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Abstract

The heterogeneously catalysed N,O-CO reaction was carried out on magnesium oxide with
multifunctional active sites at 290-320°C by using an ordinary tubular flow reactor under atmo-
spheric pressure, and the transient state of reaction was analysed by the transient response
method® The steady state analysis of the reaction revealed the first order with respect to the
concentration of carbon monoxide and zeroth order with respect to the concentration of nitrous
oxide. Three different active sites were considered on the catalyst surface named S;, S, and Ss.
CO and CO, were competitively adsorbed on S;, and coadsorbed CO+CO, interacted strongly
with each other. N,O was decomposed on S; and reacted with gaseous CO to produce COs.
98% of the surface sites were occupied by S; which is presumed to be a subactive site for the
surface diffusion of adsorbed species.

The computer simulation technique using a personal computer was effectively applied to
study the reaction mechanism. A possible mathematical model to analyse the proposed mecha-
nism was presented, and a large number of transient response curves based on many different
reaction sequences were simulated and referred to the experimental response curves. The model
of the response curves were compared, and a possible reaction mechanism was proposed.

1. Introduction

Magensium oxide has been well known as a less active catalyst for the
decomposition of nitrous oxide and carbon monoxide oxidation™®. Actually it
has, however, been confirmed to be active for CO oxidation at temperatures higher
than 150°C as we previously reported.’” In addition, the adsorption and
desorption of CO and CO, show extremely interesting behavior because of the
multifunctional nature of the surface such as basidity, acidity and a variety of
coordinate unsaturation.®® The multifunctional nature of magnesium oxide
induces variety in the activity of the adsorbed species some of which are true
intermediate for CO oxidation, and others which have a role as subspecies relating
to the reaction route indirectly. The subspecies might control the surface diffusion
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of the actual reaction intermediates during the reaction. Therefore, they are
also important for the main route of the actual reaction.

The decomposition of nitrous oxide may basically be considered as a two
step reaction'™®¥ : (1) the decomposition of N,O and (2) the desorption of
oxygen formed. When CO is contained in the reaction gas mixture, it
removes the oxygen species formed on the sites of N;O decomposition, producing
CO,. If the CO, formed is desorbed very slowly, then the decomposition
activity of N,O will decrease quickly. Appreciable amounts of CO and CO,
are adsorbed on MgO suggesting the presence of a large space for their adsorp-
tion as a reserver for the two gases. If the oxygen species formed by N,O
decomposition reacts with gaseous CO to produce CO, and the formed CO,
migrates to a neighboring site which is for CO, or CO adsorption only, then the
active sites for N,O decomposition are always renewed. In this case, the
catalytic activity can be kept stable.

In the present study, our interest focused on both (1) the identification of
a variety of active sites on MgO and (2) the kinetic structure of the N,O-CO
reaction including the role of the active sites in the reaction sequences. The
characterization of the active sites and the reaction mechanism were also studied
by applying the transient response method®™, and the kinetic structure of the
reaction was analysed by a computer simulation technique using a personal
computer.

2. Experimental Procedure

The magnesium oxide used as a catalyst was commercially prepared by
Wako Pure Chemical Co. The fine white powder of the sample was pressed at
2 ton/14.5 cm? for 5 min, and the disk formed was ground in an agate mortar so
as to become 20~42 mesh. The sample contained such impurities as 0.005% Ba,
0.02% Zn, 0.005% As and 0.005% Fe. The BET surface area of the sample was
measured to be 28 m?/g by the adsorption of N, at —196°C.

The purities of gases used in this study were nitrous oxide (99.9% N,O),
oxygen (99.0% O,), carbon monoxide (99.8%; CO), carbon dioxide (99.5% CO,) and
helium (99.99% He). He was always passed through a Molecular Sieve 5A column
which was cooled at —196°C by liquid nitrogen to remove oxygen as an impurity.

A gas chromatograph (TCD) was used to analyse the reaction gas composition.
A Molecular Sieve 13 X column (2 m) was employed to analyse O,, N, and CO,
and a Porapak Q column (2 m) was used to analyse CO, and N,O at 70°C.

5~61.8g of catalyst were packed into a Pyrex glass tube reactor depending
on the reaction conditions. The reactor was immersed into a fluidized sand
bath the temperature of which was controlled within +0.5°C. As a pretreatment
of the catalyst, the sample was always treated in an He stream at 350°C for
20 hr prior to use in the experiment, refreshing the catalyst surface. The total
gas flow rates were 80~160 ml(£2 ml) NTP/min depending on the reaction
conditions which were always chosen so as to result in a total conversion of
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less than 10%, because a differental reactor should be satisfied through the
experiments.

For the computer simulation, two personal computers (NEC 8001 mkIl) were
used and the Runge-Kutta procedure was applied to solve the nonlinear differential
equations.

3. Experimental Results and Discussion

3-1. Competitive Adsorption of CO, CO, and O,

Fig. 2 illustrates the adsorption behavior of CO in two different conditions.
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Fig. 2. Chromatographic responses of CO and CO, due to the pulse technique.
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Fig. 3. Effect of gaseous CO on the desorption curve of CO,.

Fig. 2(a) indicates the response of CO at the outlet of the reactor due to the
pulse of CO into the pure helium stream at the inlet, and Fig. 2 (b) shows the
response due to the pulse of CO into a CO,(5%)-He mixture. The former
clearly demonstrates a typical chromatogram with a delay showing an appreciable
amount of CO to be adsorbed, whereas the latter shows a spontaneous response
with no delay indicating no adsorption of CO. The two contrasting response
curves result from the fact that CO can not adsorb on the COs-preadsorbed
surface. The adsorption of CO, might be stronger than that of CO and the rate
of CO, adsorption be faster than that of CO. "

The effect of CO on the adsorption of CO, is effectively reconfirmed by
using the transient response method. Fig. 3 demonstrates and compares the
desorption curves of CO for the two different gas streams. The catalyst surface
was treated by a CO (4.9%)-CO, (5.5%)-He (89.6 %) mixture to make CO and CO,
co-adsorb on the surface in Run 1. The surface on which co-adsorbing CO
and CO, was exposed to a CO(5.3%)-He (94.7%) mixture in Run 2 and the
response of CO,-desorption was followed. At 30 minutes the mixture was
switched over to a pure He stream in Run 3. Comparing the response curves
of Runs 2 and 3, one may recognize no appreciable change in the response
curve at the period of 30 min. This clearly indicates that the ambient CO gas
does not influence the response curve of CO, suggesting the advantage of CO,
adsorption on the active sites rather than CO adsorption.

Fig. 4 illustrates the effect of co-existing CO on the amount of adsorbed
CO,. The adsorbed amount is measured by the graphical integration of the
CO,-desorption response curve, and it is compared at an identical concentration
of CO,(0.5%) by changing the concentration of co-existing CO, where He is
used as a balance gas. The amount of CO, measured falls within the fluctuation
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Fig. 5. The effect of oxygen on the CO; (dec., 0)-CO, response.

of experimental error, +10%. Based on this result and those presented above,
one may conclude that the preadsorbed CO, is not influenced by the ambient
CO gas in contrast to the reverse case.

"The effect of O, on the adsorption of CO, was measured in a similar way
to those in Fig. 3 and the results are presented in Fig. 5. A single adsorption
of CO, was carried out in Run 1 and then the desorption of CO, was followed
in the pure He stream in Run 2. At 26 min, the stream was switched over to
the O, (5%)-He (95%) mixture (Run 3), and the response of CO,-desorption was
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followed again. There was no change in the response curve at 26 min suggesting
the adsorption of O, had no effect on the CO,-desorption. From this result, it
seems that the adsorption of CO, is stronger than the adsorption of O,. This
is consistent with the strong inhibition effect of CO, on CO oxidation on this
catalyst!?,

3-2. Reactivity of Adsorbed CO Regulated by Adsorbed CO,

In our previous papers, it has been clearly demonstrated that the adsorbed
CO trapped by co-adsorbing CO, has no reactivity with adsorbed oxygen.®1
We have become interested in both the catalytic reactivity of CO adsorbed on the
CO,-free surface and that of adsorbed CO influenced by neighboring co-adsorbing
CQO,.

Fig. 6 illustrates the reactivity of the CO adsorbed on the CO,-free surface.
The catalyst surface was reduced by a CO (6.1%)-He (94.9%) stream for 2 hr in
Run 1, and then the catalyst surface was flushed by the He stream for one
min to remove gaseous CO. The O, (5%)-He (95%) mixture was introduced step-
wisely in Run 2. An appreciable amount of CO, was formed. At eleven minutes,
the mixture was switched over to the pure He stream in Run 3. The response
curve clearly showed that the formation of CO, was steeply reduced. At 24 min,
the pure He stream was replaced again by the O,~He mixture. The formation
of CO, was enhanced again. From these results, one may recognize that the
CO adsorbed on this surface is reactive with oxygen.

Fig. 7 shows the comparison of the response curves of CO, formed by the
reaction of O, with CO adsorbed on two different surfaces, the CO,-free surface
(curve I) and the CO,-coadsorbed surface (curve II). For curve I, the single gas
of CO was adsorbed on the oxidized surface in Runs 1 and 2, and the surface
was then flushed by the He stream for one minute to remove gaseous CO.y The
He stream was again switched over to the O, (4.4%)-He (95.6 %) mixture and then
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Fig. 6. Reactivity of adsorbed CO.
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Fig. 7. Comparison of the reactivity of CO adsorbed on COgy-free
surface and COs-coexisting surface.

the response of CO, was followed (Run 3). For Curve II, CO was coadsorbed with
CO, on the CO, preadsorbed surface in Runs 1 and 2, and then the catalyst
surface was flushed by the He stream for one minute followed by the exposure
to the O, (6.6%)-N; (93.4%) mixture (Run 3). The amount of CO, formed for
Curve I (¢;=8.89 %10 mol/g) was clearly larger than that for Curve II (gu=
4.70 x 10~* mol/g). This result strongly demonstrates that the amount of adsorbed
CO was reduced by the adsorption of CO, due to competitive adsorption on the
same active sites.

3-3. Reactivity of Adsorbed N,O

The N,O (dec., 0)-N,O response shows a slight delay showing a small amount
of N,O to be adsorbed, which is roughly estimated to be 2.3 x10~®mol/g, as
shown in Fig. 8 by Run 3. Fig. 9 illustrates the reactivity of adsorbed N,O
with CO. N, and CO, were formed by exposing the surface preadsorbing N,O
to the CO(5.3%)-He mixture. One may recognize that adsorbed N,O has no
reactivity with CO.

Let us consider the reactivity of gaseous N,O with adsorbed CO. Fig. 10
shows the transient response of CO, formed by the reaction of adsorbed CO
with gaseous N,O. The catalyst surface was reduced by the CO (5.67%)-He
(94.4%) mixture for 15 min and the reactor was then flushed by the pure He
for one minute followed by the introduction of the N,O (9.6 %)-He (90.4%) mixture
(see Run 2). Run 2 clearly shows that the production of COs, and the rate of
CO, formation is decreased by the successive He flushing of the reactor as
shown in Run 3. When the He stream is switched back to the N,O-He mixture,
CO, is formed again slowly in Run 4. The series of these transient experiments
clearly shows adsorbed CO to be reactive with gaseous N,O.
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In our previous papers, adsorbed CO has no reactivity with O, and N,O
when CO, coexists in the gas phase because of the trapping effect of CO, on
CO. During the N,O-CO reaction, since CO, formed by the reaction coexists
in a gas phase even though less than Pgo,=0.01 atm, the adsorbed CO should
not be reactive with N,O during the N,O-CO reaction. Therefore, atomic oxygen
formed by the decomposition of NyO can react with gaseous CO excluding the
possibility of the reaction of adsorbed CO with N,O.

3-4. Reaction Mechanism

Based on the experimental results obtained so far, the following reaction
mechanism may be proposed

ky

CO(g)+S, = CO-S§, (1)
=
ks

NZO(g)—I—SZ —> O:S;+N, (g) (2)

N,O (g +S;, = N,0-S, (3)
k

CO(g)4+0+S —> CO;(g)+Ss (4)
ky

COZ (g)+sl v_: COZ'SI (5)
k_y

COSECD. S5 170.C0, + 25, (6)

(inactive)
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CO'SI+O'SZ T C02°SI+S2 (7)

Three different kinds of active site were considered: S, is active site for the
adsorption of CO and CO,, S, is for the decomposition of N,O and S; is for
the adsorption of N,O. N,O-.S; and CO-CQO,.2S, are inactive species to produce
CO,, CO-S, should be converted very quickly into CO-CQO,-2S, because the pro-
gress of Eq. (6) 1s very fast compared to other steps. Therefore, the real reac-
tion route consists of Egs. (1), (2), (3), (4), and (5). The equlibrium constants of
Egs. (1) and (5) were evaluated experimentally by the transient response method.!%1

3-5. Computer Simulation of The Transient Response Curves

The material balance equations in the tubular flow reactor can easily be
obtained based on Egs. (1), (2), (3), (4) and (5). The equations become ordinary
differential equations because the reaction conditions were always chosen to satisfy
the differential reactor under atmospheric pressure. The nonlinear ordinary dif-
ferential equations obtained are

dPse U p RT
dt = sL (P co— Pco) : (kx Pcoﬁw—k-x 00()(1)+/33P0000<2>)
(8)
dPxs.a U PCR'I
dt :AeL (PONO_PN'O) (kZP’\00V1) (9)
dPCO U °.RT
=2 ;f P co, 0 )* e’ (kapcoﬁom —'k40(}02(1)
k
" Oyar) (10)
x
Table 1. Summary of the reaction parameters used
for the computer simulation.
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All the reaction parameters used are presented in

a personal computer.!®~20
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Fig. 11 illustrates the sensitivity of the rate constants k; affecting the mode
of the transient response curves when the gas composition is changed stepwisely
between the CO (4.8%)-N,O (20.1%)-He (75.1%) mixture and the pure He stream.
kq is changed between 1079 and 1077 (see Fig. 11 (a), (b) and (c)) and no appreciable
change is observed especially at the steady state levels of CO, and N,, showing
no good agreement with the experimental curves. 4, and k, then are simultane-
ously changed to find fitting value and the results are presented in Fig. 12(d),

(e) and (f). None of the results are in satisfactory agreement with the experimental
curves. Finally, one can conclude that there are no fitting values at K;=202
and K,=254atm . To get more reasonable results, K; and K, should be
changed.

A large number of the kinetic parameter sets were tested to find the values
best fitting the experimental curves and the results are presented in Figs. 13 and
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14. The test for fitting is reconfirmed by two different transient experiments :
(1) between the pure He stream and the CO(5%)-N,O (20%)-He (75%) mixture
and (2) between the CO (5%)-N;O (20%)-He (75%) and the CO (10%)-N,O (20%)-
He (70%) mixtures. From a comparison between the calculated and experimental
curves, one may recognize rough agreement. In addition, the Arrhenius plots of
k; and the plots of In K; vs. 1/7" indicate good straight lines as shown in Figs.
15~17, strongly suggesting that reasonable values of k; and K, were obtained.

4. Conclusions

A multifunctional active site mechanism is proposed to explain the character-
istic transient behavior of N;O-CO reaction. The over-all reaction is controlled
by the reaction of gaseous CO with adsorbed active oxygen which is rapidly
supplied from gaseous N;O active site S,. CO and CO, adsorbed on S, are
not participants for the reaction even though CO is affected strongly by neighbor-
ing CO, and less active to react with oxygen. The computer simulation technique
evaluates the best fitting value of %; and K; to explain the characteristic tra-
nsient response curves obtained.
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5. Nomenclatures

taal
<

forward rate constant for step j (arbitrary unit)
_; ¢ backward rate constant for step j (arbitrary unit)

_~

K; : equilibrium constant for step j (arbitrary unit)

yi total length of the catalyst bed (cm)

P : partial pressure of i component at the inlet of the catalyst bed (atm)

P, partial pressure of 7 component at the outlet of the catalyst bed (atm)
q; saturated amount of adsorbed species j on the catalyst surface (mol/g)
R gas constant (cm®satm.K~'emol™})

S active site (—)

t time elapsed after the step change of gas compostion

T temperature ("K)

U superficial gas velocity (cm/min)

U; : interstitial gas velocity = U/e (cm/min)

Z distance from the entrance of reactor (cm)

Greek symbols

¢ : void fraction of packed bed reactor (—)
0; : surface coverage for adsorbed species 7 (—)
p. : catalyst bed density (g/cm?
ox @ molar density (mol/cm?)
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