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The influence of oxygen poisoning on a state-of-the-art multipromoted iron-based industrial catalyst for ammonia synthe-

sis as well as the effectivity of different gas purification methods to prevent oxygen poisoning for experiments on laborato-

ry scale were studied in detail. Additionally, the observed results were compared to a common oxygen poisoning test from

literature, which on the one hand confirmed its usability in a wide range of conditions, but on the other hand also demon-

strated the limitations of this test.
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1 Introduction

Nowadays, alternative feedstocks are discussed for utiliza-
tion in synthesis gas processes [1, 2]. Especially, the use of
industrial exhaust gases together with hydrogen based on
renewable resources provides the opportunity to combine
reducing industrial CO2 emissions with storing renewable
energies in a chemical compound. As these gases differ in
composition and impurity level from the usually applied
sources, additional studies are needed to enable their uti-
lization. Therefore, within the cross-industry approach of
Carbon2Chem�, where exhaust gases from steel mills
should be supplied as a possible feedstock for processes,
such as methanol or ammonia synthesis, a detailed investi-
gation of possible impurities as well as the required gas
cleaning will be one key for achieving industrial application
[3]. One part in this joint project is to focus on providing a
synthesis gas of highest reasonable quality for chemical pro-
duction. Therefore, the validation of the envisaged process-
es like, e.g., ammonia synthesis (Eq. (1), [4]) based on steel
mill exhaust gases within poisoning limits has to be investi-
gated in detail. To validate the significance of various gas
cleaning methods, the removal of possible poisoning com-
pounds from the supplied feed gas is mandatory and has to
be considered precisely in every laboratory-scaled test reac-
tion to enable the determination of the impact of the impur-
ities.

1:5 H2 þ 0:5 N2 Ð NH3 DH0
r ¼ �46:22 kJ mol�1 (1)

It is well known that the iron-based catalyst for industrial
ammonia synthesis is highly sensitive to poisoning by var-
ious components that can be present in the synthesis gas for

this reaction [4–7]. These components poison the catalyst
mostly by reacting with the active iron surface and blocking
its active sites except for halogens like Cl, which react with
the potassium promoter of the catalyst [5, 6]. Depending on
the components the poisoning can be reversible or irrevers-
ible. While gaseous species containing elements like S, P,
As, or Cl lead to a permanent poisoning [4, 5] it is possible
to fully regenerate an ammonia synthesis iron catalyst after
poisoning by oxygen and oxygen-containing species (H2O,
CO, CO2) as long as the iron nanostructure has not been
damaged by the temporal oxidation [8, 9]. Already ppm and
sub-ppm levels of these poisons in the feed gas can have a
significant influence on the catalytic activity in ammonia
synthesis [4]. Therefore, the purification of the feed gas for
ammonia synthesis needs to be handled with tremendous
care to ensure a high activity of the catalyst. In industrial
use this is achieved by an extensive amount of purification
steps, where next to the classical synthesis gas purification
methods like hydrodesulfurization, CO2 scrubbing, and
methanation additional high-purity steps like molecular
sieve dehydration, liquid nitrogen washing, or liquid
ammonia washing are added [4]. Additional care needs to
be taken for ammonia synthesis experiments on laboratory
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scale to obtain reliable kinetic data and to conduct mean-
ingful poisoning studies to determine the impact of the
impurities on the catalytic performance. This can be
achieved by purification methods like a guard reactor filled
with reduced iron catalyst. For measurements in ammonia
synthesis on laboratory scale usually the only poisons that
have to be considered are oxygen species as they are the
predominant impurities in a normal laboratory gas supply
using gases with high purity.

The presence of oxygen-containing impurities in the feed
gas can be tested by a method introduced by Fastrup and
Nygård Nielsen [10]. This method is based on the fact that
oxygen poisoning is reversible. While oxygen chemisorbs
strongly on the iron surface leading to its oxidation/poison-
ing (Eq. (2), [11]), the iron surface is reduced/regenerated
by converting the adsorbed oxygen in a reversible reaction
with hydrogen to water (Eq. (3), [12]).

0:5 O2 þ * fi Oads DH0
r ¼ �210 kJ mol�1 (2)

Oads þH2 Ð H2Oþ * DH0
r ¼ 117 kJ mol�1 (3)

(* = free adsorption site at the iron surface).
Under steady-state conditions the poisoning leads to an

equilibrium between oxygen on the iron surface and oxy-
gen-containing species in the gas phase. The equilibrium
depends on parameters like oxygen partial pressure, total
pressure and temperature and responds quite slowly to
changes of the conditions. If one of the parameters is
changed fast, oxygen poisoning becomes visible as the time
to achieve a new steady state is prolonged. For this method
it is required that the measured activity of the catalyst is far
below the thermodynamic equilibrium of the ammonia syn-
thesis reaction, but also high enough to detect a reliable
amount of ammonia production. For highly active industri-
al catalysts this can be achieved at temperatures between
300–400 �C. Also, the systems for the parameter changes
should have a fast response, e.g., a good temperature con-
trol. Furthermore, Fastrup and Nygård Nielsen [10] recom-
mend measurements at atmospheric pressure to keep the
gas amount in the reactor low and, therefore, reduce the
response delays. However, this test is also feasible at higher
pressures.

In this work, we report a study on the oxygen poisoning
of an industrial catalyst on laboratory scale by using differ-
ent purification methods with a varying effectiveness as well
as study the classical test method for oxygen poisoning.

2 Experimental

2.1 Catalyst

All catalytic tests were performed with a state-of-the-art
iron-based multipromoted industrial catalyst. The working
catalyst was obtained by reduction of a precursor consisting
mainly of iron oxide and small amounts of several different
promoters.

2.2 Setup

The ammonia synthesis tests were conducted in a modified
commercial ammonia synthesis catalyst test rig purchased
from ILS (Integrated Lab Solutions GmbH) equipped with a
guard reactor and a synthesis reactor. For quantitative prod-
uct gas analysis an online infrared (IR) detector for NH3

and H2O (Emerson X-Stream Enhanced IR Gas Analyzer)
was used. This setup allows the testing of catalyst materials
for ammonia synthesis in a continuous operation mode
with sample masses of a few gram at high temperatures and
pressures up to 500 �C and 90 bar. The molar flow of the
feed gas can be adjusted in a broad range allowing a broad
variability of the space velocity. A schematic flow scheme of
the major components of the setup is given in Fig. 1.

All components of the setup are connected with all-stain-
less-steel tubing. The feed gas mixture of the setup can be
individually regulated by mass flow controllers (MFCs) at
the inlets. Besides the reactants (hydrogen and nitrogen), it
is also possible to add argon to the feed gas mixture as an
inert compound. All gases are introduced in high purity
(99.999 %) and are further purified from oxygen species and
water in the sub-ppm range with OXISORB� oxygen scrub-
ber cartridges for each gas line. According to the datasheet,
the concentrations of oxygen-containing compounds in the
filtered gases are reduced below the following values:
<0.1 ppm O2, <0.5 ppm H2O [13]. The high pressure that is
necessary for the catalytic measurements is built up by a
reciprocating compressor with buffer volume elements be-
fore and behind the compressor to absorb the pressure
pulses caused by its unsteady operation mode and to guar-
antee a constant gas flow for the following reactors. Behind
the compressor and volume elements an additional MFC
adjusts the total feed gas flow rate to the reactors. As this
MFC has to adjust different possible gas compositions a
mini CORI FLOW� MFC (Bronkhorst GmbH) is applied,
which allows setting a mass flow independent from the
composition of the feed gas.

Before the feed gas enters the synthesis reactor, usually
residual oxygenates and other catalyst poisons in the feed
gas are removed by means of a guard reactor filled with ca.
150 g of a reduced magnetite-based industrial Fe catalyst. Its
temperature is kept at 40 �C during measurement to ensure
no ammonia formation is taking place. The guard reactor is
regenerated by re-reducing the industrial catalyst before
every catalytic measurement by heating it in a constant gas
flow of 75 % H2 and 25 % N2 with 1 �C min–1 to 450 �C and
keeping the temperature until the water signal at the reactor
outlet is constant to ensure that no oxygenate species break
through the guard reactor during the measurement.

Additionally, for varying poisoning experiments and for
comparison measurements the setup was modified by
installing a high-performance gas purifier for the ppt range
(MicroTorr� MC1-904 gas purifier) at two different positions
of the setup: one time directly before the guard reactor and
behind the compressor and one time before the compressor
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and behind the three MFCs. According to the datasheet the
concentrations of oxygen-containing compounds in the fil-
tered gas are reduced below the following values: <100 ppt
O2, <100 ppt H2O, <100 ppt CO, <100 ppt CO2 [14].

The IR detector for product gas analysis allows the detec-
tion and quantification of ammonia and water in the efflu-
ent gas flow up to a detection limit in the ppm range. It is
equipped with three different channels: one for detection of
low ammonia concentrations (0–3 vol %), one for detection
of high ammonia concentrations (3–100 vol %) and one for
detection of low water concentrations (0–1 vol %).

2.3 Catalytic Testing

For a measurement 3 g of iron oxide precursor (particle frac-
tion 250–425 mm) were diluted with 3.9 g SiC (average parti-
cle size 154mm). The catalyst bed was placed in the synthesis
reactor between pure SiC and held in position by glass wool
plugs at the entrance and exhaust of the tube reactor (catalyst
bed length L = 48 mm, inner reactor diameter dr = 10 mm,
outer diameter of thermocouple hull inside the reactor
dT = 3.175 mm). For reduction the sample was heated up
with a temperature program to 500 �C in synthesis gas (75 %

H2, 25 % N2) applying a flow of 286 NmL gcat
–1min–1 (volu-

metric flow at standard conditions, 0 �C, 1.013 bar) at an
elevated pressure of 30 bar. The precursor was reduced in
three temperature steps with different heating rates: from
room temperature to 250 �C with 1.2 �C min–1, 250–400 �C
with 0.3 �C min–1 and 400–500 �C with 0.2 �C min–1. After-
wards, the conditions were kept constant for ca. 4.5 h. In
total, the reduction procedure took 24 h.

For catalytic testing, the temperature was kept at 500 �C
while the pressure was increased to 60 bar with a pressure
ramp of 1 bar min–1. Different poisoning experiments were
performed in a temperature range of 300–425 �C and at dif-
ferent total flow rates of 119–600 NmL gcat

–1min–1. Addition-
ally, further experiments as well as similar temperature and
flow rate variations were conducted at atmospheric pressure.

3 Results and Discussion

All measurements were performed with a multipromoted
industrial catalyst. It was assumed that a full purification of
the synthesis gas and the maximal possible activity of the
catalyst can be achieved by further gas cleaning with the
guard reactor, as 150 g of a reduced industrial iron-based
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Figure 1. Schematic flow scheme of the ammonia synthesis catalyst test setup.
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catalyst should be sufficient to filter any potential poison
for a long time on stream at the applied flow rates. There-
fore, the activity of the catalyst with purification by the
guard reactor was set to 100 % for each of the applied stan-
dard measurement conditions that are used in this work.

In this work, the oxygen poisoning test originally devel-
oped by Fastrup and Nygård Nielsen [10] was performed
with fast changes of the temperature and of the total flow
rate (Fig. 2). The change of the parameters of the applied
setup is slightly slower compared to the one used by Fastrup
and Nygård Nielsen [10]. This can be related to its larger
scale leading to a higher overall residence time as well as its
high-pressure capability. Especially, due to the larger scale,
the temperature control is not as fast leading to a slight over-
heating or overcooling at the end of a temperature change.
Nevertheless, it is possible to observe a very good response of
the ammonia signal for the parameter changes when the
guard reactor is online (Fig. 2a). The change of the flow rate
leads to a clear leap of the ammonia signal and for the change
of the temperature also the overheating and overcooling can
be observed in the ammonia signal. According to the test
classification there is no sign for oxygen poisoning of the cat-
alyst. However, without a further purification step a clear

response delay in the ammonia signal can be observed, even
when high-purity gases with a purity of 99.999 % and addi-
tional purification of the supplied gases by oxygen scrubber
cartridges are used for the measurements (Fig. 2b).

Additional tests were performed with a high-performance
gas filter to investigate its effectiveness in comparison to the
guard reactor. As the filter can be applied also at elevated
pressures of up to 69 bar it was installed within the setup
directly before the guard reactor. Here, the first tests were
performed at a pressure of 60 bar. After achieving steady-
state conditions the guard reactor was set to bypass (Fig. 3).

As it can be seen in Fig. 3a, there is absolutely no change
in the catalytic activity after the synthesis gas is only puri-
fied by the high-performance filter. The sharp peak in the
activity accompanying the switching of the guard reactor to
bypass is caused by a short drop of the gas flow rate as the
bypass line of the guard reactor was at atmospheric pressure
and its switching leads to a pressure drop in the setup. The
constant activity after the switching for more than 92 h
without any loss of activity proves that the high-perfor-
mance filter operates with a high level of purification simi-
lar to the guard reactor, which is far beyond the critical

www.cit-journal.com ª 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2020, 92, No. 10, 1567–1573

Figure 2. Oxygen poisoning test at atmospheric pressure
a) with synthesis gas purified by the guard reactor and b) with-
out purification by the guard reactor.

Figure 3. a) Relative ammonia synthesis activity with synthesis
gas purified by the guard reactor and/or the high-performance
filter installed directly before the guard reactor. b) Oxygen
poisoning test at 60 bar with synthesis gas purified by the high-
performance filter.
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amount of impurities that lead to a poisoning of the cata-
lyst. Furthermore, the oxygen poisoning test shows a direct
response to the changed reaction conditions indicating the
absence of any poisoning of the catalyst (Fig. 3b). Accord-
ingly, a purification down to the ppt range given by the
high-performance filter seems to be suitable to protect an
ammonia synthesis catalyst from poisoning and the purifi-
cation on the macroscopic scale is comparable to the purifi-
cation by a conventionally applied guard reactor.

Subsequent to the described oxygen poisoning test the
high-performance filter was set to bypass and almost imme-
diately an activity loss could be observed (Fig. 4). The direct
response of the ammonia concentration to the introduction
of oxygen to the synthesis gas indicates that the whole cata-
lyst bed contributes to the measured catalytic activity and it
is possible to observe how the poisoning slowly proceeds
throughout the catalyst bed. It took around 37 h for a full poi-
soning of 3 g catalyst under the applied reaction conditions
until a new steady-state is established. During this time the
catalyst lost around 75 % of its original activity.

The progress of the poisoning effect can be separated into
two different processes: a relatively fast poisoning effect at
beginning of the test and after a turning point at around 27 h
time on stream a much slower loss of the activity. This can
most likely be explained by an initial kinetically driven cover-
ing of the catalyst with oxygen, while afterwards a slow align-
ment of the final equilibrium between oxygen on the surface
and in the gas phase takes place. After the new steady-state
was achieved, an additional oxygen poisoning test was
performed. Here, fast changes of the total flow rate led to a
long equilibration of the ammonia signal indicating clearly
the expected oxygen poisoning, as Fastrup and Nygård
Nielsen [10] showed already a visible poisoning with 1.6 ppm
oxygen.

Actually, the oxygen amount for this test seems to be far
higher than expected as the gas supply of the setup is purified
by standard oxygen scrubber cartridges, which should purify
poisons in the synthesis gas to levels of <0.1 ppm O2 and
<0.5 ppm H2O. By an additional experiment, where the high-
performance filter was installed before the compressor of the
setup, it could be verified that the compressor was the main
cause for this higher amount of oxygen impurities. With the
high-performance filter installed before the compressor and
the guard reactor behind the compressor, a similar catalyst
poisoning as observed before (see Fig. 4) occurs when the
guard reactor is removed (Fig. 5). As the high-performance
filter has been proven to be sufficient for a full removal of
catalyst poisons from the synthesis gas, the oxygen must be
introduced by the compressor. With its movable parts
sealed by plastic O-rings and, therefore, unavoidable leak
rate the compressor seems to be responsible for a major
part of the presence of the oxygen impurities. It could be
also possible that the lubricant or other polymer parts of
the compressor release further poisons like S-, P- or F-con-
taining compounds. However, as can be seen in Fig. 4 it was
possible to restore the initial activity by enabling a full gas

purification again indicating that the observed effect is only
caused by a reversible oxygen poisoning.

Furthermore, to investigate the effect of the gas supply
purified by standard oxygen scrubber cartridges a measure-
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Figure 4. a) Poisoning of the catalyst after switching the high-
performance filter to bypass. b) Oxygen poisoning test at 60 bar
without any further purification.

Figure 5. Catalyst poisoning without guard reactor and high-
performance filter installed before the compressor as well as
subsequent regeneration of the catalyst.
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ment was conducted where the compressor was bypassed.
As the compressor is needed within the setup to build up
elevated pressures this measurement could only be per-
formed at atmospheric pressure. For comparability the oxy-
gen poisoning test was repeated at atmospheric pressure
with synthesis gas purified by the guard reactor (Fig. 6a)
and synthesis gas purified only by the high-performance fil-
ter (Fig. 6b). These measurements were performed at a low-
er standard temperature of 350 �C to ensure that the pro-
duced ammonia concentration is still far below the
thermodynamic equilibrium as the equilibrium value de-
creases with decreasing pressure. The results of these oxy-
gen poisoning tests are similar to the measurements at
60 bar. For both measurements no oxygen poisoning could
be observed and, furthermore, no difference between the
purification by the guard reactor and by the high-perfor-
mance filter can be determined.

In a final measurement the effectiveness of a purification
only by standard oxygen scrubber cartridges was investi-
gated. These cartridges lower the amount of oxygen to
<0.1 ppm and water to <0.5 ppm in the feed gas. After switch-
ing the additional purification devices to bypass a very slow
poisoning of the catalyst was observed (Fig. 7a), which took

around 167 h until a new steady-state was achieved. During
this equilibration time the catalyst lost around 25 % of its
initial activity under the applied conditions.

Here, the poisoning takes far longer and the activity loss
is far lower compared to the oxygen poisoning induced by
the compressor, but an activity loss of 25 % is still signifi-
cant. Therefore, even oxygen impurities below 1 ppm can
have a strong negative effect on the catalytic activity of
iron-based ammonia synthesis catalysts. However, although
a clear poisoning of the catalyst could be observed, it was
not possible to identify any signs for poisoning with a sub-
sequent test for oxygen poisoning (Fig. 7b). Accordingly, the
oxygen poisoning test developed by Fastrup and Nygård
Nielsen [10] has its limitations. While a poisoning with
1.6 ppm oxygen is still detectable applying this method,
concentrations below 1 ppm are apparently too low to have
a visible impact on the equilibration time of the ammonia
synthesis activity, despite the fact that they still have a major
influence on the catalytic activity. Additionally, in the end
the initial activity could be restored also under these condi-
tions by enabling a full gas purification again proving that
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Figure 6. Oxygen poisoning test with synthesis gas purified by
a) guard reactor and high-performance filter and b) high-per-
formance filter at atmospheric pressure.

Figure 7. a) Catalyst poisoning at atmospheric pressure with
synthesis gas purified by standard oxygen scrubber cartridges
and without further purification as well as subsequent regen-
eration of the catalyst. b) Oxygen poisoning test with synthesis
gas purified by standard oxygen scrubber cartridges at atmo-
spheric pressure.
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the observed effect is only caused by a reversible oxygen
poisoning.

4 Conclusions

In total it could be demonstrated how highly sensitive an
iron-based ammonia synthesis catalyst is toward oxygen
poisoning and that a standard laboratory gas supply as well
as some standard laboratory purification methods might be
insufficient to prevent this poisoning. Even impurities be-
low 1 ppm of oxygen lead to a significant loss in activity.
The oxygen poisoning test for iron-based catalysts in am-
monia synthesis introduced by Fastrup and Nygård Nielsen
[10] does work, but also has its limitations. At oxygen
amounts of less than 1 ppm it is not possible to identify an
oxygen poisoning by this method, although this concentra-
tion leads already to a clear reversible deactivation of the
catalyst in long-term. Therefore, the most sensitive detector
for oxygen-containing impurities in the feed gas is the cata-
lyst itself.

Poisoning in this range can originate from many poten-
tial sources and the components of a setup for activity and
kinetic measurements need to be evaluated carefully in this
regard. As it could be seen by the example of the applied
compressor, already one component can prevent the ability
to measure the full catalytic activity. However, a sufficient
protection of the catalyst can be achieved by purification of
the synthesis gas from any oxygen species down to the ppt
range by a guard reactor or a high-performance filter. Such
devices have to be considered while designing a test setup
for kinetic and poisoning tests. Not only for iron catalysts
in ammonia synthesis this may be crucial, also for poison-
ing studies in other reactions like Cu-based catalyst in
methanol synthesis it can be essential to ensure a clean feed
gas to obtain reliable information on the poisoning effect of
the investigated compounds.
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Abbreviations

DHr
0 [kJ mol–1] standard enthalpy of reaction
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[2] G. Deerberg, M. Oles, R. Schlögl, Chem. Ing. Tech. 2018, 90 (10),
1365–1368. DOI: https://doi.org/10.1002/cite.201800060

[3] J. Schittkowski, H. Ruland, D. Laudenschleger, K. Girod, K. Käh-
ler, S. Kaluza, M. Muhler, R. Schlögl, Chem. Ing. Tech. 2018, 90
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