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An Efficient Oxygen Activation Route for Improved
Ammonia Oxidation through an Oxygen-Permeable

Catalytic Membrane

Zhengwen Cao,” Heqing Jiang,*™ Huixia Luo,®“ Stefan Baumann,”
Wilhelm A. Meulenberg,” Hartwig Voss,” and Jirgen Caro*®

Upon using a reactant/oxygen mixture as co-feed in partial oxi-
dation, adsorbed surface molecular oxygen species can cause
low selectivity. We propose a concept different from the con-
ventional co-feed partial oxidation process in packed-bed reac-
tors. In this new configuration, the activation of oxygen is sep-
arated from the catalytic oxidation by using an oxygen-perme-
able membrane to suppress the formation of nonselective sur-
face molecular oxygen species. A continuous flux of lattice
oxygen through the membrane allows highly selective partial
oxidation. In the oxidation of ammonia to NO, the NO selectivi-
ty was improved from 77 to 95% if a La,eSro4Coy,Feps05 s
oxygen-permeable catalytically active membrane was used at
850°C instead of a co-feed fixed bed reactor.

Extensive research efforts have been devoted to improve the
Ostwald process (4NH;+50,—4NO+6H,0), as this step
covers approximately 90% of the cost of nitric acid produc-
tion.I" For many years, nitric acid producers relied on platinum
group metal alloy gauzes as catalysts that show very good ac-
tivity and 94-96% NO selectivity with the formation of N, and
N,O as byproducts. However, the utilization of Pt-Rh gauzes is
expensive and is linked to N,O emission and platinum loss in
the form of volatile oxides. These facts stimulated research to-
wards the development of new catalysts and new processes
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for the oxidation of ammonia. A series of less expensive
oxides, especially cobalt oxide (Co;0,) and perovskite structure
oxides, such as Ca- or Sr-substituted LaMnO;, LaCoO;, and
LaFeO,, have been reported to show promising catalytic per-
formance towards ammonia oxidation.” Considering that N,
from air represents approximately 70% of the total flow in the
current plants, Pérez-Ramirez et al. proposed a novel process
for the oxidation of ammonia by using a lanthanum ferrite
based oxygen-permeable membrane reactor, in which the
oxygen for the ammonia oxidation was separated from air and
in situ supplied through the membrane; moreover, N, in the
air flow was completely kept on the other side of the mem-
brane. By using a LaygSry,FeO; s membrane as the reactor for
the oxidation of ammonia, high NO selectivities (95-98%)
were obtained only upon feeding very limited amounts of am-
monia (< 0.5 cm®*min™"' NH; in a total flow of 130 mLmin™" at
1100 K).®! To obtain a larger oxygen permeation flux, Sun et al.
recently employed a Bay;Sr,sCo,sFe,,0; s membrane with high
oxygen permeability for the oxidation of ammonia.”’ However,
the NO selectivities were relatively low (< 70%). It is, therefore,
desirable to study the catalytic process on the membrane sur-
face to improve the membrane-based oxidation of ammonia
further.

During ammonia oxidation on metal oxide catalysts, follow-
ing the concept of Mars and van Krevelen, the participation of
lattice oxygen™ was found to play a very important role in the
formation of NO.® The formation of lattice oxygen by reoxida-
tion of the oxygen-depleted metal oxides by gaseous oxygen
has been suggested as follows [Eq. (1)]:”

02(9) - Oz(ads) - (Og(ads) - Og(ads)) -
(20,4 — 200,4) — 20¢,

(ads) lattice)

(M

First, oxygen molecules adsorb on the oxide surface, and the
adsorbed O, becomes reduced and is incorporated into the
metal oxide as lattice oxygen 0%, as shown in Figure 1a. Many
efforts have been taken to identify the role of various oxygen
species. It is accepted that ammonia can be directly oxidized
by lattice oxygen to NO,” and a low selectivity for NO is relat-
ed to high concentrations of adsorbed molecular oxygen spe-
cies that react with adsorbed ammonia to form nitrogen.”
Very recently, Biausque et al. reported that one key route to
form N, in the oxidation of ammonia over perovskite LaCoO,
consisted in the reaction of adsorbed ammonia with adsorbed
oxygen species such as peroxide (027) and superoxide (O,)
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Figure 1. Ammonia oxidation over a) a conventional packed-bed perovskite
catalyst and b) a perovskite membrane. In a), oxygen as a co-feed becomes
incorporated into the oxide catalyst and adsorbed molecular oxygen species
are present at the early stage of incorporation. In b), for which a membrane
is in operation, lattice oxygen species and atomic oxygen species are pres-
ent at the early stage of oxygen release.

species."” These experimental findings led us to the assump-
tion that a high selectivity for NO could be achieved if the
only oxygen species involved in the ammonia oxidation was
lattice oxygen or atomic surface oxygen species."” However,
this concept is difficult to implement, as the formation of
weakly bound molecular oxygen species is the first and un-
avoidable step in the activation of oxygen in conventional cat-
alytic packed-bed reactors with an oxygen/ammonia mixture
as co-feed."?

To minimize the formation of surface molecular oxygen spe-
cies, herein we developed a concept to separate the activation
of oxygen from the catalytic process through an oxygen-per-
meable membrane."¥ As illustrated in Figure 1b, O, is reduced
to lattice oxygen O®~ on the air side of the membrane, which
is locally separated from the catalytic oxidation of ammonia
where oxygen is consumed. As lattice oxygen, the oxygen ions
diffuse through the membrane to the permeate side at which
a lower oxygen partial pressure exists. However, given that the
first oxygen species present on the ammonia side before
oxygen release is lattice oxygen, a proper consumption of the
lattice or atomic oxygen species by the oxidation of ammonia
may effectively suppress the formation of nonselective surface
molecular oxygen species. Consequently, a high selectivity for
NO can be expected.

This work demonstrates that the use of an oxygen-perme-
able membrane with sufficient surface area can supply catalyti-
cally selective lattice oxygen or atomic surface oxygen species
and suppress the formation of nonselective molecular oxygen
species. A newly developed asymmetric ultrathin perovskite
LSCF (LageSry4C0og,Fers05.5) membrane was used.'¥ As shown
in Figure 2, a thin (25 um), dense LSCF layer is supported by
a mechanically stable porous LSCF layer that is approximately
800 pum thick. The LSCF material was selected as the oxygen-
permeable membrane, as it combines high permeability with
an intrinsic catalytic activity towards the oxidation of ammo-
nia.>" This, as a rule, is a prerequisite for use in membrane re-
actors.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. SEM micrographs of a cross-section of a fresh LSCF membrane.

To verify our concept, the oxidation of ammonia in the
membrane reactor with oxygen supplied as lattice/atomic
oxygen was compared with the direct feeding of gaseous
oxygen (co-feed mode) by using the same LSCF membrane as
the catalyst at 850°C (Figure S1, Supporting Information). In
the co-feed mode, if the oxygen and ammonia are jointly fed
to the porous support side of the LSCF membrane, the LSCF
membrane acts only as a contact catalyst providing a large sur-
face. However, in the membrane mode, oxygen for the oxida-
tion of ammonia is separated from air by the LSCF membrane
layer. We show the results of this comparison in Figure 3. The
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Figure 3. NO selectivity in the oxidation of ammonia for the two different
operation modes at 850°C in a LSCF membrane reactor. The porous support
layer of the asymmetric LSCF membrane was facing the NH;/O, mixture in

the co-feed mode or facing pure NH; in the membrane mode (membrane

mode, air side: F,, =100 cm’®min~'; ammonia side: F,;=100 cm*min~",

air
Fauw,=1.6 cm’min™" Fy=1cm’min™", F,.=balance; co-feed mode:
Fye=1cm’min™", Fyy,=1.6 cm*min~", Fo, + Fye=97.4 cm’min"). The inset
shows the NO selectivity for the two different modes if supplying
1.6 cm*min~' oxygen.

highest NO selectivity obtained in the membrane mode after
reasonable optimization of the reaction parameters was 95 %,
whereas the maximum NO selectivity in the co-feed mode was
only 77%. Notably, the amount of permeated oxygen in the
membrane reactor mode and the co-feed fixed-bed reactor
mode was the same. Given that the operating temperature for
both reactors was also the same, the strength of the bonding
of oxygen to the surface was also comparable. The only differ-
ence between the co-feed mode and the membrane mode
was the way in which oxygen was supplied: In the co-feed
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fixed-bed reactor, adsorption and reduction of gaseous oxygen
and the oxidation of ammonia take place in the same compart-
ment. As we can expect from the reduction of oxygen shown
in Figure 1a, in the fixed-bed co-feed reactor, adsorbed molec-
ular oxygen species can react with ammonia to form undesired
nitrogen. In contrast, in the membrane mode the activation of
oxygen is separated from the catalytic reaction, and therefore,
the formation of nonselective surface molecular oxygen spe-
cies can be suppressed. The NO selectivity as a function of the
fed oxygen was also tested in a small range for the co-feed
mode, as shown in Figure 3, but the NO selectivity obtained in
the membrane reactor was always higher than that in the co-
feed mode.

In an additional experiment, instead of the porous support
layer, the dense layer of the LSCF membrane was exposed to
the ammonia side. Figure 4 shows the NO selectivity and the
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Figure 4. NO selectivity and ammonia conversion in the oxidation of ammo-
nia as a function of the concentration of ammonia in the feed in the two dif-
ferent operation modes of the LSCF membrane reactor at 850 °C with the
porous support layer to ammonia and the dense layer to the ammonia side
(air side: F,, =100 cm’min~"; ammonia side: F,;=100 cm*min~" Fy, =1.3-
3.0cm’min~!, Fye=1cm?’min~, F,. = balance).

conversion for the ammonia oxidation reaction plotted versus
the concentration of ammonia in the feed gas for these two
operation modes: Either the dense LSCF or the porous LSCF
support layer was facing ammonia. If the ammonia oxidation
took place on the surface of the dense LSCF layer, a low NO se-
lectivity (<10%) was found, whereas the selectivity was ap-
proximately 90% if ammonia oxidation took place on the
porous LSCF support. Although the ammonia conversions
were comparable for these two operation modes (Figure 4),
the NO yield was much lower on the dense LSCF layer than on
the porous LSCF layer that was used as a large contact surface
for the oxidation of ammonia. Given that the surface morphol-
ogy—porous versus dense—was the major difference, the sur-
face area appears to be the determining factor for the per-
formance of the membrane reactor. Relative to a dense sur-
face, as shown in Figure 5a, the porous layer provides a much
higher surface area. The permeated oxygen ion (atomic) can
be sparsely distributed through the porous network, and this
leads to sufficient suppression of the formation of nonselective

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a)

NO

®) N. NO

Air 0,- depleted Air

Figure 5. Asymmetric oxygen-permeable membrane with a) a porous surface
and b) a smooth surface facing the ammonia side of the membrane reactor.

surface oxygen species (molecular)." Therefore, there are
more lattice oxygen and atomic surface oxygen species that
can be consumed in selective oxidations before molecular
oxygen species are formed. In contrast, if the dense membrane
layer faces the ammonia oxidation side, the relatively high con-
centration of permeated oxygen ions can combine to form
weakly bound oxygen species that then desorb as molecular
oxygen from the dense LSCF side, as shown in Figure 5b; this
enhances the formation of the undesired nitrogen byproduct
as discussed above. With the help of the residual partial pres-
sure of oxygen at the outlet of the ammonia side (Figure 6), it
might be helpful to further reveal the dominating step in both
modes. If the dense side faces ammonia, the oxygen partial
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Figure 6. The residual oxygen partial pressure on the ammonia oxidation
side as a function of the concentration of ammonia in two different opera-
tion modes, that is, porous and dense side, of the asymmetric membrane at
the reaction side. 1 bar= 100 kPa.

ChemCatChem 2014, 6, 1190-1194 1192


www.chemcatchem.org

CAT

pressure is clearly higher; this is indicative of a higher concen-
tration of weakly bound surface molecular oxygen species. In
this case, the recombination of the lattice oxygen probably
occurs prior to the reaction between the lattice oxygen and
ammonia, and thus, ammonia is mainly oxidized to nitrogen.
This finding further explains the low selectivity for NO if the
dense side faces ammonia.

Under the assumption that the good performance of the
membrane reactor in the ammonia oxidation reaction benefits
from the specific oxygen supply and the surface morphology
of the membrane, that is, the manner in which the oxygen is
supplied, the two oxygen-permeable pervoskite materials,
LSCF and Ba,sSrysCoggFey,05.5 (BSCF), were compared by
using comparable asymmetric membranes (Figure 7). Given
that the BSCF membrane showed a higher oxygen transport
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Figure 7. NO selectivity in the oxidation of ammonia as a function of the
concentration of ammonia in the feed gas in membrane reactors with asym-

metric BSCF and LSCF membranes (porous support side of the asymmetric

membranes to the ammonia side, T==850°C; air side: F,, =100 cm*min~";

ammonia side: F,;=100 cm’min~" Fy.=1cm’min~, Fy.=balance).

rate, a higher ammonia conversion could be realized, but LSCF
showed a significantly higher selectivity for NO. Although a se-
lectivity for NO of approximately 90% was achieved in the
LSCF reactor, the best selectivity obtained in the BSCF reactor
was approximately 75%. This finding is easily understood, as
BSCF exhibits a faster surface exchange rate owing to the fact
that it has a higher oxygen vacancy mobility than LSCF."”
Therefore, a higher concentration of nonselective molecular
oxygen species is expected on the membrane surface of BSCF
than on that of LSCF, because the recombination of lattice
oxygen is easier on BSCF, which results in a higher amount of
active peroxide and superoxide ions. This leads to a decrease
in the selectivity for NO at the expense of an increase in the
formation of nitrogen. Evidently, the dominating oxygen spe-
cies delivered by the membrane play a big role in the final
product distribution.

In conclusion, we presented a novel route to activate
oxygen for a better catalytic performance in the selective oxi-
dation of ammonia to NO by using an oxygen-permeable per-
ovskite membrane, in which the formation of catalytically non-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

selective molecular oxygen species was suppressed. The large
surface provided by the porous perovskite layer diluted the
permeated oxygen ions (lattice oxygen) and suppressed the
formation of weakly bound molecular surface oxygen species,
which thus led to a high selectivity for NO. In the oxidation of
ammonia, 95% NO selectivity and 81% ammonia conversion
were achieved in a catalytic membrane reactor with an asym-
metric perovskite LaySr,,Co,,Feq50;_s 0Xygen-permeable cata-
lytically active membrane at 850 °C. The oxygen used in the se-
lective oxidation of ammonia was taken from the perovskite
membrane, and the membrane was reoxidized on the air side.
In the classical Mars and van Krevelen mechanism, this reoxida-
tion takes place by gaseous oxygen present in the co-feed.
This work may open the door for various selective oxidation
processes and a detailed analysis of their mechanisms.
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