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Dinitrogen oxide (nitrous oxide, N

 

2

 

O), a non-CO

 

2

 

 greenhouse gas, is produced as a by-product in the oxidation of
cyclohexanone and cyclohexanol with nitric acid in adipic acid production plants.  A Cu/Al

 

2

 

O

 

3

 

 catalyst has been used to
decompose N

 

2

 

O to nitrogen and oxygen.  We investigated the rate of deactivation of Cu/Al

 

2

 

O

 

3

 

 to establish an industrial
abatement process for N

 

2

 

O.  When Cu/Al

 

2

 

O

 

3

 

 catalyst containing 3 wt% of Cu was used, the apparent activation energy
for the N

 

2

 

O decomposition reaction was estimated to be 167 kJ mol

 

−

 

1

 

 at 746–853 K and 113 kJ mol

 

−

 

1

 

 at 853–953 K.
The former activation energy has been ascribed to an inhibition effect of oxygen.  The rate constants of the N

 

2

 

O decom-
position reaction have decreased with time.  The decrease in the reaction-rates was analyzed by applying a first-order
equation with respect to the rate constants.  Simulation of the catalyst deactivation process has revealed that the Cu/Al

 

2

 

O

 

3

 

catalyst is effective for at least for two years under the condition that 15 m

 

3

 

 of the catalyst is used for an adipic acid plant
with a production capacity of 120 kt per year.  Thus, we have concluded that the catalyst is suitable for use in industrial
processes.

 

Adipic acid is an important product in chemical industries
because it is used as an ingredient of nylon 66, and also as an
ingredient of aliphatic 

 

α

 

,

 

ω

 

-dihydroxypolyester (so-called
polyesterdiol), which is a soft segment of polyurethane.
Dinitrogen oxide (nitrous oxide, N

 

2

 

O), which is a non-CO

 

2

 

greenhouse gas, is generated in an almost stoichiometric
amount during the production process of adipic acid, in which
cyclohexanone or cyclohexanol is oxidized by nitric acid
(Scheme 1).  Thiemence and Trogler pointed out the signifi-
cance of N

 

2

 

O generated from adipic acid plants to the atmo-
spheric N

 

2

 

O budget.

 

1

 

  It has been reported that the global gen-
eration of N

 

2

 

O, which consists of both anthropogenic sources
and natural sources, is estimated to be 26,000 kt per year.

 

2

 

  The
concentration of N

 

2

 

O in the air is approximately 300 ppb at
present.  The amount of N

 

2

 

O generation now exceeds the
amount of N

 

2

 

O decomposition globally, and is growing at a
rate of 0.2% per year.

 

3,4

 

   The amount of N

 

2

 

O generation from
adipic acid is reported to be 0.25 kg per 1 kg of adipic acid
(survey by Miyazaki Prefecture in 1994).  Therefore, the total
amount of N

 

2

 

O produced in adipic acid plants in the world is
estimated to be ca. 580 kt/y in 1998 based on an adipic acid
production of 2,300 kt/y (1 t 

 

=

 

 10

 

3

 

 kg).  Because of the need to
ensure conservation of the global environment, major adipic

acid manufacturers have completed the introduction of N

 

2

 

O
abatement facilities to their adipic acid plants.  Eighty percent
of the N

 

2

 

O generated at adipic acid plants around the world is
now decomposed before it is released to the environment.

 

5

 

Industrial N

 

2

 

O abatement technologies consist mainly of a
catalytic decomposition method and a thermal decomposition
method.

 

5–8

 

  Li and Armor have reported that many metals, such
as Cu, Co, Ni, Mn, Fe, Rh, Ru, Pd, and Pt, exhibit decomposi-
tion activity.

 

9

 

  A review of the subject has also been published
recently.

 

10

 

  The deactivation of catalysts as well as their cata-
lytic activity is of great concern in industrial N

 

2

 

O abatement
processes, though few studies have examined this point.

 

8,11

 

Catalyst deactivation is generally ascribed to inhibition, poi-
soning, pore blocking, carbon deposition, sintering, phase tran-
sition, physical damage and the like.  The design of a catalytic
process is affected by these deactivation mechanisms.  An esti-
mation of the expected lifetime of a catalyst is also important
in terms of the process design and process operation.  The high
levels of activity of copper catalysts are quite interesting from
the viewpoint of practical applications, since copper catalysts
have approximately the same activities as noble metals.

 

9

 

  Our
aim in this study is to examine the catalytic activity and the
lifetime of Cu/Al

 

2

 

O

 

3

 

 under a high O

 

2

 

 concentration and to in-

 

Scheme 1.   Nitric acid oxidation of cyclohexanone and cyclohexanol.
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vestigate the possibility of industrial applications of Cu/Al

 

2

 

O

 

3

 

to an N

 

2

 

O abatement process.

 

Experimental

 

Preparation of Catalysts.    

 

Cu/Al

 

2

 

O

 

3

 

 catalysts were prepared
by drying 

 

γ

 

-Al

 

2

 

O

 

3

 

 impregnated with an aqueous solution of cop-
per(

 

Ⅱ

 

) nitrate, and then baking it at 773 K for 3 hours.  The gam-
ma- Al

 

2

 

O

 

3

 

 used in this study was a spherical activated alumina RN
(material, 

 

γ

 

-Al

 

2

 

O

 

3

 

 made from baked boehmite; size, 6–12 mesh;
Al

 

2

 

O

 

3

 

, 99.7%; SiO

 

2

 

, 0.1%; pore volume, 0.47 mL g

 

−

 

1

 

; average
diameter of pore, 5.2 nm) manufactured by Mizusawa-Kagaku.

 

Measurement of Initial Activities.    

 

The catalysts were in-
serted into a tubular reactor (length, 500 mm; external diameter,
27.2 mm; internal diameter, 21.6 mm; material, 304 stainless
steel) which was then introduced into an electric furnace.  The
temperature was controlled automatically by feedback of the tem-
perature at the catalyst bed.  A thermocouple, which was movable
along the major axis of the reactor, was inserted into the reactor in
order to measure the reaction temperatures.  The feed-gas was a
mixture introduced from a dinitrogen oxide cylinder and an air
cylinder.  The concentration of N

 

2

 

O was 10–35%.  The gas stream
flowed in an upward direction, and the rate of gas flow was mea-
sured using a flowmeter.  Dinitrogen oxide was decomposed at at-
mospheric pressure.  The concentrations of the gaseous compo-
nents were measured by gas chromatography (stainless steel col-
umn 3 mm 

 

φ

 

 

 

×

 

 3 m; Porapack Q for CO

 

2

 

 and N

 

2

 

O analysis;
Molecular sieves 5A for N

 

2

 

 and O

 

2

 

 analysis; flow rate of He, 30–
40 mL min

 

−

 

1

 

; column temp., 40–60 °C).  The reaction tempera-
tures were obtained by averaging the temperatures at the inlet, the
center, and the outlet of the catalyst bed.

 

Measurement of Catalyst Deactivation.    

 

The deactivation of
the catalysts was measured using the same instrument as that used
for measuring the activities of the catalysts.  Dinitrogen oxide was
generated in the reactor of an actual adipic acid plant via a mist
separator.  The feed-gas was prepared by mixing dinitrogen oxide
and air.  The typical concentrations of N

 

2

 

O, N

 

2

 

, O

 

2

 

, and CO

 

2

 

 in the
take-off gas from the adipic acid plant were 51 mol%, 40 mol%, 4
mol% and 5 mol%,  respectively.  Water vapor was at the saturated
vapor pressure.

 

Results and Discussion

Initial Activities of Catalysts.    

 

N

 

2

 

O was decomposed un-
der the conditions listed in Table 1.  The apparent rate con-
stants, 

 

k

 

a

 

 s

 

−

 

1

 

, were obtained by measuring the concentrations
of N

 

2

 

O at the outlet of the reactor at various temperatures.  The
reaction was treated as a first-order reaction assuming a plug
flow.  The following equations were used:

 

r

 

N

 

2

 

O

 

 

 

=

 

 

 

k

 

a

 

•

 

(

 

P

 

NO

 

2

 

/

 

RT

 

), (1)

 

k

 

a

 

θ

 

 

 

=

 

 

 

−

 

(1 

 

+

 

 

 

ε

 

) ln (1 

 

−

 

 X) 

 

−

 

 

 

ε

 

X, (2)

where 

 

k

 

a

 

, 

 

P

 

NO

 

2

 

, 

 

R

 

, 

 

T

 

, 

 

θ

 

, 

 

ε

 

, and X denote the apparent rate con-
stant, partial pressure of N

 

2

 

O, gas constant, temperature, reac-
tion time, variation of gas volume due to the reaction, and the
extent of the reaction, respectively.  Figure 1 shows Arrhenius
plots.  When the concentration of Cu in the catalyst was 3.00
wt%, the apparent activation energies were estimated to be 167
kJ/mol at 746–853 (Line B in Fig. 1) and 113 kJ mol

 

−

 

1

 

 at 853–
953 K (Line A in Fig. 1) from Runs 1 and 2.  The value report-
ed in the literature, 135 kJ mol

 

−

 

1

 

 (Cu(4.9 wt%)/Al

 

2

 

O3), is be-
tween those values.12  The supporting matrix of Al2O3, itself,
had a low decomposition activity (Run 6 in Fig. 1), and the re-
action rate increased with the Cu concentration, but reached a
ceiling at around 4 wt% of Cu concentration (Fig. 2).  In inves-
tigating the deactivation of the catalyst, we determined the
concentration to be 3%.  N2O from a cylinder was used in Run
1, but N2O from an actual adipic acid plant was used in Run 2.
Water was included in the ingredients in Run 2.  Although
water can inhibit a decomposition reaction of N2O,10 the inhib-
iting effect on the reaction need not be taken into account in
this experiment, since the Run 1 and 2 reaction rates were con-
sistent with each other.

Deactivation of the Catalyst.    We examined the deactiva-
tion of the catalyst under the conditions given in Table 2, using
actual take-off gas from an adipic acid plant and Cu/Al2O3

onto which 3.0% of Cu had been adsorbed.  The N2O loads

Table 1.   Decomposition Conditions of Dinitrogen Oxide

Cat. weight Cat. vol Cat. hight Cu SV/10,000 N2O feed O2 feed θ at 298 K Temp N2O Conv.

g mL mm wt% h−1 vol% vol% s K %
Run 1 3.00 3.5 10 2.96 0.964–3.28 13.1–32.6 18.2–14.2 0.110–0.458 746–916 4.30–89.9
Run 2 2.00 1.8 5 2.96 1.04–4.34 32.6–34.5 5.50–12.6 0.0830–0.345 773–953 7.00–60.1
Run 3 3.75 4.8 13.5 0.80 3.3 13.1 18.2 0.109 821–865 5.50–14.0
Run 4 3.75 4.4 12.5 2.40 3.56 13.1 18.2 0.101 770–858 1.31–24.9
Run 5 3.75 4.6 13 3.99 3.42 13.1 18.2 0.105 770–863 4.32–34.8
Run 6 7.50 10.6 32 0.00 1.44 13.1 18.2 0.250 873 12.1–12.8

θ: Reaction time.  N2O was used from a cylinder in Run 1 and Run 3–6.  Take-off gas from adipic acid plant was used in Run 2.  Air
was used as dilution gas.

Fig. 1.   Arrhenius plots for N2O decomposition.
746–853 K ln ka = 25.76 − 20242/T (Line B).
853–953 K ln ka = 17.88 − 13523/T (Line A).
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were higher than the assumed values for the process in order to
accelerate the deactivation.  As shown in Fig. 3, log ka de-
creased linearly with time.  Catalyst deactivation is generally
explained as a function of the concentration of inhibitors and
the rate constant, as follows:13

(3)

where q is the rate constant, α is the deactivation rate constant,
and Ci is the concentration of inhibitor.  As described earlier,
the inhibition effect of water was negligible in this experiment,
and log ka decreased almost linearly with time (Fig. 3).  Thus,
the rate equation of the deactivation is simplified as follows:

(4)

Table 3 summarizes the deactivation rate constants (α) which
are obtained from the slopes of the lines in Fig. 3.  These deac-
tivation rate constants (α) are not solely dependent on the tem-
peratures.  As shown in Fig. 4, α seems to be related to the
amount of N2O that has reacted.  The decomposition reaction
of N2O is exothermic, and its heat of reaction is 82.0 kJ mol−1.
This relatively large amount of heat of reaction probably accel-
erates the deactivation around the active site on the catalyst
surface.  Copper-based catalysts are more susceptible to tem-
perature than other commonly used metallic catalysts.14  The
specific surface area of the catalyst was 145 m2/g before the
experiment, which decreased to 115 m2/g after the experiment.
These facts suggest that the thermal sintering of Cu or alumina
are possible mechanisms of deactivation.

Influence of Oxygen on the Dinitrogen Oxide Decompo-
sition Reaction.    Figure 1 indicates that the activation energy
of the decomposition reaction at lower temperatures (746–853
K) is larger than that at higher temperatures (853–953 K).  This
is probably because the inhibiting effect of oxygen increases at

Table 2.   Conditions for Evaluating the Deactivation of Cu/Al2O3

Cat. 
weight

Cat. 
hight

Gas 
feed LV (NPT)

SV (NPT)
/10,000 N2O

N2O 
conc.

O2 
conc.

CO2 
conc.

Max 
temp

Av 
temp

N2O 
conv.

g mm NL h−1 h−1 h−1 kmol m−3 h−1 mol% mol% mol% K K %
Run 7 7.5 30 76.5 6.40 0.77 110 33.2 4.9 3.2 685 664 91–77
Run 8 7.5 30 35.0 2.90 3.52 50 34.3 4.2 3.4 685 676 92–91
Run 9 4.0 16 76.5 6.40 1.44 206 32.7 5.7 3.2 685 668 84–74
Run 10 7.5 29 153 12.8 1.59 110 16.4 12.3 1.7 685 667 87–76
Run 11 7.5 29 153 12.8 1.59 55 8.2 16.7 0.8 685 674 94–90
Run 12 7.5 29 153 12.8 1.59 55 8.0 16.9 0.8 600 594 55–46
Run 13 7.5 25 153 12.8 1.743 54 8.0 16.9 0.8 530 528 11

In Run 8, the catalyst which was used in Run 7 was evaluated.

Fig. 2.   Cu weight dependence of N2O decomposition rate
constants.

− =
d
d

Ci
q
t

qn mα ,

Table 3.   Deactivation Rate Constants α for Cu/Al2O3

Run 7 Run 8 Run 9 Run 10 Run 11 Run 12

α day−1 0.032 0.005 0.023 0.04 0.017 0.012
Av temp/K 937 949 941 940 947 867

− =
d
d

a
a

k
t

kα .

Fig. 3.   Variations in rate constants of N2O decomposition with Cu/Al2O3.
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the lower temperature.  As for the reaction mechanism,
Rheaume and Parravano have explained that N2O is first ad-
sorbed onto the catalyst (Eq. 5), where it is converted to a ni-
trogen molecule and an oxygen atom (Eq. 6), and then the oxy-
gen is eliminated from the surface of the catalyst (Eq. 7),15 as
shown by the following equations:

(5)

(6)

(7)

where ∗, N2O* and O* denote the active site, the adsorbed
dinitrogen oxide and the adsorbed oxygen atom, respectively.
The influence of mass transfer for a laminar film should not be
important in this study because the rate constants were not de-
pendent on the space velocity (SV) in Run 1 and Run 2.
Therefore, the reaction rate due to mass transfer is not included
in the following discussion.  If Eq. 6 is a rate-determining step
and the N2O* and O* that are adsorbed on the catalyst are in
stationary states, the rate of reaction rN2O can be represented by
the Langmuir–Hinshelwood equation,

(8)

where NT (mol L−1) denotes the number of active sites on the
surface of the catalyst.16  The Langmuir-Hinshelwood equation
is introduced when

−[O*]2 + K2PO2[∗]2 = 0 (9)

is presumed, which is a modified form of Eq. 10 with the con-
dition that its first component is negligible (k � k−2).  The fol-
lowing equation explains the approximation for the stationary
state of oxygen adsorbed on the surface of the catalyst:

(10)

Dandekar and Vannice have reported that Eqs. 6 and 7 are rate-

determining steps and KN2O is 0.26–0.05 atm−1 at 473–573 K.12

If these data are extrapolated to the temperature of our study,
KN2O is calculated to be less than 0.001 at above ca. 620 K,
which is sufficiently small.  If KN2O is sufficiently smaller than
KO2 (KN2O � KO2) and the O2 concentration is sufficiently large,
then [N2O*] is sufficiently smaller than [O*] ([N2O*] � [O*]).
Therefore, the first component of Eq. 10 can be considered to
be negligible compared to the second, even if k is roughly
equal to k−2.  Eventually, Eq. 8 should be applicable based on
the condition of high O2 concentration, such as in this experi-
ment, whether or not Eq. 7 (k−2) is the rate-determining step.
If KN2OPN2O is sufficiently small compared to 1, the reaction
rate can be explained as follows:

(11)

Thus, ka of Eq. 1 is represented by

(12)

(13)

If the inhibiting effect (f) of oxygen is negligible at higher
temperatures, f at lower temperatures (746–853 K) can be de-
rived from the difference between two Arrhenius plots, which
are Line A and Line B in Fig. 1, and then KO2 can be calculated
from f.  Those results are indicated in Table 4 and Fig. 5.  The
adsorption equilibrium constants (KO2) calculated from the
above procedures show good linearity with 1/T.  These values
of f, followed by KO2, were used to simulate the simulation of
the catalyst deactivation described below.

Fig. 4.   Relationship between the deactivation constants α
and the amount of reacted N2O.
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Table 4.   Adsorption Equilibrium Constants for O2 on
Cu/Al2O3

Temp ln ka PO2 KO2

K Experimental Corrected atm atm−1

746 −1.21 −1.36 0.149 28.9
767 −0.71 −0.62 0.151 13.0
786 0.22 0.01 0.157 5.7
813 0.81 0.86 0.078 2.8

Corrected values are calucalated from.  ln ka = 25.76–
20242/T (Line B in Fig. 2).

Fig. 5.   Temperature dependence of the adsorption equi-
librium constants of O2 on Cu/Al2O3,
ln KO2 = 21513•1/T − 25.495.
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Simulation of the Catalyst Deactivation.    The purpose of
the simulation was to calculate the changes in the reaction tem-
peratures, the flow rates of N2O, the decomposition rates of
N2O and the relative activities along the axis of the N2O de-
composition reactor with respect to time.  The equations for
the mass balance and the heat balance in the simulation were
introduced by the following procedures.  We assumed an adia-
batic tubular reactor that used a plug flow system (Fig. 6).
Taking into account the expansion of the gas volume due to the
increase in temperature and the increase in the number of
moles, the mass balance at volume element ∆V (m3) of a plug
flow reactor can be represented by Eq. 14, as follows:

∆V•rN2O + u•CN2O − (u + ∆u)•(CN2O + ∆CN2O) = 0, (14)

where rN2O (mol m−3 s−1) denotes the reaction rate, u (m3 s−1)
denotes the flow rate of gas, ∆u (m3 s−1) denotes the difference
in the flow rate of gas before and after the volume element,
CN2O (mol m−3) denotes the concentration of the reactant, and
∆CN2O (mol m−3) denotes the difference in the concentration of
the reactant before and after the volume element.  When the
catalyst is placed in a cylindrical reactor with a (m) of diame-
ter, Eq. 15 is obtained from Eq. 14 using the differential form
with the reactor length L (m),

(15)

The heat balance at volume element ∆V (m3) is represented by 

(16)

where ∆H (kJ mol−1) denotes the heat of reaction, Cp (kJ K−1

mol−1) the specific heat at constant pressure, n (mol s−1) the
total flow rate of gases and ∆T (K) the difference in the temper-
ature before and after the volume element.  The following

equation follows from Eq. 16 using the differential form with
the reactor length L (m):

(17)

A simulation was executed using the integration of those
two equations (Eq. 15 and Eq. 17).  The Ruhge–Kutta method
was used for the integration.  The reaction rate (rN2O) in Eqs. 15
and 17 was calculated by using Eq. 11.  The inhibiting effect
(f) of oxygen to the N2O decomposition reaction in Eq. 11 was
calculated using the temperature dependence of ln KO2 shown
in Fig. 5.  An activation energy of 113 kJ mol−1, which was the
value at over 853 K, was used to calculate k in Eq. 11.  The de-
crease in k with time in Eq. 11 was calculated by Eq. 4, and the
deactivation rate constant (α) was obtained from Fig. 4 (α
day−1) = 3.63 × 10−4 × (the amount of N2O reacted [kmol
m−3 h−1])).  The production capacity of the adipic acid plant
was assumed to be 120 kt y−1.  The concentration of N2O from
the nitric acid oxidation in an adipic acid plant was about 50%.
If N2O is treated without dilution, the reaction temperature
would rise too much, such that NOx would be generated.
Therefore, dilution of N2O to 10% concentration was pre-
sumed.  Table 5 summarizes the initial condition for the calcu-
lation.  The hypotheses for the simulation, which have been
mentioned already, are listed again below:

(1) KNO2 � KO2 on Cu/Al2O3.
(2) The N2O decomposition reaction is inhibited by O2 at

below 853 K.
(3) The decreasing rate of the apparent decomposition reac-

tion rate of N2O (ka) has a first-order dependency with respect
to ka.

(4) The deactivation rate constant (α) of ka is mainly related
to the amount of N2O reacted.

Based on these hypotheses, the results of a simulation of the
reaction temperatures, the flow rates of N2O, the decomposi-
tion rates of N2O and the relative activities with the length of
the reactor are described below.

Figure 7a shows the calculated profile of the temperatures.
The point where the maximum temperature is reached moves
toward the exit of the reactor in accordance with the progress
of catalyst deactivation.  Fig. 7b shows the calculated results
for the remaining N2O flow rate in the reactor.  This curve
shows that 15 m3 of the catalyst lasts 600 days.  The availabili-
ty of this amount of catalyst is feasible in an actual plant.  As

Fig. 6.   Mass balance and heat balance of the plug flow reac-
tor.
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Table 5.   Conditions for the Simulation of Catalyst Deactivation

Production capacity of adipic acid 120 kt y−1

Rate of N2O generation 0.25 t/t-adipic acid
The number of days worked of the plant in a year 300 days
Take-off gas from adipic acid plant N2O 26.3 mol s−1

N2 23.2 mol s−1

O2 2.06 mol s−1

Air for dilution 211 mol s−1

Reactor diameter 3.60 mφ
Temperature at inlet 773 K
Pressure at inlet 2.10 atm
Heat of reaction 82.0 kJ mol−1

Heat capacity at constant pressure 32.0 J K−1 mol−1



656 Bull. Chem. Soc. Jpn., 76, No. 3 (2003) Catalytic Decomposition of N2O

[BULLETIN 2003/02/19 15:20] 02208

shown in Fig. 7c, the point that shows the maximum rate of
N2O decomposition moves toward the exit of the reactor in ac-
cordance with the progress of catalyst deactivation.  The point
where the decomposition rate is at a maximum is the point
where the rate of deactivation is at maximum.  The relative ac-
tivity (ka/kini), which is the ratio of the rate constant of the spent
catalyst to the rate constant of a fresh catalyst, indicates the de-
gree of deactivation (Fig. 7d).  The deactivation of the catalyst
begins from the inside of the catalyst bed and progresses
through the whole reactor.  Eventually, the catalyst is deacti-
vated to an almost equal degree throughout the catalyst bed.

The increase in temperature during the decomposition pro-
cess of N2O is large, since the concentration of N2O from an
adipic acid plant is large.  If we use the heat of reaction to pre-
heat the feed-gas (Fig. 8), it would be easy to maintain a high
reaction temperature.  Thus, catalytic activity at the lower tem-
perature is not necessary, and Cu/Al2O3, which exhibits cata-
lytic activity at a higher temperature, can be used.  If the tem-
perature rises beyond 1073 K, NOx would be generated due to
thermal decomposition,7 and at the same time thermal sinter-
ing would probably be accelerated.  Therefore, controlling the
temperature by such means as dilution of the ingredients and
multi-feeding of ingredients for equalizing the temperature in
the catalyst bed is necessary in an actual plant.

Conclusion

We summarize the results as follows: (1) The activation

energy is estimated to be 113 kJ/mol for a N2O decomposition
reaction with Cu/Al2O3 containing 3 wt% of Cu.  (2) The ap-
parent activation energy is estimated to be 167 kJ mol−1 in the
lower temperature range (746 to 853 K).  The difference in the
activation energy is explained in terms of the inhibition effect
of oxygen adsorbed on the surface of the catalyst; the adsorp-
tion equilibrium constants is estimated to be KO2 = 28.9–2.8
atm−1 between 746 and 813 K.  (3) The reaction rate constant
decreases with time.  The decrease obeys a first-order equation
with respect to the rate constant.  The deactivation rate con-
stant increases with the amount of N2O reacted.  Thermal sin-
tering is a possible deactivation mechanism.  (4) Simulation of
the deactivation of the catalyst demonstrates that 15 m3 of Cu/

Fig. 7.   Simulation results of N2O decomposition reaction with Cu/Al2O3.  (a) Simulation of the reaction temperatures.  (b) Simula-
tion of the flow rates of N2O.  (c) Simulation of the decomposition rates of N2O.  (d) Simulation on the relative activities
�: initial, �: 150 days, �: 300 days, �: 450 days, +: 600 days.

Fig. 8.   Catalytic decomposition process for N2O abatement.
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Al2O3 is effective for 600 days for the treatment of N2O gener-
ated from an adipic acid plant with a 12,000 t y−1 production
capacity.  It is presumed that the deactivation of the catalyst
begins at the center of the catalyst bed and then proceeds
through the rest of the catalyst bed.  According to our calcula-
tions, the catalyst is deactivated almost homogeneously
throughout the catalyst bed.  The results of the simulation indi-
cate that a Cu/Al2O3 catalyst can be used in industrial adipic
acid plants for dinitrogen oxide abatement.
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