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Potassium-promoted iron catalysts supported on thermally modified, partly graphitized carbon were studied in the ammonia synthesis
reaction. Iron nitrate was used as a precursor of the active phase and KOH or KNO; were used as promoters. The kinetic studies of NHj;
synthesis were carried out in a differential reactor under 63 bar and 90 bar pressure. Hydrogen chemisorption, X-ray diffraction and
transmission electron microscopy experiments were performed to determine the dispersion of iron in the specimens. All the K™ —Fe/C
catalysts proved to be sensitive to ammonia, the NH; partial pressure dependencies of their reaction rates being close to that of the
commercial magnetite catalyst (KM I, H. Topsoe). The catalytic properties of the promoted Fe particles on carbon were shown to be
dependent upon the iron dispersion, i.e. smaller particles exhibited higher turnover frequency in NH; synthesis. It is suggested that either
small Fe crystallites expose more highly active sites, e.g. C-7 (B-5) or the promotion of small crystallites by the alkali is more efficient.
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1. Introduction

Ammonia synthesis from hydrogen and nitrogen still
remains one of the most important processes of the
chemical industry. Since Haber and Bosch, all the
ammonia plants, including modern installations, operate
with iron catalysts, manufactured by fusion of magnetite
with small amounts of additives: K,O, Al,O5, CaO. Such
catalysts are stable but they display rather poor reaction
rates referred to the Fe mass, due to their low dispersions
(corresponding surface areas about 10-20 mz/g). Sup-
ported iron catalysts, in spite of high Fe dispersions,
have not been commercialized so far.

In the past decade, a ruthenium catalyst was intro-
duced to industrial practice by the Kellogg Company
(Kellogg Advanced Ammonia Process, KAAP) and
more recently by Kellogg Brown and Root [1,2]. In
contrast to promoted magnetite, the new Ru catalytic
system is supported on graphitized carbon [3,4]. Recent
studies performed by Shur and co-workers [5—7] demon-
strate that graphitized carbon may also be applied as a
support for the preparation of very active iron catalysts
derived from K,[Fe(CO)g] and doped with metallic
potassium. Unfortunately, the activity was measured
under a pressure of 1 bar only [5—7], which is far from
the industrial reality. Since metallic potassium was
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introduced as the promoter, there is also doubt as to
the stability of the system when operated for a long time.

Hence, the purpose of the present work was to study
the catalytic behavior of the Fe/carbon systems doped
with potassium ions (K™). More specifically, the effect
of iron dispersion on ammonia synthesis kinetics under
elevated pressure has been investigated. Iron nitrate
was used in the studies as a precursor of the active
phase and potassium hydroxide (KOH) or nitrate
(KNOj3) were the precursors of the K* ions. The disper-
sion of iron was determined by the hydrogen chemisorp-
tion and XRD methods, the studies being supplemented
with some TEM experiments.

2. Experimental
2.1. Catalyst preparation

Two Fe/C batches of different iron contents were
prepared, both supported on the same carbon material,
according to the following procedure: a commercially
available, amorphous active carbon (Norit RO 08) was
heated (graphitized) at 1900 °C in a helium atmosphere
(400Pa) for 2h [8]. Subsequently, the material was
gasified partly in flowing CO, at about 840°C up to
34% mass loss, followed by cooling in an argon stream
[9]. As a consequence, a pure, graphitized carbon support
of high surface area (Sppr =440m?/g) and of high
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porosity (Vy, = 1.25 cm® /g) was obtained, as evidenced
by the N, physisorption and mercury porosimetry
measurements.

A precursor of the active phase (Fe(NO3);-9H,0) was
introduced onto the surface of the support by the multi-
stage impregnation method from aqueous solutions
(incipient wetness technique), followed by calcination in
air at 220 °C to convert Fe nitrate into its oxide (Fe,03).
Then the samples were reduced in flowing hydrogen at
400°C for 24h and passivated with nitrogen of low
oxygen concentration (0.1%). The contents of iron in
the resultant materials were equal to 24wt% (symbol
Fe24/C) and 5.7wt% (symbol Fe5.7/C), respectively.
Both the Fe/C specimens were impregnated with an
alcoholic solution of potassium hydroxide up to the
level of K :carbon=0.23:1 [g:g], the former system
(Fe24/C) also being impregnated with an aqueous solu-
tion of potassium nitrate (K" : carbon =0.23:1 [g:g]).

2.2. Characterization of catalysts

The hydrogen chemisorption experiments were
carried out in a glass flow setup [10,11], equipped with
a gradientless reactor. The samples (500 mg) were first
re-reduced in flowing hydrogen (0.5cm?’/s, 450 °C, 24 h)
and flushed with helium (0.5cm?/s, 400°C, 0.5h) to
remove hydrogen adsorbed on the Fe surface. Then the
temperature was lowered to 150°C and helium was
replaced with hydrogen (0.5 cm?/s), followed by cooling
in H, to 0°C. After flushing with argon (0.5cm’/s,
0°C, 0.25h) to remove weakly adsorbed hydrogen, the
samples were heated in an argon stream (0.5 cm? /s,
0.28 °C/s) and the amount of H, desorbing to an Ar
stream was monitored (TPD of H,). The dispersion of
iron (fraction exposed, FE) was calculated from the
integrated H, TPD signal, assuming the H:Fe, stoichio-
metry to be 1:1. The average size of Fe particles was
calculated from the generalized equation proposed by
Borodzinski and Bonarowska [12].

The XRD studies were carried out in a standard
Rigaku Denki diffractometer using Ni-filtered Cu K,
radiation. Samples were powdered and spread out on a
porous glass. The patterns were recorded by step-by-
step counting with a counting time of 10s and a step
size 260 = 0.05°. The average crystallite size of iron was
determined from Scherrer’s equation using the full
widths at half maximum of Fe reflections fitted to the
analytical Pearson VII functions.

The TEM observations were performed with a
JEM2000EX instrument [13] operated at an acceleration
voltage of 200kV and equipped with a double-tilted
goniometer. Specimens were first ground in an agate
mortar and then dispersed in n-butanol. Drops of the
suspensions were placed on a holey carbon film
supported by a copper grid. Both the XRD and TEM
measurements were performed ex situ with samples
previously tested in ammonia synthesis.

2.3. Activity measurements

The kinetic studies of NH; synthesis were carried out
in a differential reactor supplied with a stoichiometric
H,—N,—NH; mixture of controlled ammonia content
(x;)—for details see ref. [14]. Under chosen steady-
state conditions of pressure, temperature, gas flow and
gas composition (x;), a small increment in the ammonia
content over the sample was measured and the NH;
synthesis rate was calculated [14], according to the
mass balance for a catalyst layer. Consequently, a full
ammonia partial pressure dependence of the reaction
rate could be determined for each sample by changing
the level of x; in the gas.

The kinetic experiments were performed at 400 °C and
under total pressure of 63 or 90 bar—the latter value of
pressure being characteristic for the modern KAAP
installations [1,2] operating both with the fused iron
catalyst (first bed) and Ru/carbon catalyst (the next
three beds). Prior to the activity tests, the samples (of
0.1-0.4 g, depending on their activity) were in situ re-
reduced at 450°C for 24h. To avoid mass and heat
transfer limitations, small particles of 0.3—0.6mm in
size were tested.

3. Results and discussion

The H, TPD responses proved to be similar for all the
K*—F/C specimens. A symmetrical, single peak centered
at about 140°C was characteristic for each sample,
contrary to what was observed for K*—Ru/C [15],
where two local maxima appeared in the signal. The
H, chemisorption data are collected in table 1. As can
be seen, the dispersion of iron particles is affected both
by the metal loading and—what is unexpected—by the
kind of potassium precursor: the system promoted with
KNOj; exhibits lower dispersion (FEy,) than that
promoted with KOH, both derived from the same
Fe24/C precursor. The reason for the difference observed
is unclear. Most likely, nitrogen oxides—formed as by-
products of KNO; decomposition during the stabiliza-
tion (re-reduction) of the samples—oxidized the Fe
crystallites, thus leading to the sintering effect.

The XRD patterns show (figure 1) that potassium
carbonate is present in the promoted specimens, besides
iron. Since the XRD experiments were performed ex situ,
the K,CO; phase might be formed during the storage of
the samples in the air, which always contains small
amounts of carbon dioxide. For all the specimens, the
average crystallite sizes of iron estimated from line
broadening (XRD column in table 1) agree very well
with those calculated from the chemisorption data.

The TEM study demonstrates, in turn, that the cata-
lysts are rather inhomogeneous as far as the dimension
of the iron particles is concerned. This is exemplified in
figure 2, which shows the Fe crystallite size distribution
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Table 1
Dispersion of the Fe/carbon catalysts prepared
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Catalyst Chemisorption of hydrogen XRD d, TEM d.
(nm) (nm)
H, uptake FEy, dpe
(pmol/gc ; ) (%) (nm)
Fe24/C - - - 31 10—40
KNO;-Fe24/C 73.5 3.4 40 48 20-100
KOH-Fe24/C 120.5 5.6 24 31 10-40
KOH-Fe5.7/C 54.2 10.6 12.5 10 -

in one of the materials (KOH—Fe24/C), the average sizes
being collected in table 1. The dark-field images revealed
the coarse Fe crystallites, especially in the KNO;—Fe24/
C specimen, to have regular well-faced polyhedral forms.
The specific shapes (square or hexagonal, see figure 3(a))
suggest the large crystallites form rhomboid dodeca-
hedrons (rhombidodecahedrons), that expose the Fe
planes of {110} type, as shown schematically in figure
3(b).

3.1. Activity of the catalysts in NH; synthesis

The effect of potassium on the activity of the Fe/C
catalysts has been studied first. Unfortunately, the
unpromoted specimens proved to exhibit very low,
hardly measurable reaction rates both at 63 and at
90 bar, when the concentration of ammonia in the gas
exceeded 2-3%. Hence, to distinguish between the
unpromoted samples and those promoted with the
alkali, simple experiments were performed only, in
which the reactor was supplied with an ammonia-free
mixture (x; = 0) and the outlet concentration of NHj
(x,) was measured under various pressures. The results
obtained for the systems containing 24% Fe are shown
in figure 4(a). In both cases (Fe24/C and KOH-Fe24/
C), the x, values increase monotonously when the
pressure (p) is elevated. However, the promotional
effect of potassium becomes more pronounced at
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Figure 1. X-ray diffraction patterns of the carbon-based iron catalysts.

higher pressures. This is clearly seen in figure 4(b),
which illustrates how the ratio (n) of the integral reaction
rates over KOH-Fe24/C and Fe24/C changes versus
pressure: at p = 90 bar, the ratio (n = 8) is about four
times higher than that at 4 bar (n = 2). The above results
are in good agreement with the results reported for the
fused iron catalysts [14,16], thus indicating the existence
of a close similarity between the magnetite-based cata-
lysts and iron catalysts supported on carbon.

Subsequently, the kinetic characteristics of the K-
promoted Fe/C specimens, ie. the dependencies of
their reaction rates versus ammonia content in the gas,
were determined. A fused iron catalyst (KMI,
H. Topsoe) has also been tested as a reference material.
Figure 5 compares the characteristics obtained for the
KOH-Fe24/C sample and for KM I, under a pressure
of 63 bar. Since the reaction rates were referred to iron
mass (see figure 5), the comparison is not authoritative
for the evaluation of the surface site activities. One
may say only that both types of catalysts are kinetically
similar, i.e. both are very sensitive to ammonia: a 20-
fold drop and about a 16-fold drop in the reaction
rates are observed for KOH-Fe/C and KMI,
respectively, when increasing the NH; content from 1
to 8%.

Figure 6 presents the ammonia partial pressure
dependencies of the reaction rates for all three K*-
promoted Fe/C catalysts under 90 bar pressure. Since

30

= =

Mumbar of particles

[x] —
b 1w 20 KL i &l

Particle gize [rm]

Figure 2. Distribution of the iron crystallite sizes in the KOH—Fe24/C
catalyst (TEM).
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Figure 3. Well-shaped iron crystallites: (a) TEM images, and (b)
corresponding projections of rhombidodecahedron with indicated {110}
facets.
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Figure 4. Effect of pressure on the activity of the Fe24/C catalysts: (a)
concentration of ammonia in the outlet gas (A: Fe24/C; T = 400°C;
S.V. =50 x 10°I/h, O: KOH-Fe24/C; T =400°C; S.V. = 140 x 10° 1/h),
(b) ratio of the integral reaction rates over KOH-Fe24/C and Fe24/C
(T =400°C).
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Figure 5. Ammonia partial pressure dependencies of the reaction rates over
the KOH—-Fe24/C catalyst and over industrial magnetite catalyst (KM I):
T =400°C, p = 63 bar.

the rates of synthesis are strongly affected by ammonia, a
double logarithmic scale has been used in figure 6 to dis-
tinguish between the individual traces over the whole
range of NHj; concentrations. It should be noticed that
the sequence of reaction rates for the K*—Fe/C speci-
mens corresponds to the sequence of their dispersions
listed in table 1. Since the Fe surface area is proportional
to the dispersion, the above correlation seems to be
obvious. However, the relationship between the turnover
frequency (TOF) of NH; synthesis (calculated from the
kinetic and H, chemisorption data) and the particle
size (figure 7) demonstrates that the catalytic properties
of iron are influenced by the Fe dispersion: the smaller
the crystallites, the higher the TOF values. A reference
should be given here to the early papers by Boudart
and co-workers [17-19], who studied the properties of
small iron particles on magnesia. Contrary to what we
observed for K™-Fe/C, they found TOF of NH;
synthesis over Fe/MgO to be the higher, the bigger the
particle size [18]. The above ““discrepancy’” shows clearly
that the behavior of Fe particles in NH; synthesis
depends on the kind of support, the phenomenon being
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Figure 6. Ammonia partial pressure dependencies of the reaction rates over
the three K™ —Fe/C catalysts under the 90 bar pressure; 7' = 400 °C.
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Figure 7. Turnover frequency of NH; synthesis over the K™ ~Fe/C catalyst
versus iron particle size for different ammonia contents in the gas:
T =400°C; p =90 bar.

well known for the unpromoted ruthenium catalysts
[20-22] as well as for those promoted with the alkali
[21-26].

Two possibilities should be considered when discuss-
ing the reasons for the observed decrease in TOF over
K™ —Fe/C versus particle size:

(a) promotion by potassium is more efficient in the case
of smaller Fe crystallites (effect of promotion),

(b) small crystallites expose relatively more sites of high
activity, e.g. C-7 sites, than the larger ones (structure
sensitivity effect).

The potassium promotion is commonly assumed to
proceed via electron transfer from the alkali to the Fe
surface. As a result of the K°T—Fe’™ electric dipole
formation, the barrier for N, dissociation (the rate-
limiting step of NHj; synthesis) is decreased [27-30]
and/or all NH, species, including adsorbed NH;
molecule, are destabilized [31-35]—resulting in more
free sites on the active surface and thus increasing its
activity [31,32]. The above concepts require potassium
to be in a highly reduced state. However, the alkali
metals are known to be unstable under ammonia
synthesis conditions [36] and the Fe surface is thought
to be covered with a composite K + O adlayer (K, O,
groups) [28]. Oxygen partly but not totally neutralizes
the promotional effect and it acts as a stabilizing agent
for potassium [28,37].

Graphitized carbon is a rather untypical support that
forms intercalated compounds with the alkali. Conse-
quently, potassium is expected to exist in its zero valent
state on the carbon surface. Since ionic potassium (K™)
has been used as a precursor in our studies, the overall
promotional effect might originate both from K.,O,
groups that cover the Fe surface and from highly reduced
potassium at contact points between the Fe crystallites
and the alkali metal adsorbed onto the graphite as
suggested for Ru/C [4,38] (the “hot ring promotion™).
The number of K°~Fe contact points (‘“hot ring™) is,

for obvious geometrical reason, proportional to dEez,
whereas the number of surface Fe atoms is proportional
to d. . Hence, the higher the Fe dispersion, the larger the
contribution of metallic potassium—which is, in nature,
a more efficient promoter than K,O,—to the overall
effect and the higher the turnover frequencies would
result.

On the other hand, ammonia synthesis both on iron
and ruthenium is known to be a structure-sensitive
reaction. Somorjai and co-workers [32,39] have shown
that the Fe(111) and Fe(211) planes are the most active
among the low-index planes of iron. A high activity of
those surfaces was attributed to the presence of the so-
called C-7 sites (Fe atoms with seven nearest neighbours)
[32]. In the case of ruthenium, the B-5 sites are believed to
dominate the catalytic properties of the Ru surface in
NHj; synthesis. Compared with the flat terrace sites, the
barrier for N, dissociation is smaller on the B-5 type
sites [35] due to a more optimal geometry. It is suggested
[35] that all ammonia synthesis catalysts expose B-5
active sites. The calculations performed by Jacobsen
et al. [20] for ruthenium indicate that the concentration
of B-5 sites increases systematically upon the Ru
dispersion to reach maximum for very small particles
of about 2nm in diameter. It seems reasonable to
assume that the iron particles of several nanometers are
also the most advantageous, i.e. they expose the highest
concentration of the C-7 (B-5) sites and, consequently,
the highest activity referred to the Fe surface area.
Hence, an increase in TOF with an iron dispersion
increase, as observed for the K™ —Fe/C systems prepared
(figure 7), might be attributed to the enhancement in the
concentration of C-7 (B-5) sites. Further studies, with
catalysts of much higher dispersion (dg, < 10nm) are
necessary, however, to clarify the problem.

Attention should be paid in the end to the practical
aspects of the studies performed. A very active K¥—
Fe/C catalyst requires iron to be finely dispersed. The
activity enhancement would be double then—due to the
increase in the iron surface area (for a fixed Fe loading)
and due to the increase in the turnover frequencies.

4. Conclusions

1. Iron catalysts deposited on graphitized carbon and
promoted with potassium ions (K") display a high
activity in ammonia synthesis. The kinetic behavior
of the K*—Fe/C systems is similar to that of the
fused iron catalyst, i.e. both types are very sensitive
to the changes in ammonia concentration in the gas
mixture (H,: N, =3:1).

2. The catalytic properties of the Fe surfaces in K™ ~Fe/C
are affected by the metal dispersion: the lower the iron
particle size, the higher the TOF of NHj; synthesis. It is
suggested that either the Fe surfaces of small Fe crystal-
lites exhibit relatively more C-7 (B-5) sites—which are
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suggested to be essential for the reaction rate—or the
promotion of small particles by the alkali is more
efficient than that of the bigger ones—due to the
greater contribution of metallic potassium to the
overall effect both from K® (“hot ring promotion™)
and KO, (promotion of the Fe surface).
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