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For ammonia synthesis catalysts a volcano-type relationship has
been found experimentally. We demonstrate that by combining den-
sity functional theory calculations with a microkinetic model the
position of the maximum of the volcano curve is sensitive to the
reaction conditions. The catalytic ammonia synthesis activity, to
a first approximation, is a function only of the binding energy of
nitrogen to the catalyst. Therefore, it is possible to evaluate which
nitrogen binding energy is optimal under given reaction conditions.
This leads to the concept of optimal catalyst curves, which illustrate
the nitrogen binding energies of the optimal catalysts at different
temperatures, pressures, and synthesis gas compositions. Using this
concept together with the ability to prepare catalysts with desired
binding energies it is possible to optimize the ammonia process. In
this way a link between first-principle quantum mechanical cal-
culations of gas–surface interactions, reactor design, and catalyst
selection has been established for the first time. c© 2002 Elsevier Science
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model; density functional theory; optimal catalyst curves; reactor
design; catalyst selection.

even though the model is a first approximation that does
INTRODUCTION

For several heterogeneous catalytic reactions, the activi-
ties of different transition metal catalysts are described by a
Sabatier-type relationship (1). This variation of the catalytic
activity with the position of the transition metal in the Pe-
riodic Table is usually expressed as a volcano curve as first
proposed by Balandin (2). For ammonia synthesis catalysts
such a volcano curve has been found experimentally (3) as
shown in Fig. 1.

Recently, we have shown that this activity trend can be
accurately rationalized by combining the results of density
functional theory (DFT) calculations (4) with a microki-
netic model for ammonia synthesis (5) that takes the elec-
tronic promotion into account (6). The predictions from
this model can also be seen in Fig. 1. It is apparent that
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not take small local variations into consideration, it cap-
tures the reactivity trends very well, particularly for cata-
lysts in the industrially relevant region. It should also be
noted that the experimental results are subject to signifi-
cant uncertainty due both to the large activity differences
between the catalysts and to the difficulty related to count-
ing the number of active sites. Particularly, the latter can
be huge due to the severe structure sensitivity of ammonia
synthesis observed in surface science studies (7–9), catalyst
studies (5, 10, 11), and DFT modeling (4, 12, 13).

In our model (4), ammonia synthesis kinetics is deter-
mined solely by the binding energy of nitrogen to the sur-
face, and the most active catalysts are characterized by a
nitrogen binding energy of intermediate size. Recently, we
have shown how the published activities of the bimetallic
ammonia synthesis catalyst can also be rationalized with
this model (14) and that new active catalysts can be de-
signed by combining metals with nitrogen binding ener-
gies higher and lower than the optimum (15–17). Volcano
curves have been observed for several other catalytic reac-
tions. The classical example is formate decomposition (1),
but also for other reactions of significant interest, such as
Fischer–Tropsch synthesis (18) and hydrotreating (19, 20),
such a relationship has been found.

For hydrotreating catalysts it is known that the relative
catalytic activities of different catalysts are dependent on
the reaction conditions, particularly the H2S partial pres-
sure (20). For ammonia synthesis catalysts it has also been
verified experimentally that the activity trends are influ-
enced by the reaction conditions. For example, it is usu-
ally found that promoted iron catalysts are better than pro-
moted ruthenium catalysts at low ammonia concentrations,
whereas the opposite situation is found at high ammonia
concentrations (21). However, thus far, this influence of
the reaction conditions on the volcano curve has not been
quantified for any heterogeneous catalytic reaction. Our
model (4, 6) for the ammonia synthesis reaction describes
the reaction kinetics of promoted transition metal catalysts
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FIG. 1. Volcano curve for promoted ammonia synthesis catalysts
showing the turnover frequency for different nitrogen binding energies.
Experimental results are extracted from Aika and Tamaru (3) assuming
that 1% of the metal surface sites is active for dissociation of dinitrogen
and all catalysts have the same amount of active sites. The volcano curve
(full line) is calculated assuming conditions as close to the experiments as
possible: 0.8 bar, 588 K, H2 : N2 = 3, 0.1%NH3.

well, and therefore such effects can now be studied. Since
the catalytic ammonia synthesis activity is dependent only
on the nitrogen binding energy, it is possible to establish
which nitrogen binding energy is optimal under given reac-
tion conditions. This leads to the concept of optimal catalyst
curves, which illustrate the nitrogen binding energies of the
optimal catalysts at different temperatures, pressures, and
synthesis gas compositions. By comparing the optimal cata-
lyst curves with the operating line that connects the temper-
ature and ammonia concentrations in the catalytic reactor
during operation, we show how it is possible to choose or de-
sign the optimal catalyst(s). The smallest possible catalytic
reactor can be designed when both the optimum catalyst
curves and the optimum operating line are taken into ac-
count. In this way it is possible for the first time to link first-
principle quantum mechanical calculations of gas–surface
interactions with reactor design and catalyst selection.

We illustrate the procedure for ammonia synthesis for
which we have accurate rate expressions. However, a sim-
ilar approach should also be possible for other reactions
when sufficient insight becomes available.

METHODS

Calculation of Volcano Curves

The procedure for calculating the volcano curves has
been described in detail elsewhere (6). The turnover fre-
quency (TOF) under a given set of synthesis conditions is

determined through the microkinetic model by the acti-
vation energy for dinitrogen dissociation and the binding
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energies of the different surface intermediates involved in
ammonia synthesis. Figure 2 illustrates how we relate these
energies to the nitrogen binding energy. This enables a first
approximation of the TOF as a function of only one param-
eter, the nitrogen binding energy, to be established.

In Fig. 2 the surface binding energies are given as poten-
tial energies per two nitrogen atoms. Throughout this paper
the nitrogen binding energies are represented in the same
way. In the volcano curves, we have included some of the el-
ements for which accurate nitrogen binding energies have
been calculated. In general, the nitrogen binding energy
varies monotonically through the periods of the Periodic
Table, so it is simple to estimate the nitrogen binding ener-
gies of other metals. Consequently, the volcano curves are
shown as TOF vs nitrogen binding energies relative to that
on ruthenium. In practice, the relevant catalytic activity is
the turnover frequency multiplied by the density of sites,
e.g., the number of sites for a given mass or the number of
sites for a given volume of catalyst. Therefore, the benefits
of a high TOF can only be realized if a sufficiently high den-
sity of sites can be achieved. Industrially, the cost of a given
number of active sites is an equally important parameter.

Calculation of Equilibrium Curves

The equilibrium curves as a function of temperature,
pressure, and gas composition are calculated using the rou-
tines of Kjær and Christiansen (22, 23).

Calculation of Optimal Operating (Maximum Rate) Lines

The optimal operating lines are shown as curves parallel
to the equilibrium curve. In practice they are for indus-
trially relevant conditions, usually shifted between 30 and
60◦C from the equilibrium line. However, for our purposes
the curves shown give a sufficiently accurate estimate of
the optimal operating line for the relevant reaction condi-
tions (24). It should be noted that the optimal operating
line will have a slightly different position for every catalyst.
If desired, the accurate position of the optimal operating

FIG. 2. Energy level diagram for catalytic ammonia synthesis used

for calculation of volcano curve. It is shown how the energies relevant for
ammonia synthesis change when the binding energy of nitrogen is changed.
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line can be found by setting dr/dT = 0, where r is the rate
expression given as a function of p(NH3) and T .

Calculation of Optimal Catalyst Curves

From the volcano curves calculated, as described earlier,
the optimal catalyst curves can be constructed. For a given
total pressure and H2 : N2 ratio this can be done by calcula-
tion of volcano curves for different temperatures and am-
monia concentrations. For each set of reaction conditions
the nitrogen binding energy corresponding to the maximum
of the volcano curve is plotted in a diagram showing am-
monia concentration vs temperature. By connecting data
points representing the same binding energies, the opti-
mal catalyst curves are obtained, e.g., curves showing under
which conditions a catalyst with given nitrogen binding en-
ergy is optimal.

RESULTS AND DISCUSSION

Figure 3 shows how the maximum of the volcano curve is
shifted as the ammonia concentration is increased. In both
diagrams, the volcano curves are calculated at ammonia
concentrations representing a 5, 20, and 90% approach to
equilibrium. It is seen that at 420◦C with a H2 : N2 ratio of
2 : 1 and at the relatively low pressure (80 bar) as seen in
the left panel of Fig. 3, the optimal catalyst at high ammonia
concentrations has a nitrogen binding energy close to that of
ruthenium, whereas at the lowest ammonia concentrations
a nitrogen binding energy closer to that of iron is optimal.

The right panel of Fig. 3 shows similarly how the volcano
curve is shifted when the ammonia concentration varies.
These volcano curves are calculated at 450◦C and 200 bar
with a H2 : N2 ratio of 3 : 1, and the optimal catalysts have

FIG. 3. (Left panel): Calculated volcano curves at 420◦C, 80 bar, 2 : 1
H2 : N2, equilibrium 17.4% NH3. (Right panel): Calculated volcano curves
at 450◦C, 200 bar, 3 : 1 H2 : N2; equilibrium 25.4% NH3. In both cases the

volcano curves are calculated at ammonia concentrations corresponding
to a 90, 20, and 5% approach to equilibrium.
ET AL.

binding energies relatively closest to those of iron, except
at the highest ammonia concentrations. These trends are in
agreement with experimental findings. Previously, we have
shown how the model accurately describes not only the
effect of electronic promotion (6) but also the alloying ef-
fects (14). It is now possible to understand many of the
apparently conflicting experimental observations reported
for ammonia synthesis catalysts, since the effects of pro-
motion and alloying depend critically on the experimental
conditions. For example, many different views on the effect
of Co addition to the traditional promoted iron catalyst
have been presented (25–27). However, promoted Fe–Co
catalysts are only expected to be better than promoted Fe
catalysts at relatively high ammonia concentrations. This
is due to the lower ammonia inhibition of such catalysts
compared to that of promoted iron catalysts. In this sense
the properties of promoted Fe–Co catalysts are intermedi-
ate between those of promoted iron and cobalt in accor-
dance with the interpolation principle (14). Generally, it
should be noted that the proper use of the interpolation
concept requires knowledge of the catalyst surface compo-
sition under the relevant reaction conditions.

Ammonia synthesis is an equilibrium-limited exothermic
reaction. This is also the case for many other large-scale
catalytic reactions of industrial interest such as methanol
synthesis, water–gas shift, benzene hydrogenation, and sul-
fur dioxide oxidation. If the heat of reaction is not removed,
the ammonia concentration and the temperature will in-
crease until equilibrium is established.

As a starting point we consider ammonia synthesis in an
isothermal reactor at atmospheric pressure. Figure 4 shows
the position of the equilibrium curve under these condi-
tions. Since the reaction is exothermic, the equilibrium con-
centration of ammonia decreases when the temperature in-
creases. In laboratory reactors, ammonia synthesis is often
conducted at atmospheric pressure and at a temperature
around 350◦C. Usually, it is not a problem to achieve isother-
mal operation under these conditions due to the very small
conversion. Figure 4 illustrates the operating line that con-
nects the temperature and the ammonia concentration in
such a reactor.

Since it is an isothermal reactor the operating line is ver-
tical. For example, the ammonia concentration increases
from 0.01 to 0.80% in the experiment as illustrated by the
starting and ending points of the operating line. We have
shown that the position of the maximum of the volcano
curve depends on the reaction conditions. Therefore, to
minimize the amount of catalyst required to reach the given
ammonia concentration, it is possible that different cata-
lysts should be chosen for the different reaction conditions
(in this case for the different ammonia concentrations), and
this is indeed the case. To determine which catalysts should
optimally be chosen, we have included some optimal cata-

lyst curves in Fig. 4. In principle, an infinite number of



OPTIMAL CATA

FIG. 4. Equilibrium curve at atmospheric pressure and operating line
for an isothermal reactor operating at 350◦C in which the ammonia con-
centration is increased from 0.01 to 0.80%. The optimal catalyst curves
intersect the operating line. This shows that different catalysts are optimal
for the different reaction conditions in the reactor.

optimal catalyst curves corresponding to different nitrogen
binding energies exist. These curves show the binding en-
ergy of nitrogen for the catalyst with the highest turnover
frequency under the given conditions. The optimal catalyst
curves are seen to pass through the operating line. At the in-
let of the reactor, a nitrogen binding energy, EN∗–EN∗(Ru),
of about −30 kJ/mol is optimal, whereas −13 kJ/mol is op-
timal at the outlet. This means that the minimal amount
of catalyst is necessary if an infinite number of different
catalysts with carefully chosen nitrogen binding energies
are used. Each catalyst must be placed in the reactor so
that it experiences the reaction conditions defined by the

intersection of the relevant optimal catalyst curve and the

operating line. In practice, it is of course not possible to

FIG. 5. p(NH3) vs T diagrams illustrating the equilibrium curve and the operating line for an internally cooled reactor (left). An indirectly cooled

pressure of 80 bar with a H2 : N2 ratio of 2 : 1. In the high
reactor with three beds (right).
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select an infinite number of catalysts with the desired ni-
trogen binding energies. Furthermore, it is not possible to
operate an industrial reactor isothermally. For ammonia
synthesis, the adiabatic temperature rise is ca. 14–18◦C for
each percentage of ammonia produced (28, 29). Therefore,
only a quite small conversion per pass can be reached in
the ammonia synthesis loop. Using only a single catalyst,
it is well known that the minimum catalyst volume will be
obtained in a reactor where the optimal operating line is
followed as closely as possible. The optimal operating line,
occasionally also called the maximum rate line, illustrates
the temperatures at which the maximum rate is reached
at given pressure and gas composition. Different synthe-
sis loop configurations have been proposed to approximate
the optimal operating line. Figure 5 shows how it is done in
an internally cooled reactor with a countercurrent flow of
synthesis gas in the cooling tubes or in an indirectly cooled
reactor where the gas is cooled by heat exchange between
the individual beds. The resulting operating lines are also
shown (30). These two reactor designs have been exten-
sively used in the ammonia synthesis industry. The TVA
reactor that was common from 1930 to 1965 typifies the in-
ternally cooled reactor. Today, most new industrial ammo-
nia synthesis reactors are adiabatic two- or three-bed radial
flow arrangements with indirect cooling. In such reactors,
the ammonia concentration and the temperature vary in
the two (or three) beds as shown in Fig. 5.

As was the case for the isothermal reactor, it is possible
that different catalysts should be chosen for the two (or
three) catalyst beds in the indirectly cooled reactor to
minimize the total catalyst volume. Again, this can easily
be seen by including some optimal catalyst curves with the
operating line. In Fig. 6, we have done this for a three-bed
arrangement with indirect cooling in a synthesis loop at
200 bar with a stoichiometric synthesis gas.

Similarly, optimal catalyst curves are shown at a synthesis
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FIG. 6. Optimal catalyst curves superimposed on a p(NH3) vs T diagram with equilibrium curve and optimal operating line for an indirectly cooled

reactor with three beds with an H2 : N2 ratio of 3 : 1 at 200 bar (right). Two

pressure case, it is seen that catalysts with nitrogen bind-
ing energies, EN∗–EN∗(Ru), between −15 and −25 kJ/mol
are optimal dependent on the position in the reactor. If a
similar operating line is drawn for the low pressure case,
it is apparent that catalysts with binding energies between
−10 and −20 kJ/mol are optimal. In all cases it is seen that
the optimal catalyst curves cross the optimal operating line.
Thus, it is seen that the smallest possible amount of catalyst
is necessary when an infinite number of different catalysts
are used in all three beds. For each bed the situation is analo-
gous to the case of the isothermal reactor. Although it is not
possible to use an infinte number of catalysts in each bed,
it could easily be possible to use different catalysts in the
three beds. In such a case, it is desirable to select catalysts
with nitrogen binding energies, EN∗–EN∗(Ru) close to those
corresponding to the intersections of the optimal catalyst
curves and the operating line. Generally however, the small-
est possible total catalyst volume results when the reactor
is designed to follow the optimal operating line as closely
as possible, and simultaneously the catalysts are selected to
approach the optimal catalyst curves as closely as possible.
It is a simple optimization to balance the potential savings
in the reactor volume against the cost of available catalysts.
It is worth noting that the considerations presented here
are in excellent agreement with industrial practice. In am-
monia synthesis loops operated at high pressures only iron
catalysts are used, whereas ruthenium catalysts are used in
the second, third, and fourth bed of the Kellogg advanced
ammonia process (31, 32) operated at lower pressure and
with a H2 : N2 ratio below 3 and close to equilibrium.

This means that with our current understanding of the
ammonia synthesis reaction it is possible to link density
functional calculations with the industrial reactor design

and catalyst selection. Thus far, this is only possible in am-
monia synthesis due to the in-depth understanding of this
beds with an H2 : N2 ratio of 2 : 1 at 80 bar (left).

reaction. For other reactions we anticipate that a similar sit-
uation will be reached when more detailed models become
available. However, ammonia synthesis represents a rather
simple case since the activity can be accurately described
by a single parameter. For other reactions this might not
be possible. However, it should still be possible to establish
optimal catalyst curves, although they might not be easily
visualized.
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