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The main purpose of this paper is to analyze recent nitrogen ad-
sorption and desorption studies of iron-based ammonia synthesis
catalysts by Langmuir-type models, to some extent with a linear cov-
erage dependence of the activation energies included. The results
are applied to set up a simple microkinetic model for the ammonia
synthesis reaction, where due care has been taken to choose the ki-
netic parameters for the relevant range of coverages. This model is
self-consistent in that the predicted coverages are within the range
used to determine the input parameters, and the agreement be-
tween calculations and experiments is much better than for models
based on single-crystal studies. A consequence of the analysis is that
chemisorbed atomic nitrogen (N—*) is much more weakly bound at
high coverages than is to be expected from low-coverage single-
crystal studies. The coverage of N—* is close to 0.5 under synthesis
conditions, a result that is in agreement with earlier considerations.
The experimentally observed differences in the activity, as well as
the pressure dependence of the reaction rate, working with cata-
lysts with and without potassium promoter, can be at least partly
explained by a destabilization effect of potassium on N—* or on
the hydrogenated species NH—. The main conclusion is that it is
necessary to take surface heterogeneity or adsorbate-adsorbate in-
teractions into account to obtain a model that can compete with the
Temkin-type models.  © 1997 Academic Press

1. INTRODUCTION

The Kkinetics of ammonia synthesis over industrial iron
catalysts is still a subject of discussion despite the fact that
it has been studied for most of this century. From an indus-
trial point of view, the extended Temkin—-Pyzhev equations
(1) are most useful in simulating the ammonia yields under
various conditions (2), and hence there is no great techno-
logical incentive to make further kinetic studies of ammonia
synthesis over the industrial iron catalyst.

In recent decades, however, surface science studies of
single-crystal surfaces have been used as a basis for at-
tempts to formulate microkinetic models (3-12). The view
that the catalyst surface is dominated by the Fe(111) plane,
with a negative apparent activation energy of dissociative
chemisorption of nitrogen (4-6, 9, 10), came into conflict
with the general experience that chemisorption of nitro-

gen on iron-based catalysts is a very slow and strongly ac-
tivated process (8, 12-14). It has been suggested (6) that
this discrepancy is caused by oxygen poisoning during the
conventional chemisorption studies, since it is well known
that at low temperatures the industrial catalysts are ex-
tremely sensitive to such poisoning, even at sub-parts per
million levels of oxygen; however, the single-crystal stud-
ies do not support the hypothesis that small amounts of
oxygen should lead to a decrease in the rate of chemisorp-
tion of several orders of magnitude. A simple site block-
ing effect was observed (15, 16). Other possible reasons
why low-coverage sticking-coefficient results from single-
crystal studies may be inappropriate to catalysts have been
discussed thoroughly in Refs. (17, 18).

It is well known with kinetic modeling that there are of-
ten many ways to obtain a good fit to a set of experimen-
tal data. Such fits definitely do not prove that the mecha-
nism concerned is correct, neither with respect to the values
of input parameters, nor with regard to the underlying as-
sumptions in the mechanism itself. As expressed in Ref.
(19), “the mapping between mechanism and rate expres-
sion is unidirectional.” In particular, the use of “45° plots”
of calculated versus experimental values of the product con-
centration at the reactor outlet, to illustrate the success of
a model, can be very deceptive. For experimental results
close to equilibrium, the agreement will always appear sat-
isfactory, provided only that the model does not seriously
underestimate the rate. Due to the strong inhibition of the
rate of synthesis by even a small partial pressure of am-
monia, the range of conditions for which a reasonable 45°
plot can be expected will be quite extensive for iron-based
catalysts. As demonstrated recently (2), the calculated rate
of ammonia synthesis will always be reasonably correct in
the limit where 6y ~ 1, no matter what rate of dissociative
chemisorption of nitrogen is assumed, provided only that
the rate of nitrogen desorption is correct. For these reasons,
the following treatment focuses mainly on low conversion
conditions, where 6y is significantly lower than 1.

Both old and modern studies of elementary or more com-
plicated surface reactions indicate that the surface of an
industrial iron-based catalyst is kinetically heterogeneous.
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Hence the great success over the years of the Temkin-
type kinetic model is not surprising. Thus one would def-
initely not expect perfect agreement starting from a sim-
ple Langmuir-type model, yet it is instructive to investigate
how closely such a model can describe the physicochemi-
cal principles and the synthesis kinetics when due care is
taken to choose the appropriate kinetic parameters for the
relevant coverages. The same is true, e.g., when elementary
chemisorption processes are described by an Arrhenius-
type rate constant, even when the coverage dependences
are much stronger than the Langmuir factors can explain.
This problem is then solved by allowing the activation en-
ergy as well as the preexponential factor to vary with cov-
erage, the latter frequently by several orders of magnitude
(“‘strong compensation effects™) (20).

Temperature-programmed studies have recently been
used (18, 21), to map the nitrogen chemisorption char-
acteristics of guaranteed nonpoisoned catalysts; extreme
care was taken to ensure that poisoning was really ab-
sent. The conclusion was that the process is slow and acti-
vated, in good agreement with the earlier results of Scholten
et al. (14).

In the present article a discussion is presented on the
possible consequences of the above-mentioned results for
simple Langmuir-type microkinetic analysis. Examples of
various ways to obtain a good fit between model and ex-
periment are presented, and the effects of variations in the
input parameters are discussed.

2. GENERAL MODEL

The series of steps considered in the modeling of the
ammonia synthesis reaction are as usual (2-12):

N2(g) + * = Np—= [1]
No—* + % = 2N—* 2]

N—* + H—x = NH—* + % [3]
NH—* + H—* = NH,—* + x [4]
NHy—* 4+ H—* = NHz—* 4 x [5]
NHsz— = NH3(g) + = [6]

H2(9) + 2+ = 2H—* [71

where * denotes a chemisorption site. Fugacity effects are
of negligible importance for the results discussed here. They
have been taken into account in all cases where direct com-
parison with experimental data for NH3 synthesis is made,
but for the computations given below ideal gas behavior has
been assumed. The results used in the following all origi-
nate from experiments using small catalyst particles (i.e., no
significant diffusion limitations) in reactors working under
plug-flow conditions (6, 18, 22, 23).

B. FASTRUP

The suggested existence of a molecular precursor to the
dissociation of nitrogen is crucial to a fundamental under-
standing of the physical significance of the concept of nega-
tive apparent activation energies (24). However, since it is
generally accepted that the coverage of molecular nitrogen
is low at synthesis temperatures, and since the molecular
precursor has proved difficult to observe (21, 25), steps [1]
and [2] are mostly replaced by

N2 (Q) + 2% = 2N—*. [0]

In all the computer simulations we have carried out, it has
been suggested that none of the other steps should become
slower than the dissociative chemisorption of nitrogen. This
means that for steps [3] to [7], only the equilibrium constants
are of importance.

3. MODELS BASED ON NONACTIVATED
NITROGEN CHEMISORPTION

The rate constants deduced from the single-crystal
Fe(111) studies are used as a starting point and the factors
A and Ex as given in Ref. (11) are listed in Table 1. These
rate constants lead to ammonia synthesis rates of the right
order of magnitude for potassium-promoted iron catalysts
under industrial conditions (2, 4-6, 9-11). Generally, the
agreement between calculated and experimental values of
the NH3 concentration at the reactor outlet was good at
conversions higher than half of the equilibrium value, at 1,
150, and 300 atm. The calculated-versus-experimental val-
ues plot (“45° plot™), however, displayed a systematically
deviating trend, resulting in a slope closer to 2/3 than to 1
(4-6). The deviation over the experimental range amounted
to a factor of about 2 of the exit NH3; concentration. Due
to the strong inhibition of the synthesis rate by ammonia,
this deviation corresponds to a much larger variation in

TABLE 1

Preexponential Factors (A) and Activation Energies (Ea) for Steps
in Ammonia Synthesis from Ref. (11)

Forward step Reverse step

Step? A Ea (kJ mol™t) A Ea (kJ mol™)
0 58.0° —14.6 1.32 x 10° 155.0
1 2.53 x 106° 0.0 1.87 x 10%* 43.1
2 4.29 x 10° 28.5 1.32 x 10° 155.0
3 1.83 x 10° 81.3 1.15 x 107 23.2
4 1.31 x 10*® 36.4 1.38 x 10%? 0.0
5 3.88 x 10° 38.7 2.33x 10% 0.0
6 3.67 x 10%? 39.2 1.81 x 108° 0.0
7 7.01 x 108° 0.0 3.24 x 10% 93.8

2 See text.
bs—tatm L
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the equivalent amount of catalyst, as also pointed out by
Bowker (17). Stoltze (6) demonstrated that the addition of
a small amount (10 ppm) of water could change the slope
to 1. Addition of water also increased the activation energy
for the synthesis reaction from 47 to ca. 76 kJ mol~%, which
is a more realistic value (22, 23). Later, the activation en-
ergy for the dissociative nitrogen sticking coefficient in the
model was increased from —15 to +3 kJ mol~! (26), which
necessarily increased the activation energy for the synthesis
reaction as well. The new model can be considered only a
minor revision, however, since the nitrogen chemisorption
is still considered approximately nonactivated, and the “45°
plot” in Ref. (26) is indistinguishable from the original one
(4-6); i.e., the slope is still closer to 2/3 than to 1.

An alternative way of increasing the activation energy
for NH3 synthesis would be to increase the H—* binding
energy. An example of the results of such a procedure is
demonstrated in Fig. 1 and in Table 2, column Il. The bind-
ing energy of NH—= has also been changed, but the main
effect comes from H—. This demonstrates that it is pos-
sible to obtain approximately correct NHj; yields even for
low conversions and negative activation energies for the
chemisorption of nitrogen, in contrast to what has been
claimed (17); however, it can easily be verified from calcula-
tions of the equilibrium coverage versus hydrogen pressure
that the heat of hydrogen chemisorption in Table 2, col-
umn 11, is far too high to be consistent with hydrogen TPD
results (27). The reverse approach would be to choose a low
heat of chemisorption of hydrogen and then change the ac-
tivation energy for the N, dissociation step. This method is
dealt with in Section 5.

100

Calculated Ammonia Yield [%]
>

T T T T T T T T T T T T

10 100
Experimental Ammonia Yield [%]

14 —

FIG. 1. Calculated versus measured (22, 23) ammonia yields. Case
with high heat of chemisorption of hydrogen (Table 2, column II). Multi-
ply promoted catalyst. SV: 15,000-106,000/h, pressure: 150-308 atm, tem-
perature: 646-768 K, NH3: 4-30%, H;: N2: 1.2-6.2.
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TABLE 2
Reaction Enthalpies at 673 K

Reaction enthalpy (kJ mol™t)

Step? I 1ne

0 —169 —169
3 58 100
4 36 30
5 39 50
6 39 44
7 —94 —129
2 See text.

b EA (forward)—Ea (reverse) from Table 1.

¢ Enthalpies as in column I, but with heat of
hydrogen chemisorption increased to fit the acti-
vation energy of 76 kJ mol~! for NH; synthesis at
150 atm, 723 K, and 8% NHs.

4. SIMPLE TPD AND TPA MODELING

The following conditions were used in all the modeling
work described here: catalyst volume = 0.2 cm?, gas flow =
50 cm®/min, pressure = 1 atm. No important effects of plug
flow versus constant stirred tank reactor conditions were
found. This is self-evident for the TPA but not for the TPD
results, as discussed later.

Figure 2 displays the results of calculations of nitrogen
TPD profiles using the parameters in Table 1. The position
of the nitrogen TPD peak maximum is at ca. 680 K, if the
reverse reaction is omitted. This value falls between the ex-
perimental values for potassium-promoted and potassium-
free samples (650 and 710 K, respectively) (18, 21, 28).
The calculations including readsorption are clearly not in

0.03

0.0257

0.02+

0.015

Concentration [%]

0.014

0.005+

Temperature [K]

FIG. 2. Calculated N, TPD profiles for the rate constants in Table 1.
(A) Without readsorption, heating rate: 420 K/min. (B) Without readsorp-
tion, heating rate: 5 K/min. (C) Including readsorption, 5 K/min.
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agreement with the experiments. Obviously, the calculated
rates of readsorption have to be decreased. If an attempt
is made to fit both the position and the width of the TPD
peak using a low rate of readsorption and a constant preex-
ponential factor A_, (“—2” referring to the reverse step 2)
and activation energy Eg, the resultwillbe A_,~ 4 x 107s7?
or below and an activation energy Eq~ 127 kJ mol~! is ob-
tained. This does not seem likely. Recent studies of the ef-
fects of the chosen heating rate on the TPD peak position
(28) suggest that A_,=1.3 x 10° s~ is a reasonable value.
Fixing this value and fitting the peak position by variation
of Eqresultin Eq = 146 or 163 kJ mol~* for samples with and
without potassium, respectively. The resulting TPD peaks
are too narrow, basically as shown for the irreversible case
in Fig. 2, since the rate constant for desorption is approx-
imately the same; however, only the difference between
samples with and without potassium is of concern at this
stage. The problem of the peak width is further addressed in
Section 7.

The nitrogen TPA reaction is rather complicated to
model. This is self-evident from previous results of N;
chemisorption studies, such as those by Scholten et al. (14).
Several explanations of the peculiar structure of the TPA
peaks can be suggested, as discussed in Ref. (18). Thus,
it will be possible to find several solutions to the model-
ing problem until more data are available. As an example,
Table 3 gives some of the solutions to the problem of fitting
the high-temperature part of the TPA profile [zonesd and e
in Ref. (18)], and the corresponding TPA curves are shown
in Fig. 3. The number of active sites here and in the follow-
ing cases have been obtained by fitting the height of the first
TPD peak for the sample in question. The preexponential
factor 133 s~ atm~! is not too far from the 58 s* atm~! in
Table 1. It is interesting to note that the “bump” [labeled e
as in Ref. (18)] just before desorption sets in can (to some
extent) be reproduced without introducing another type of
site.

A perfect fit of the combined TPA/TPD profiles cannot
be obtained within a simple Langmuir model by assuming
only one type of site and no coverage dependence of the

TABLE 3

Nitrogen Adsorption and Desorption Rate Parameters Used for
Calculation of the TPA Profiles in Fig. 32

Adsorption Desorption
A Eag A Eq Profile
(statm™?) (kJ mol™1) () (kJ mol™1) in Fig. 3
133 25.1 5.23 x 108 168 A
1948 35.2 5.23 x 108 173 B
20000 57.6 1.3 x 10° 146.3 c

2 The data in the first two lines were obtained by fitting results for a
multiply promoted sample (18).

B. FASTRUP
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FIG. 3. Calculated TPA profiles for nitrogen. Rate constants and la-
bels from Table 3. Flow: 50 cm®/min 0.76% N in He, heating rate: 5 K/min,
number of active sites: 1.2 x 10'°. e: see text.

rate constant. A good fit to the adsorption part results in
too sharp a desorption peak. The inadequacy of the Lang-
muir model is not so surprising since nitrogen chemisorp-
tion on iron is the standard textbook example of adsorp-
tion with a strongly coverage-dependent enthalpy (Slygin—
Temkin isotherm) as well as activation energy (29). In the
following section an attempt is made to combine the ex-
perience gained with both ammonia synthesis kinetics and
elementary surface reactions to investigate how far one can
proceed with a Langmuir approach, when due care is taken
to choose the kinetic parameters consistently, i.e., for the
coverages that will be dominating under the conditions that
the model is expected to simulate.

5. MICROKINETIC ANALYSIS BASED ON
CATALYST STUDIES

After thorough reexamination of all the TPA/TPD pro-
files in Ref. (18) the following approach to a microkinetic
model of the ammonia synthesis reaction on potassium-
promoted catalysts was attempted.

It was assumed that the relevant active sites are those cor-
responding to the first peak in the TPD profiles. This was
where the most striking difference was found for samples
with and without potassium. In addition, the total coverage
of N—* is expected to be high under synthesis conditions,
so the number of free sites on which the reaction can pro-
ceed will be significant only for the sites that bind N—* most
weakly, i.e., the sites giving rise to the first peak. Conse-
quently, the other sites can be ignored as a first approach.
The preexponential factor and activation energy for des-
orption of N, were chosen to be 1.3 x 10° s* and 146.3 kJ
mol~1, respectively (cf. Section 4 above). The rate constant
for adsorption was then fitted to agreement with the isobars
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FIG. 4. Nitrogen desorption equilibrium isobars for singly and doubly
promoted samples. Partial pressure of N,: 0.0015 atm.

at about half-coverage (Fig. 4) with due respect to the TPA.
The isobars were given priority over the TPA, since the in-
terpretation of the latter is rather complicated. The result
(Table 4) isillustrated in Fig. 3. The TPA (solid line) was not
in disagreement with experimental results for high cover-
ages, as will be demonstrated later (Fig. 9). It can be noted
that the energetics of the nitrogen chemisorption in Table 4
are similar to those suggested in Refs. (17, 30). Results of
determinations of the heat of chemisorption of nitrogen (Q)
on iron range from 46 to 210 kJ mol~! (12, 31). Obviously,
more work on guaranteed nonpoisoned catalysts with var-
ious promoters is needed; in particular, direct calorimetric
studies would be useful.

The heat of chemisorption of hydrogen was chosen to
fit the 300-Torr isobar obtained by conventional hydrogen
chemisorption methods for a commercial catalyst [KM1,
Fig. 4A in Ref. (32)].

The resulting rate constants (expressed as A and Ea val-
ues) for steps [0] and [7] are given in Table 4. The other rate

TABLE 4

Kinetic Parameters (A and Ea) Deduced from Studies of Ad-
sorption and Desorption of Nitrogen and Hydrogen for Potassium-
Promoted Fused Iron Oxide Catalysts

Forward step Reverse step

Step? A Ea (kJ mol™t) A Ea (kJ mol™)
0 2.00 x 10*P 57.60 1.30 x 10° 146.3
3 1.83 x 10° 83.60 2.36 x 107 20.9
4 1.20 x 10% 13.38 1.00 x 10% 0.0
5 1.18 x 10% 14.63 1.00 x 10% 0.0
6 4,08 x 1012 12.54 1.81 x 108° 0.0
7 7.01 x 108° 0.00 3.03 x 10% 74.82
2 See text.
bs1atm1.
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constants have been adjusted to physically “reasonable”
values consistent with the gas-phase equilibrium constant
[see, for instance, Eq. 3.38 in Ref. (6)]. Step [3] is left almost
as in Table 1 and mainly the rate constants for the uncritical
steps [4] to [6] have been varied. No fitting was involved for
steps [3] to [6]. The resulting 45° plot (21) can hardly be
distinguished from the plot in Fig. 1.

An indication of the balance between the equilibrium
constants for chemisorption of hydrogen and nitrogen can
be obtained from experiments where the H,: N, ratio is
changed. Figure 5 demonstrates that the present model re-
produces this variation almost perfectly, whereas the model
relating to the data in Table 1 does not display the initial in-
crease in NH3 concentration, which has also been reported
previously (22). For comparison, the number of active sites
was fitted at 50% N,. Concerning the order of magnitude, it
suffices to say that for the data in Fig. 5, both models were
in agreement with the expectations, considering the exper-
imental uncertainties and the overall shortcomings of the
models.

The rate constants given by the data in Table 4 have the
following interesting property. If the heat of chemisorption
Q and the activation energy for adsorption and desorption
are varied according to the Evans—Polanyi relation,

SEa = a-8Q, [8]

using « =0.75 (@ being the parameter in the Temkin-
Pyzhev equation [1]), the result emerges that the rate of
NHj3 synthesis is close to optimal. The maximum values
for 50% conversion and 673 K are found by decreasing
or increasing Q by only ca. 4 kJ mol~! for 100 and 1 atm,
respectively.

o
&

=

Outlet ammonia [%)]

3.51

20 30 40 50 60 70 80
Inlet nitrogen concentration [%)]

FIG.5. Percentage of ammonia at outlet versus the inlet gas composi-
tion (0% NHj3). Solid line: calculated from Table 4. Dashed line: calculated
from Table 1. x: experimental results. Conditions: 50 atm, 673 K, 0.76 g
doubly promoted catalyst (18), sieve size 0.1-0.15 mm, 267 cm*/min.
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6. EFFECTS OF POTASSIUM

Based on nitrogen TPD and TPA results it was previously
concluded that N—= is destabilized in the presence of potas-
sium (18, 21). The difference between the N, desorption
equilibrium isobars in Fig. 4 supports this interpretation.

The “bump” (e in Fig. 9) in the TPA profile just be-
fore desorption is missing or weak for the singly promoted
samples. This raises the following question: Does the ad-
sorption zone corresponding to the first TPD peak move
up in temperature when potassium is added? This means
that it coincides with the main dip for the potassium-free
samples, while it shows up as the bump in the potassium-
promoted catalysts. As described in Ref. (18), the identi-
fication of a correspondence between the different TPD
peaks and adsorption zones is difficult. More experiments,
probably of another type, are necessary to clarify whether
the sites corresponding to the first TPD peak adsorb nitro-
gen at a higher temperature for the potassium-promoted
sample. To put it another way, is the activation energy for
dissociation of N, really lower for samples without potas-
sium? This is not what would be expected from single-
crystal studies (33, 34), but the idea is consistent with the
suggested decrease in the heat of chemisorption of nitro-
gen, since an increase in the height of the barrier of the
dissociation step would be as expected from simple con-
siderations based on Lennard-Jones diagrams. The results
in Ref. (13) could actually also be interpreted that way;
however, a closer inspection of the TPA profiles reveals
features that can be interpreted both ways as a matter of
taste.

Figure 6 shows the calculated TPA profiles for activa-
tion energies of desorption of N, of 146 and 163 kJ mol~!

0.77

0.7651

desorption

0.76

Concentration [%]

0.7551

adsorption

0.75

0.745 T T T
300 500 600 700
Temperature [K]

400 800

FIG.6. Calculated TPA profiles (see Table 6 for definitions and
Table 4 for preexponential factors). Number of active sites: 1.2 x 10%,
The horizontal thin line indicates the nitrogen concentration at the inlet.
A and B coincide below 550 K.

B. FASTRUP

corresponding to samples with and without potassium, re-
spectively. The activation energy for adsorption has also
been varied, from 57.6 to 52 kJ mol~! for the desorption
energy corresponding to potassium-free samples. The re-
sult for this case is the solid line in Fig. 6. The similarity
with the experimental results for a singly promoted sam-
ple (18) is high for the high-temperature adsorption zones
(dand e).

It was suggested a long time ago (35) that the promoting
effect of potassium could be caused by a destabilization of
the hydrogenated species, NHy. Obviously, this will lead to
increased activity if the coverage of these species is nonneg-
ligible. Starting from the parametersin Table 1 it turned out
to be impossible to obtain an appropriate size of the effect,
while maintaining the activity, the synthesis activation en-
ergy, and the reaction orders at approximately the correct
values.! The reason is that the calculated amount of NH,
on the surface is small for the parameters in Table 1. As
demonstrated below, this situation is significantly changed
for the model based on studies of chemisorption on
catalysts.

It is frequently claimed that there is no effect of potas-
sium on the activity at 1 atm. This claim is not quite in
agreement with our results. Generally, we find an increase
in activity by about a factor of 2, while the effect is an or-
der of magnitude at 100 atm (18). Table 5 demonstrates
that the destabilization of N— results in a substantial in-
crease in the activity at 1 atm and a 40% higher relative
increase at 100 atm (Table 5A, columns 1-3). For the same
change in activity at 100 atm, the destabilization of NH—
has a relatively weaker effect at 1 atm (Table 5B, columns 5
and 6). In addition, it is conceivable that the activity of the
potassium-free sample contains a significant contribution
from the sites corresponding to the second or even third
peak in the TPD profile. This leaves us with ample oppor-
tunities to fit the kinetic experiments for both types of cata-
lyst; however, from a fundamental point of view, this is not
avery sound approach as long as the coverage dependences
have not been taken properly into account. Much can be
said for and against the various explanations. For instance, it
would be expected that the destabilization of NH—* would
lead to an increase in the activation energy for hydrogena-
tion of N—=, contrary to the experimental observation that
the formation of NH3 during the temperature-programmed
surface reaction (TPSR) of N— in H, sets in at a lower tem-
perature for the potassium-promoted samples (27). Thus, it
is obvious that an exact picture requires further studies of
the elementary reaction steps at surfaces with and with-
out potassium and, probably, also additional studies of the

1 Recently, these calculations were repeated by Stoltze and Ngrskov
(26); however, these authors were concerned only about the relative vari-
ation with pressure of the activities of samples with and without potassium,
and they did not seem to realize the extent of these problems.
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TABLE 5

Calculations for 50% Conversion?

A)
Eastep 0 57.6 57.6 57.6 40.9 40.9 74.3
Eqstep 0 146.3  163.0 163.0 163.0 1463  146.3
E,rev. step 3 20.9 12,5 20.9 20.9 20.9 20.9
Q 88.7 1054 1054 1221 1054 72.0
P (atm) T (K)
100 633 85 5 5 5 118 72
100 673 318 22 23 24 439 116
1 673 116 11 11 14 218 24
Ea (syn) 54 59 59 57 42 86
(B)
Earev. step 3 20.9 37.6 46.0 54.3 58.5 62.7
P(atm) T (K)
100 633 85 78 57 19 7 2
100 673 320 294 210 78 32 10
1 673 116 115 110 97 82 59
Ea (syn) 54 52 51 55 61 69

2 First four rows: chosen energies, i.e., activation energies of adsorption
(Ea) and desorption (Eg) and heat of chemisorption (Q). Next three rows:
calculated forward rates of reactions in units of 10* s~ for the indicated
pressure and temperature. Last row: activation energy of synthesis (Eg)
for 100 atm and 673 K. All energy units: kJ mol~. In Table 5B, Q and the
activation energies for step 0 have been omitted since they are constant
(values as in the first column of Table 5A).

mutual interaction of the reaction intermediates. It should
be noted that the coverage of NHz;—* predicted by all the
microkinetic models published so far is negligible. They are
all dealing only with sites of metallic character, so the sug-
gested effect of NH3;— adsorbed on acid sites on the alu-
mina (31) is outside the scope of this paper.

7. COVERAGE-DEPENDENT RATE CONSTANTS

No coverage dependences of the rate constants were
taken into account above, to simplify the kinetic model.
It would not be consistent to elaborate on the influence of
the coverage of one species on the rate constants while ig-
noring that possibility for the others. In addition, it is not
at all clear how any mutual interaction between the various
species could affect the results.

Recent results of analysis of N, TPD profiles for a Topsge
KM1 catalyst (28) suggest an increase in the activation en-
ergy of adsorption of 30 kJ mol~! on going from zero to
full coverage; however, in Ref. (28) the rate of adsorption
was not measured, and the data analysis was performed
assuming that the rate of readsorption was significant at
low coverage, as follows from the data in Table 1. The re-
sults in Ref. (18) suggest otherwise, and a variation of about
13 kJ mol~1 for the activation energy of desorption is con-
sistent with the present data as demonstrated below.
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Rate constants from Table 6. Number of active sites: 1.5 x 10%°. Solid line:
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been displaced by 0.76% in the vertical direction.

Figure 7 shows the results of calculation of TPD pro-
files, where the activation energy for associative desorption
(Table 6) has been assumed to vary with coverage in the
following way:

Eg = (146.3 + 12.5 - y—=) kd mol 2. [9]

The agreement for the “normal” TPD (in helium) and TPD
in a dilute N,/He mixture (Fig. 8) is good, even though the
left side of the experimental normal TPD peak is slightly
wider than for the calculated profile. It should be empha-
sized that the rather weak effect of the presence of 0.76% N,
in the inlet gas stream demonstrates that the effect of read-
sorption under the normal TPD conditions (<0.03% Ny)
is negligible and, in addition, that the experimental results
are strongly in disagreement with the equilibrium constant
for the nitrogen chemisorption which can be deduced from
the Stoltze-Ngrskov model, as already suggested in the dis-
cussion of Fig. 2. The deviation arises from an uncritical use
by Stoltze and Ngrskov of the high heat of chemisorption
for nitrogen (169 kJ mol~') determined for zero coverage.

TABLE 6

Activation Energies for Step 0 Used in the Calculation of the
TPA Profiles in Figs. 6, 7, and 9

Activation energy (kJ mol~1)

Figure
Adsorption Desorption and label
57.60 146.3 6A, 9A
57.60 163.0 6B
52.04 163.0 6C
57.60 146.3+12.54 - On— 7D, 9D
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The calculations show that even for the modified Stoltze—
Ngrskov model (26), readsorption effects will cause a shift
of the peak to a temperature higher than 900 K in the pres-
ence of 0.76% N..

The result of a calculation of the TPA profile using Eq. [9]
is shown in Fig. 9. The desorption zone above 650 K has
become more flat, in agreement with the experimental re-
sults. It is, of course, unlikely that Eoq is constant when Eq4
varies, but the presented calculation is meant only as an
example of the possible effects of variations in the rate
constants with coverage. Such effects are most easily de-
scribed by variations in one of the activation energies; in

0.77
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0.7651 a
[e]
]
o

0.76
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Concentration [%]
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[=8
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FIG.9. Effect of coverage dependence on the TPA profiles (solid

line, D). Rate constants from Table 6, A and D. Number of active sites:
1.2 x 10*°. (A) No coverage dependence, for comparison. EXP: experi-
mental results for doubly promoted sample. e =the “bump.”
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the present case quite small variations will suffice. It can be
argued that the preexponential factor should be varied as
well, but the available data do not justify more complicated
modeling.

8. DISCUSSION

The case history discussed above clearly demonstrates
the familiar experience with kinetic modeling that there
is more than one way of obtaining a good fit to a set of
experimental data; the models defined by Eqgs. [0] to [7]
and Table 2 (column 1) or 4 both result in fairly good
fits to the data in Fig. 1. The inevitable conclusion is that
a kinetic model should be judged by a sound set of cri-
teria, not just by the fit to some set of experimental syn-
thesis data, even when it represents a rather extended ex-
cursion in the parameter space. In particular, one should
not rely on the “45° plots.” A detailed check of the acti-
vation energy and the reaction orders should be made. We
suggest the following list of criteria that the model should
satisfy:

1. The rate-determining step should be (a) correctly cho-
sen and (b) reasonably described (order of magnitude and
temperature dependence correct over the relevant experi-
mental range).

2. The fraction of empty sites and the coverages of the
most important reaction intermediates should be reason-
ably correct (as estimated by independent methods).

3. The derived kinetic equation should fit synthesis data
over a wide range of conditions.

The importance of these criteria depends on the aim of the
study of the kinetics. If the aim is to obtain an accurate de-
scription of the process, then criterion 3 is the most relevant.
Criteria 1 and 2 are the most important when fundamental
insight is the major purpose of the study.

Concerning criterion 3 above, a perfect 45° plotis a neces-
sary but not sufficient condition. Any visibly deviating trend
should be taken as a very serious indication that something
may be fundamentally wrong. If the 45° plot is perfect, the
model should still be checked for systematically deviating
trends in the rate-versus-temperature or rate-versus-partial
pressure plots, as in Fig. 5, before it is finally evaluated. In
other words, the 45° plots cannot be used to demonstrate
that a model is good, only that it is poor. The model based
on Table 1 fails to satisfy this condition.

An evaluation of criterion 1b results in rejection of the
input parameters in Tables 1 and 2. They cannot repro-
duce the nitrogen chemisorption results for the catalysts in
question. This leaves us with Table 4, which is not in direct
contradiction with any published data for fused iron oxide
ammonia synthesis catalysts, considering the simplifying as-
sumptions behind the model. Criterion 2 is difficult to eval-
uate since only very few attempts to measure the coverages
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directly have been published (36). A relative estimate of
the N—*/H—* balance is indicated by Fig. 5, and at least we
can claim that the model is self-consistent, since the calcu-
lated coverages of N—* and H— under synthesis conditions
are close to 0.5 (21), which was the coverage used in the de-
termination of the rate constants; however, the calculated
activation energy of ammonia synthesis varies from 110 to
43 kJ mol~* for conversions from 0 to 100% at 100 atm and
673 K. Such a large variation is not observed experimen-
tally. The experimental reaction order in NHj3 is also more
constant and less negative (ca. —1.5, as described by the
Pyzhev-Temkin models) than calculated for high conver-
sion from Langmuir models (—2) (1, 2, 22, 23). This suggests
that it is necessary to take coverage dependences arising
from intrinsic surface heterogeneity or from adsorbate—
adsorbate interactions into account, as indeed was con-
cluded half a century ago. The same conclusion can be
drawn from N, or H, TPD, N, TPA, or TPSR of N—* in H,. It
has recently been suggested that Bragg-Williams or quasi-
chemical isotherms might provide a better basis for a kinetic
analysis of the surface reactions on iron NH; synthesis cata-
lysts (2).

The best way to determine the relevant input parameters
for a microkinetic model of a synthesis reaction over a cata-
lyst is from surface reaction studies of the very same cata-
lyst, whenever possible. This approach has the advantage
that it is not necessary to rely on any assumptions about the
dominance of a particular crystal plane, and it is probably
much faster than single-crystal studies, since for the present
case both N, TPD and TPA, H, TPD, TPSR, and isobars
(adsorption or desorption) can be quickly measured.

9. CONCLUSIONS

A model for ammonia synthesis has been obtained that is
fairly consistent with the rates of nitrogen chemisorption as
well as ammonia synthesis over a wide range of experimen-
tal conditions. It is probably as close as one can reasonably
expect to get within the Langmuir approximation; however,
the extended Temkin models are still superior (2).

It has been demonstrated that it is possible to obtain a
good “45° fit” between a Langmuir type of microkinetic
model and ammonia synthesis data for iron-based catalysts,
for both positive and negative activation energies for the
dissociation of nitrogen. This accentuates the need for in-
dependent estimates of the critical input parameters.

The microkinetic analysis based on the surface reaction
studies of catalysts displays much better agreement with
experimental data for the ammonia synthesis reaction than
similar models based on single-crystal data. In addition,
an inconsistency between these models and experimental
nitrogen TPD results for the catalysts is demonstrated.

The destabilization of N— by potassium results in a sig-
nificant increase in the calculated activity. A similar effect
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can be obtained by destabilization of NH—*. The two ef-
fects differ in the way that for the same relative change in
pressure dependence, the order of magnitude of the activ-
ity is most strongly affected by the destabilization of N—*.
It is conceivable that both effects are of some importance
for the activity of the industrial iron catalyst; however, the
TPSR results (27) suggest that the destabilization of N—* is
the most important factor.
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