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A concentration forcing periodic operation has been applied incorporating with a conventional steady-
state rate measurement in order to study the kinetics of NO-CO reaction over Rh/Al,03 at 423 K. The
steady-state rate data obtained using a differential fixed-bed reactor showed that the order of the reaction
was 0 with respect to CO concentration (Cco) and 0.4 with respect to NO concentration (Cno). Under the
periodic condition, where a square wave was applied for NO and CO feeding, a deformation of the Cyo wave
was observed at the outlet of an integral fixed-bed reactor. Shape of the deformed Cyo wave indicates that
both reactants were strongly adsorbed on catalytic active sites. Three plausible mechanisms that could
explain the strong adsorption of these two reactants together with insignificant self-inhibition effect of
the strong adsorption on the rate were considered: (I) Langmuir-Hinshelwood (L-H), (II) Eley-Redial-like
(E-R-like) and (III) combined L-H and E-R-like mechanisms. A one-dimensional pseudohomogeneous
reactor model coupled with the reaction mechanisms was employed to simulate the characteristics of
the rate data and the shape of the deformed Cno wave. Only the E-R-like mechanism could predict these
characteristics of steady and periodic operations by employing one set of kinetic parameters while the
other mechanisms needed different sets of the parameters to predict the characteristics. Sensitivity of each
parameter to the shape of the Cyo wave was analyzed and value of each parameter was determined for
the E-R-like mechanism. The reliabilities of the proposed mechanism and its parameters were evaluated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

alternately introduced into a reactor. This was explained by the
degree of alleviation of CO self-poisoning on the catalytic surface

NO-CO reaction over noble metal catalysts (Pt, Pd, Rh, Ru and
Ir) has been widely investigated for several decades since it is
an important reaction occurring inside automotive catalytic con-
verters [1-7]. Among the noble metal catalysts, Rh is the most
appropriated catalyst since it has high stability and activity for
reduction of NO with low NH3z formation. However, incomplete
reduction of NO to N,O at the temperatures below light-off tem-
perature is still the main disadvantage of the catalytic converters.
Several efforts have been made to understand the unsteady behav-
iors of the catalysts since the converters are inevitably operated
under unsteady conditions [7-10].

Muraki and Fujitani [10] studied periodic performance of NO-CO
reaction over several noble metal catalysts. They found that time-
average conversion of NO was remarkably enhanced for Pt whereas
it was insignificantly influenced for Rh when NO and CO were
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by the periodic operation. Our previous work [11] demonstrated
that performance of a two-stage catalyst bed reactor operated
under a bang-bang periodic condition remarkably depended on
the configuration of catalysts placed inside. The reactor having
Pt/Al,03 at the inlet-side and Rh/Al,O3 at the outlet-side (Pt-Rh)
gave time-average conversion of NO higher than the reverse packed
one (Rh-Pt). Our work also showed that the Cyo wave deformed
when NO traveled along with a reactor packed with only Pt or
Rh under the periodic condition. The shape of the deformed wave
depended on both type and the amount of the catalyst used. In
order to clarify these interesting phenomena, a realistic reaction
mechanism with appropriate kinetic parameters for each catalyst is
necessity.

Information on mechanisms and kinetics of NO-CO reaction
over noble metal catalysts were extensively reviewed [3,4,6]. The
kinetics of this reaction seems to depend sensitively on types
and nature of the employed catalyst (single crystal, polycrys-
tal or supported metal catalyst) and the experimental condition
(temperature, pressure and concentration of reactant). Although
there are some arguments in the role of each adsorbed species
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Nomenclature

G concentration of component i (mols~1)

G time-average concentration of component i
(mols—1)

F total volumetric flow rate (m3s-1)

k; rate constant for reaction of ith equation

kai rate constant for adsorption of component i
(m3mol~1s-1)

kg, rate constant for desorption of componenti(s—!)

n number of active sites per catalyst weight (mol kg~1)

™NO net rate of reduction of NO (molkg=1s-1)

Tei net rate of formation of component i (molkg=1s-1)

t time on stream (s)

w catalyst weight (kg)

Xno time-average conversion of NO (-)

Greek letters

€ void fraction in catalyst bed, the value of 0.318 was
used in the calculation

Op packing density of catalyst, the value of 550 (kg m—3)
was used in the calculation

T cycling period (s)

0; surface coverage of componenti (-)

Subscript

Oy vacant site (=)

among several mechanisms presented in the literature, all the
proposed mechanisms were discussed based on reversible adsorp-
tion of NO and CO following with Langmuir-Hinshelwood (L-H)
or Eley-Redial (E-R) surface reaction steps. Several groups pub-
lished detailed analysis of the surface reaction steps and reaction
mechanism using non-conventional techniques such as transient
response method, Monte Carlo simulation, feed composition forc-
ing periodic operation etc. [6,12-18]. Generally, NO dissociation
over catalytic site is considered as a key surface reaction step.
NO and CO are competitively adsorbed onto the catalytic active
sites and their adsorption strength is strong especially under the
low temperature region. The two main N-containing products are
N, and N,O. The formation of N, was considered based on the
recombination of N adsorbed atoms (2N-s — N +2s) or the reaction
between molecular adsorbed NO and adsorbed N atom (NO-s+ N-
s — Ny +0-s+s). The formation of N,O was considered based on
the reaction between molecular adsorbed NO and adsorbed N atom
(NO-s+N-s— N0 +2s). The formation of CO, is from the reaction
between molecular adsorbed CO and O-s which generated from the
NO decomposition step (CO-s +0-s — CO, +2s). Unfortunately, we
cannot find the reaction model which is well enough to predict the
mentioned periodic performance of the two-stage reactor and to
simulate the shape of the deformed Cyo wave.

We have previously demonstrated that the application of a
bang-bang periodic operation was effective to study kinetics of
NO-CO reaction over Pt/Al,03 [19]. By analyzing the shape of the
deformed Cyo wave, we gained useful information on the kinetics
and could estimate the kinetic parameters of the proposed mecha-
nism. The result showed that NO-CO reaction over Pt/Al, 03 catalyst
proceeded via L-H mechanism. Since Rh has similar adsorption
characteristics with Pt (NO and CO are competitively adsorbed on
active sites and the adsorption strength is strong for both NO and
C0), the proposed method was expected to be effective for the case
of Rh/Al,03, as well. However, infrared studies showed that sev-
eral types of adsorbed species which could not be observed on Pt

sites were formed on Rh sites during the reaction [15,20-39]. NO is
adsorbed on the Pt sites as linear Pt—-NO whereas it is adsorbed on
the Rh sites as anionic Rh-NO?-, cationic Rh-NO?*, neutral Rh-NO
and dinytrosyl Rh(NO),. CO is adsorbed on the Pt sites as linear
Pt-CO whereas it is adsorbed on the Rh sites as linear Rh—CO and
dicarbonyl Rh(CO),. The existence of these twin species should
make the reaction path of this reaction over Rh/Al, 03 more compli-
cated than Pt/Al,03. Consequently, the study of the kinetics of this
reaction and the determination of the value of each kinetic param-
eter based on the application of the bang-bang periodic operation
should become more difficult.

The purpose of this work is to demonstrate whether the appli-
cation of the bang-bang periodic operation is effective for studying
the kinetics of NO-CO reaction over Rh/Al,O3 or not and to pro-
pose a simple reaction mechanism that can predict the steady and
periodic behaviors of the reaction. Reaction mechanism and rate
parameters are determined by simulating the performance of the
reaction under steady and periodic conditions. Sensitivity analysis
of parameters is performed in order to verify the model validity.

2. Experimental

The 1 wt% Rh/Al, 03 catalyst was prepared by an impregnation
method using <y-alumina (JRC-ALO-4, Catalyst Society of Japan,
60-80 mesh) and an aqueous solution of rhodium trichloride
(RhCl3-3H,0) as a precursor. The procedure was similar to the one
employed for the preparation of 1wt% Pt/Al,03 in the previous
work [19] except that Rh/Al,03 was oxidized in oxygen at 723 K for
3 h and subsequently reduced in hydrogen at 773 K for 3 h. Before
each reaction test, the catalyst was pretreated at 723 K in oxygen
for 1h and then hydrogen for 1 h.

A steady-state rate measurement was performed using a dif-
ferential fixed-bed reactor. The apparatus was the same as the
one described in the previous work [40]. The reactor was oper-
ated under the isothermal and isobaric condition (423K, 1 atm).
A mixture of reactants (NO/He, CO/He and He as balanced) was
introduced into the reactor with a total flow rate of 50 cm® min—!
(8.33x10~7m3s~1) at NTP. The tested range of reactant con-
centration was 0.022-0.089 molm~3 (500-2000 ppm) for NO and
0.045-0.268 molm~3 (1000-6000 ppm) for CO. Concentration of
NO was measured online using a NOx analyzer (NOA-7000, Shi-
madzu). Concentration of the other gases in the effluent of the
reactor was measured using a gas chromatograph connected with
two columns packed with porapak Q and molecular sieve 5A in
series. The rate of reaction was calculated from the overall rate
of NO reduction (—rno). The selectivity of NO to N>O (Sn,0) was
calculated from Cy,0/(Cn,0 + (i, )-

A bang-bang periodic operation was conducted by alternately
feeding the reactants into an integral reactor packed with 0.5¢g
of the Rh/Al, 03 catalyst. Concentration of each reactant was con-
trolled as a square wave with Cno = 0.041molm—3 and C¢g =
0.205molm=3 by a digital mass flow controller. Nitrogen was
employed as a balanced gas and the total flow rate was maintained
constant at 50 cm? min~! (1.67 x 1076 m3 s~1) NTP. The tempera-
ture of the catalyst bed was maintained constant at 423 K using a
PID controller. The split of NO (Syo) was 0.5 and the phase lag was
7 radian. The cycling period (7) varied in the range of 30-180s.
Time-average conversion of NO, Xy, was calculated from the cycle-
invariant Cyo wave using Eq. (2-1).

T+1 T+1
Cno, in dt — G dt
fr NO, in fr NO, out (2_1)

T+1
J." Cnoindt

Xno =
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3. Results and discussion

3.1. Behaviors of the reaction under steady and periodic
conditions

Dependence of the steady-state rate of NO reduction (—rno)
on the concentration of reactants (Cco, Cno) for Rh catalyst was
reported with a simple power rate law (—ryo = kC7 Cg) by sev-
eral groups. Hendershot and Hanson [41] studied the reaction over
Rh(100) at 688 K and found that the order with respect to Cco (m)
varied from +1 to —1 while the order with respect to Cyo (n) varied
from +1.5 to —1. Hecker and Bell [20] reported insignificant effect
of reactant concentration on the steady-state rate over Rh/SiO, at
493K (m=0.09, n=-0.2). Granger et al. [42] reported the orders of
the reaction over Rh/Al;03 at 573 K; m=-0.32and n=0t00.8. Other
groups [15,41-43] revealed that the orders sensitively depended on
both the nature of employed catalysts and experimental conditions,
especially temperature and concentration of reactant. Thus, the
—rno Was measured under the ranges of Ccg and Cyg which covered
the concentration change occurring under the periodic condition
discussed afterwards.

The steady-state rate measurement was performed under dif-
ferential conditions. Effects of external and internal mass transfer
were neglected in our kinetic analysis since our preliminary exper-
iments showed that the rates insignificantly changed with the feed
flow rate and size of the catalyst. Under the steady condition, the
conversion of NO sharply decreased with time in the first hour after
the reaction started. The conversion further gradually decreased
with time on stream and became stationary after 90 min of the
reaction time. The rate at this time was calculated and considered
as the steady-state rate. The reaction orders with respect to Cyo and
Cco calculated from the logarithmic plots in Figs. 1 and 2 were 0.396
and —0.002, respectively. The orders were then used as initial esti-
mation for nonlinear regression analysis of a power rate law and we
obtained the power rate law expressed as Eq. (3-1) with R =0.782.

—rno = 1.64 x 1074 %, C33 (3-1)

The obtained power rate law implied that CO self-poisoning effect
on Rh/Al,03 is weaker than the effect on Pt/Al,03 (m=-0.7 was
reported in Ref. [19]). This difference was discussed as a main reason
for the periodic operation effect [10]. In addition, the experimental
data showed that Sy, was in the range of 0.61-1. The high selec-
tivity towards N, O at low temperatures was also reported by other
groups [20,15,46,47].

Under the bang-bang periodic condition with a period of 180s,
the pattern of the Cyo wave at the reactor outlet deformed as illus-
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Fig. 1. Logarithmic plot of the reaction rate and CO concentration for various Cyo
(molm~3): 0.0204 (W, —); 0.0409 (4, - --); 0.0613 (a, ---); 0.0818 (@, ——).
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Fig. 2. Logarithmic plot of the reaction rate and NO concentration for various Cco
(molm—3): 0.0409; (®, —); 0.0613 (#, - —-); 0.1022 (a, ---); 0.1431 (M, ——.); 0.2045
(O, —+-); 0.2454 (0, —).

trated in Fig. 3. The time-average conversion of NO (Xyo) was 0.41.
In the NO feeding half-cycle, NO was observed in the gas phase
after a certain introduction period. This pattern indicates that NO
can adsorb onto the catalytic site covered by CO and/or react with
the CO that remains on the catalytic sites. In the CO feeding half-
cycle, NO suddenly appeared in the gas phase. This was resulted
from the flushing of NO by CO. These important characteristics of
the response curve implied strong adsorption of the two reactants
which agreed well with the information reported in the literature
[11,40]. These behaviors are also consistent with the displacement
of preadsorbed CO by gaseous NO and the displacement of pread-
sorbed NO by gaseous CO occurring over Rh/SiO, reported by
Srinivas et al. [48].Adiabatic raising temperatures (AT,q) of overall
NO-CO reaction, which consists of two highly exothermic reactions
(3-2) and (3-3), was calculated for the extreme cases that Sy, = 1
and SNZO =1.

NO + CO — 0.5N, +CO; (AH° = —373kJmol™!) (3-2)
NO +0.5C0 — 0.5N;0 +0.5C0, (AH° =-191kJmol~!) (3-3)

When the Xno was as high as 0.41, at Sy, = 1 and Sy,0 = 1, the
AT,q were 5.1 and 2.6 K, respectively. Experimentally, it should be
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Fig. 3. NO concentration experimentally observed as a function of time on stream
at outlet of the reactor.
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noted that in the tested range, Sy,o varied from 0.61 to 1 under
non-adiabatic condition.

In general, a rate of reaction is suppressed by adsorption of the
reactant strongly adsorbed on catalytic sites. However, our experi-
mental results showed that both NO and CO were strongly adsorbed
onto the Rh sites but the rate was insignificantly suppressed by
adsorption of neither NO nor CO. As mentioned in Section 1 that
each active site on Rh/Al,03 under these conditions can simulta-
neously adsorb two molecules of NO as Rh—(NO), for NO adsorption
or two molecules of CO as Rh-(CO), for CO adsorption. Although we
did not observe the band corresponding to NO-Rh-CO in IR spec-
trum [25], NO-Rh-CO may be formed during the reaction because
the molecules of NO and CO are similar. There are other reports of
the formation of this species on catalytic sites of Rh/Al, O3 appeared
in the literature [21,49-51]. NO-Rh-CO was considered as an inter-
mediate of the reaction. Therefore, we believe that NO-Rh-CO is
formed and the absence of its IR band should be due to the rapid
consumption of this species during the reaction. In addition, the
formation of NO-Rh-CO should be the reason of insignificant sup-
pression of the rate by either NO or CO despite the strong adsorption
of the two reactants onto catalytic sites.

3.2. Mechanism of the surface reaction

Elementary surface reactions considered in the literature [3-6]
could be summarized as follows:

NO + s = NO-s (1)
CO + s = CO-s (2)
CO-s + NO-s — CO +N-s + s 3)
CO + NO-s — CO5+N-s (4)
CO-s + NO — CO, +N-s (5)
2NO-s — Ny +20-s (6)
2NO-s —- NyO + O-s + s (7)
NO-s + s — N-s + O-s (8)
NO-s + N-s — N0 + 2s 9)
NO-s + N-s — Ny +0-s + s (10)
2N-s — N +2s (11)
CO-s + O-s — COy +2s (12)
CO-s + N-s — NCO-s + s (13)

It is general agreement that both NO and CO are reversibly
adsorbed on active sites (Steps (1) and (2)). Several groups showed
that the rate of NO dissociation was very slow and considered this
step as a rate-determining step in the NO-CO reaction over Rh cat-
alysts [3]. TPD spectra reported by Dubois et al. [52] showed that
the dissociation of NO started at 450 K. The NO dissociation may
be blocked due to the presence of neighboring co-adsorbed NO
and CO [53-56]. Belton’s group showed that adsorbed NO strongly
inhibited the NO dissociation over Pt-Rh alloy catalyst. Since our
experiments were conducted at the temperature below 450K, the
catalytic surface should be almost completely covered by adsorbed
species and hence the neighboring vacant sites which can par-
ticipate in the NO dissociation should be hardly found. For these
reasons, Step (8) was omitted from our discussion. Infrared spec-
troscopic studies have reported the formation of isocyanate (NCO)
on Rh surface and its migration to the support [22,23,57-61]. The
intensity of their corresponding IR bands increased with increas-
ing reaction temperature. However, the role of these species on

the NO-CO reaction is still unclear whether it is an active inter-
mediate or not. Our preliminary IR observation [25] showed very
small peaks of isocyanate species at 2233 and 2254cm~! during
the reaction at 423 K. Therefore, the steps involving formation and
consumption of isocyanate species were not considered in our dis-
cussion. Chuang and coworkers discussed activity of Rh(CO), based
on aredox mechanism [22,62]. They explained that Rh(CO), rapidly
reacted with oxygen (O-s) generated from NO dissociation and
Rh(CO), was not active at the condition under which the NO disso-
ciation did not occur. Since the NO dissociation was omitted from
our discussion, no O-s was formed on the catalytic surface. Our pre-
vious work [25] also showed that Rh(CO), was formed during the
reaction but the intensity of its IR band was not influenced by the
change in the feed composition. On the other hand, the changing in
the intensity of Rh—CO band corresponded well with the response
of the CO, concentration in the gaseous product. Therefore, it is rea-
sonable to assume that Rh(CO), is not an intermediate and hence
the steps involving its formation and consumption should not play
any roles on the surface catalytic cycle to produce CO,, N, and N,O.
However, the accumulation of Rh(CO), should be considered as a
reason of the decrease of rate with time on stream mentioned in
Section 3.1.

Several combinations of the elementary steps (Steps (1)-(13))
were considered. Only three plausible mechanisms could explain
the important characteristics of the steady and periodic behaviors
described in Section 3.1 and were selected for further discussion.

Mechanism |

ks
NO +s 2°NO-s (1)
kano
ka,co
CO+s = CO-s (2)
kq,co
k
CO-5 + NO-5—2C0Oy + N-s + 5 (3)
k
NO-s + N-s—>N50 + 25 9)
K
2N-s—LN, 4+ 2 (11)
Mechanism II
ks
NO +s 2°NO-s (1)
kaNo
ka,co
CO+s = CO-s (2)
kq,co
k.
CO + NO-5—%CO; + N-s (4)
k
CO-s + NO—-CO; + N-s (5)
k
NO-s + N-s—>N,0 + 25 (9)
k11
2N-s—5N, + 25 (11)
Mechanism III
ks
NO +s 2°NO-s (1)
kano
ka.co
CO+s = CO-s (2)
kq,co
K
CO-5 + NO-5—2-C0Oy + N-s + 5 (3)
k
CO + NO-5—%CO; + N-s (4)
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k
CO-s + NO—2CO5 + N-s (5)
k
NO-s + N-s—>N50 + s (9)
K
2N-sZLN, 425 (11)

Steps (1) and (2) represent reversible adsorption of NO and CO,
respectively. In every mechanism, we assume that there is only one
type of active sites which NO and CO is competitively adsorbed
and their adsorptions occur without self-dissociation. To simplify
the reaction mechanism only NO-s, CO-s and N-s are considered
as adsorbed species. N,O, N, and CO, are the products. N,O is
produced from NO-s and N-s (Step (9)). N, is produced by the
recombination of N-s as in Step (11).

These three mechanisms mainly differ on two points: (i) the
amount of active sites required for the reaction and (ii) the way that
the two reactants react together. For Mechanism I, each reactant
is firstly adsorbed onto an active site and the adsorbed molecules
successively react together via Step (3). Two active sites are required
for the reaction. This is known as Langmuir-Hinshelwood (L-H)
mechanism. For Mechanism II, only one active site is required for
the reaction between NO and CO. As discussed in Section 3.1 that
NO-Rh-CO is formed and rapidly consumed during the reaction,
we assume that NO-Rh-CO is formed via Step (18) and consumed
via Step (19).

CO + NO-s \slow

P NO-5-CO
CO-s + NO 7 slow (18)
NO-s-CO%t o, + N-s (19)

The addition of these two steps into the reaction mechanism results
in two different types of active site which gaseous NO or CO can
be adsorbed. One is a vacant site and the other is a preadsorbed
site. The existence of the two types of active site makes solving
steady-state rate expression of Mechanisms II and III much more
difficult. Fortunately, we can simplify these two successive steps as
Step (4) or Step (5) because the rate of Step (18) is much slower
than Step (19). The simplification represented by Steps (4) and (5)
are Eley-Redial-like (E-R-like) steps. We assume that Steps (4) and
(5) proceed with the same rate. For Mechanism III, Steps (3)-(5) are
considered. In other words, the rates of L-H step and E-R-like step
are comparable and the reactants are consumed by both L-H and
E-R-like mechanisms.

The steady-state rate expression for each reaction mechanism
was derived based on equilibrium adsorptions of NO and CO. The
obtained rate expression for each mechanism is summarized in
Table 1.

3.3. Model discrimination and parameter determination

In order to discriminate the reaction mechanisms, the steady-
state rate and the shape of the Cyo wave in Fig. 3 were calculated
according to each mechanism. The Cyo wave at the outlet of the
reactor operated under the periodic condition was calculated using
aone-dimensional pseudohomogeneous model of an integral plug-
flow reactor operated under an isothermal condition. The mass
conservation of species “i” in gas phase is expressed as Eq. (20). The
balances of the surface species for each mechanism are expressed
in Egs. (3-4)-(3-14).

G pe (- 0G
iy FW + 1 (3-4)
where
Tei= n(ka,iciev - kd,iei) (3‘5)
Mechanism I
dfno
G - kanoCnoBv — kanoBNo — k38coONno — k9ONoOn (3-6)
dOco
~ar = ka,coCcobv — kq,coflco — k3bcobno (3-7)
do 62
T? = k3ONnoOco — koOnoON — k11 7N (3-8)
Mechanism II
—ar - kaNnoCNoBv — kanoONo — kaCcoBNo — koBNoON (3-9)
—ar = ka,coCcobv — kq,cofco — ksCnobco (3-10)
do 2
df;\] = k4CcoBno + ksCnoBco — kobOnoOn — k11 7N (3-11)
Mechanism III
dOno
STl kanoCnoBv — kdnoBno — k3Bcobno

—k4Ccobno — koOnoOn (3-12)
dfco
G - ka,coCcobv — kq,coflco — k38coCno — ksCnobeo (3-13)
dby 02
~ar —ksOnobco+kaCeoOno+ksCnobco—kebnoOn — ki 5~ (3-14)

These equations were simultaneously solved with FORTRAN9O0 pro-
gramming using a finite difference method.

The steady-state rate was calculated using the rate expres-
sion listed in Table 1. By varying the value of parameters, we

Table 1
Rate expressions of the NO-CO reaction over Rh/Al,03 corresponding to Mechanisms I, II and III.
Variable Model
(1] [11] (1]
—No =n(k3On0bco +koOnoON) —1no = 2n(k1163 + koOnoON) —rNo = 2n(k116% + kgOnoON)
Ono KnoCcobv KnoCcobv KnoCcobv
fco KcoCeobv KcoCeobv KcoCeobv
N Ova 1~ (KnoCno +KcoCeo +1)0v 1~ (KnoCno +KcoCeo +1)0v
o 1 —b—+/b2_dac —b—+/b2—4ac
v (A+Dt)2 2a 2a
a = A2k11 = ZAkQKNOCNO A? kll = 2Ak9KNO Cno — 2k3KNOKCOCNOCCO
b = 2kgKnoCNo — 2Ak11 — 2k4KcoCcoCno — 2ksKno Cno Ceo 2kgKnoCno — 2Ak11 — 2kaKcoCeoCno — 2ks Kno CnoCeo
c - ko ky
A 1+KnoCno +KcoCeo 1+KnoCno +KcoCeo 1+KnoCno +KcoCeo

\/(/<9 Kno o) +4ksk11 KnoKco Cvo Cco —ko Ko Co
2kqy °
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Fig. 4. Comparison of the results calculated based on Mechanism [ with the experi-
mental ones. The parameters listed in Tables 2 and 3 were used for the calculation of
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found the set of parameters that can reproduce the dependence
of the —ryo on Cyo and Ceg for all of the assumed mechanisms,
as illustrated in Figs. 4-6 Figs. 4(a)-(b), 5(a)-(b) and 6(a)-(b). The
parameters providing the best fit of the steady-state data for each
mechanism are summarized in Table 2. The simulated curves in
Figs. 4(a), 5(a) and 6(a) show that the —ryo is almost constant
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with respect to Cco when Cgg is higher than 0.05molm—3. The
simulated curves in Figs. 4(b), 5(b) and 6(b) show that the rate grad-
ually increases with increasing the Cyo in all tested range for every
assumed mechanism.

The calculated results of Cyo wave are shown in
Figs. 4(c), 5(c) and 6(c) for Mechanisms I, II and III, respec-
tively. All of the assumed mechanisms can provide the shape of the
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deformed Cyo wave that matches with the experimental result.
The parameters providing the best fit of the Cyo wave for each
mechanism are summarized in Table 3. The Cyg wave in the NO
feeding half-cycle (0 <t/T <0.5) is like S-shape. When the feeding
was switched from NO to CO, NO suddenly appeared in the gas
phase. After Cyo reached the maximum value, which exceeded the
value in the feed, Cno gradually decreased. These are important

Table 2
Parameters providing the best fit of steady-state rate data according to each
mechanism.

Parameter Mechanism [ Mechanism II Mechanism III
Kno 25 100 100

Kco 20 110 110

k3 0.05 - 0.001

Kka, ks - 0.04 0.035

ko 0.0035 0.01 0.0095

k1 0.0015 0.002 0.0022

n 0.0205 0.0205 0.0205

Table 3

Parameters providing the best fit of the shape of Cyo wave under periodic condition
according to each mechanism.

Parameter Mechanism [ Mechanism II Mechanism III
kano 38 38 38

kano 0.05 0.05 0.05

kaco 95 95 95

kd.co 0.34 0.34 0.34

k3 0.05 - 0.000001

kg, ks - 0.035 0.035

ko 0.0095 0.009 0.009

k1 0.0018 0.0004 0.0004

n 0.0205 0.0205 0.0205

characteristics of the experimentally observed shape of the Cyo
wave that can be reproduced reasonably well by the simulations.
However, at the time that the NO feed was switched to the CO
one, the simulation result show the immediate increase in Cno
(slope =cc) which does not match with the experimental result.
This discrepancy between the slopes should be caused by axial
dispersion occurring in the real fixed-bed reactor while we used
an ideal plug-flow reactor model.

Although we found that all the assumed mechanisms can repro-
duce characteristics of the steady and periodic behaviors of the
reaction, the value of the parameters should not depend on the
mode of operation. Therefore, the calculation was further per-
formed and the parameters were adjusted in order to find the set of
the parameters which can provide good resemblance of the exper-
imental and the calculated results under both steady and periodic
conditions. For Mechanism [, we cannot find any set of the param-
eters that gave good resemblance for both conditions. The best fit
of the results obtained from the calculation with one set of the
parameters (in Table 4) for Mechanism I is illustrated in Fig. 7. It
reveals that the calculation shows good resemblance only for peri-
odic behavior whereas the calculated rate data remarkably deviates
from the experimental ones. This indicates that Mechanism I is
incorrect so it is discarded from the discussion in this study. On
the contrary, both steady and periodic behaviors were satisfactorily
reproduced with the same set of the parameters when the calcu-

Table 4
Parameters providing the best fit of both steady state and periodic Cyg wave accord-
ing to each mechanism.

Parameter Mechanism [ Mechanism II Mechanism III
kano 38 38 38

kano 0.0475 0.05 0.05

Kno 800 760 760

kaco 95 95 95

ka.co 0.32 0.34 0.34

Kco 297 279 279

k3 0.055 - 0.000001
kg, ks - 0.030 0.03

ko 0.0085 0.010 0.01

k11 0.002 0.0006 0.0006

n 0.0205 0.0205 0.0205
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lations were performed according to Mechanism II. Fig. 8 shows
the calculated results comparing with the experimental ones. The
set of parameters that provides the best fit of the results is listed
in Table 4. The deviation of the Cyo wave is 0.0026. The calculated
curvesinFig. 8(a) show that —ryg slightly depends on Cyg. The high-
est point of the —ryg curve slightly shifts to the right when the Cyg
increases. The calculated curves in Fig. 8(b) show that —ryo gradu-
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Cno (molm=3): 0.0205 (m, —); 0.0409 (4, ——-); 0.0613 (a, ---); 0.0818 (@, —-—),
(b) dependence of reaction rate on concentration of NO for various Cco at steady
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——); 0.2045 (O, ----); 0.2454 (O, —), and (c) NO concentration wave observed at
the reactor outlet under bang-bang periodic condition: (—) experimental results;
(---) calculated results.

ally increases with increasing Cyo. All characteristics of the shape
of the deformed Cyo wave can be reproduced reasonably well by
the simulation. Accordingly, Mechanism Il should be left for further
analysis. Sensitivity analysis for this mechanism will be performed
and discussed in Section 3.4. As for Mechanism III, the simulation
could reproduce the experimental results only when k3 was much
less than k4. This result indicates that the reaction between NO and
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CO occurs mainly via Step (4) or Step (5). In other words, Mecha-
nism III could be used to predict the reaction behavior only when
it is exactly the same as Mechanism II. Therefore, Mechanism III is
also discarded from our discussion.

3.4. Sensitivity analysis for the proposed model

In this section, the sensitivity of each parameter to the shape of
the calculated curves representing the steady and periodic behav-
iors is analyzed for Mechanism II.

Fig. 9 shows that each parameter affects the shape of the cal-
culated curves of steady-state rate in a different way. The increase
of Kyo results in increasing the reaction rate and shifting the maxi-
mum rate to the right while the increase of K results in decreasing
the reaction rate and shifting the maximum rate to the left. The
increase of k4 causes the maximum rate to increase and shift to the
left. The increases of kg and n result in increasing the reaction rate
throughout the observed range of Cco. k17 insignificantly affects the
maximum rate. Increasing of kq; gradually increases the reaction
rate as Ccq is increased.

Fig. 10 shows that each parameter affects the shape of the calcu-
lated Cno wave differently. ka o, ka,co, kd,co and kg mainly affect the

shape of the Cyo wave in Region I. The higher value the k, no 01 kg co
is, the longer the introduction period and the steeper the slope of
Cno are. Increasing the value of k, o results in changing the shape
of the Cyo wave. Increasing the value of kg decreases Cyo. The kg no
mainly affects the shape of the Cyo wave in Region I1. The larger the
k4o is, the higher spike of the Cyo wave is. k4, ks and n affect the
shape of Cyo wave in both Regions I and II. The greater values of
k4 and ks result in the increase of Cyg detected in Region I and the
rapid decrease of Cyo detected in Region II. When n is increased,
Cno in Region I decreases and the decreasing rate of Cyp in Region
Il becomes slower. kq; is only one rate parameter in this model that
does not affect the shape of Cyo wave.

The results in Figs. 9 and 10 reveal that most of the parameters in
Mechanism II sensitively affect the shape of the calculated curves
representing both steady and periodic behaviors of this reaction.
Therefore, the parameters obtained from analyzing both steady and
periodic data should be appropriate.

3.5. Evaluation of model reliability

The set of parameters for Mechanism II listed in Table 4 should
give useful kinetic information of the reaction. The obtained Kyo



284

(a)0.30

) (1)

025},

4
. A—
A

0.201
kuAN()

[ ———

0.151

0101

Cro [mol-m"‘]

0.05+

VO.2 04 06 08 1.0
tl T

o2

(c)0.30

0.25 @ @

A
A 4

]

A
TR, JEE

020} k.‘l.C(')

015+

Cno [mol-m

0101

005

0 02 04 08 08 10

() 0.30

@ a

<
]
3]

A

=2
n
o

ky, ks

Cno [mol-m™]
o
=
[6,]

=
-
o

0.05

0 02 04 06 08 1.0
t/ [

(2)030

0.25 o 1y

o

(8]

[=]
T

A
e W
X

Cro [mol-m™)
o
>

o

o

o
T

0.05F

002 04 06 08 10
t/ T[]

D. Na-Ranong et al. / Chemical Engineering Journal 146 (2009) 275-286

{b)0.30 ,

0.25},

3

7 0.20

0.15

Cyo [mol-m

0.10

0.05

(d)0.30

@ (1

0.25

'y

NI, L—
A
A 4

kaco

0 02 04 06 08 10
tl z[-]

(f) 0.30

@ ()

0.25

A

[ A
A
A 4

]
o
N
=]
T

ko

[=]

-

(4]
T

o
-
o

T

Cno [mol-m™

0.05

el L -. 1
0 02 04 06 08 10
t [

(h) 0.30

0.25ke—" @

i ga—
A

J

£ 0.20

=

0.151

0.101

Cyo [mol-m

0.051

04 06 08 10
t 7]

Fig. 10. Sensitivity of each parameter in Mechanism II to the shape of Cyo wave at the reactor outlet: the calculated result using (- - -) the parameter listed in Table 4; (—) the

double value of the parameter listed in Table 4.

and Kcg are very large. This indicates that both NO and CO were
strongly adsorbed onto the active sites. Moreover, k4o is about
7 times greater than kqyno. This indicates that the adsorbed CO
desorbed more easily than the adsorbed NO. The parameter for
each step in the reversible adsorptions of NO and CO gives good
agreement with the comparative adsorption strengths of NO and
CO on Rh sites [10,20,22,40,42]. The smallest rate constant of the

surface reactions is kq;. This means that the recombination of N-
s is the rate-determining step of the overall reduction of NO. This
gives good agreement with the product distribution observed at the
steady state and the works reported in the literature; the selectivity
of N, O is higher than that of N, when NO reacts with CO at the tem-
perature below light-off temperature [15,20,47,3,63]. The number
of active sites, n, obtained from the simulation corresponds to 21.1%
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of the total amount of Rh atoms loaded in 1 wt% of Rh/Al,03. The
low value of “n” should be explained by the accumulation of dicar-
bonyl on the Rh sites. As described in Section 3.2, the sites occupied
by two molecules of CO (Rh(CO);,) cannot participate the catalytic
cycle.

In order to evaluate the model reliability, we conducted the peri-
odic operation experiments for various weights of catalyst (W) and
used the obtained parameters and Mechanism II to calculate Xyq
for various conditions. Fig. 11 shows the experimental results com-
paring with the calculated ones. It should be noted that only the
points in the dotted-cycle (7=180s, W=0.5g) were employed to
determine the kinetic parameters in Section 3.3. The calculated
curves simulated the effect of a cycling period on Xyo reasonably
well especially when Xyo < 0.4. The deviation from the assump-
tion of isothermal condition should be a reason for the difference
between the calculated results and the experimental ones when
Xno was larger than 0.4. In conclusion, the obtained mechanism
and its parameter should be well enough to predict both steady
and periodic behaviors of the reaction.

This work demonstrates the way to establish a practical kinetic
model which is well enough to explain the performance of such a
complicated reaction under both steady and unsteady conditions.
Since the distribution of surface coverage under the unsteady con-
dition may be completely different from that at the steady state, a
steady-state kinetics model may be unable to predict unsteady per-
formance. For such a case, our proposed method should be useful to
get better understanding on the kinetics of the reaction. Until now,
there have been several efforts performed in order to improve the
performance of automotive catalytic converters especially under
cold start conditions. The performance of bimetallic catalysts, other
noble metal catalysts (e.g. Pd, Ir) and supported noble metal cat-
alysts with oxygen carrier promoter have been investigated for
NO-CO, NO-C0O-0,, N,0-CO, CO-0, and NO-CO-HC reactions
[6,64-68]. Since in these reaction systems strong adsorption of
reactants has been widely reported in the literature especially
under the low temperatures, the deformation of a concentration
wave of reactants should be expected. Analyzing the shape of the
deformed wave of reactant concentration should give meaningful
information on kinetics of the reaction.

4. Conclusions

A reaction mechanism and kinetic parameters of NO-CO reac-
tion over Rh/Al,O3 at 423 K were obtained from the simulations
of both steady-state rate data and periodic performance. It was
found that the reaction between NO and CO molecules occurred

via Eley-Redial-like mechanism. N,O is formed by the reaction
between NO-s and N-s whereas N, is formed by the recombination
of N-s. Production rate of N5 is much slower than that of N,O. The
mechanism and the rate parameters obtained according to the pro-
posed method can reproduce important characteristics of steady
and periodic behaviors of the reaction reasonably well. In order
to study kinetics of this reaction and determine an adequate set
of rate parameters, analysis of both steady and bang-bang periodic
behavior is necessity. The proposed method is effective for studying
kinetics of such a complicated reaction.
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