the mechanisms can
reproduce the dependence of the -rno on Cno and Ceo and the important characteristics.
of the deformed wave of the Cyo. However, for mechanism 7, we could not use the
same set of the parameters to obtain good resemblance of experimental and calculated
results for both the steady-state and the periodic behaviors. Therefore, mechanism 7
was discarded. Simulation using mechanism //I could reproduce the experimental
results only when k3 was much less than &4 (k3 < 10k4). This indicates that reaction (3)
was much slower than reactions (4) and (5), and hence it is unnecessary to consider step
3 in the mechanism /f/. Therefore, mechanism fI7 was also discarded.

Calculation was further performed for mechanism /7 in order to determine the rate
parameter of each step. The calculation showed that the parameters affected shape of
the deformed Cyo wave in different ways.  kano, kaco, kaco and ks mainly affected the
shape of the Cno wave in region /. The larger &;no, kaco and kg, the Jower Cno.  Cno
increased more gradually when the k;co was higher. The kgno mainly affected the
shape of the Cno wave in region II; the larger ksno, the higher the Cno. The

parameters ks, ks and » affected the shape of the Cno wave in both regions 7 and 7; the

larger k4 and £s, the higher the Cyo in region I and the lower the Cno in region /1. The
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parameter » affected the shape in regions [ and I/ with different manners; the larger n,
the lower the Cno in region [ and the higher the Cyo in region II. &y did not affect the
shape of the Cno wave.

The calculated results giving the smallest deviation (y = 0.002596) obtained by the

parameters listed in Table 2 were the best fitted and were shown in Figs. (5), (6) and (7).

3.4 Evaluation of model reliability

Figure 8 shows that X, was insignificantly affected by a cycling peried of
operation. The X,, obtained under the periodic condition was closed to the Xyo
obtained at steady-state (7= 0 s), even for the long period of operation. We simulated
the dependence of X, on the period using mechanism // and found that the
simulation result could reproduce the important characteristic of the experimental
results shown in Fig. 8, even they were not employed for the parameter determination in
section 3.3. This indicates that the mechanism and parameters obtained by analyzing
the deformed pattern of the Cyo wave under bang-bang periodic condition as well as the
effect of Cno and Ceo on the rate at steady-state are reasonably adequate for predicting

the reaction performance under both steady and unsteady conditions.

4, Conclusions
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A reaction mechanism and kinetic parameters of NO-CO reaction over Rh/AL O,
at 150°C were obtained from the simulations of both steady-state rate data and periodic
performance. Use of the results obtained at steady-state or under periodic condition
was not enough to discriminate reaction mechanisms for such a complicated reaction.
The mechanism and the rate parameters obtained according to the proposed method can
reproduce the important characteristic of periodic behavior of the reaction reasonably
well even if those results were not used for estimating the kinetic parameters.
Combination of steady and bang-bang periodic operations is an effective method for

studying kinetics of such a complicated reaction.
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Table 2 The obtained rate parameters

ka,cc.T 95 m>-mol”
kaco 0.34 | m*mol’
kano | 38 s
keno | 0.05 s

ke | 0.035 5!

ks | 0.035 5!

ke | 0.0004 | s

ky | 0.014 s

n | 0.0205 | molkg™
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Fig. 1. Dependence of reaction rate on concentration of CO for various concentrations of NO at

steady state: Cno (molm™): 0.0204 (m ); 0.0409 (#); 0.0613 (A ); 0.0818 (®): 0.1431 (Q)
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Fig. 3. Logarithmic plot of the reaction rate and CO concentration for various Cyo (molm™):
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Fig. 4. Logarithmic plot of the reaction rate and NO concentration for various Cco (molm™):
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