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Ammonia oxidation into nitrous oxide over Mn/Bi/Al catalyst
I. Single cooling tube experiments
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Abstract

The process of ammonia oxidation with air oxygen was tested on the pilot-scale using a single-tube reactor to model the unit of a
multi-tubular industrial reactor. The spherical Mn/Bi/Al catalyst was loaded into the reactor tube. Experimental studies were based on the
data obtained by kinetic studies and simulation of the tubular reactor. The relationship between the operation conditions and temperature
regime was established by varying the process parameters over a wide range. The steady-state temperature regimes were observed at the
inlet ammonia concentration equal to 4–5%. The selectivities to nitrous oxide and nitrogen oxide reached 87–88% and no more than 0.5%,
respectively, at near 100% conversion of ammonia.

Modeling of the pilot reactor demonstrated a good agreement between the experimental and calculated data that supports appropriateness
of the reactor simulation for prediction of technological regimes for the industrial reactor. The Rashig rings loaded in the tubular reactor
were found to provide stable operation regimes at the inlet ammonia concentration of 7–8%.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the recent years, nitrous oxide has become used as
a mild oxidizer for partial oxidation of hydrocarbons, for
example oxidation of benzene to phenol. A new one-stage
technology for production of phenol from benzene (AlphOx
process) was developed by the Boreskov Institute of Catal-
ysis (BIC) in cooperation with Solutia Inc.[1–3]. The new
hydroxylation technology was initially developed as an in-
tegral part of the new process for production of adipic acid
using waste nitrous oxide but then competitiveness of the
AlphOx process with nitrous oxide obtained by oxidation of
ammonia was demonstrated[3].

The strong appeal of the N2O-based partial oxidation pro-
motes search for inexpensive feedstocks. That is why, the
process for direct ammonia oxidation is of interest to nu-
merous researchers[4–6]. Solutia Inc. and BIC are engaged
in the project on ammonia oxidation into nitrous oxide to be
used as a feedstock for production of phenol from benzene.
Some of the results obtained under this project are discussed
in the present paper.
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The aim of this study is to accomplish pilot testing of the
reaction of ammonia oxidation over a proprietary Mn/Bi/Al
catalyst using a single cooling tube as the model of a unit
of the industrial multi-tubular reactor and to check if the
used mathematical description is appropriate for prognosis
of the technological regimes. We address here lab-scale ki-
netics studies, reactor modeling and pilot-scale trials of this
process.

2. Catalyst

Several systems are known to catalyze selective oxidation
of ammonia by oxygen to yield nitrous oxide[5–7]. Mn and
Bi oxide catalysts supported on alumina[8] were developed
for this process at the Boreskov Institute of Catalysis. The
catalysts were prepared by impregnating alumina spheres
with solutions of manganese and bismuth nitrates, drying
and calcination at 375–550◦C. Prepared catalysts contained
35–90% of alumina at the specific surface area equal to
5–80 m2/g. A high catalytic activity even with reaction mix-
tures containing oxygen in substoichiometric amount, a high
selectivity to nitrous oxide at a low selectivity to nitrogen
oxide was characteristic of these catalysts over a wide tem-
perature range.
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Nomenclature

AD, Aλ, Aα constant parameters of relationships for
mass and heat transfer parameters

BD, Bλ, Bα constant parameters in the same place
C0, C inlet and current ammonia concen-

trations, correspondingly (mol/mol)
Cp specific heat capacity (J/(mol/K))
Dg molecular diffusivity (m2/s)
Dr effective radial diffusivity (m2/s)
l current reactor height (m)
L total reactor height (m)
Pr Prandtl number
r current reactor tube radius (m)
R effective reactor tube radius (m)
Re Reynolds number
Q heat release of reaction (J/mol)
Sc Schmidt number
T catalyst temperature (K)
Tc cooling agent temperature (K)
T0 gas mixture temperature at reactor

inlet (K)
u superficial gas velocity (m/s)
W total ammonia conversion rate

(mol/(m3 s))

Greek letters
αw wall heat transfer coefficient

(J/(m2/s/K))
λg thermal conductivity (J/(m s K))
λr effective radial thermal conductivity

(J/(m s K))

Pilot testing was carried out using batches of spherical
catalyst (3–6 mm spheres). Samples to be used for the kinetic
studies were crushed to obtain 0.25–0.5 mm fraction.

3. Kinetic studies

Laboratory studies of catalytic properties were performed
using a continuous tank reactor under stirring and an isother-
mal plug reactor by varying reaction conditions (Table 1).

The influence of temperature, contact time and inlet re-
actant concentrations were studied. The aim was to choose

Table 1
Reaction conditions

Catalyst weight (g) 0.05–4
Temperature (◦C) 270–400
Pressure (bar) 1–3
Contact time (s) 0.03–12

Inlet reagent concentrations (vol.%)
Ammonia 0.75–12
Oxygen 1.5–14
Water 0–43

conditions providing the minimal rate of formation of side
products and the highest selectivity to N2O.

The catalyst performance was compared for the cases
of deficient and excess oxygen. The studies revealed that
oxygen and nitrous oxide were competitive oxidants of am-
monia. Oxygen being a stronger oxidant, the interaction of
N2O with ammonia was insignificant at excess oxygen at
temperatures below 370◦C. Again, the excess oxygen decel-
erated the reaction of N2O decomposition. The catalyst be-
havior also was studied with NO added to the inlet mixture.
Competitive reactions of NO reduction with ammonia and
oxidation of ammonia were observed. The rate of ammonia
oxidation was higher than that of NO reduction at above
300◦C so that consumption of ammonia was higher than
consumption of NO. At 270–300◦C, the rate of ammonia
oxidation but not the rate of NO reduction decreased sharply.

The main reactions proceeding on the catalyst surface un-
der the optimal process conditions were supposed based on
the results obtained and these stoichiometric pathways were
further used as the basis of linearly independent chemical
equations[9]:

2NH3 + 2O2 = N2O + 3H2O

4NH3 + 3O2 = 2N2 + 6H2O

4NH3 + 5O2 = 4NO+ 6H2O
(1)

The activation energies were estimated for formation of ni-
trous oxide, nitrogen and nitrogen oxide. For nitrous oxide, it
was found to be higher than that for nitrogen but lower than
that for nitrogen oxide. Therefore, the optimal temperature
range can be chosen for achieving the maximal selectivity
to N2O (Fig. 1). This range depends on the concentration of
reagents in the system. An increase in the concentration of
oxygen and water leads to an increase in the selectivity to
N2O (seeFig. 2 for an example). The range of the reaction
conditions was determined where the selectivity to nitrous
oxide reaches 90–92% while the selectivity to nitrogen
oxide remains as low as 0.3–0.5%.

4. Reactor modeling

The main goal of these studies was to determine the opti-
mal dimensions and operating conditions of tubular reactor
allowing to realize the process with the maximal possible
catalyst productivity to N2O. Modeling procedure included:

• modeling of temperature profiles in a tubular reactor with
a spherical catalyst;

• determination of parameters and test conditions for the
pilot reactor;

• evaluation and correction of heat transfer coefficients
for pilot set-up using special experiments with air and
air/steam fed to the inlet of catalyst bed reactor;

• simulation of pilot operation regimes and comparison of
experimental and calculated data;

• modeling of temperature profiles in the tubular reactor
with a Rashig ring catalyst.
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Fig. 1. Temperature effect on product selectivities. Inlet ammonia concentration is 7 vol.%, inlet oxygen concentration is 8 vol.%.

The commonly known quasi-homogeneous model account-
ing for the heat and mass transfer along the tube radius
was used to estimate reactor parameters under stationary
conditions

Fig. 2. N2O selectivity vs. oxygen concentration at temperature 350◦C and inlet ammonia concentration is 7 vol.%.
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where the boundary conditions are:

l = 0, C = C0, T = T0

r = 0,
∂C

∂r
= 0,

∂T

∂r
= 0

r = R,
∂C

∂r
= 0, λr

∂T

∂r
= αw(Tc − T )

The following simplifications were used: (1) reaction se-
lectivity was constant; (2) first-order equations were valid
for product formation rates; (3) gas pressure was invariable
along the tube length; (4) the cooling agent temperature
was not varied along the tube length; (5) catalyst effective-
ness factor was constant. The description of reaction rateW
and reaction heat releaseQ expressions could be found in
Appendix A.

Evaluation of mass and heat transfer parameters was made
using conventional relationships with static and dynamic
contributions[10,11], namely:

Dr

Dg
= AD + BDRe Sc;

λr

λg
= Aλ + BλRe Pr; Nu = Aα + BαRe0.8Pr0.33 (3)

To choose optimal operation regimes for the pilot reactor
the restrictions were imposed:

1. Hot spot catalyst temperature is not higher than 400◦C
to avoid N2O selectivity losses.

2. Hot spot temperature sensitivity to cooling agent temper-
ature (HSCA) defined as an increase in hot spot temper-
ature with cooling agent temperature rise by 1◦C is not
higher than 4.0 for spherical catalyst particles and than
5.0 for the ring catalyst.

3. Pressure drop along the reactor tube is not higher than
0.8 bar.

The following parameters were varied: inlet concen-
trations of ammonia, oxygen and steam, tube diameter,
superficial gas velocity, cooling agent temperature, inlet gas
mixture temperature, catalyst activity and particle diameter.
It was shown that control parameters that mainly affect
the reactor performance at a constant tube diameter were
superficial gas velocity, temperature of the cooling agent
and the inlet ammonia concentration. The inlet gas temper-
ature influences only slightly the reactor operation mode;
the temperature range was chosen based on the following
speculations: the temperature at the reactor inlet must allow
the inlet gas to be heated in the recuperative heat exchanger
but not nitrate salts to be formed. Modeling enabled to de-
termine optimal dimensions of the pilot reactor, to choose
optimal operation regimes for pilot testing and to find an
appropriate catalyst activity.

Optimal reactor parameters and test conditions calculated
are given inTable 2. All the operation regimes are in accor-
dance with restrictions 1–3 given earlier.

Table 2
Pilot reactor parameters and test conditions

Catalyst height (m) 1.5–4
Tube diameter (cm) 2.5–3.5
Catalyst particle diameter (mm) 3–6
Catalyst load (l) 0.8–3.5
Gas superficial velocity (St m/s) 2–3.5

Inlet gas composition (vol.%)
Ammonia 3–5
Water 0–20
Air Balance

Catalyst temperature (◦C) 230–400
Average pressure (bar) 1.5–2.5

5. Pilot reactor testing

5.1. Design of the pilot reactor

Synthesis of nitrous oxide by partial oxidation of ammonia
with air oxygen in the presence of steam was studied using
a single-tube reactor to model the unit of a multi-tubular
industrial reactor.Fig. 3 illustrates the reactor set-up. The
catalytic reactor consisted of a 28 mm i.d. U-like tube with
loaded catalyst granules and two 6 mm o.d. vertical tubes

Fig. 3. Pilot installation: (1) reactor tube; (2) thermostat; (3) catalyst
loading; (4) thermocouples in reactor tube and fluidized bed; (5) cyclone;
(6a–c) feed of preheated ammonia, air and steam; (7) reaction mixture
outlet; (8) hot air feed for fluidization; (9) air from thermostat.
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Fig. 4. Reactor tube load using the alumina support as an example.

with portable thermocouples inserted inside.Fig. 4 is the
reactor tube loaded with the alumina support to be used for
the catalyst preparation.

The reactor tube was mounted into a thermostat to remove
the reaction heat. The thermostat was a vessel with a flu-
idized alumina bed used as a cooling agent. Air was supplied
to the fluidized bed through a heating column. The temper-
ature of the heat carrier was varied between 240 and 320◦C
during experiments. The estimated coefficient of heat trans-
fer between the fluidized bed and the vertical reactor tube
was close to that between the tube and a salt melt commonly
used as the cooling agent in tubular reactors.

The gas feeding system consisted of a unit for air and
nitrogen supply, a water supply system and a unit for am-
monia supply with a cylinder installed into the hot water
thermostat. Each unit was equipped with an electric heating
column. A chromatograph Zvet-500 with a heat conductiv-
ity detector was used for identification of components of the
inlet and outlet gas mixtures, a NaX column being used for
O2 and N2, and a Chromosorb-104 column for NH3, N2O
and H2O. Outlet concentrations of NO and NO2 were de-
termined using a sensor gas analyzer Quintox.

5.2. Spherical catalysts

The appropriate catalyst activity for pilot reactor was
found by modeling and the studies were carried out to de-
velop the preparation procedure of catalyst pilot batches
with optimal activity. Pilot testing was performed with two
catalyst batches A and B. These batches were prepared
with equal Mn/Bi content using the alumina support from
the same box. Catalyst A was prepared by impregnation of
3–5 mm alumina spheres with the solution of manganese
and bismuth nitrates followed by drying and calcination.
Catalyst B was prepared using 5–6 mm alumina spher-
ical granules by the same procedure except calcination
conditions.

As it was noted earlier 0.25–0.5 mm fractions of crushed
catalyst was used for measuring catalyst activity. The intrin-
sic activity of catalyst B was one third of that of catalyst A.
The absence of intraparticle diffusion was confirmed eval-

uating the effectiveness factor for these fractions (see more
detailed description inAppendix A).

5.3. Adjustment of operation regimes

To start up the reactor, the fluidized bed in the thermostat
was heated to 245–250◦C and all columns to appropriate
temperatures and the air/steam mixture was started feeding
to the tubular reactor. As soon as the inlet wet air reached a
constant temperature, ammonia was fed at a low rate to avoid
the catalyst overheating. The process was initiated (the hot
spot appeared) and the stable temperature regime was set in.
The thermocouple was moved along the thermocouple tube
to measure the temperature profile in 10 cm intervals.

Measurement of temperature profiles allowed the time
for attainment of the steady-state to be determined. It was
1.5–3 h from the starting point of ammonia feeding to the
reactor. The ammonia concentration was 3.0–5.0 vol.%, a
stable hot spot was observed in the catalyst bed.

5.4. Influence of operation conditions

As mentioned earlier, the reactor parameters and the range
of conditions for pilot testing were determined in terms of
mathematical modeling (Table 2). The catalyst loading, cat-
alyst activity, catalyst particle diameter, inlet ammonia and
water concentrations, superficial gas velocity, inlet gas and
cooling agent temperatures were varied in the course of pilot
studies.

The influence of reactor parameters on the operation mode
was studied with both catalysts A and B loaded into the re-
actor. With catalyst A, the experimental temperature profiles
were more sensitive to the variable parameters due to its
higher activity. The comparative data on sensitivity of the
hot spot temperature to the inlet ammonia concentration are
shown inTable 3for both catalysts.

Less sensitive hot spot temperature profiles were observed
with catalyst B. In this case, the operation regimes met the
restrictions 1–3 and were easier controlled even though the
thermostat temperature was higher (cf. runs 1–2 and 3–4
of Table 3). For this reason catalyst B was mainly used for
experimental studies.

To maximize the inlet ammonia concentration, a series of
experiments were run to choose the optimal inlet gas temper-
ature, gas velocity, inlet water concentration and thermostat

Table 3
Effect of inlet NH3 concentration on hot spot temperature

Catalyst batch A A B B

Run number 1 2 3 4
Inlet gas temperature (◦C) 199 200 225 226
Thermostat temperature (◦C) 256 257 306 309
Inlet H2O concentration (vol.%) 19.8 19.7 16.6 16.5
Inlet NH3 concentration (vol.%) 4.0 4.3 3.6 4.0
Hot spot temperature (◦C) 407 480 372 390
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Table 4
Effect of inlet water and thermostat temperature

Run number 1 2 3 4 5

Inlet NH3 concentration (vol.%) 3.5 3.6 3.7 3.5 3.6
Inlet H2O concentration (vol.%) 2.2 11 16.6 15 19.0
Thermostat temperature (◦C) 299 304 306 310 312
Hot spot temperature (◦C) 387 372 372 395 405
N2O selectivity (%) 86.8 85.6 85.2 86.8 88

temperature. The results obtained by modeling, viz. the mi-
nor dependence of the hot spot temperature on the inlet gas
temperature, were experimentally supported. A significant
influence of variations in the inlet water concentration and
of the thermostat temperature on the hot spot temperature
was observed.Table 4shows examples of these experimen-
tal data. A wide range of variations of the gas velocity was
not allowed due to a considerable increase in the pressure
drop with an increase in the flow rate.

One can see from the data ofTable 4that an increase in
the inlet water concentration results in lowering the hot spot
temperature due to a decrease in the catalyst activity (cf.
runs 1–3 inTable 4). Smoothed temperature profiles were
observed at high water concentrations. Kinetic studies also
showed a decrease in the activity at an increase in the water
concentration (seeAppendix A).

The influence of the thermostat temperature is illustrated
in Table 4 and in Fig. 5. Elevation of the cooling agent
temperature at close water concentrations results in an in-
crease in the hot spot temperature (runs 3–5,Table 4). The
stable steady-state temperature regimes can be provided by
controlling the thermostat temperature at the hot spot tem-
perature lower than 400◦C (Fig. 5) and the inlet ammonia
concentration equal to 4.5–5%. Operation regimes achieved
at low water concentrations also fitted the restrictions for
these ammonia concentrations.

Fig. 5. Temperature profiles along the reactor axis at various thermostat temperature. Inlet water concentration: 15–20%; superficial gas velocity:3 m/s.
Thermostat temperature: (1) 265◦C; (2) 260◦C; (3) 250◦C.

5.5. Comparative experimental and modeling data

Experimental temperature profiles were compared to the
profiles calculated in terms of the mathematical model. Mod-
eling of temperature profiles in the pilot reactor was based
on the data obtained by special experiments aimed at more
precise determination of mass and heat transfer parameters,
Dr, λr and αw according to theEq. (3). The experimen-
tal temperature profiles were measured without reaction by
feeding reaction mixture without ammonia, air and wet air to
the pilot tube with the catalyst-loaded therein. Comparison
of measured and calculated points allowed the best fitting to
be found correcting the constant parameters of theEq. (3).

The next step was modeling of operation regimes of the
reactor at feeding the reaction mixture. The axial tempera-
ture profiles were calculated for the cases of low and high
inlet water concentrations. The reaction rate constants were
corrected for the high water concentration in terms of the
data of kinetic studies (seeAppendix A). The simulated data
agreed well enough with the experimental points, the dif-
ference between them being no more than 15◦C for all ex-
perimental temperature profiles. The comparative results are
exemplified inFig. 6.

Thus, rather simple mathematical model (2) was demon-
strated to be appropriate for simulation of the operation
regimes. This description can be used for optimization of
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Fig. 6. Comparison of measured and calculated temperature profiles for
low (a) and high (b) water concentrations. Inlet ammonia concentration:
4.0%; superficial velocity: 3 m/s; inlet water concentration: (a) 2.2%,
(b) 15%.

parameters of the tubular reactor and for prediction of the
technological regimes. The ammonia conversion and, con-
sequently, the temperature profiles of the real reactor can be
evaluated based on the first-order kinetic equations of for-
mation of nitrous oxide and nitrogen (seeAppendix A). The
kinetic model needs further improvement for more exact es-
timation of the selectivity to N2O.

5.6. Principal results of pilot testing

Here is a summary of results obtained by experimental
studies and simulation:

• Ammonia oxidation into nitrous oxide was realized in a
pilot single-tube cooling reactor with Mn/Bi/Al spherical
catalyst based on the data of kinetic studies and reactor
modeling.

• Stable and easily controlled temperature regimes were
obtained at the inlet ammonia concentration of 4–5%.

• For almost 100% ammonia conversion the 87–88% selec-
tivity to nitrous oxide is achieved, selectivity to nitrogen
oxide being not higher than 0.5%.

Table 5
Main process characteristics for N2O synthesis in a tubular reactor

Spherical
catalyst

Rashig ring
catalyst

Maximum dimension (mm) 5–6 7× 7 × 2
Inlet ammonia concentration (%) 4–5 7–8
Theoretical adiabatic temperature

rise (◦C)
300–400 550–650

Catalyst productivity (ton N2O
per ton catalyst par day)

4.0–4.5 5.0–5.5

• Modeling of pilot reactor demonstrated a good agreement
(at the accuracy of 15◦C) between experimental and cal-
culated temperature profiles.

• Adequacy of the mathematical model was confirmed.
Hence, this model can be used for prediction of techno-
logical regimes.

6. Conclusions

Pilot testing of the process of ammonia oxidation by air
oxygen was performed with a single-tube reactor as the
model of a unit of the real industrial multi-tubular reactor.
Spherical Mn/Bi/Al catalyst was loaded in the pilot reac-
tor. The results obtained with the developed catalyst show
the feasibility of the process for catalytic synthesis of ni-
trous oxide from ammonia in a tubular reactor to provide
a high selectivity towards nitrous oxide and stable catalyst
operation.

The experimental efforts were guided by the modeling
results. The good agreement between the experimental and
calculated data assures that the proposed mathematical de-
scription is appropriate for prediction of the technologi-
cal operation regimes and for optimization of the industrial
multi-tubular reactor. More confident prediction of the se-
lectivity to nitrous oxide needs further studies to develop the
kinetic model.

The operation regimes in the ring catalyst-loaded tubular
reactor were modeled to determine characteristics of the
industrial reactor. The results obtained show that the pro-
cess can be achieved at the inlet ammonia concentration
of ca. 7–8%. Sufficiently stable operation regimes at high
inlet ammonia concentrations are expected with Rashig
rings packed in the tubular reactor. For the conditions
under study, the hot spot temperature is not higher than
380–390◦C. Thus, 140–160◦C temperature rise above the
inlet temperature is observed in the tubular reactor, whereas
the theoretical adiabatic temperature rise is 550–650◦
(Table 5).
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Appendix A

RateW of ammonia oxidation was calculated as

W = Wkinη,

whereWkin was the intrinsic reaction rate for fine particles
andη the catalyst effectiveness factor. According toEq. (1)
the intrinsic reaction rate was expressed as:

Wkin = 2WN2O + 2WN2 + WNO

Catalyst activity and selectivity was shown in part 3 to de-
pend on oxygen and water concentrations in wide range.
However, it was possible to choose the conditions with
high nitrous oxide selectivity where such dependences were
slight and the rates of nitrous oxide and nitrogen forma-
tion were fit to first-order equations with satisfied accuracy
for these separate regions. It was assumed for modeling
that

WN2O = k1C, WN2 = k2C

and selectivity to nitrous oxide was constant for oxygen
excess, low and high water concentrations. The formation
rate of nitrogen oxideWNO was taken to be equal zero
due to low nitrogen oxide concentrations obtained in kinetic
studies.

Constantsk1 andk2 and the corresponding activation en-
ergies were determined from kinetic data. Reaction rate for
modeling with high water concentrations was determined as
W = Wkinηa, wherea is activity coefficient. This value was
calculated as the relation of sum of constantsk1 andk2 for
low water concentrations to one for high water concentra-
tions.

Effectiveness factorη was evaluated calculating the Thiele
modulus for first-order reaction rate and comparing it with
literature data[10]. Binary diffusivities do not differ con-

siderably, so the Thiele modulus was calculated with the
averaged diffusivity:

• The influence of intraparticle diffusion was absent for
crushed catalyst of fraction 0.25–0.5 mm.

• Effectiveness factor for pilot batches was estimated for
different temperatures and it was assumed to be constant
for modeling of pilot regimes.

Reaction heat release is calculated asQ = Q1S+Q2(1−
S), whereQ1 andQ2 are heat effects for nitrous oxide and
nitrogen formation rates (1), respectively andS is the se-
lectivity to nitrous oxide calculated asS = k1/(k1 + k2).
Fortunately, heat released during formation of nitrous oxide
and nitrogen do not differ considerably. Therefore, the ear-
lier simplifications have a minor effect on the total release
of heat.
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