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The effects of potassium on ammonia synthesis over model iron single-crystal catalysts of (11 l), 
(loo), and (110) orientation have been studied under high-pressure reaction conditions (20 atm 
reactant pressure of nitrogen and hydrogen). Under these conditions, no more than 0.15 
monolayers (ML) of potassium can be stabilized on the iron surfaces. The Fe( 110) surface shows no 
activity for ammonia synthesis in this study with or without adsorbed potassium. The presence of 
potassium on the Fe(ll1) and Fe(lO0) surfaces increases the rate of ammonia synthesis markedly. 
At a low reaction conversion of 0.3% the rate over Fe( 111) and Fe( 100) is enhanced by a factor of two 
in the presence of potassium. The effect of potassium on Fe( 111) and Fe(l00) is enhanced as higher 
reaction conversions (i.e., increasing ammonia partial pressures) are achieved because potassium 
induces changes in the reaction orders for both ammonia and hydrogen. No change in the activation 
energy for the reaction is observed with potassium, suggesting that the reaction mechanism has not 
been altered. Temperature-programmed desorption shows that the adsorption energy of ammonia is 
significantly reduced when coadsorbed with potassium. A model is proposed in which the decrease of 
ammonia adsorption energy, induced by potassium, reduces the concentration of ammonia on the 
iron surface. This effect decreases the number of active sites blocked by the ammonia product, 
thereby increasing the rate of ammonia synthesis. The model also suggests that an additional effect of 
potassium is to increase the rate of nitrogen dissociative chemisorption by about 30% over Fe( 111) 
and Fe(lOO) under ammonia synthesis conditions. o 198s Academic press. hc. 

1. INTRODUCTION 

The synthesis of ammonia from its 
elements, nitrogen and hydrogen, is one of 
the most studied and important catalytic 
reactions. The most efficient catalyst yet 
found is iron “promoted” with I-3010 by 
weight of aluminum oxide and potassium 
oxide, which further increase the rate of 
ammonia production (I-3). An understand- 
ing of how the catalyst system works on the 
atomic scale is of prime importance and is 
possible by utilizing modern surface sci- 
ence techniques. Model studies using 
single-crystal iron surfaces with added 
aluminum oxide and potassium oxide 
should reveal how the catalyst surface 
structure and reactivity are influenced by 
the presence of promoters. 

Iron-based catalysts used in ammonia 
synthesis usually perform at high pressures 
(>l atm), where ammonia production pro- 
ceeds at a significant rate (2, 3). Under 
these conditions the catalyst surface can 
not be examined on the atomic level. Sur- 
face science studies of the catalyst on the 
atomic scale require a high vacuum, in 
which the synthesis of ammonia does not 
occur at a detectable rate. 

The development in our laboratory of 
a unique high-pressure/ultrahigh-vacuum 
(UHV) apparatus bridges this pressure gap 
(4). This equipment allows the structure 
and composition of the catalyst surface to 
be determined in UHV while the catalytic 
activity of the surface can be monitored 
under high-pressure conditions (20 atm of 
reactant pressure). Work in our laboratory 
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using this apparatus studied the structure 
sensitivity of ammonia synthesis (Fe( 111) 
> Fe(211) + Fe(IO0) > Fe(210) + Fe(l10)) 
(5, 6) and has suggested that CT sites (Fe 
atoms with seven nearest neighbors) are 
responsible for the high activity of Fe(l11) 
and Fe(211) (6). More recent studies (7) 
have elucidated the effects of aluminum 
oxide in ammonia synthesis. Treatment of 
the less active phases of iron, such as 
Fe(100) and Fe(l IO), with water vapor in 
the presence of aluminum oxide produces 
new surfaces, which are as active as 
Fe( 111) and Fe(21 I) for ammonia synthesis, 
by restructuring. 

The studies reported in this paper eluci- 
date the effects of potassium in ammonia 
synthesis. Potassium fails to exhibit a pro- 
moter effect on the inactive Fe( 110) surface 
under our conditions. A promoter effect by 
potassium is observed on the Fe(100) and 
Fe(l11) surfaces and the effect is enhanced 
as the reaction conversion increases. This 
result is consistent with previous research 
(8) in this laboratory which found that 
potassium fails to exhibit a significant pro- 
moter effect at close to zero reaction con- 
version. The activation energy for the 
reaction is unaltered with the addition of 
potassium but there are marked changes in 
the apparent order of ammonia and hydro- 
gen for ammonia synthesis. Temperature- 
programmed desorption studies show that 
potassium lowers the adsorption energy of 
ammonia on iron. 

A model is presented which explains the 
surface science and kinetic data. It assumes 
that adsorbed ammonia, as well as atomic 
nitrogen, blocks active sites which would 
otherwise dissociate dinitrogen (the rate- 
limiting step in ammonia synthesis) (2, 
9, 20). When the model is fit to the ki- 
netic data it suggests that the promotional 
effect of potassium involves lowering the 
concentration of adsorbed ammonia on the 
catalyst, thereby making more active sites 
available for the dissociation of dinitrogen. 
The model also suggests that an additional 
effect of potassium is to increase the rate 

constant for dissociative nitrogen che- 
misorption on Fe( 111) and Fe( 100) by 30%. 

2. EXPERIMENTAL 

All experiments presented in this paper 
were performed in a unique high-pressure/ 
ultrahigh-vacuum apparatus (5-8). The 
stainless-steel chamber was capable of 
reaching a base pressure of 1 x 1O-9 Tot-r. 
Mounted in the center of the chamber was a 
hydraulically operated high-pressure cell. 
When closed, the cell constituted part of a 
micro-batch reactor. 

The UHV chamber was also equipped 
with a retarding field analyzer which was 
used to perform Auger electron spectros- 
copy (AES) and low-energy electron dif- 
fraction (LEED). A quadrupole mass spec- 
trometer was used to perform temper- 
ature-programmed desorption experiments 
(TPD). 

Typical high-pressure ammonia synthesis 
reactions were carried out as follows. The 
sample was characterized in UHV by AES 
and LEED and then it was enclosed in the 
high-pressure cell. The micro-batch reactor 
was then pressurized with 5 atm of nitrogen 
and 15 atm of hydrogen. The sample was 
resistively heated to 673 K and ammonia 
formation was monitored by periodically 
passing gas samples through a photo- 
ionization detector (PID) with a 10.2-eV 
lamp. The PID signal was directly propor- 
tional to the ammonia partial pressure in 
the loop and has a detection limit of 1 X 
lo-” mol NH&m’-sec. After reaction, the 
loop was evacuated and the sample was 
returned to UHV, where AES, LEED, and 
TPD were performed. 

Ammonia TPD experiments were done at 
a base pressure of 2 x lop9 Torr. The 
sample was typically at about 130 K during 
ammonia adsorption. The crystal was 
heated in a linear fashion (8 K/set) and 
mass 16 was monitored (NHf) to avoid any 
interference by water. 

The single crystals used in this study 
were typically l-cm* disks about 1 mm 
thick. They were cut and polished by stan- 
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dard metallurgical techniques. Platinum 
support wire (0.25-mm diameter) was 
spot-welded around the single-crystal 
sample. The crystal was resistively heated 
and a chromel-alumel thermocouple was 
used to monitor the sample temperature. 
Carbon and sulfur impurities present in a 
freshly cut iron single crystal were removed 
by argon ion sputtering (4-5 x low6 A/cm2) 
in 1 x IO-’ Torr of oxygen while the sample 
was held at 873 K. 

A Saes Getter source was used to deposit 
potassium on the single-crystal samples. 
The coverage of potassium was determined 
by a potassium uptake curve which plotted 
the intensity of the 252-eV potassium Auger 
peak against dose time (the evaporation 
rate of the source was held constant). The 
coverage of potassium will be referred to in 
monolayers (ML) throughout the text. 

The reactant gases (N2 and Hz) were of 
research purity. Further purification of the 
gases was accomplished by passing the 
gases through a molecular sieve and then a 
liquid-nitrogen-cooled coil. The ammonia 
used for the TPD experiments was obtained 
from Matheson (99.9% purity). It was used 
without further treatment. 

3. RESULTS 

3.1. The Stability of Potassium on Iron 
under Ammonia Synthesis Conditions 

Rates of ammonia synthesis were moni- 
tored over the Fe(l1 l), Fe(lOO), and 
Fe(ll0) surfaces with and without potas- 
sium. In all cases in which the effect of 
potassium was studied, an initial coverage 
of 1 ML was deposited on the single-crystal 
surface. After reaction, about 0.15 ML of 
potassium was left, as concluded from post- 
reaction AES. Surface oxygen was always 
detectable after reactions which were per- 
formed over K/Fe surfaces, presumably 
because of oxygen and water impurities in 
the reactant gases. The oxygen, however, 
was necessary to stabilize the potassium on 
the iron surface under reaction conditions 
(8). Reactions were carried out over K/Fe 

surfaces which had been oxidized in UHV 
until the 47-eV MVV iron Auger peak split 
into a 42- and a 52-eV peak, indicative of 
iron oxide (11). Even with this high initial 
surface concentration only 0. I5 ML of po- 
tassium was left after a high-pressure am- 
monia synthesis reaction. 

Experiments were also performed in 
which 1.0 ML of potassium was deposited 
on the iron single crystal and the sample 
was kept under reaction conditions for only 
a few minutes. When the sample was re- 
turned to UHV, AES showed a potassium 
coverage of 0.15 ML, suggesting that the 
low steady-state coverage of potassium was 
established quickly under reaction condi- 
tions by evaporation of the excess potas- 
sium. 

AES always showed the presence of 
nitrogen after high-pressure ammonia syn- 
thesis reactions. Within experimental error 
the coverage of nitrogen (intensity of the 
381-eV nitrogen Auger peak) was the same 
on Fe and K/Fe surfaces after a reaction. 

3.2. The Ammonia Partial Pressure 
Dependence over Iron Single-Crystal 
Surfaces 

Ammonia synthesis rates as a function of 
ammonia partial pressure were calculated 
for the Fe(lOO), Fe(lll), K/Fe(lOO), and 
K/Fe(lll) surfaces. The Fe(ll0) and 
K/Fe( 110) surfaces were inactive (ammonia 
production was below the detection limit of 
the PID) under the conditions used in this 
study. Typically, reactions performed on 
Fe( I1 1) and Fe( 100) were carried out until 
an ammonia partial pressure of 20 Torr had 
been established in the reaction loop. 
Figure 1 plots the logarithm of the ammonia 
synthesis rate versus the logarithm of the 
ammonia partial pressure for Fe(lOO). The 
slope of this plot (apparent order in 
ammonia) is -0.6 f 0.07 for clean Fe(100) 
and -0.35 + 0.07 for the K/Fe(lOO) sur- 
face. The same experiments were carried 
out for Fe( 111) and K/Fe(lll). The appar- 
ent order was found to be -0.49 +- 0.08 for 
Fe(ll1) and -0.34 + 0.07 for K/Fe(lll), 
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depending on the activity of the surface 
being studied, the partial pressure of 
ammonia varied from 0 to 3 Tot-r. 

The apparent order in hydrogen for the 
Fe(lOO) surface was not determined since 
the activity of this face at the hydrogen 
pressures needed to obtain a partial pres- 
sure plot was too low to be reliable at a cat- 
alyst temperature of 673 K. 

3.4. The Activation Energies for Clean Fe 
and KIFe Surfaces 

The initial rate of ammonia synthesis 
was determined for clean Fe(ll1) and 
K/Fe(lll) at every 15-K interval between 
638 K and 723 K. Using an Arrhenius plot, 
the apparent activation energy (EJ was 
found to be 15.7 -+ 0.6 kcal/mol for clean 
Fe(ll1) and 15.9 2 1 .O kcal/mole for 
K/Fe(l 11) (Fig. 3). The experimental error 
in E, for K/Fe(l 11) is higher than that for 

FIG. 1. The nressure deoendence of ammonia svnthe- clean Fe(l11) because the potassium cover- 
sis in ammonia over Fe( 100) and K/Fe( 100). The rate 
measurements at the lowest conversions represent the 
average of many experimental values. When potassium -18.5 
is present the apparent order in ammonia becomes less 
negative. This suggests that less gas-phase ammonia 
adsorbs to and poisons the catalyst in the presence of 
potassium. Thus, the ammonia synthesis rate is en- 
hanced because more surface sites are open for the 
dissociative chemisorption of dinitrogen (rate-limiting 
step). z 

8 
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which is within experimental error of the Nz -,95. 
ammonia pressure dependences found for em 
Fe(100) and K/Fe(lOO) surfaces, respec- I 
tively. z 

2 
3.3. The Hydrogen Partial Pressure 

Dependence over Iron Single-Crystal 
Surfaces 
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The apparent order in hydrogen for 
Fe(lll) and K/Fe(lll) surfaces is shown in 
Fig. 2. The apparent order for the clean 
Fe(l11) surface is 0.76 +- 0.09, but the value 
decreases to 0.44 + 0.06 for the K/Fe(lll) 
surface. In these experiments the partial 
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pressure of hydrogen was varied from 5 to 
15 atm while the nitrogen Pressure was kept 

FIG. 2. The hydrogen pressure dependence for the 

constant at 5 atm. All rates were taken as 
ammonia synthesis reaction Over Fe(l 11) and 
K/Fe(lll). The addition of potassium to Fe(ll1) 

close to zero conversion as possible, but lowers the apparent order of hydrogen. 
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FIG. 3. The activation energy (EJ for ammonia 
synthesis over Fe(ll1) and K/Fe(l II). There is no 
change in I$. within experimental error, when potas- 
sium is present, suggesting that the promoter effect of 
potassium is due largely to changes in the reaction 
order of ammonia and hydrogen. Similar E, values for 
Fe( 111) and KIFe(ll1) imply that the mechanism of 
ammonia synthesis is not altered by the addition of 
potassium. 

age changed as the temperature of the 
sample was varied to obtain the Arrhenius 
plot. To minimize this effect E, was de- 
termined in a narrow temperature range. 
Within error, E, does not change upon the 
addition of potassium. 

3.5. Ammonia Temperature-Programmed 
Desorption Studies 

The temperature-programmed desorp- 
tion of ammonia after a O.I-Langmuir (L) 
dose (1 L = 1 X lop6 Tot-r-set) on clean 
Fe(l11) and K/Fe(l I I) is shown in Fig. 4 
(heating rate = 8 K/set). Ammonia desorbs 
through a wide temperature range, resulting 
in a broad peak with a maximum rate of 
desorption occurring at around 300 K. With 
the addition of 0.1 ML of potassium the 
neak maximum shifts about 40 K. The beak 

100 200 300 ‘loo 500 
Temperature[Kl 

FIG. 4. Ammonia temperature-programmed desorp- 

tion results on Fe( 111) and K/Fe( 111) (heating rate = 8 
K/set) after a 0.1-L dose. (a) Clean Fe(ll1); (b) a 
0.15-ML coverage of potassium shifts the ammonia 
desorption peak down in temperature by 40 K, sug- 
gesting that potassium lowers the adsorption energy of 
ammonia on iron; (c) at a potassium coverage of 0.25 
ML a new desorption peak appears at 189 K; (d) at a 
l.O-ML coverage of potassium ammonia is weakly 

~~-- r ----- adsorbed and it desorbs at 164 K. 

maximum shifts continuously to lower tem- 
peratures with increasing amounts of coad- 
sorbed potassium. At a coverage of 0.25 
ML a new desorption peak grows in at 
about 189 K. Increasing coverages of potas- 
sium now increase the intensity of the new 
peak (it also shifts to lower temperatures) 
and decreases the intensity of the original 
ammonia desorption peak. At a potassium 
coverage of about 1.0 ML only a weakly 
bound ammonia species is present with a 
maximum rate of desorption occurring at 
164 K. This observation of the ammonia 
adsorption energy decreasing with the 
coadsorption of potassium on iron is similar 
to what is found for ammonia desorption 
from nickel and ruthenium with adsorbed 
sodium (12, 13). 

(d) l.OML K/Fell111 

(C) 025ML K/Fetllll 

(a) Clean Fe(lll1 
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4. DISCUSSION 

The results reported in this paper show 
that the promoter effect of potassium 
becomes more pronounced at higher partial 
pressures of ammonia. This is reflected in 
the ammonia partial pressure dependence 
studies, which show that the apparent order 
in ammonia increases from -0.6 for the 
clean Fe(100) surface to -0.35 for the 
K/Fe(lOO) surface. Within experimental 
error, the same ammonia partial pressure 
dependences are found for Fe(lll) and 
K/Fe(ll l), respectively. These changes in 
the reaction orders for ammonia and hydro- 
gen occur without a change in activation 
energy. This implies that potassium does 
not change the elementary reaction steps 
for ammonia synthesis. These results, 
taken together with the temperature-pro- 
grammed desorption results (which show 
that potassium decreases the adsorption 
energy of ammonia on iron), suggest that 
potassium is promoting ammonia synthesis 
by keeping gas-phase ammonia from poi- 
soning the synthesis reaction at higher con- 
versions or higher partial pressures of am- 
monia. This explains why previous work in 
our laboratory (8) failed to find a potassium 
promoter effect when initial rates of ammo- 
nia synthesis were determined over clean 
Fe and K/Fe surfaces. During initial rate 
measurements the amount of gas phase 
ammonia (~2 Torr) is insufficient to poison 
the reaction significantly. Thus the pro- 
moter effect of potassium was not discern- 
able. 

4.1. The Effect of Potassium on the 
Adsorption of Ammonia to Iron 
Single-Crystal Catalysts during 
Ammonia Synthesis 
Poisoning of the catalyst by gas-phase 

ammonia must involve readsorption of the 
product molecule on the iron surface. Once 
adsorbed, the ammonia has a certain 
residence time (7) on the catalyst which is 
determined by its adsorption energy (AI&) 
on iron (7aemd’Rr) (14). During this 

residence on the catalyst the ammonia can 
either diffuse on the surface or decompose 
to atomic nitrogen and hydrogen (25, 16). 
In both cases the species produced by the 
ammonia might reside on surface sites 
which would otherwise dissociatively che- 
misorb gas-phase nitrogen, thus decreasing 
the rate of ammonia synthesis (15, 26). The 
promoter effect of potassium then involves 
lowering the adsorption energy of the ad- 
sorbed ammonia so that the concentra- 
tion of adsorbed ammonia is decreased. 
This is supported by the temperature-pro- 
grammed desorption results, which show 
that ammonia desorption from Fe(ll1) 
shifts to lower temperatures when potas- 
sium is adsorbed on the surface. Even at 
a O.IO-ML coverage of potassium (cover- 
age which is similar to that stable under 
ammonia synthesis conditions) the tem- 
perature at which the maximum rate of 
ammonia desorption occurs decreases by 
about 40 K. If first-order kinetics for am- 
monia desorbing from the iron is as- 
sumed and the Redhead analysis used (17), 
then the 40-K shift corresponds to a 2.4- 
kcabmol drop in the adsorption energy. 
Thus, the residence time for the adsorbed 
ammonia is reduced and more of the active 
sites are available for the dissociation of 
dinitrogen. At higher coverages of potas- 
sium the adsorption energy of the ammonia 
decreased to an even greater extent, but 
these coverages could not be maintained 
under ammonia synthesis conditions. There 
also seems to be an additional adsorption 
site for the ammonia when adsorbed on iron 
at high coverages of potassium, as indi- 
cated by the TPD results. The development 
of a new desorption peak with coverages of 
potassium greater than 0.25 ML might 
result from ammonia molecules interacting 
directly with potassium atoms, the negative 
end of the ammonia dipole interacting with 
the potassium ion on the iron surface (22). 
This interaction appears to be weaker, 
since at a potassium coverage of 1 ML, 
ammonia desorbs from the surface at about 
164 K. 
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Additional experimental evidence sup- 
porting the notion that ammonia blocks 
active sites comes from the postreaction 
Auger data. Within experimental error, 
there is no change in the intensity of the 
nitrogen Auger peak between an Fe and a 
K/Fe surface after a high-pressure am- 
monia synthesis reaction. This suggests 
that potassium does not change the cover- 
age of atomic nitrogen, but instead the 
presence of potassium helps to inhibit the 
readsorption of molecular ammonia on the 
catalyst. High-pressure reaction conditions 
are probably needed to stabilize this am- 
monia product on the iron surface at 673 
K so it will not be present in the ultrahigh- 
vacuum environment. Thus, only the more 
strongly bound atomic nitrogen will be 
detected by AES in UHV. 

4.2. Modeling the Kinetic Data with a 
Rate Equation 

To model a catalytic reaction some 
knowledge of the elementary reaction steps 
must be assumed. For ammonia synthesis it 
is usually accepted that the dissociative 
chemisorption of dinitrogen is the rate- 
limiting step and that the process requires 
two open sites on the catalyst surface 
(2, 7, 9). Using Langmuir-Hinshelwood 
kinetics the rate of ammonia synthesis (r), in 
this case, can be written as 

r = krP~,(l - 0~)‘. (1) 

where k, is the rate constant for nitrogen 
dissociative chemisorption and 1 - t9~ is 
the fraction of vacant sites on the surface, if 
atomic nitrogen is the most abundant 
species. The fraction of sites covered by 
nitrogen, &, is determined by assuming the 
equilibrium (15, 16) 

&i + 1.5HzW 5 NH&-), (2) 

where K, is the equilibrium constant. Fol- 
lowing the method of Langmuir, 

bN is substituted into Eq. (1) so that 

hh, 
r = [I + (l/K,)(PN&/P$]2 (‘@* (4) 

The data can be represented accurately 
by Eq. (4). Fitting of the experimental data 
to the equation (i.e., solving for K,) is done 
by setting d(ln r)ld(ln PNH,) equal to the 
apparent order of ammonia and by using 
the values PNZ = 5 atm, PH: = 15 atm, and 
PNHl = 0.013 atm. This method yields a 
value of K, = 0.5 X 10m4 for clean 
Fe surfaces and K, = 1 x 10m3 for 
K/Fe surfaces. This model implies that the 
equilibrium constant K, increases with the 
adsorption of potassium pushing the equi- 
librium in Eq. (2) to the gas-phase ammo- 
nia side, thus lowering the fraction of sites 
covered by adsorbed nitrogen and in- 
creasing the rate of ammonia synthesis. 

It is instructive now to take the case 
where both adsorbed nitrogen and am- 
monia can block catalytic sites since the 
kinetic data suggest that a promoter effect 
of potassium is to lower the concentration 
of ammonia on the catalyst surface. In this 
case the fraction of vacant sites is 1 - fIN - 
#NH,, where 0~ and &n, are determined by 
the equilibria 

and 

Nad + 1.5Hzk) = N&xi (5) 

N&ad “=’ N&(g), (6) 

where K2 and K3 are equilibrium constants 
(note that K, = KzK3). Now the rate of 
ammonia synthesis is 

kd?iZ&, 
r = [P& + (PN~,IK~)(K;’ + P$)12. 

(7) 

The constants K3 and KZ can be obtained 
by fitting Eq. (7) to the experimental data. 
For the clean surface, K3 = 0.19 and K2 = 
2.6 x 10m3. When potassium is present K3 = 
0.37 and KZ = 2.6 x lo-‘. This model, which 
accounts for adsorbed ammonia blocking 
active sites, suggests that the enhancement 
in ammonia synthesis rate seen over the 
K/Fe surfaces is due to an increase in the 
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equilibrium constant K3 or a shift in the equi- 
librium from adsorbed to gas-phase ammo- 
nia. The increase in K3 might be due to the 
decreased adsorption energy of ammonia 
when potassium is present, as evidenced by 
the temperature-programmed desorption re- 
sults. The decrease in the apparent order of 
hydrogen is also consistent with the increase 
in K3 induced by potassium. Since the rate- 
limiting step in ammonia synthesis is the 
dissociation of dinitrogen, the only role of 
hydrogen in the rate expression (Eq. (7)) is 
to create available sites for this step. In the 
presence of potassium, K3 increases, mak- 
ing more sites available as shown by the 
equilibria expressions (Eqs. (5) and (6)). 
This is reflected in the lowering of the ap- 
parent order in hydrogen when potassium is 
added to the iron surface. 

The concept that potassium increases the 
rate of ammonia synthesis by lowering the 
concentration of adsorbed ammonia prod- 
uct on the iron catalyst might explain 
earlier work carried out on the industrial 
catalyst. Numerous reports in the literature 
(2, 18-21) contend that the effect of potas- 
sium on doubly promoted industrial cata- 
lysts (containing both aluminum oxide and 
potassium) becomes more pronounced as 
higher reaction conversions are achieved. 
It has been shown previously (19) that the 
turnover number over singly (containing 
only aluminum oxide) and doubly promoted 
catalysts are similar when a total of 1 atm of 
nitrogen and hydrogen is used, suggesting 
that the ammonia partial pressure is not 
great enough at these conditions to reveal 
the effect of potassium. In another study 
(20), in which higher reactant pressures 
(5-200 atm) were used, the promoter effect 
of potassium became significant on the 
industrial catalyst. It was found that as the 
concentration of gas-phase ammonia was 
increased, catalysts containing potassium 
became ever more active than catalyst 
which contained no potassium. This implies 
that on the industrial catalyst the apparent 
order in ammonia becomes less negative 

when potassium is present. Also, in the 
same study the activation energy for 
ammonia synthesis with a singly or a 
doubly promoted catalyst was found not to 
differ. 

The experimental results obtained in our 
laboratory and carried out on well-defined 
Fe and K/Fe surfaces agree well with what 
was found on the industrial catalyst. It 
seems likely that the mechanism of potas- 
sium promotion involving the lowering of 
the ammonia adsorption energy, suggested 
by our experiments, occurs on the indus- 
trial catalyst. 

4.3. The Effect of Potassium on 
Dinitrogen Dissociation under 
Ammonia Synthesis Conditions 

In addition to hindering ammonia 
adsorption on the iron catalyst, potassium 
might also enhance dinitrogen dissociation 
during ammonia synthesis. Figure 5 plots 
the experimentally determined ratio of the 
rate over clean Fe to the rate over K/Fe 
surfaces as a function of ammonia partial 
pressure. The ratio continuously increases 
as more ammonia is present in the gas 
phase (i.e., the promoter effect of potas- 
sium is enhanced). If the only role of potas- 
sium was to keep ammonia off the catalyst 
surface, then in the limit of zero ammonia 
partial pressure, the ratio should be unity. 
Instead, the best fit of the model to the 
experimental data occurs when the ratio is 
1.3 at zero ammonia partial pressure. This 
implies that potassium increases k, (rate 
constant for dinitrogen chemisorption) by 
30% on both Fe(l11) and Fe( 100). If the 
pre-exponential factor for kr is assumed to 
be the same for clean Fe and K/Fe sur- 
faces, then a 30% increase in rate corre- 
sponds to a 0.35kcal/mol decrease in the 
activation energy (Ed for this step. This 
change in E, is too small to be resolved in 
our experiments. A small change in E, such 
as this might also explain work that has 
been done on the industrial catalyst which 
showed that the activation energy for 
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l Solid Line is Model 

0 Experimental Dsts for Fell111 and FsllOO) 
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FIG. 5. The experimental rate data fit to a model 
which allows for the blocking of catalytic surface sites 
by adsorbed ammonia as well as by atomic nitrogen. 
The promoter effect of potassium at zero ammonia 
partial pressure is due to an increase in the rate of 
dissociative nitrogen chemisorption and at higher con- 
versions it is due to an enhancement in the equilibrium 
constant K,. 

ammonia synthesis was only slightly higher 
on singly promoted (aluminum oxide) iron 
than it was on doubly promoted (aluminum 
oxide and potassium oxide) catalysts 
(20, 22). 

Enhancement of the rate-limiting step in 
high-pressure ammonia synthesis by potas- 
sium is supported by surface science stud- 
ies (23, 24) which investigated the influ- 
ence of potassium on the rate of dissocia- 
tive chemisorption of nitrogen (ki) on iron 
single crystals. The activity ratio for di- 
nitrogen dissociation was 60 : 3 : 1 for the 
Fe(lll), Fe(lOO), and Fe(ll0) surfaces, 
respectively. It was found that potassium 
removed the difference in activities 
between the (I IO), (loo), and (111) faces 
of iron by lowering the activation energy 
for dinitrogen dissociation markedly on 

Fe(ll0) and Fe(lOO). The effect of potas- 
sium on Fe( 111) is less pronounced, but on 
all three iron surfaces the effect of potas- 
sium was attributed to the same mech- 
anism. In the vicinity of a potassium atom 
the local work function on the surface is 
lowered, allowing more electron density to 
be transferred to dinitrogen and thus lower- 
ing its adsorption energy and the activation 
energy for dissociation on the iron. The 
coadsorption of oxygen was found to be of 
prime importance for thermally stabilizing 
potassium (25), but the presence of oxygen 
decreased the effect of potassium on the 
rate of dinitrogen dissociation. 

Under the conditions used in this study 
(20 atm reactant pressure and a catalyst 
temperature of 673 K) oxygen is needed to 
stabilize potassium. The presence of the 
oxygen probably accounts for the small 
effect of potassium on k, in our studies. The 
extent of promotion by potassium on dini- 
trogen dissociation under industrial condi- 
tions (-100 atm reactant pressure) will 
probably be similar to the effect seen under 
our conditions since it is well documented 
in the literature (21, 26) that potassium is in 
intimate contact with oxygen on the com- 
mercial catalyst. 

5. SUMMARY 

The promoter effect of potassium on 
ammonia synthesis has been investigated 
over the Fe( 1 lo), Fe( loo), and Fe(lI1) sur- 
faces under high-pressure conditions. A 
coverage of 0.15 ML is the maximum 
amount of potassium that can be stabilized 
on the iron single-crystals under our condi- 
tions. Adsorbed potassium has no pro- 
motional effect on the inactive Fe(ll0) 
surface. Potassium, however, increases the 
rate of ammonia synthesis markedly over 
the Fe(lll) and Fe( 100) crystal faces. The 
promotional effect becomes enhanced as 
the reaction conversion increases. For 
example, at a reaction conversion of 0.3% 
there is a twofold increase in the rate 
of ammonia synthesis over Fe(ll1) and 
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Fe(100) in the presence of potassium. The 
presence of potassium changes the am- 
monia reaction order from -0.6 to -0.35 
and the hydrogen reaction order from 
0.76 to 0.44 on the (100) and (111) 
faces of iron. However, there is no change 
in the activation energy, within experimen- 
tal error, when potassium is present, sug- 
gesting that the mechanism for ammonia 
synthesis is not being changed. 

A model has been presented and it is 
consistent with high-pressure kinetic and 
surface science studies. The model ac- 
counts for the blocking of catalytic sites, 
which have the ability to dissociate dini- 
trogen, by adsorbed ammonia and atomic 
nitrogen. The presence of potassium lowers 
the concentration of adsorbed ammonia on 
the surface, making more sites available to 
chemisorb dinitrogen dissociatively and 
further increasing the rate of ammonia syn- 
thesis. The model suggests that an ad- 
ditional promoter effect by potassium is a 
30% enhancement of the rate of dinitrogen 
dissociation on Fe(l11) and Fe( loo), further 
increasing the rate of ammonia production. 

ACKNOWLEDGMENTS 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Materials Science Division of the U.S. Department of 
Energy under contract DE-AC03-76SF00098. The 
authors gratefully acknowledge I.C.I. for partial sup- 
port of this research. D.R.S. also thanks Kevin Wil- 
hams for his help on kinetic modeling. 

REFERENCES 

I. Topham, S. A. “Catalysis, Science and Tech- 
nology,” Vol. 7. Springer-Verlag, Berlin, 1985. 

2. Frankenburg, W. G., ‘Catalysis,” p. 171. 
Reinhold, New York, 1955. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
IO. 

II. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

19. 

20. 

21. 
22. 
23. 

24. 

25. 

26. 

Nielsen, A., “An Investigation on Promoted Iron 
Catalysts for the Synthesis of Ammonia,” 3rd ed. 
Jul. Gjellerups Forlag, Copenhagen, 1968. 
Blakely, D. W., Kozak, C. I., Sexton, B. A., and 
Somorjai, G. A., J. Vat. Sci. Technol. 13, 1091 
(1976). 
Spencer, N. D., Schoonmaker, R. C., and Somor- 
jai, G. A., J. Catal. 74, 129 (1982). 
Strongin, D. R., Carrazza, J., Bare, S. R., and 
Somorjai, G. A., J. Catal. 103, 213 (1987). 
Strongin, D. R., Bare, S. R., and Somotjai, G. A., 
J. Catal. 103, 289 (1987). 
Bare, S. R., Strongin, D. R., and Somojai, G. A., 
J. Phys. Chem. 90, 4726 (1986). 
Nielsen, A., Catal. Rev. 4, 1 (1970). 
Ertl, G., Robert Welch Conferences on Chemical 
Research XXV. Heterogeneous Catalysis, in 
“Catalysis Reviews,” p. 179. Houston, 1981. 
Ertl, G., and Wandelt, K., Surf. Sci. 50, 479 
(1975). 
Madey, T. E., and Benndorf, C., Surf. Sci. 
lS2/153, 587 (1985). 
Benndorf, C., and Madey, T. E., Chem. Phys. 
Left. 101, L277 (1983). 
Somorjai, G. A., “Chemistry in Two Dimensions: 
Surfaces." Cornell Univ. Press, Ithaca, N.Y., 
1981. 
Temkin, M., and Pyzhev, V., Acta Phys. Chim. 
URSS 12, 327 (1940). 
Ozaki, A., Taylor, H. S., and Boudart, M., Proc. 
R. Sot. London 47, 258 (1960). 
Redhead, P. H., Vacuum U, 203 (1962). 
Emmett, P. H., in “The Physical Basis for Heter- 
ogenous Catalysis” (E. Drouglis and R. I. Jaffee, 
Eds.), p. 3. Plenum, New York, 1975. 
Khammouma, S., Ph.D. thesis, Stanford Univ., 
1972. 
Altenburg, K., Bosch, H., Ommen, J. G., and 
Gellings, P. J., J. Catal. 66, 326 (1980). 
Ertl, G., J. Vat. Sci. Technol. A l(2), 1247 (1983). 
Brill, R., J. Polym. Sci. l2, 353 (1962). 
Et-d, G., Weiss, M., and Lee, S. B., Chem. Phys. 
Letr. 60, 391 (1979). 
Paal, Z., Ertl, G., and Lee, S. B., Appl. Surf. Sci. 
8, 231 (1981). 
Pirug, G., Broden, G., and Bonzel, H. P., Surf. 
Sci. 94, 323 (1980). 
Van Ommen, J. G., Bolink, W. J., Prasad, J., and 
Mars, P., J. Catal. 38, 120 (1975). 


