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The Kkinetics of ammonia synthesis at high pressures have been investigated using a recent
microscopic model (P. Stoltze and J. K. Ngrskov, Phys. Rev. Lett. 55, 2502 (1985)). The model is
based on the picture of catalysis emerging from quantum mechanical calculations and the results of
available ultrahigh-vacuum single-crystal studies of Fe. No reference to measurements of catalytic
reaction rates is used in the determination of the input paramecters. The model predicts reaction
rates in agreement with experiments using the industrial catalyst over large intervals of reaction
conditions. This strongly suggests that the model reproduces the essential features of the kinetics of
ammonia synthesis. From the model it is found that the largest contribution to the activation
enthalpy for the catalytic synthesis of NH, at high pressures is the energetic cost of creating two
free sites on the surface of the working catalyst. The calculated activation enthalpy under typical
high-pressure reaction conditions is almost but not completely constant. The predicted values are
in good agreement with experiment. It is shown that the reaction orders for N,, H,, and NH; are
directly related to the surface coverages by reaction intermediates. The calculated reaction orders
at high pressures are in good agreement with those observed in many previous investigations. The
coverages by adsorbed NH, NH,, NHj;, and H species are found to be larger than the ‘‘coverage by
free sites,”” i.e., the fraction of unoccupied sites. We suggest that this is the reason why the kinetics
of ammonia synthesis cannot be well described by a Langmuir—Hinshelwood expression with only
one surface intermediate, It is further shown that the observed high-pressure kinetics may be
explained without the assumption of surface heterogeneity used in the usual derivation of the

Temkin—Pyzhev or Ozaki-Taylor-Boudart kinetics.

1. INTRODUCTION

In recent years a number of chemisorp-
tion processes of importance for industrial
catalysis have been investigated in detail
(I-11) using surface-science techniques
and well-defined single-crystal surfaces.
The theoretical description of chemisorp-
tion has also developed considerably (/2-
21). This has resulted in an identification of
some of the parameters underlying poison-
ing and promotion (/2, 21) and trends in
reactivities for the transition metals as cata-
lysts (12, 21).

Direct measurements of rates of catalytic
reactions have been made for single crys-
tals as catalysts at high pressures (4, 8, 22—
25) and found to be in agreement with rates
measured for polycrystalline, supported
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metals for methanation over Ni (2, 8, 22),
for CO oxidation over Rh (25), and for am-
monia synthesis over Fe (22, 23, 26).

An attempt to use the available results of
UHYV single-crystal studies to formulate a
model of ammonia synthesis was made by
Bowker et al. (27). They calculated rates of
ammonia synthesis which were too low by
a factor of 10° and concluded on this basis
that the reaction mechanism should be dif-
ferent at low and high pressures. We as-
cribe the discrepancy between experiment
and the calculations by these authors to an
inconsistency in their description of the ad-
sorption and desorption of N, (28, 29).

Boudart and Loffler have noted (26) that
the high-pressure catalytic rates measured
for ammonia synthesis over single crystals
(22, 23) are in agreement with measure-
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ments for supported, polycrystalline Fe
(60). This suggests that studies of ammonia
synthesis over Fe single crystals are di-
rectly applicable to the study of ammonia
synthesis over polycrystalline Fe.

We have developed a model (28) for am-
monia synthesis based on quantum me-
chanical calculations (12, 13, 15, 19, 21) and
UHY single-crystal studies (I-3, 9, 11, 22,
23, 30-35) of the adsorption of N,, H,, and
NH; on Fe and on K-precovered Fe. The
model contains no adjustable parameters
and predicts rates of ammonia synthesis in
quite good agreement with high-pressure
measurements using an industrial catalyst.
This is a demonstration that the ‘‘pressure
gap”’ between UHYV single-crystal studies
and high pressure catalysis can be bridged.

The purpose of our model is to formulate
a framework for the understanding of the
high-pressure synthesis of ammonia using a
physically simple model. The purpose is
not to obtain a high accuracy in predictions
of catalytic reaction rates or to be able to
resolve the kinetics in the finest details. The
initial test of the model is the comparison of
experimental and predicted reaction rates
(28). The ultimate test of the model will be
its usefulness in the interpretation of single-
crystal experiments and of high-pressure
reaction measurements. We demonstrate
here how our model can be used in an inter-
pretation of the observed high-pressure ki-
netics of ammonia synthesis.

2. THE MODEL OF THE ACTIVE CATALYST

The industrial ammonia synthesis cata-
lyst consists of Fe promoted with small
amounts of K, Al, and Ca (36-38). In the
active state of the catalyst Fe is present as
200- to 500-A crystallites of the metal (39,
40). Al and Ca are present as oxides in the
surface (41) of the Fe crystallites and serve
to increase and stabilize the dispersion of
Fe (39, 42—-45). K is present on the Fe sur-
face (42) and increases the catalyst activity
by increasing the turnover frequency for
each site (I-3, 9, 11-13, 19, 21, 46, 47).

3. THE REACTION MECHANISM

By kinetic studies on the catalyst (37, 48—
51) and by the study of N, adsorption on
single crystals of Fe (I, 2, 9, 11, 21), the
following reaction scheme has been estab-
lished,

N> (g) +* = Npx (D
Np-# + * = 2N-* 2)
N-*+ 4+ H-* = NH-* + = (3
NH-* + H-* = NHy-* + %  (4)
NHy* + H-* = NH3-* + % (5)
NH;- =NH; @+ * (6
Hy(g) + 2+ =2H- ™)

where the asterisk represents a surface site.
Since the model we propose is based on the
reactants, product, and intermediates
chemisorbing competitively on a constant
number of sites, it is very important to in-
clude the surface sites explicitly in the de-
scription of the reaction mechanism.

For entropy reasons the sticking coeffi-
cient for the formation of N-* from N; (g) is
unusually small, of the order of 107%(J, 2, 9,
11, 21, 32, 33). The enthalpy of adsorption
of N, (g) as N+ is —31.4 kJ mol~! at low
coverages for Fe(111) (30) and the activa-
tion enthalpy for dissociation of N,-* into
2N-# is 28.1 kJ mol~! (30), resulting in an
apparent activation enthalpy for the ad-
sorption of N5 (g) as 2N-* of —3.3 kJ mol~!
(30) at low coverages.

The rate-limiting step in the adsorption
and desorption of N, (sequences 1, 2) and in
the synthesis of NH; (sequences 1-7) is
step2 (, 2,9, 11, 22).

Quantum mechanical considerations (12,
13, 19, 21) show that the effect of K is
mostly of electrostatic origin. The dipole of
K- interacts attractively with the Np-* di- -
pole, increasing the synthesis rate by in-
creasing the stability of N,-* on the surface
and thus increasing the lifetime of Nj-*.
This interpretation is supported by recent
EELS studies of N,-+ on Fe(111) and
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K/Fe(111) (47, 52), and by Kkinetic calcula-
tions (46).

4, FORMULATION OF THE MODEL

Our model (28, 29, 46) is based on the
statistical mechanical description of reac-
tants, intermediates, and products chemi-
sorbing competitively on identical surface
sites. A number of simplyfing assumptions
are introduced to ensure that the results of
the model can be readily interpreted on a
microscopic and macroscopic scale. The
approximations of practical significance are
the assumptions that the gas phase is ideal
and that all sites are identical. The conse-
quences of assuming that the gas phase is
ideal can be estimated. Calculations show
that the errors introduced by this approxi-
mation are tolerable under the reaction con-
ditions considered below.

The consequences of assuming that all
sites are ideal are much harder to estimate.
From quantum mechanical calculations the
assumption of identical sites appears obvi-
ous (13). The agreement between calcu-
lated (28) and experimental TPD peak
shapes suggests that this approximation is
quite good.

Based on the results of quantum mechan-
ical calculations (/3, 2/) and the experi-
mental study of N,/Fe(100) (31, 32), adsor-
bate—adsorbate interactions are assumed to
be absent until the coverage reaches one
adsorbate atom per two Fe atoms; above
this coverage repulsive adsorbate—adsor-
bate interactions are assumed to cause a
rapid drop in the enthalpy of adsorption,
thus limiting the maximum coverage to one
adsorbate atom per two Fe atoms.

Using a statistical mechanical description
(28, 29, 46) we obtain expressions for the
equilibrium constants in terms of partition
functions for the intermediates, e.g., for
step (2)

2
— ZN*
Zny’

where the partition function is calculated as

K> ®)

Zy = (HZtrans,i)(HZvib,i)
E
(MZuw) exp (~ %), ©)

where Zians, Zviv, and Z, are the partition
functions for translational, vibrational, and
rotational degrees of freedom for species X.
Ey, the ground state energy, is of electronic
origin. Translational, vibrational, and rota-
tional degrees of freedom give the largest
contributions to the entropy of species X,
while Ex gives the largest contribution to
the standard enthalpy of formation for this
species X.

In the model the reaction steps (1) and
(3)-(7) are treated as equilibria,

K, (PNz/pO)@* = ®N2* (10
K;0n.0p. = Onu:+0O- (1)
K®ninOm = Opn®.  (12)
KsOnm,On. = Ony,«0. (13)
K¢®Onp,s = pnu/po®.  (14)
K7 (pu,/po)(©.)* = (On.)? (15)

where p, is the thermodynamic reference
pressure, taken as 101.325 kPa.

The gas-phase equilibrium constant for
the synthesis of ammonia N, + 3H, = 2NH;
is

K, = K\K3KiK{K3iKiK3.  (16)
Since a site must be either unoccupied or
occupied by one of the reaction intermedi-
ates, we have

Ong + One + Onps + ONH,+

+ ®NH3* + Oy, + O, = 1, (17)

where 0. represents the fraction of sites not
covered by any surface intermediate,
loosely speaking, the ‘‘coverage by free
sites.”

For step (2) the rate is

r = k2®Nz*®* - k72(®N*)2. (18)
For k; we use an Arrhenius expression
ky = A,exp(—AH3/RT). (19)
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5.1. Application to N, Adsorption and
Desorption

We first apply the model to the adsorp-
tion and desorption of N;. This is done by
considering the nitrogen adsorption steps
(steps (1), (2))

N2 (g) + * = Np-* (M
Np-x  + % = 2N-* )]

which are a part of the reaction mechanism
for the synthesis of ammonia (steps (1)-
(7)). The equilibrium and rate equations
(Eqgs. (10)-(15) and (18) reduce to

Ki(Px,/p0)®. = Oy, (10)

ry = kOn,0. — k/Kx(On.)?.  (18)
Equation (17) reduces to

Ony + One = 1. (20)

N-+ will be formed at the rate 2r, from
which we obtain

dOn. _ 2k Ky pn,/po(1 — One)?
dt 1 + Kipn,/Po
%y
X, (On)% (21

We define the sticking coefficient, o, and
the initial sticking coefficient, oy, as the
probability that a nitrogen molecule will
form 2N-* when it hits any site or a free
site, respectively. In our model, o and oy
are related by

o = 0®?2 (22)
and oy may be calculated from
kK d
oo 221 V2amRT, (23)

T po(1 + K\ pn,/Po)

where d is the density of sites (mol m~2) and
m is the molecular mass of N, (0.028 kg
mol™}).

The activation enthalpy for o (and o) is

d ln((r))
dT /»

= AH} + AH, + 0.5RT

- AH1®N2*'

AH} = RT? (

(24)

5.2. Application to NH; Synthesis

For the synthesis of ammonia the follow-
ing equations are obtained from Eqgs. (10)-
(15) and (17) by straightforward algebra,

@Nz* = K| @ 0. 25)
Po
0.5
PxH; Po
@ . = @:: 26
N K3K4K5K6K%'5pll{'25 ( )
P,
Oni = TR o O 27
NH T K4 Ks Ko py, @
PNH;
O = 0. (28)
N T K KsK S popdt
PNH,
@ x = Ir ®* 29
NHs ™ Ko Do @9
0.5
p
On. = K3° 52 0. (30)
Po
PN PNH P8'5
Po K3 K4 K5 Ko K77phi;
4 pNHz + Pnu,
KiKsKeKipu,  KsKoK$pliipl®

0.5
le-{; 0.5pH2>_1
+—-K6 + K3 p—8.5 . (3D

The turnover frequency for the synthesis of
ammonia is found by substituting (25), (26),
and (31) into (18),

p%lH;pO
Kgp%'lz

Each surface site will form NH; at a net
rate of 2r, NH; molecules per second.

PN,
=2k K (———
r 288 Po

) @2 6

6. DETERMINATION OF INPUT PARAMETERS

The thermodynamic data for N,, H,, and
NH; in the gas phase are taken from stan-
dard tables (53). Vibrational frequencies for
the adsorbed species are taken from elec-
tron energy loss spectra (3, 54).

The parallel frustrated translation is
treated by assuming a sinusoidally varying
potential with a barrier for surface diffusion
equal to 0.05 eV for N,-*+ and 0.5 eV for the
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other reaction intermediates. This choice of
parameters is not at all critical for the final
result.

Using the above information on the TPD
spectra of H-* (33) and NH;-* (34) the adia-
batic ground-state energy for these species
is calculated from the measured equilibrium
pressure for No-+ (30).

The measured initial sticking coefficient
for N; into 2N-* and its activation enthalpy
may then be used to determine A, and AH3.
We use values (35) of the initial sticking
coefficient for N; on K-precovered Fe to
represent the industrial catalyst. Since the
presence of K erases the difference in stick-
ing coefficient for N, on the low-index
planes of Fe (33, 35), no assumption is nec-
essary on the distribution of sites between
the low-index planes in the catalyst.

The ground-state energy for N-# is then
found from TPD spectra (56). We find it
important to treat the rate of adsorption and
desorption of nitrogen (Egs. (1), (2)) and
the synthesis of ammonia (Egs. (1)-(7)) by
on¢ consistent model (57). The ground-
state energies for NH-+ and NH,-* are not
available from experiments. We assign val-
ues to these two ground-state energies be-
tween the values for N-# and NH;-#.

For the active area of the catalyst we use
the area determined from CO chemisorp-
tion (58-60).

At this point we may examine the sensi-
tivity of the predictions made by the model
to the choice of input parameters. If the
parameters are determined by the proce-
dure outlined above, the model will cor-
rectly reproduce the gas-phase thermody-
namics, the experimental thermodynamics
for the adsorption of Np-+, N-*, NH;-*, and
H-#, the experimental value for the initial
sticking coefficient for N into 2N-*, and its
activation enthalpy. Apart from the gas-
phase thermodynamics and the size of the
active area only three parameters are found
to be critical for the predictions by the
model. The critical parameters are A,,
AH3 + Ex.., and Ex., all of which are deter-
mined rather directly from experiments.

10

10~2

Calcuiated output

o

10-8
10-3

T r
10~2 10~1 1

Experimental output
Fi16. 1. Comparison of calculated and measured NH;
mole fractions at the reactor outlet for the industrial
catalyst Topspe KMIR. The catalyst is operating at 1—
300 atm, 375-500°C. The measurements at 150-300

atm are taken from Table I in Ref. (26). The 1-atm
measurements are from Ref., (65).

For all other parameters, the sensitivity of
the calculated results to reasonable varia-
tions of the input parameters is small. For
example, changing the frequency of the
frustrated translation by a factor of 10 or
changing the ground-state energy for NH-x
or NHy-* by 30 kJ mol™! will result in
changes in the predicted rates of reaction of
less than 10% (29).

7. COMPARISON WITH EXPERIMENT

Since all parameters in the model have
been determined without reference to data
measured for the synthesis of ammonia, the
quality of the predictions of the model may
be examined by comparing experimental
and calculated data for the high-pressure
synthesis of ammonia using the industrial
catalyst. The data are compared in Fig. 1.
The deviation between experimental and
calculated data under any set of reaction
conditions amounts to less than a factor of
1.4 in the rate constants for ammonia syn-
thesis,

The good agreement between calculated
and experimental output from the reactor at
1-300 atm strongly suggests that the model
correctly reproduces the essential features
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of the kinetics and mechanism of ammonia
synthesis. This gives confidence that the
model may be used to analyze the physical
and chemical conditions on the surface of
the catalyst during ammonia synthesis.

For the working catalyst the surface cov-
erages by the reaction intermediates may be
calculated from Egs. (25)-(31). A typical
case is shown in Fig. 2. The calculated cov-
erages are high under all experimentally
feasible conditions for ammonia synthesis.
Since the formation of N-* from N,-# is the
rate-limiting step, the intermediates N-#,
NH-%, NH,-*, NH;-*, and H-* are formed
through equilibrium with H,; and NH;. Un-
der conditions of vanishing Py, : Py, ratio
the coverage by H-* is high, while under all
other conditions, N-* is the most abundant
reaction intermediate.

Since the synthesis rate may be ex-
pressed as the product of the experimental
sticking coefficient oy and the coverage by
free sites, 6.,

- aopo(l + Kipn/po)

"2 d N 2amRT
2
PN, pNH;pO)
PN _ 0.2 (33
(o~ ae) @ 39

From this equation it is apparent why the
critical parameters are A,, AH, + E,. and
En. - A; and AH, + Ex,. are the preex-
ponential factor and the activation enthalpy
of oy, K, is much too small to have any
significance in the 1 + K, Py,/P, term, and
Ey. is by far the most important parameter
in the calculation of 6. since N-# is the most
abundant reaction intermediate. The three
critical parameters have been determined
rather directly from the measured sticking
coefficient and thermal desorption spec-
trum for N,. The good agreement between
the calculated and the experimental rates of
NH; synthesis is thus not at all a lucky acci-
dent.

Even if N-* is by far the most abundant
reaction intermediate under typical reac-
tion conditions, the sum of the coverages
by NH-*, NH,-*, NH3-#, and H-* is larger
than the ‘‘coverage’’ by free sites. The ki-
netics cannot be well described by a

Coverage

1078
»

N,-+*
- 2
105\

T T T T T T T T T

inlet outlet

Length through catalyst bed
F16. 2. Calculated coverages of adsorbed molecular
nitrogen (Nj-*), chemisorbed atomic nitrogen (N-x),
chemisorbed atomic hydrogen (H-*), and ‘‘coverage
by free sites’’ (*) for a K-promoted Fe catalyst operat-
ing at 400°C, 100 atm. Inlet 25% N,, 75% H,, 0% NHj;
outlet 20.6% NH;.

Langmuir-Hinshelwood expression with
only one surface intermediate (48, 50, 51,
61). We suggest that it is the complexity
arising from Ong. + Onpgye + Onpye + Op >
®. rather than adsorbate—adsorbate inter-
actions or surface heterogeneity (48, 50, 51,
61) which is the cause of the complicated
kinetics (48, 51, 61) deduced from early
studies of ammonia synthesis.

A change in the rate-determining step at
very low conversions has been suggested
by Temkin et al. (63). By reanalyzing their
experimental data we find (29) that our
model adequately describes the experimen-
tal observations and that the failure of the
conventional kinetics (63) is caused by a
high coverage by H-* rather than by a
change in the rate-limiting step.

8. INTERPRETATION OF REACTION ORDERS

When one considers a Kinetic expression
using apparent reaction orders

<pN2>“Nz<pH2>aHz<pNH3>“NH3
r=k|— — —

Po Do Do
_i(@)—1+01N2([ﬁ)—3+aH2(pNH3)2+aNH3 (34)
K; \po Po Po

the reaction orders can be calculated from
the forward rate of NH; synthesis (32),
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ro = %K, % 0. (35)
The results are
_d In(ry)
o = Thtperpy = 1~ 20 (6)
_ d ll’l(r+) _
% = Tinlpalpe) o+ 20
+ Oz — One (37)
_dIn(ry) w _
e =g In(pu/p0) 20 = 20wn.
~ 20np, — 20zu,.. (38)

The reaction orders may thus be inter-
preted in terms of the surface coverages.
The reaction orders are not constants but
depend on the reaction conditions, as the
coverages depend on the reaction condi-
tions. Under all experimentally feasible
conditions the reaction order for N, is pre-
dicted to be unity. Under conditions of van-
ishing partial pressure of ammonia, the cov-
erage by H-+ is high and we predict ag, ~ 3,
ang, ~ 0. Under typical ammonia synthesis
conditions the reaction orders are almost,
but not completely, independent of the re-
action conditions. The calculated values
are ay, = 3, anyg, = —2 in agreement with
the experimental determination by Nielsen
et al. (49).

At small conversions we predict that the
reaction will become inhibited by H, and
zeroth order in NH;. Inhibition of ammonia
synthesis by H, at small conversions has
recently been reported for supported Ru
(64).

Reaction
Ny =N (@) ++
N-# + 1.5H, = NH; + #*
NH-* + 1.0H, = NH; + =
NHy-* + 0.5H, = NHy + *
NH;-* = NH; + #
H-= = 0.5H; + =

These fractional and almost constant re-
action orders found under typical condi-
tions for ammonia synthesis are in our
model obtained for identical surface sites in
the absence of adsorbate-adsorbate inter-
actions.

It should be noted that even if the reac-
tion orders may be calculated from a
knowledge of the surface coverages, the
converse is not true.

The reaction orders may be calculated
similarly to Egs. (17)-(20) for other com-
monly used Kinetic expressions for ammo-
nia synthesis (29).

9. INTERPRETATION OF THE ACTIVATION
ENTHALPY

The activation enthalpy for ammonia
synthesis may be calculated from

an)

AH* = RT? ( (39)

By application of this to the rate expression
(Eqgs. (25)-(32)) the following equation is
obtained,
AH* = AH + AH, — 2AH Oy, — 2(AH,

+ AH, + AHs + AHq

+ 1.5AH7)On — 2(AH; + AHs

+ AHg + 1.0AH7)Owy. — 2(AH;s

+ AHg + O.SAH?)GNHZ*

- 2AH6®NH3* - AH7®H*. (40)
The terms in Eq. (40) may be interpreted as
the activation enthalpy for the rate-limiting
step plus a weighted average of the desorp-

tion enthalpies of the reaction intermedi-
ates.

Enthalpy

~AH,

—(AH, + AHy + AHs + AHg + 1.5AHY)
—(AHy + AHs + AHg + 1.0AH~7)
—(AHs + AHg + 0.5AH7)

—AHj;

—0.5AH;.

4D
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Reaction order
o

0.50 1.00

Conversion

Fic. 3. Calculated reaction orders for N, (solid
curve), H, (dashed curve), and NH; (dotted curve) for
NH; synthesis over K-promoted Fe at 100 atm, 400°C,
N :H ratio 1:3. Conversion defined as the ratio of the
actual ammonia partial pressure to the ammonia par-
tial pressure at thermodynamic equilibrium.

The activation enthalpy is not constant but
depends on the reaction conditions (Fig. 4)
as the surface coverages depend on the
reactions conditions (Fig. 2). Also the reac-
tion enthalpies depend somewhat on the re-
action temperature. Under typical synthe-
sis conditions the activation enthalpy is
almost, but not completely, constant. For
the experimental conditions of Nielsen et
al. we calculate an activation enthalpy
equal to 47 kJ mol~! in good agreement with
the experimental value equal to 46 kJ
mol-1,

At extremely small conversions Oy,
Onuv, Onpyp, and Oy, are vanishing. Under
these conditions the term —AH,®y. may
become significant. We predict that at van-
ishing partial pressure of NH; and at high
pressures of H,, values of AH* up to about
90 kJ mol~! may be observed. The value of
81 kJ mol™! reported for NH; synthesis
over Fe single crystals (22, 23) is identical
to the value predicted from our model un-
der the same reaction conditions. The high
value of AH* in the experiment is caused by
H-* rather than N-* being the most abun-
dant surface species.

Since the activation enthalpy AH; +
AH} = —3.3 kJ mol~! (30) for the rate-limit-
ing step (Eq. (2)) is vanishing, the major
contribution to the activation enthalpy for
ammonia synthesis comes from chemisorp-
tion enthalpies for the intermediates. This
contribution may be interpreted as the ener-
getic cost of creating two additional free
sites.

10. CONCLUSIONS

Based on the picture of ammonia synthe-
sis emerging from the experimental study
of single crystals under ultrahigh vacuum
and from the theoretical investigations in
chemisorption and catalysis, we have for-
mulated a physically simple microscopic
model (28). All parameters in the model
have been determined from gas-phase ther-
modynamics, single-crystal studies, and an
estimate of the size of the active area for
the industrial catalyst. No reference to
measurements of catalytic reaction rates is
used in the determination of the input pa-
rameters. The model adequately repro-
duces the experimental reaction rates over
large intervals of experimental conditions
for the industrial catalyst.

The agreement between experimental
high-pressure rates of ammonia synthesis

100

Act enthalpy (kJ/mol)
o
A ° Py

o T T T T
0.00

T ¥ T T

O.'50 1.00

Conversion
F16. 4. Calculated activation enthalpy for ammonia

synthesis over K-promoted Fe at 100 atm (solid curve)
and at 1 atm (dashed curve), 400°C, N,: H, ratio 1:3.
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and the calculations using our model
strongly suggests that the detailed picture
of ammonia synthesis emerging from sin-
gle-crystal studies of chemisorption under
UHYV is correct and emphasizes the rele-
vance and potential of single-crystal studies
in catalysis research.

Further, the agreement between experi-
ment and calclation suggests that a number
of featues, such as surface recontruction
and solubility of gases in bulk Fe, are of
minor importance for the kinetics of NH;
synthesis over Fe.

The description of the state of the surface
of the working catalyst emerging from the
calculations shows the simultaneous pres-
ence of several adsorbed species with only
a few vacant sites.

The apparent reaction orders calculated
from our model at 1-300 atm are in agree-
ment with experimental determinations.
The reaction orders depend on the reaction
conditions but are almost constant under
typical operating conditions.

The calculations show that the fractional
reaction orders observed experimentally
are obtained directly from reported UHV
studies using a surface consisting of identi-
cal sites. The surface heterogeneity as-
sumed in the wusual derivation of the
Temkin-Pyzhev kinetics (50, 51, 61, 62) is
not observed experimentally for single
crystals and our calculations show that the
existence of surface heterogeneity for cata-
lysts is unnecessary for the derivation of
the observed high-pressure kinetics.

We show that the activation enthalpy of
ammonia synthesis equals the sum of the
activation enthalpy for the rate-limiting
step plus an averaged energetic cost of cre-
ating two additional free sites on the sur-
face. The first contribution is vanishing
compared to the second.

In the model the activation enthalpy is
not constant; however, the largest varia-
tions in activation enthalpy are predicted to
be observable under conditions of vanish-
ing partial pressure of ammonia. For typical
high-pressure conditions the calculated ac-

tivation enthalpy is in agreement with ex-
perimental determinations.
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