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Process for working-up a nitrous oxide comprising off-gas stream

Description

The invention relates to a process for working-up a nitrous oxide comprising off-gas stream from
a production process of adipic acid, the process comprising:

(i) feeding the off-gas stream into a N2 O decomposition unit with a pressure between 5 and
10 bar(abs) and a temperature between 100 and 300°C;

(i)  heating the off-gas stream to a temperature in the range from 430 to 650 °C in a regener-
ative heat exchanger and/or a heater;

(i) decomposing the nitrous oxide contained in the off-gas stream into nitrogen and oxygen in
a fixed bed reactor of the NoO decomposition unit at a temperature in the range from 430
to 800°C to obtain a purified gas;

(iv) optionally recycling a part of the purified gas into the N>O decomposition unit.

In the production of adipic acid, nitric acid is added to a mixture of cyclohexanone and cyclohex-
anol. By the reaction of cyclohexanone and cyclohexanol with nitric acid, a reaction mixture
comprising adipic acid and oxides of nitrogen, particularly nitrous oxide, nitrogen monoxide and
nitrogen dioxide is obtained. The adipic acid usually is removed from the reaction mixture by
crystallization and the oxides of nitrogen are stripped from the reaction mixture by blowing a
gas, particularly air, through the reaction mixture. When using air, the nitrogen monoxide reacts
with the oxygen contained in the air forming nitrogen dioxide. The thus obtained off-gas stream
comprising air, nitrogen dioxide and nitrous oxide is fed into a washing unit, usually a column, in
which at least a part of the nitrogen dioxide is washed from the off-gas stream. The nitrogen di-
oxide may be reused for production of nitric acid which can be used for the production of adipic
acid.

The nitrous oxide can be used in other chemical processes, for example in an oxidation reaction
for producing cyclododecanone and cyclopentanone. In this case the nitrous oxide can be re-
moved from the off-as by absorption/desorption processes like washing and desorption at differ-
ent pressures with water.

In order to avoid or at least reduce the nitrous oxide emission, the remaining off-gas stream
may be treated thermally or catalytically for decomposing the nitrous oxide, optionally by reduc-
tion with methane.
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The catalytic decomposition of the nitrous oxide usually is operated at a temperature in the
range from 430°C to 800°C. Depending on the state of the catalyst and the temperature win-
dow, the concentration of nitrous oxide of the inlet stream into the decomposition unit which
may be in the range from 6 to 20 vol-% may be reduced to a concentration in the outlet stream
withdrawn from the decomposition unit in a range from 50 to 3000 vol-ppm.

The temperature of the inlet stream for achieving the required decomposition rate depends inter
alia on the inlet concentration and the catalyst age. The inlet temperature thereby usually is in
the range from 430°C to 650°C with increasing inlet temperature on increasing catalyst age. If
the desired concentration in the outlet stream cannot be achieved at a temperature of the inlet
stream of 650°C, the catalyst must be changed.

The challenge for decomposition of nitrous oxide from the off-gas from the production of adipic
acid is the highly exothermic behavior of this reaction. Each percent of nitrous oxide in the off-
gas stream creates an adiabatic temperature increase of 25°C. To prevent catalyst sintering,
the temperature in the decomposition unit should remain below 800°C. On the other hand, for
achieving the most effective decomposition of the nitrous oxide, the temperature should be as
high as possible. A common limit is the design temperature of the inlet section in case of using
standard chromium-nickel based steals, which usually is in a range from 550°C to 650°C.

Avoiding too high temperatures usually is achieved by dilution of the off-gas stream with purified
gas, particularly with a recycle flow from the outlet stream. The optimum inlet temperature can
be achieved by an optimum degree of heat recovery from the purified gas and/or additional pre-
heating.

In case of changes in the inlet concentration and the inlet volume flow, the values for the recy-
cling flow and for the inlet temperatures have to be adapted. To minimize emissions during this
transition state, this should be done as fast as possible. Presently, the values are adapted on
basis of the experience of the operators.

Common control strategies fail due to the highly exothermic behavior of the reaction, the highly
nonlinear behavior of the decomposition reaction, and the different time scales for concentration
and heat propagation process in the catalyst bed. The time scale for concentration propagation
processes is in the range from 10 to 20 sec. The time scale for heat propagation processes is in
the range from 10 to 20 min.

Small changes in the transition state result in long times with large emissions. Large changes
may create temperatures outside the design limits of the decomposition unit. In this case, the
decomposition unit must be stopped and restarted, which is undesired with respect to nitrous
oxide emissions because the emissions during the start-up are much higher than during load
changes. Additionally, the production of the adipic acid must be stopped.



10

15

20

25

30

35

40

WO 2022/152605 PCT/EP2022/050139

3

Processes and apparatus for removing nitrous oxide from a gas stream by catalytic decomposi-
tion are described for example in EP-B 2 387 451, EP-B 1 413 349, EP-B 2 387 450, EP-B 2
165 756 or EP-B 2 548 629.

Further, for example from EP-B 1 782 134 or EP-A 1 782 136 controllers for directing operation
of an air pollution control system are known. For controlling, a model predictive control is used.
The pollutants which are to be removed from the off-gas, particularly are sulfur dioxide and ni-
trogen oxides, namely nitrogen monoxide and nitrogen dioxide.

It was an object of the present invention to provide a process for working-up a nitrous oxide
comprising off-gas stream from a production process of adipic acid in which nitrous oxide emis-
sions can be effectively minimized by catalytically decomposing the nitrous oxide within the tem-
perature limits of a decomposition unit used for reducing the nitrous oxide concentration and the
catalyst used in the decomposition unit.

This object is achieved by a process for working-up a nitrous oxide comprising off-gas stream
from a production process of adipic acid, the process comprising:

(i) feeding the off-gas stream into a N2O decomposition unit with a pressure between 5 and
10 bar(abs) and a temperature between 100 and 300°C;

(i)  heating the off-gas stream to a temperature in the range from 430 to 650 °C in a regener-
ative heat exchanger and/or a heater;

(i) decomposing the nitrous oxide contained in the off-gas stream into nitrogen and oxygen in
a fixed bed reactor of the NO decomposition unit at a temperature in the range from 430
to 800°C to obtain a purified gas;

(iv) optionally recycling a part of the purified gas into the N2O decomposition unit;

wherein

for controlling the N2O decomposition unit a nonlinear model predictive control is used which is

based on a reactor model of the fixed bed reactor based on equations of energy transport and

species transport for nitrogen, oxygen and N2O, the nonlinear model predictive control com-

prises:

(@) measuring a bed inlet temperature, a bed inlet volume flow, a bed outlet temperature,
temperatures along the fixed bed, inlet concentrations of the off-gas stream fed into the
N2O decomposition unit, and outlet concentrations of the purified gas as parameters for
the model;

(b) calculating bed activity using an extended Kalman-Filter;
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(c) calculating an optimum inlet temperature and optionally a recycle flow as function of time
by the nonlinear model predictive control based on the reactor model for a given horizon
in time and using calculated values for a given time step of optimum inlet temperature and
optimum recycle flow as reference variable for control, wherein
(c1) adegree of bypass of the regenerative heat exchanger and/or heating power of the
heater and optionally the rotational speed of a recycle blower and/or degree of inter-
nal recirculation of the recycle blower are adapted as actors of conventional PID-
control of bed inlet temperature and recycle flow, and the nonlinear model predictive
control based on the reactor model proposes only the optimum inlet temperature
and optionally recycle flow;
or

(c2) calculating an optimum degree of bypass of the regenerative heat exchanger and/or
heating power of the heater and optionally the rotational speed of the recycle blower
and/or degree of internal recirculation of the recycle blower as function of time by
using the reactor model for given horizon in time and adapting the degree of bypass
of the regenerative heat exchanger and/or heating power and optionally the rota-
tional speed of the recycle blower and/or degree of internal recirculation of the recy-
cle blower as direct actors of the nonlinear model predictive control based on the re-
actor model;

(d) shifting horizon in time with a given time step;

(e) repeating steps (a) to (d).

By the inventive process using the nonlinear model predictive control it is possible despite the
different time scales for concentration and heat propagation process to adjust the inlet tempera-
ture of the off-gas stream entering the decomposition unit and the amount of the recycle flow to
minimize the nitrous oxide emissions and further to operate the process at optimum conditions
with keeping the maximum temperature below the temperature at which sintering of the catalyst
starts.

Nonlinear model predicted control as used in this invention is known to a skilled person and is
described e.g. in L. Magni, D. M. Raimondo, F. Allgéwer, Nonlinear Model Predictive Control
Towards New Challenging Applications, Springer Berlin Heidelberg, 2009.

Surprisingly it was found that despite the high exothermic behavior of the reaction, the highly
nonlinear behavior of the decomposition reaction and the strongly different time scales for con-
centration and heat propagation processes in the catalyst bed, the inventive control allows oper-
ating the process such that the amount of nitrous oxide in the purified gas can be kept in the or-
der of 100 ppm or less.

In the context of the present invention, the term “oxides of nitrogen” means all oxides of nitro-
gen, including nitrous oxide and the so-called NOy, particularly nitrogen monoxide and nitrogen
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dioxide. The term “nitrogen oxides” on the other hand does not include the nitrous oxide but
only means NOy, particularly nitrogen monoxide and nitrogen dioxide.

Before feeding the nitrous oxide comprising off-gas stream into the N.O decomposition unit, it is
preferred that nitrogen oxides are absorbed from the off-gas stream in water by pressure ab-
sorption. For absorbing the nitrogen oxides in water, preferably an absorption column is used.
The absorption column may be operated in counter current or co-current, preferably in counter
current. For this purpose, the off-gas stream is fed into the absorption column at one end, pref-
erably at the bottom and the water is fed at the other end, preferably the top of the absorption
column. Inside the absorption column nitrogen dioxide is absorbed in water by formation of nitric
acid and nitrogen monoxide. The nitrogen monoxide reacts with the oxygen in the off-gas
stream by formation of nitrogen dioxide, which again is absorbed in water by the formation of
nitric acid and nitrogen monoxide. This process repeats along the whole column so that at the
exit of the column the amounts of nitrogen dioxide as well as nitrogen monoxide are reduced in
the off-gas stream. After absorbing the nitrogen oxides by this mechanism, the nitric acid com-
prising water is removed from the absorption column at the bottom. The absorption column pref-
erably comprises 10 to 80 stages, more preferred 20 to 70 stages and particularly 40 to 60
stages. The temperature at which the absorption is carried out preferably is in a range from 5 to
70 °C, more preferred in a range from 10 to 60 °C and particularly in a range from 20 to 50°C.

The absorption column preferably comprises internals. Suitable internals for example are pack-
ings like a packed bed or a structured packing. Further, the absorption column may comprise
trays as internals. Particularly preferably, the internals in the absorption column are water-
cooled trays.

The nitrous oxide comprising off gas stream preferably is fed to the absorption column together
with an additional gas mixture from ammonia combustion, comprising mainly nitrogen monoxide
and nitrogen dioxide, water, oxygen, nitrogen, argon and carbon dioxide.

Additionally or alternatively, besides feeding the nitrous oxide comprising off gas stream option-
ally together with an additional gas mixture from ammonia combustion to the absorption column,
it is preferred that nitrogen monoxide contained in the off-gas stream is oxidized to nitrogen di-
oxide before feeding the off-gas stream into the absorption column. For oxidizing the nitrogen
monoxide, it is preferred to compress the off-gas stream to a pressure in a range from 1.2 to

3 bar(abs), more preferred in a range from 1.3 to 2.7 bar(abs) and particularly in a range from
1.5 to 2.5 bar(abs). In a following step or simultaneously, the off-gas stream is cooled to a tem-
perature in a range from 20 to 50°C, more preferred in a range from 25 to 45°C and particularly
in a range from 30 to 40°C. After cooling, the off-gas stream is compressed in a second step to
a pressure in a range from 3 to 12 bar(abs), more preferred in a range from 4 to 11 bar(abs)
and particularly in a range from 5 to 10 bar(abs).
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The thus compressed off-gas stream and additional air are passed through a residence-time re-
actor, wherein the ratio of the normalized volume flows of the compressed off-gas stream and
additional air preferably is in a range from 1.5 to 3.5, more preferred in a range from 1.6 to 2.9
and particularly in a range from 1.8 to 2.5. The temperature inlet temperature of the off-gas
stream into the residence-time reactor preferably is in a range from 120 to 300°C, more pre-
ferred in a range from 150 to 275°C and particularly in a range from 220 to 250°C, the outlet
temperature of the off-gas stream leaving the residence-time reactor preferably is in a range
from 250 to 360°C, more preferred in a range from 270 to 350°C and particularly in a range from
280 to 340°C. The residence time of the off-gas stream in the residence-time reactor preferably
is in a range from 10 to 60 sec, more preferred in a range from 15 to 50 sec and particularly in a
range from 20 to 30 sec.

After passing the residence-time reactor, the off-gas stream is cooled to a temperature in the
range from 10 to 50°C, more preferred in a range from 20 to 40°C and particularly in a range
from 30 to 35°C.

After carrying out the pressure absorption for removing nitrous oxide and/or the oxidization re-
action of nitrogen monoxide, the off-gas stream is fed partially or completely into an N2O isola-
tion in which nitrous oxide from at least a part of the off-gas stream is concentrated by a two-
stage absorption/desorption process with water.

In the first stage of the two-stage absorption/desorption process, N2O is absorbed in water in a
first absorption column. The first absorption column is operated at a pressure in a range from 15
to 30 bar(abs), more preferred in a range from 17 to 28 bar(abs) and particularly in a range from
19 to 26 bar(abs) and a temperature in a range from 10 to 45°C, more preferred in a range from
20 to 42°C and particularly in a range from 30 to 35°C. Following the first absorption stage, the
nitrous oxide is desorbed from the water in a first desorber which runs at a pressure in a range
from 1 to 1.5 bar(abs), more preferred in a range from 1.05 to 1.3 bar(abs) and particularly in a
range from 1.1 to 1.2 bar(abs) and a temperature in a range from 10 to 45°C, more preferred in
a range from 20 to 42°C and particularly from 30 to 35°C. After being desorbed from the water,
the resulting gas stream is fed into a second absorption column which runs at a pressure in a
range from 15 to 30 bar(abs), more preferred in a range from 17 to 25 bar(abs) and particularly
in a range from 19 to 23 bar(abs) and a temperature in a range from 10 to 45°C, more preferred
in a range from 15 to 30°C and particularly in a range from 20 to 35°C. In a second desorber
which is operated at a pressure in a range from 1 to 1.5 bar(abs), more preferred in a range
from 1.05 to 1.3 bar(abs) and particularly in a range from 1.1 to 1.2 bar(abs) concentrated ni-
trous oxide is obtained which preferably is fed into a process for producing cyclododecanone
and cyclopentanone.

Only a part of the nitrous oxide in the off-gas stream from the pressure absorption and/or oxida-
tion of nitrogen monoxide is absorbed in the two-stage absorption/desorption process. The re-
maining part preferably is split for being recycled into the off-gas stream comprising the mixture
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of the off-gas from adipic acid production and optionally off-gas from ammonia combustion, be-
fore carrying out the oxidation reaction of nitrogen monoxide and for being fed to the decompo-
sition process of nitrous oxide.

Even though in the two stage absorption/desorption process a large part of the nitrogen oxide is
removed from the off-gas stream, the off-gas stream withdrawn from the two stage absorp-
tion/desorption process still contains 5 to 18 vol% nitrous oxide. As nitrous oxide has green-
house-gas factor of about 300, it is necessary to remove the nitrous oxide from the off-gas
stream.

For removing the nitrous oxide from the off-gas stream, the off-gas stream is heated to a tem-
perature in a range from 100 to 300°C, more preferred in a range from 170 to 270°C and partic-
ularly in a range from 210 to 260°C and then fed into the N2O decomposition unit in (i). The
pressure with which the off-gas stream is fed into the N,O decomposition unit is in a range from
5 to 10 bar(abs), more preferred in a range from 6 to 9.5 bar(abs) and particularly in a range
from 7 to 9 bar(abs).

Preferably, the off-gas stream is heated in a tube bundle heat exchanger, a u-tube bundle heat
exchanger or a spiral heat exchanger. Preferably, a tube bundle heat exchanger is used for
heating. As heating medium, preferably, the hot off-gas withdrawn from the residence time reac-
tor is used.

Independently of whether the oxidation of nitrogen monoxide, the pressure absorption and/or
the two stage absorption/desorption process have been carried out, it is preferred if the off-gas
stream fed into the N,O decomposition unit contains 3 to 25 vol-% nitrous oxide, more preferred
4 to 18 vol-% nitrous oxide and particularly 6 to 13 vol-% nitrous oxide. Further, the off-gas
stream fed into the N>O decomposition unit may comprise 1 to 12 vol-% oxygen, 0.5 to 5 vol-%
carbon dioxide, 0 to 0.3 vol-% carbon monoxide, 0.2 to 0.8 vol-% noble gases, particularly ar-
gon, 0.1 to 2 vol-% water, and 200 to 5000 vol-ppm nitrogen oxides, more preferred 1.5 to 6 vol-
% oxygen, 0.7 to 3.5 vol-% carbon dioxide, 0 to 0.25 vol-% carbon monoxide, 0.3 to 0.6 vol-%
noble gases, particularly argon, more preferred 0.2 to 1.3 vol-% water and 300 to 3000 vol-ppm
nitrogen oxides and particularly 2 to 4 vol-% oxygen, 1 to 2 vol-% carbon dioxide, 0 to 0.2 vol-%
carbon monoxide, 0.2 to 0.5 vol-% noble gases, particularly argon, 0.3 to 1 vol-% water, and
500 to 1000 vol-ppm nitrogen oxides.

The main component in the off-gas stream is nitrogen which is comprised in an amount from 55
to 95 vol-%, more preferred from 70 to 92 vol-% and particularly from 80 to 90 vol-%. Besides
these components, the off-gas stream may contain further impurities which usually are in
amount below 2 vol-%, more preferred below 1 vol-% and particularly below 0.5 vol-%.
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The inventive process for working up the nitrous oxide comprising off-gas stream particularly is
suitable for industrial scale processes. Therefore, the volume flow fed into the N2O decomposi-
tion unit may be in a range from 5000 to 70000 Nm3/h, more preferred in a range from 7000 to
60000 Nm?/h and particularly in a range from 10000 to 50000 Nm?h. However, besides work-
ing up nitrous oxide comprising off-gas in an industrial scale, it is also possible to use the pro-

cess in a process where smaller amounts of nitrous oxide off-gas occur, for example in a pilot

plant or in a laboratory. However, particularly preferably, the process is used in industrial scale.

The catalyst loading of the the nitrous oxide comprising volume flow in normalized cubic meters
per hour and per kg catalyst on the fixed bed is in the range from 0.5 to 10 Nm3/h/kg catalyst,
more preferred in a range from 1.5 to 6.5 Nm?h/kg catalyst and particularly in a range from 2 to
4 Nm?¥/h/kg catalyst.

The N2O decomposition unit preferably comprises a regenerative heat exchanger in which the
nitrous oxide comprising off-gas stream is preheated. The regenerative heat exchanger particu-
larly preferably is a regenerative heat exchanger in which the off-gas stream fed into the N,O
decomposition unit is heated by heat transfer from the gas leaving the NoO decomposition unit.
This has the additional positive effect that the purified gas being withdrawn from the N,O de-
composition unit is cooled and that energy consumption for heating and cooling can be reduced.
The regenerative heat exchanger can be any heat exchanger which is suitable for transferring
heat from one gas stream to another gas stream by indirect heat transfer. Suitable heat ex-
changers for example are u-tube bundle heat exchangers, tube bundle heat exchanger or spiral
heat exchangers. Preferred is a tube bundle heat exchanger.

If the heat transfer in the regenerative heat exchanger is not sufficient to heat the off-gas stream
to a predefined temperature with which the off-gas stream is fed into the fixed bed reactor, it is
preferred to provide an additional heater. Alternatively, it is also possible to only use a heater
and to omit the regenerative heat exchanger. However, for reasons of energy saving, it is pre-
ferred to heat the off-gas stream in a regenerative heat exchanger and provide the additional
heater to have the opportunity for further heating the off-gas stream to the predefined tempera-
ture if heating in the regenerative heat exchanger is not sufficient. The additional heater, if a re-
generative heat exchanger is comprised, or the heater, if no regenerative heat exchanger is
used, preferably is an electrical heater. However, besides an electrical heater, also a direct or
indirect gas fired heater can be used as additional heater or heater. Direct gas fired heater
means that the off gas of the gas fired heater is added to the nitrous oxide comprising off-gas
stream. Indirect gas fired heater means that the heating the off-gas of the gas fired heater is
transferred to the nitrous oxide comprising off-gas stream by an additional heat exchanger.
Among the gas fired heaters a direct gas fired heater is preferred.

The predefined temperature to which the off-gas stream is heated before feeding the off-gas
stream into the fixed bed reactor is in a range from 430 to 650°C, more preferred in a range
from 450 to 550°C and particularly in a range from 480 to 520°C.
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The thus heated off-gas stream is then fed into the fixed bed reactor for decomposing the ni-
trous oxide into nitrogen and oxygen. The fixed bed contains a suitable catalyst for the decom-
position of the nitrous oxide. Thereby, any catalyst suitable for the decomposition reaction can
be used. Suitable catalysts particularly are catalysts based on copper oxide and zinc oxide as
catalytic material. Particularly preferably, the catalyst comprises a mixture of 14 to 18 wt-% cop-
per oxide and less than 20 wt% zinc oxide as catalytic active material on aluminum oxide and/or
magnesium oxide as support material. The catalyst preferably is provided as extrudates with a
length of 2 mm to 2 cm, preferably of 4 mm to 1 cm and with a diameter of 2 mm to 10 mm,
preferably of 4 to 8 mm. The cross sectional shape of the catalyst preferably is a circular disc or
a star, preferably a star.

The reaction in the fixed bed reactor is carried out at a temperature in a range from 430 to
800°C, more preferred in a range from 450 to 750°C and particularly in a range from 520 to
700°C.

Due to aging of the catalyst and the partial deactivation of the catalyst as a result of the aging, it
is necessary to increase the temperature for carrying out the decomposition reaction with in-
creasing age of the catalyst. However, to avoid sintering of the catalyst, the temperature in the
fixed bed reactor should not exceed 800°C. This is achieved by the nonlinear model predictive
control according to the invention.

If the N-O decomposition unit comprises a regenerative heat exchanger, the purified gas with-
drawn from the fixed bed reactor is fed into the regenerative heat exchanger and cooled by heat
transfer to the off-gas stream fed into the N,O decomposition unit.

Independently whether a regenerative heat exchanger is comprised, it is preferred to further
cool the purified gas withdrawn from the fixed bed reactor. Cooling preferably is carried out by
heat transfer in at least one heat exchanger in which heat is transferred to a cooling medium,
particularly water. Particularly preferably, in at least one heat exchanger the water is evaporated
and/or superheated by the indirect heat transfer from the purified gas withdrawn from the fixed
bed reactor. Suitable heat exchangers for cooling the purified gas for example are tube bundle
heat exchangers, u-tube bundle heat exchangers, or spiral heat exchangers or coils in the path-
way of the off-gas.

For achieving a sufficient low concentration of nitrous oxide in the purified gas withdrawn from
the fixed bed reactor, the concentration of nitrous oxide in the off-gas stream which is fed into
the N2O decomposition unit and particularly which is fed into the fixed bed reactor should be be-
low 13 vol-%, more preferred below 12 vol.-% and particularly below 11 vol-%. If the concentra-
tion of nitrous oxide in the off-gas stream is above these values, preferably a part of the purified
gas withdrawn from the decomposition reactor is recycled into the N2O decomposition unit as
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recycle stream. The amount of the recycle stream is set such that the amount of N2O in the gas
stream being fed into the fixed bed reactor remains below these concentration values.

The recycle stream is established by a recycle blower. The amount of recycled purified gas de-
pends on the rotational speed of the recycle blower and/or on the internal recirculation rate of
the recycle blower. By changing the degree of internal recirculation between the pressure and
inlet side of the recycle blower the effective recycle stream can be changed without changing
the rotational speed of the recycle blower.

For removing remaining nitrogen oxides from the purified gas, it is preferred to pass the purified
gas withdrawn from the N>.O decomposition unit through a denitrification plant, a so called
DeNox unit, in which the nitrogen oxides are reduced. The DeNox unit may be any DeNox unit
known to a skilled person. Usually reduction of the nitrogen oxides is carried out in the presence
of a solid catalyst by adding urea or ammonia.

Due to the high pressure of the gas stream which is passed through the N.O decomposition unit
and optionally through the DeNox unit, it is preferred to pass the gas stream through an expan-
sion turbine before releasing the gas into the atmosphere. By passing the gas stream through
an expansion turbine, the pressure can be used for producing electric current or for example for
driving a compressor or any other apparatus having rotating parts which shall be driven.

For optimizing the process and keeping the concentration of nitrous oxide in the purified gas
which is withdrawn from the N.O decomposition unit, the process is controlled by the nonlinear
model predictive control.

The nonlinear model predictive control is based on a reactor model of the fixed bed based on
the equations of energy transport and species transport for nitrogen, oxygen and nitrous oxide.

The reactor model particularly is based on equations of species transport for N2, O2 and N2O:

ag; ag; 0%g;
o = Uz, P,z + psM;vw

with the boundary conditions

29;

DPE = +Gz(gi|z:0_gi0)

|Z=O

a9,
0z

z=1

and on equations of energy transport:
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with the boundary conditions

aT
axa

=G, - Cp(T|z:O - TO)

z=0

oT
0z

z=l

In the equations:

&, means the void fraction of the fixed bed

p is the density of the gas stream

ps is the bulk density of the fixed bed

gi is the mass fraction of component i

g? is the mass fraction of component i in the feed
t means the time

PCT/EP2022/050139

z means the longitudinal expansion of the fluidized bed in direction of flow of the gas stream

z = 0 is the position where the gas enters the fixed bed

z = [ is the position where the gas leaves the fixed bed

G, means the cross sectional load

D is the dispersion coefficient

M; means molar weight of component i

v; is the stoichiometric factor

¢, is the specific heat capacity of the gas stream

cps i the specific heat capacity of the solids of the fixed bed
T is the temperature in [K]

T0 is the temperature of the gas stream fed into the reactor
Aax Means the heat conductivity in axial direction in the fixed bed
AHjy is the reaction enthalpy

and

w = k(T) " pn,o "N akt(z)

wherein

k(T) is a temperature-dependent velocity constant

Pn,o i the partial pressure of nitrous oxide

7 means pore utilization

akt(z) means the catalyst activity in the direction of the main gas flow.
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In a first step (a) the energy transport and species transport, bed inlet temperature, bed inlet
volume flow, bed outlet temperature, temperatures along the bed, concentration of the off-gas
stream fed into the N,O decomposition unit and outlet concentration of the purified gas are
measured and used as parameters for the model.

In the equations of energy transport and species transport used in the model, all material prop-
erties are based on given constants in time and along the axis of the fixed bed reactor in direc-
tion of the main gas flow. The activity of the catalyst along the direction of the main gas flow is
calculated in step (b) by an observer using extended Kalman-filter. Along the direction perpen-
dicular to the main gas flow, catalyst activity is assumed as being constant. Further the activity
of the catalyst also is assumed as being constant during one time step of the model. In flow di-
rection itis preferred to divide the bed in 1 to 10 sections, preferably 1 to 7 and assume that the
activity of the catalyst is constant in each section. Alternatively, it is also possible to calculate a
profile of catalyst activity along the flow direction of the gas.

For solving the equations of the model, any numeric process can be used, for example finite dif-
ference method, finite element method or finite volume method. Particularly preferably, the finite
volume method is used.

By using the nonlinear model predictive control based on the reactor model, the optimum inlet
temperature and recycle flow are calculated as a function of time for a given horizon in time.
The thus calculated values are used for a given time step of optimum inlet temperature and opti-
mum recycle flow as reference variable for control. The given time horizon for prediction prefer-
ably is in a range from 10 to 90 min, more preferred in a range from 20 to 75 min, and particu-
larly in a range from 30 to 60 min. The given time step for updating the calculations and provid-
ing a new set of values for the optimum inlet temperature and recycle flow preferably is in a
range from 5 to 30 sec, more preferred in a range from 7 to 25 sec and particularly in a range
from 10 to 20 sec. This means that by the nonlinear model predictive control the controlled val-
ues are optimized for the time horizon into the future and this optimization is repeated with each
time step with a shifted time horizon and based on new initial conditions.

In one embodiment, in step (c1), for setting the recycle stream and/or the inlet temperature into
the fixed bed reactor, the degree of bypass of the regenerative heat exchanger and/or electrical
heating power and the rotational speed of the recycle blower and/or degree of internal recircula-
tion of the recycle blower are adapted as actors of conventional PID-control of inlet temperature
and inlet flow into the fixed bed reactor, and the nonlinear model predictive control proposes
only the optimum inlet temperature and the optimum recycle flow.

In a second embodiment, in step (c2) the optimum degree of by-pass of the regenerative heat
exchanger, if a regenerative heat exchanger is used, and/or heating power for the additional
heater as well as the rotational speed of the recycle blower and/or degree of internal recircula-
tion of the recycle blower are calculated as a function of time by using the reactor model for a
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given horizon in time and the bypass of the regenerative heat exchanger and/or the heating
power and the rotational speed of the recycle blower and/or degree of internal recirculation of
the recycle blower are adapted as direct actors of the nonlinear model predictive control.

After reaching the end point of a time step, the time horizon is shifted with the given time step in
step (d). After shifting the time horizon, steps (a) to (d) are repeated.

The nonlinear model predictive control has the target for optimization that a time-integrated
N2O-emission rate during prediction horizon is minimized. This means that the total N-O-emis-
sion during prediction horizon is minimized. A further target for optimization is that within the
prediction horizon the N.O-outlet concentration is as close as possible equal to a set-point of
the control. Here, “as close as possible” can be defined as, but is not limited to, minimizing the
time integrated squared difference between set-point and process value of N.O-outlet concen-
tration. A further preferred target is that this set-point is below 800 ppm, more preferred below
500 ppm, mostly preferred below 100 ppm, and particularly O ppm.

Restrictions in the nonlinear model predictive control of the reactor are that the value for the re-
cycle flow (iv) is larger than 0 and smaller than a maximum capacity of the recycle blower, that
the gas inlet temperature into the fixed bed reactor is smaller than a set-point of safety circuit
minus an offset and that the bed temperature and the bed outlet temperature are smaller than
the set-point of safety circuit minus an offset and the bed temperature and the bed outlet tem-
perature are smaller than the start temperature of catalyst sintering and deactivation. Therein,
the set-points of the safety circuits result from design limits of the N-O decomposition unit.

The selected offset between maximum bed temperature to the start temperature of catalyst sin-
tering and deactivation or between maximum gas inlet temperature or bed temperature or bed
outlet temperature to the set-point of safety circuits is selected to be between 100 and 3 K, pref-
erably between 50 and 3 K, more preferably between 30 and 3 K and particularly between 20
and 3 K.

lllustrative embodiments of the invention are shown in the figures and explained in more detail
in the following description.

In the figures:

Figure 1  shows schematically a process for working-up a nitrous oxide comprising off-gas
stream,

Figure 2  shows a N.O decomposition unit.

A process for working-up a nitrous oxide comprising off-gas stream from a production process
of adipic acid is shown schematically in figure 1.
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For working-up, a nitrous oxide comprising off-gas stream 1 is fed into a pressure absorption 3
for removing nitrogen oxides. To allow continuous operation in case of failures of a pressure ab-
sorption unit, the process comprises a first pressure absorption 3.1 and a second pressure ab-
sorption 3.2 for removing nitrogen oxides. This enables to continue the process by using one of
the pressure absorptions 3.1, 3.2 for removing nitrogen oxides if the other pressure absorption
3.2, 3.1 is shut down, for example for maintenance purposes. Further, it is also possible to use
both pressure absorptions 3.1, 3.2 for removing nitrogen oxides simultaneously.

In each pressure absorption 3 for removing nitrogen oxides, the nitrous oxide comprising off-gas
stream 1 is compressed and cooled and passes a residence time in which nitrogen monoxide is
converted into nitrogen dioxide. Subsequently, the gas stream is fed into an absorption column
which comprises cooled trays, particularly trays which comprise cooling coils through which wa-
ter flows. In the absorption column, a part of the nitrogen dioxide reacts with water forming nitric
acid. This process preferably corresponds to a standard process for producing nitric acid.

Additionally, the off-gas of combustion of ammonia 5 also may be introduced into the pressure
absorption 3. If off-gas of the combustion of ammonia 5 is fed into the pressure absorption 3, it
is particularly preferred that the nitrous oxide comprising gas stream 1 from the production pro-
cess of adipic acid and the off-gas of the combustion of ammonia 5 are mixed before the gas
stream is compressed.

The off-gas of the pressure absorption 3 is fed into an absorption/desorption process 7 in which
nitrous oxide in the gas stream is removed partially by absorption in water and subsequent de-
sorption processes, where a first absorption and desorption process is followed by at least one
more absorption and desorption process. The absorption and desorption processes thereby are
carried out at different pressures. The nitrous oxide 8 separated off and concentrated in the ab-
sorption/desorption process preferably is used in the production of cyclododecanone or cylco-
pentanone. However, the nitrous oxide also may be used in any other process which uses ni-
trous oxide.

Since the gas stream which is fed into the absorption/desorption process 7 particularly contains
the residual nitrous oxide besides traces of nitrogen dioxide, after leaving the absorption/de-
sorption process 7, the gas stream is fed into a N2O decomposition unit 9. To allow continuous
operation, it is preferred to provide a first NoO decomposition unit 9.1 and a second N2O decom-
position unit 9.2. During normal operation, one of the N2O decomposition units 9.1, 9.2 runs and
the second N,O decomposition unit 9.2, 9.1 is in stand-by mode and can be used as redun-
dancy in case of maintenance of one N,O decomposition unit for example during catalyst
change. Further, the N2O decomposition unit which is in stand-by can be used in case of a fail-
ure of the N,O decomposition unit which is in operation.
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In the N2O decomposition unit 9.1, 9.2, the nitrous oxide is decomposed into nitrogen and oxy-
gen.

The gas stream leaving the N2O decomposition unit 9.1, 9.2 may still contain nitrogen oxides.
Therefore, it is particularly preferred, as shown in figure 1, to feed the gas stream after leaving
the N2O decomposition unit 9.1, 9.2 into a DeNox unit 11 for reducing the amount of nitrogen

oxides. After passing the DeNox unit 11, the gas stream is expanded and released into the at-
mosphere.

A N2O decomposition unit is shown in figure 2.

Decomposition of nitrous oxide into nitrogen and oxygen is carried out at elevated tempera-
tures, particularly at a temperature in the range between 430 to 800°C in a reactor 21 in pres-
ence of a catalyst. The reactor 21 may be for example a fixed bed reactor as shown in figure 2.
The fixed bed 23 contains a heterogeneous catalyst which promotes the decomposition reaction
of nitrous oxide into nitrogen and oxygen. The decomposition reaction of nitrous oxide is exo-
thermal.

For heating the gas stream containing the nitrous oxide, the gas stream preferably is fed into a

regenerative heat exchanger 25 in which heat is transferred from the gas stream leaving the re-
actor 21 to the gas stream entering the N>O decomposition unit 9. By this internal heat transfer

it is possible to reduce the energy which must be supplied to the process.

As generally heating of the gas stream being fed into the N2O decomposition unit 9, after leav-
ing the regenerative heat exchanger 25, the gas stream is fed into a heater 27. The heater may
be any type of heater in which the gas can be heated to the temperature with which the gas
stream is fed into the reactor 21. Particularly preferably, the heater 27 is an electrical heater.

In the fixed bed 23 in the reactor 21, the nitrous oxide is decomposed forming oxygen and nitro-
gen. The gas stream obtained by the reaction then is fed into the regenerative heat exchanger
25 for heating the gas stream fed into the N.O decomposition unit 9. By this heat transfer simul-
taneously the off-gas withdrawn from the N.O decomposition unit 9 is cooled. The off-gas with-
drawn from the regenerative heat exchanger 25 may be further cooled in at least one additional
heat exchanger 34. The additional heat exchanger 34 preferably is a heat exchanger for pro-
ducing steam by evaporation of water or for superheating water. The off-gas withdrawn from the
additional heat exchanger 34 can be fed into the DeNox unit 11 or released into the atmos-
phere. If multiple additional heat exchangers are used, the off-gas is first cooled in a heat ex-
changer, where saturated steam is superheated and is then cooled in a further heat exchanger
where water is evaporated.
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For a largely complete or particularly a complete decomposition of the nitrous oxide it is neces-
sary to keep the amount of nitrous oxide in the gas stream fed into the reactor 21 below a pre-
defined upper range, particularly below 11 wt-%. For reducing the amount of nitrous oxide in the
gas stream fed into the reactor if this gas stream contains too much nitrous oxide, a recycle line
29 with a recycle blower 31 is provided, the recycle line 29 connecting a feed line 33 by which
the gas stream is fed into the N.O decomposition unit 9 and an exit line 35 by which the gas is
withdrawn from the N2O decomposition unit 9.

For controlling the N2O decomposition unit 9 using the nonlinear model predictive control, sev-
eral process data must be measured. Further it is necessary to control the compressor 31 to set
the amount of gas recycled into the gas stream fed into the NoO decomposition unit 9 and to
control the heater 27 to heat the gas stream fed into the reactor to a predefined temperature.
Further, for setting the temperature of the gas stream fed into the reactor 21 a bypass 37 may
be provided, bypassing the regenerative heat exchanger 25. The bypass 37 may be closed so
that the whole gas stream flows through the regenerative heat exchanger 25 or the bypass 37 is
open and the feed line into the regenerative heat exchanger 25 is closed so that the whole gas
stream flows through the bypass 37 or in a third alternative, the gas stream is split and a part
flows through the regenerative heat exchanger 25 and a part through the bypass 37.

For providing the data used for the nonlinear model predictive control, a first temperature indica-
tor 39 is provided for measuring the temperature of the gas stream after being heated in the
heater 27 and a second temperature indicator 41 for measuring the temperature of the gas
stream being withdrawn from the reactor 21 after having passed the regenerative heat ex-
changer 25 and the at least one additional heat exchanger 34. By using a third temperature indi-
cator 43 the temperature in the reactor 21 after the fixed bed 23 is measured. Further, the con-
centration of nitrous oxide in the gas stream is measured by a suitable quality indicator 45 and
the flow rate of the gas stream fed into the reactor 21 by a flowmeter 47. A fourth temperature
indicator 48 is used for measuring the temperature in the fixed bed 23 and by using a second
quality indicator 50, the concentration of the nitrous oxide in the off-gas which flows through the
exit line 35 is measured.

Temperature measuring in the fixed bed is done with at least one temperature indicator 48. As
usually the temperature along the flow direction of the gas is not constant, it is preferred that 2
to 12 temperature indicators, and more preferably 3 to 10 temperature indicators which are ar-
ranged in succession in flow direction of the gas are used for measuring the temperature in the
fixed bed 23.

By the nonlinear model predictive control, an optimum inlet temperature is calculated which is
submitted to a temperature controller 49, which sets the amount of the gas stream flowing
through the bypass 37 and/or for the power of the heater 27 to control the temperature of the
gas fed into the reactor 21. Further, the nonlinear model predictive control may submit an opti-
mum value of the amount of the gas stream which is recycled through the recycle line 29 to the
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flow controller 53, which sets the rotational speed and/or degree of internal recirculation of the
recycle blower 31 to control the gas stream which is recycled through the recycle line 29.

The data which are used for the nonlinear model predictive control are submitted to a data pro-
cessing unit 51.

In the data processing unit which can be any data processing unit known to a skilled person,
particularly a computer the activity of the fixed bed 23 is calculated using an extended Kalman-
Filter. Further, an optimum inlet temperature and a recycle flow are calculated by nonlinear
model predictive control as a function of time by using a reactor model of the fixed bed reactor
which is based on equations of energy transport and species transport for nitrogen, oxygen and
nitrous oxide for a given horizon in time. The calculated values for a given time step of optimum
inlet temperature and optimum recycle flow are used as reference variables for controlling the
temperature by temperature controller 49 and the recycle stream which is recycled into the
stream being fed into the N.O decomposition unit 9 via bypass 29 using a flow controller 53.

The nonlinear model predictive control based on the reactor model is adapted such that either a
degree of bypass of the regenerative heat exchanger and/or heating power of the heater and
optionally the rotational speed of the recycle blower and/or degree of internal recirculation of the
recycle blower are adapted as actors of conventional PID-control of inlet temperature of the
fixed bed and optionally of the amount of the recycle flow , and the nonlinear model predictive
control proposes only the optimum inlet temperature and recycle flow; or an optimum degree of
bypass of the regenerative heat exchanger and/or heating power of the heater and optionally
the rotational speed of the recycle blower and/or degree of internal recirculation of the recycle
blower as function of time is calculated by using the nonlinear model predictive control algorithm
which is based on the reactor model for given horizon in time and the degree of bypass of the
regenerative heat exchanger and/or heating power and optionally the rotational speed of the re-
cycle blower and/or degree of internal recirculation of the recycle blower is adapted as direct ac-
tors of the nonlinear model predictive control.

After having calculated the optimum inlet temperature and optimum recycle flow for a given hori-
zon in time, the horizon in time is shifted with a given time step and subsequently, all measure-
ments and calculations are repeated for the new horizon in time.
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1. Aprocess for working-up a nitrous oxide comprising off-gas stream from a production pro-
cess of adipic acid, the process comprising:

(i)

(ii)

(iii)

(iv)

feeding the off-gas stream into a N,O decomposition unit (9) with a pressure be-
tween 5 and 10 bar(abs) and a temperature between 100 and 300°C;

heating the off-gas stream to a temperature in the range from 430 to 650 °C in a re-
generative heat exchanger (25) and/or a heater (27);

decomposing the nitrous oxide contained in the off-gas stream into nitrogen and ox-
ygen in a fixed bed reactor (21) of the N.O decomposition unit (9) at a temperature

in the range from 430 to 800°C to obtain a purified gas;

optionally recycling a part of the purified gas into the N2O decomposition unit (9);

wherein

for controlling the N.O decomposition unit (9) a nonlinear model predictive control is used
which is based on a reactor model of the fixed bed reactor based on equations of energy

transport and species transport for nitrogen, oxygen and N2O, the nonlinear model predic-
tive control comprises:

(a)

(b)
()

measuring a bed inlet temperature, a bed inlet volume flow, a bed outlet tempera-
ture, temperatures along the fixed bed, inlet concentrations of the off-gas stream fed
into the N2O decomposition unit, and outlet concentrations of the purified gas as pa-
rameters for the model;
calculating bed activity using an extended Kalman-Filter;
calculating an optimum inlet temperature and optionally a recycle flow as function of
time by a nonlinear model predictive control based on the reactor model for a given
horizon in time and using calculated values for a given time step of optimum inlet
temperature and optimum recycle flow as reference variable for control, wherein
(c1) adegree of bypass of the regenerative heat exchanger and/or heating power
of the heater and the rotational speed of a recycle blower and/or degree of in-
ternal recirculation of the recycle blower are adapted as actors of conventional
PID-control of bed inlet temperature and recycle flow, and the nonlinear model
predictive control based on the reactor model proposes only the optimum inlet
temperature and recycle flow;

(c2) calculating an optimum degree of bypass of the regenerative heat exchanger
and/or heating power of the heater and the rotational speed of a recycle
blower and/or degree of internal recirculation of the recycle blower as function

B20/202290PC
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of time by using the reactor model for given horizon in time and adapting the
degree of bypass of the regenerative heat exchanger and/or heating power
and optionally the rotational speed of a recycle blower and/or degree of inter-
nal recirculation of the recycle blower as direct actors of the nonlinear model
predictive control based on the reactor model;

(d) shifting horizon in time with a given time step;

(e) repeating steps (a) to (d).

The process according to claim 1, characterized in that the nonlinear model predictive
control has the target for optimization that a time-integrated N.O-emission rate during pre-
diction horizon is minimized.

The process according to claim 1 or 2, characterized in that the N2O-outlet concentration
is as close as possible equal to a set-point of the control.

The process according to any of claims 1 to 3, characterized in that the value for the recy-
cle flow (iv) is 2 0 and < a maximum capacity of the recycle blower, the gas inlet tempera-
ture into the fixed bed reactor is < a set-point of safety circuit minus an offset and the bed
temperature and the bed outlet temperature are < the set-point of safety circuit minus an
offset and the bed temperature and the bed outlet temperature < the start temperature of
catalyst sintering and deactivation, wherein the set-points of the safety circuits result from
design limits of the N2O decomposition unit.

The process according to claim 4, characterized in that the offset is in a range from 3 to
100 K.

The process according to any of claims 1 to 5, characterized in that the off-gas stream is
heated at least partly in the regenerative heat exchanger (25) by heat transfer from the
purified gas.

The process according to any of claims 1 to 6, characterized in that the off-gas stream fed
into the N,O decomposition unit comprises 200 to 5000 Vol-ppm NOy, 0.5 to 5 Vol-% CO,,
210 12 Vol-% O3, 0 to 0.3 Vol-% CO, 3 to 25 Vol-% N2O and 0.2 to 0.8 Vol-% Ar.

The process according to any of claims 1 to 7, characterized in that the purified gas is
passed through a DeNox unit (11) for reducing the amount of NOx.

The process according to any of claims 1 to 8, characterized in that nitrous oxide is ab-
sorbed from the off-gas stream in water by pressure absorption (7) before the off-gas
stream is fed into the N2O decomposition unit (9).
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10. The process according to any of claims 1 to 9, characterized in that nitrogen oxides con-
tained in the off-gas stream are removed by pressure absorption in water before feeding
the off-gas stream into the N2O decomposition unit (9).

5 11. The process according to any of claims 1 to 10, characterized in that the part of the puri-

fied gas is recycled into the N2O decomposition unit if the N2O concentration in the off-gas
stream fed into the N2O decomposition unit is above 11 wt-%.
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