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Executive Summary

The primary objective of this work was to assess whether Sr,La,,C0o0,
shows promise as a high temperature catalyst for NO, reduction as an initial
step in a program to develop useful NO, catalysts. The determination of the
thermodynamic and kinetic stability of the active oxygen deficient phases in
NO, atmospheres and the initial evaluation of the effectiveness of the catalyst
for NO, reduction were secondary objectives to be included in this
assessment. Another objective of this effort was to assemble a facility to
conduct ongoing research on the use of rare earth perovskite-type oxides as
NO, abatement catalysts.

Catalyst material was prepared by typical ceramic methods involving
mixing of dry powders of the desired composition, wet milling of these
reagents for 2 hours in alcohol, calcination at 1000°C for about 10 hours,
followed by remitting and repetition of the calcination. The desired attributes
of the final powder included: () fine particle size (<10, um) to promote the
catalytic activity of the material, and (b) complete reaction of the starting
materials to form single phase perovskite-type compounds of the designed
composition.

While the literature indicates that strontium doped lanthanum
cobaltates will act as low—-temperature catalysts for NO reduction, it is not
obvious that they would be stable at high temperatures. Two bench scale
reactors for the evaluation of high temperature catalytic properties of the
prepared cobaltate material were designed and constructed. The reactors
were designed to test the catalyst in different gas mixtures, simulating
combustion exhaust gas streams.

From XRD, DTA and simultaneous TGA/DSC measurements the
A-site deficient composition (La, ;Sr,3)0sC00, 45 Was found to be chemically
and structurally stable over a wide range of temperatures in air and simulated
exhausts. This material will catalyze the reduction of NO to N, in the
presence of CO under fuel-lean, stoichiometric and fuel rich conditions, and
is particularly effective at low temperature. However, the design of any
system to do this will be critical because it appears that the kinetic limitations
of the reactions would obviate the need for increased contact time between
the reactant gases and the catalyst, especially in the lower temperature
regime. In addition, the zirconia and alumina materials from which the reactor
was constructed definitely appear to enhance the reduction of nitric oxide to
nitrogen in the presence of carbon monoxide. Combining substrate materials
which seem to enhance NO reduction at high temperatures with the
perovskite catalyst, which works best at lower temperatures, holds promise
as a synergistic emission control system.



TABLE OF CONTENTS

EXeCUtiVe SUMMANY..........ooiiiiii et v
ODJECHIVE. ... e 1
Background ....................................................................................................... 1
General Statement of the WOrk.............cooiiiii e 3
1. Materials Acquisition/Preparation ...............cccceeeeeeeiiiiiecciiee e 3
2. High Temperature Phase Stability ..................ccooooiiiiiiiii 5
3. Reactivity of Gases with Plasma-arc Sprayed Coatings..................... 16
4. Laboratory Scale Reactors ..............cccoovveveeeiiiiiiieieeececceeeee e 20
5. Equilibrium Calculations...............ccoooiiiiie e, 23
6. Evaluation of Catalyst Efficiency...............cccccoeiiiiiiiiiiiiiiecee 26
Conclusions and Récommendations ................................................................. 46
REFEIENCES ... e 47

vi



LIST OF FIGURES

Figure 1: Particle Size Distribution measured by Sedigraph of cobaltate powders

prepared by repeated wet or dry milling and calcination at 1000°C ............c....ccccevvivennne. 4
Figure 2: XRD Pattern of (SR, ;La,,)C00, ;s calcined powder, showing the formation of
the pure perovskite Phase .............c..ueviiiiiiii e 4
Figure 3: Simultaneous TG/DSC of fine cobaltate powder in simulated exhaust stream

1(o T 12720 OSSR 6
Figure 4: Isothermal TG/DSC of fine cobaltate powder in simulated exhaust stream to
L7 o O USRS 6
Figure 5: XRD Pattern of (SR, ;La,,;)C00, ;s fine calcined powder, annealed for 8 hours

at 1300°C and slow cooled to room temperature .............. et 9
Figure 6: XRD Pattern of (SR, ;La,;)C00, s coarse calcined powder, annealed for 8

hours at 1300°C and slow cooled to room temperature ...................ccoooeeeeiiiiiiiiiiiecceeee, 9
Figure 7: XRD Pattern of (SR, ;La,;)C00, ;45 fine calcined powder, annealed for 8 hours

at 1300°C, fast cooled to 900°C, and slow cooled to room temperature. ......................... 10
Figure 8: XRD Pattern of (SR, ;La,;)C00, ;s coarse calcined powder, annealed for 8

hours at 1300°C, fast cooled to 900°C, and slow cooled to room temperature. ................ 10
Figure 9: Isothermal TG/DSC of fine cobaltate powder in simulated exhaust stream to

1 0 S OSSR 11
Figure 10: Isothermal TG/DSC of cobaltate powder in simulated exhaust stream during
10-hour AWEll t0 1420°C ... e 12
Figure 11: XRD Pattern of (SR, ;La,;)C00,,,sfine calcined powder, plasma-arc sprayed
on a zirconia substrate and removed. ... 14
Figure 12: SEM micrograph of fine cobaltate powder plasma-arc sprayed on a YSZ

BUDE et e e e e e b e e e tae e e e neeeaaneeeaaneeeanreens 14

Figure 13: XRD Pattern of (SR, ;La,;)C00, ;s fine calcined powder, plasma-arc sprayed
on a zirconia substrate, removed and annealed 8 hours at 1300°C. 15
Figure 14: XRD Pattern of (SR, ;La,;)C00, s fine calcined powder, annealed for 8

hours at 1300°C, heated to 1420°C, and quenched. ................cccccccoiiiiiiiiiiiiieiee e, 15
Figure 15: Simultaneous TG/DSC of fine cobaltate powder in air to 1430°C. ................... 16
Figure 17: Typical heating ramp and DTA curve for adsorption/reaction tests.................. 19
Figure 18: Exothermic DTA adsorption/reaction peaks at various temperatures for fine
cobaltate powder plasma-arc sprayed onto an alumina DTA sample crucible. ................. 19
Figure 19: Increase in DTA chamber reference temperature upon introduction of NO

and NO and CO gas MIXIUIES. .........cooooiiiiiiiiii et etb e e 20
Figure 20: Schematic view of experimental fluidized bed reactor used for catalytic
measurements. 21
Figure 21: Schematic of modified reactor to accommodate higher gas flow rates over
plasma-arc sprayed catalyst Coatings. ..o 22
Figure 22: Calculated equilibrium concentrations of NO and O, as a function of
temperature for a starting gas composition of 50 ppm NO in N,. ..., 24
Figure 23: Effect of H,O additions on NO and O, concentrations at elevated

temperatures for 50 ppm NO N Ny, ...oooiiiii e 24

vii



Figure 24: Effect of small additions on NO and O, concentrations at elevated

temperatures for 50 ppm NO iN N, ....oeeiiiiiiie e 25
Figure 25: Effect of small CO additions on NO and O, concentrations at elevated
temperatures under “wet’ CONAItioNS. ...........c.ooiiiiiiiiiiie 25

Figure 26: Fluidized bed reactor exit gas analysis with 1013 ppm NO in N, feed gas. .....27
Figure 27: Fluidized bed reactor exit gas analysis with 1013 ppm NO in N, feed gas. .....27
Figure 28: Reactor gas exit analysis with 60% air added to 1000 ppm NO in N,

L{=T=Te [ o =T TSP PP PPPRPP PP PTPUR 28
Figure 29: Fluidized bed reactor exit gas analysis with 20% of 10.5% CO in CO, with
1013 ppm NO N N, iNPUL G8S. ... 29

Figure 29: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-lean condition, and a
nominal NO input concentration of 2 ppm, as a function of temperature. ........................ 34
Figure 30: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-lean condition, and a
nominal NO input concentration of 20 ppm, as a function of temperature. ...................... 34
Figure 31: Calculated equilibrium concentration of NO and measured concentration of
NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-lean condition, and a
nominal NO input concentration of 200 ppm, as a function of temperature. ..................... 35
Figure 32: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-lean condition, and a
nominal NO input concentration of 2000 ppm, as a function of temperature. ................... 35
Figure 33: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a stoichiometric condition,

and a nominal NO input concentration of 2 ppm, as a function of temperature. ............... 36
Figure 34: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a stoichiometric condition,

and a nominal NO input concentration of 20 ppm, as a function of temperature. ............. 36
Figure 35: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a stoichiometric condition,

and a nominal NO input concentration of 200 ppm, as a function of temperature. ........... 37
Figure 36: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a stoichiometric condition,

and a nominal NO input concentration of 2000 ppm, as a function of temperature. ......... 37
Figure 37: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-rich condition, and a
nominal NO input concentration of 2 ppm, as a function of temperature. ......................... 38
Figure 38: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-rich condition, and a
nominal NO input concentration of 20 ppm, as a function of temperature. ..................... 38
Figure 39: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-rich condition, and a
nominal NO input concentration of 200 ppm, as a function of temperature. .................... 39

viii



Figure 40: Calculated equilibrium concentration of NO and measured concentration of

NO (post-reactor with perovskite catalyst) for all H/C ratios, a fuel-rich condition, and a
nominal NO input concentration of 2000 ppm, as a function of temperature. ................... 39
Figure 41: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-lean condition, and a nominal

NO input concentration of 2 ppm, as a function of reactor temperature............................ 40
Figure 42: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-lean condition, and a nominal

NO input concentration of 20 ppm, as a function of reactor temperature....................... 40
Figure 43: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-lean condition, and a nominal

NO input concentration of 200 ppm, as a function of reactor temperature........................ 41
Figure 44: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-lean condition, and a nominal

NO input concentration of 2000 ppm, as a function of reactor temperature..................... 41
Figure 45: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a stoichiometric condition, and a
nominal NO input concentration of 2 ppm, as a function of reactor temperature. ............. 42
Figure 46: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a stoichiometric condition, and a
nominal NO input concentration of 20 ppm, as a function of reactor temperature. ........... 42
Figure 47: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a stoichiometric condition, and a
nominal NO input concentration of 200 ppm, as a function of reactor temperature. ......... 43
Figure 48: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a stoichiometric condition, and a
nominal NO input concentration of 2000 ppm, as a function of reactor temperature. ....... 43
Figure 49: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-rich condition, and a nominal

NO input concentration of 2 ppm, as a function of reactor temperature......................... 44
Figure 50: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-rich condition, and a nominal

NO input concentration of 20 ppm, as a function of reactor temperature........................ 44
Figure 51: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-rich condition, and a nominal

NO input concentration of 200 ppm, as a function of reactor temperature...................... 45
Figure 52: Amount of NO converted by the perovskite catalyst and total amount

converted in the annular reactor for all H/C ratios, a fuel-rich condition, and a nominal

NO input concentration of 2000 ppm, as a function of reactor temperature...................... 45



LIST OF TABLES

Table 1: Interplanar spacings and Miller indices assigned to the listed diffraction

angles for the fine cobaltate powder.................cccocov 5
Table 2: Nominal gas input composiitions, as fractions of total gas input, assuming an
o [=¥= 1 o 2= T PP PP 33



Use of Strontium-Lanthanum Cobaltate as a High Temperature
Catalyst for NOx Reduction

Final Report

Objective

The primary objective of this work was to assess whether Sr,La, ,CoO; shows promise as
a high temperature catalyst for NO, reduction as an initial step in a program to develop useful
NO, catalysts. The determination of the thermodynamic and kinetic stability of the active
oxygen deficient phases in NO, atmospheres and the initial evaluation of the effectiveness of the
catalyst for NO, reduction were secondary objectives to be included in this assessment. Another
objective of this effort was to assemble a facility to conduct ongoing research on the use of rare
earth perovskite-type oxides as NO, abatement catalysts.

Background

Strontium doped lanthanum cobaltate, Sr,La, ,CoO,, was first suggested in 1971 as a
catalyst for automotive exhaust pollution control by Libby,' based on the report of Meadowcroft®
that Sr.La, CoQ, rivaled platinum as an oxygen electrode in high temperature electrochemical
cells. Based on the Libby suggestion, Sorenson et al.’ studied LaCoO; as a catalyst in engine
exhaust gases and discovered that above 650°C it seemed to be effective for NO, reduction as
well as CO and hydrocarbon oxidation. An early review of the properties of perovskite
compounds as nitric oxide catalysts was provided by Voorhoeve ef al.* in 1977. That same year,
a more comprehensive review of the catalytic properties of perovskites and related compounds
was published’ by the same group at Bell Laboratories. Since that time, a large number of papers
have been published on rare earth perovskites as catalysts for the reduction of nitrogen oxides, of
which a few might be cited.*'® A recent book, edited by Tejuca and Fierro, contains several
contributed chapters by the most prominent workers in the field on the catalytic properties and
applications of perovskite type oxides."

There is an equally broad literature of the rare earth perovskites in electrocatalytic
applications as electrodes on high temperature solid oxide fuel cells and other high temperature
electrochemical cells. The use of the perovskites of formula LaMO, (M = Co, Mn, Fe, Cr) as air
electrodes for high temperature fuel cells was first proposed by Tedmon et al.'> Whether the
application is catalytic or electrocatalytic, it is generally accepted that the adsorption of reactants
is the first step in the process, and that this step involves electronic exchange between the
adsorbate and substrate.”>'* The most commonly assumed adsorption sites in perovskites-type
oxides are oxygen vacancies.">'® In an electrochemical cell, the electrocatalytic reaction rate on
the electrode will be represented by the cell current, which will be given by:'™'*

)]
()

1= 2FS°P, (1-&f



assuming a Langmuir adsorption isotherm, where ﬁz is the ambient oxygen partial pressure and

& is the zero current fraction of surface sites covered by reactant. The catalytic activity of the
electrode is represented by the product kS® where S is the surface concentration of adsorption
sites and k is the rate constant representing the activity of the individual adsorption sites. The
catalytic activity of the surface is therefore related to the defect chemistry of the oxide via the
term S. which represents the surface concentration of oxygen vacancies, and the catalytic activity
of these sites via the term k, which varies from one material to the next and is subject to
modification by doping the oxide."

Of the LaMO; materials (M = Mn, Co, Fe, Cr), LaCoO, appears to give the best catalytic
activity for the reduction of nitrogen oxides,” presumably because of the greater activity of the
individual oxygen vacancy sites. In the pure state the concentration of these oxygen vacancies
will vary with the oxygen potential at the surface, which in turn may vary with the degree of
coverage by the reactant. During the conversion process, the cobaltate catalyst may be reduced
through a complex series of reactions, which can eventually result in structural changes, and loss
of catalytic activity. The replacement of some La by Sr ions results in strontium-doped
lanthanum cobaltate, normally designated Sr,La, ,CoO;. In fact, the replacement of La by Sr
would be accomplished by the following chemical reaction:

ySrO+yCoO + (1 - y)LaCoO, + %02 - StLa,_,CoO_,

which emphasizes the fact that y/2 oxygen vacancies per formula unit are produced by the
substitution if the original valence of the cations is retained. This concentration is much higher
than the intrinsic concentration in the pure cobaltate and chemically fixes the concentration of
oxygen vacancies, thereby increasing significantly the concentration of adsorption sites on the
catalyst surface. It also seems to structurally stabilize the material, decreasing its sensitivity to
variations in the ambient atmosphere.

In the terminology of perovskite crystal chemistry, the La cation site is called the A-site,
and the Co site is called the B-site. Sr is an A-site cation substitution. It has been further reported
that a net A-site cation deficiency further stabilizes the structure, particularly in terms of high
temperature reactions with stabilized zirconia substrates in high temperature fuel cell
applications.” Since it is envisioned that the ultimate application of this material in the present
study may be as a thin coating on a stabilized zirconia heat barrier in an advanced jet engine, this
compositional aspect of the material is also being pursued. The batching formula for the
resultant composition is:

(1-x)ysrOo+ (x+y- xy)CoO +(1- yNi- x)LaCoO, + %(X +y-xy)O, >
(St,La, ) CoO , |

3—5x—5y(1—x)

which also indicates that the oxygen ion vacancy concentration will be further enhanced by the
A-site cation deficiency.



General Statement of the Work
The proposed work was broken down into a number of tasks, which form the headings of
this section of the report.

1. Materials Acquisition/Preparation
Catalyst material was prepared by typical ceramic methods involving mixing of dry
powders of the desired composition, wet milling of these reagents for 2 hours in alcohol,
calcination at 1000°C for about 10 hours, followed by remitting and repetition of the calcination.
The starting raw materials were high purity grade La,0,, SrCO, and C0,0, (or CoCO,). Pure
LaCoO;, as well as strontium doped LaCoO, were prepared and studied by x-ray diffraction to
determine the degree of reaction and resultant phases present. Based on these results,
electrocatalytic properties, thermal stability and low reactivity discussed in the previous section,

the composition
(St,La, ), CoO3 3

1
—x——y(1-x
> 2y( )

with x=0.1 and y=0.3 was identified as holding the greatest promise for the present application.
Because future plans called for the plasma-spray deposition of this material on YSZ substrates,
another coarser (+200 mesh, >74um) batch of powder was prepared by dry mixing the
precursors (eliminating the wet milling steps) and calcining, followed by sieving.

The desired attributes of the final powder included: (a) fine particle size (<10, pm) to
promote the catalytic activity of the material, and (b) complete reaction of the starting materials
to form single phase perovskite-type compounds of the designed composition. Particle size was
measured by sedimentation rate, and Figure 1 shows the raw Sedigraph plot of cumulative mass
percent vs. equivalent spherical diameter for the wet and dry milled powders. The average
particle size of the wet milled powder is seen to be about 3.5 um, while that of the dry milled
powder is 17 um. Figure 2 shows the powder x-ray diffraction pattern for the -200 mesh (<74
pm) wet milled material using Cu Ko radiation. The pattern is essentially that of a single phase
primitive cubic structure, as expected for lanthanum cobaltate stabilized with strontium. The
pattern was indexed and each peak in Figure 2 is labeled with the cubic Miller indices of the
planes diffracting. The cubic lattice parameter is approximately 3.84A. The 220 line at 69.4° 20
shows evidence of splitting into a doublet, which is indicative of a possible rhombohedral
distortion of the lattice, but is not indicative of a second phase. There is evidence of a weak peak
at 42.3°, which is likely evidence of remnants of one of the precursor phases. The interplanar
spacings and corresponding Miller indices for the as-prepared fine cobaltate powder are listed in
Table 1, along with the Miller indices of the possible rhombohedral and hexagonal planes into
which the cubic diffraction peaks could split. Pure LaCoO, has been reported to have a
rhombohedral distortion of a cubic lattice. For practical purposes the material is seen to be
single-phase cubic perovskite. One (1) kilogram of this material was prepared.
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Table 1: Interplanar spacings and Miller indices assigned to the listed diffraction angles for the
fine cobaltate powder.

20 0 Hkl Hkl Hkl
d(A) (cubic) (rhombohedral) (hexagonal)

23.0 3.86672 100 110 _ 12
33.0 [3.838586 110 211; 110 - 110;104
40.6 |3.848662 111 222; 002 202;006
47.4 |3.835822 200 220 - 24
53.4 [3.836439 210 312: 112 122;116
59.0 3.83473 211 323:112; 103 030;214,018
69.3 3.835 220 422 220 220;208
741 |3.838431| 221,300 | 433:031:411;330 312,306;1010
79.0 |[3.832547 310 413;321 134;128

2. High Temperature Phase Stability

While the literature indicates that strontium doped lanthanum cobaltates will act as low—
temperature catalysts for NO reduction, it is not obvious that they would be stable at high
temperatures. Thermogravimetric analysis (TGA), differential thermal analysis (DTA),
differential scanning calorimetry (DSC), and powder x-ray diffraction were used to determine
the thermal and compositional stability of the prepared catalyst materials in air and in
combustion exhaust gases. It is possible to replace up to 30% of the Co with Mn or Fe, with the
expectation that the chemical and structural stability of the catalyst would be improved, although
the catalytic activity would be degraded.

a) Test at 1220°C

TGA/DSC analyses were performed on the A-site deficient lanthanum cobaltate material
characterized as previously detailed, with heating and cooling rates of 10°C/min and a high
temperature hold at 1220°C for 10 hours in a typical, simulated exhaust gas mixture. Containing
approximately 10% CO,, 5% 0,, 2% H,0, and 0.5% NO, in a balance of N,, the simulated
exhaust gas was prepared by mixing gases of composition 10 vol. % CO in CO,, and 10.5 vol. %
NOx in N,. The water vapor concentration in the simulated atmosphere was introduced as "wet"
air by passing air through water before entering the furnace. Figure 3 shows the results of
simultaneous TG and DSC measurements as a function of temperature for the heating and
cooling segments of the run. The lower two curves represent the thermogravimetric analysis and
the upper curves the differential scanning calorimetric analysis. Figure 4 shows the results of
simultaneous TG (lower curve) and DSC (upper curve) measurements as a function of time
during the 10 hour hold at 1220°C.
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Differential scanning calorimetry showed a single small endothermic peak at 820°C in
Figure 3 coincident with a slight, but sudden weight loss in the corresponding TG curve. This
was almost certainly associated with the decomposition of remaining unreacted starting materials
(probably carbonate). The final weight after cooling was about 1.85% less than the starting
weight, as seen in Figure 3. Most of the weight loss occurred during the dwell at maximum
temperature. The small continuous endothermic trend during heating and cooling is probably
related more to the difference in thermal capacity of the sample and standard than to any real
reaction of the material.

Figure 4 shows the monotonic weight loss with time at 1220°C. The total isothermal
weight loss was about 1.25%. The corresponding DSC curve shows that during the dwell at
1200°C any thermal evolution was practically undetectable. If the weight loss corresponds to
reduction of the sample, and at some degree of reduction the perovskite structure decomposed
into some reduced phase(s), a corresponding endothermic peak would have been expected in the
DSC curve. This is seen as evidence that the perovskite has a high degree of structural stability
in this simulated exhaust environment.

Assuming that the total weight loss can be ascribed to the creation of oxygen vacancies,
it is possible to estimate the number of additional oxygen vacancies formed. A total weight loss
of 1.25% would correspond to a vacancy creation of 0.17 per formula unit of (La,,Srq3),5C00;.
Assuming the nominal valence states of the cations (La>*, Sr* and Co*") and a perfect Co ion
sublattice, the starting material would have a vacancy concentration of 0.285 per formula unit, or
a composition of (La,,;Sr,3),0C00;. Adding the additional oxygen vacancies formed at 1200°C
in the simulated exhaust gas, the final oxygen-deficient composition at 1200°C would be
calculated to be (Lay,;5r,3),5C00,5,5. This would correspond to 15% of the oxygen sites being
vacant, which does not seem unreasonable. The minimum decomposition reaction for the
perovskite would take the form:"

4LaCo0O, — La ,Co,0,, + CoO + %02

which, based on the composition (Lay,;Sr,3),,C00,7s would correspond to a weight loss of
>1.9%, depending on the assumption made about the vacancy concentration in the sub-oxide
formed.

For comparison, Mizusaki et al” determined total oxygen vacancy concentrations of
about 4.3% at 800°C and P, = 10* atm, for La,,;S1,5C00,,. This value increased to 5% at

850°C for similar P, values. Nakamura et al” estimated initial decomposition oxygen

pressures between 107-10° atm at 850-1000°C for the unsubstituted perovskite LaCoQ,, with
initial formation of La,CoO, + CoO, further decomposing to La,0, +Co +%Oz, when the

oxygen partial pressure dropped to 10 atm. It seems likely that the actual decomposition path
would involve the initial formation of La,Co,0,,+Co0 as stated above, based on phase equilibria
studies in the system." The fact that all of these structures are closely related to the perovskite
structure makes their identification by powder x-ray diffraction problematic. That the
decomposition reaction at 820°C is not due to the formation of La,Co,0,,is concluded from the



fact that this reaction would produce a weight change of 2% and the observed weight change at
820°C was < 0.2%.

The total weight change seems suggestive, but the decomposition to La,Co;0,, would not
occur so continuously over such a broad temperature range. ,

The initial DSC results of this study are therefore interpreted to mean that decomposition
did not occur, which supports the hypothesis that the A-site deficient perovskite is actually more
stable than the A-site stoichiometric composition.

Powder XRD analyses of the as prepared material subjected to various heat treatments in
air were performed to confirm the stability of the perovskite structure and further check for the
presence of new phases. Figure 5 shows the diffraction pattern after the fine cobaltate powder
was annealed at 1300°C for 8 hours and slowly cooled to room temperature. It is closely related
to the pattern of Figure 2, but differs in that the diffraction peaks are split into multiplets,
indicating a slight distortion of the cubic structure to a structure of lower symmetry.

Figure 6 is the diffraction trace for the coarse cobaltate powder after it was subjected to
the same annealing cycle as the fine powder. The presence of many peaks which have tentatively
been determined to belong to the cobalt, deficient phase (SrLa),CoO, and possibly
(SrLa),Co;0,,, along with the possibility of unreacted or exsolved cobalt oxides, is most
probably due to incomplete reaction of the starting materials. Again the perovskite peaks were
resolved into multiplets.

To determine if phases which had formed at high temperatures could be recombined at
lower temperatures, both fine and coarse cobaltate powders were annealed in air at 1300°C for 8
hours, fast cooled (~50°C/min) to 900°C, annealed again for 20 hours, and slow cooled to room
temperature. If oxygen loss at high temperatures was responsible for weight loss, resulting in the
formation of cobalt oxide and cobalt-deficient—cobaltate phases, the lower-temperature anneal
might provide sufficient thermal energy for them to recombine. Figure 7 shows the results of
diffraction analysis for the fine cobaltate powder. No significant differences were found between
this trace and the one in Figure 5 for the powder annealed at 1300°C and slowly cooled. The
. weak peak near 42° 20 was slightly enhanced for the powder sample subjected to the two—step
anneal, but the material was still essentially all perovskite, although distorted from the cubic
structure. X-ray diffraction did not show any significant difference between the doubly annealed
coarse powder and the coarse powder annealed only at 1300°C. All of the peaks found in Figure
6, the results for the singly annealed coarse powder, are also found in Figure 8, the diffraction
trace for the doubly annealed sample.
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b) Test at 1420°C
The simultaneous TGA/DSC test was repeated on a fresh powder sample using a
similar heat/dwell/cool cycle, except that the maximum temperature and the dwell
temperature was raised to 1420°C to: (a) confirm the previous analyses, and (b) check the
stability at higher temperatures. Heating and cooling results are shown in Figure 9.
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Figure 9: Simultaneous TG/DSC of fine cobaltate powder in simulated exhaust stream to 1420°C.
Heating at 5°C/min, cooling at 10°C/min, with 10-hour dwell at 1420°C.

In Figure 9, the general behavior is seen to be very reproducible up to 1200°C in both
the TGA and DSC analyses, with a total weight loss in the vicinity of 2% and an endothermic
peak with associated weight loss observed at about 820°C. This peak is again thought to be due
to the decomposition of residual carbonate. Above 1200°C the rate of weight loss remains more
or less constant with increasing temperature up to about 1350°C. At 1350°C another
endothermic peak is visible in the DSC curve. A sudden increase in the rate of weight loss is
also observed at 1350°C in the simultaneous TGA curve. This reaction has been tentatively
ascribed to melting of the perovskite, based on the appearance of the sample after cool down.
Confounding this conclusion is the fact that strontium reacts strongly with platinum, the
material of which the DSC sample crucibles were made.

The DSC cooling curve shows three exothermic peaks from the peak temperature to
1200°C. Weight gain on cooling from 1420-1200°C is also relatively rapid, indicating that
oxidation is an important component of the chemical processes represented by the exothermic
peaks observed. It is proposed that the initial broad exotherm corresponds to solidification, and
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the two subsequent sharper exotherms represent structural change occurring when the oxidation
level reaches some fixed value. Below the final exotherm at 1200°C the material is thought to be
equivalent to the starting perovskite. From these TGA/DSC results it can be concluded that the
A-site deficient perovskite is structurally and compositionally stable up to 1350°C in this
simulated exhaust atmosphere. This is seen as encouraging for the prospects of using this
material as a NOy catalyst in jet engine exhaust.

Nothing significant seems to be occurring during the dwell step at 1420°C as seen in
Figure 10. There is a slight additional weight loss, reaching nearly 3% total. Most of the weight
loss occurs in the first half of the dwell period, indicating that some equilibrium level was
reached. Again, it seems reasonable to conclude that before melting the perovskite structure is
stable, with no noticeable decompositional reactions observed by DSC.
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Figure 10: Isothermal TG/DSC of cobaltate powder in simulated exhaust stream during 10-hour
dwell at 1420°C.

o Plasma-arc Sprayed Powders
The application of a coating of (Sry;La,;),sC00, 5, or any other composition in this

class of perovskites, to a solid electrolyte substrate, such as yttria-stabilized zirconia (YSZ), is

a key issue in the development of a workable catalyst system. Plasma spraying is an effective
technique for developing intimate contact between the perovskite and electrolyte.

Because plasma-arc spraying is the application method of choice, an investigation into

the stability of the cobaltate powder in the plasma-arc spraying process was carried out. Upon

12



the recommendation of the plasma-arc spray unit manufacturer, the fine cobaltate powder was
chosen for these tests, and for subsequent tests. Using the recommended power settings,
approximately 100 g of powder was applied to a flat, partially stabilized zirconia substrate. By
applying material over already coated areas, large amounts of monolithic coating were
effectively spelled from the substrate. This material was ground finer than 200 mesh (<74, pm)
and analyzed by XRD.

The results of that analysis are shown in Figure 11, and they indicate that
high-temperature, cobalt—deficient phases are quenched. Then the presumably molten material is
splat cooled on the substrate in the plasma-arc spraying process.

The fine cobaltate powder was also plasma-arc sprayed on a YSZ tube, but only a thin
(~50um) coating was applied. The as-sprayed surface was examined in a scanning electron
microscope. Figure 12, a secondary electron image at a magnification of 950X, clearly shows
that the material was molten when it impacted the surface. Cooling was very rapid, as there was
no apparent rearrangement of the surface structure from the original splat-cooled morphology.

Since the plasma-arc spraying process cools the applied material so quickly when it
impacts the substrate, the phases produced are often not at equilibrium. To test this for the
cobaltate powder, we annealed, a sample of the crushed plasma-arc sprayed material at 1300°C
for 8 hours and slowly cooled it to room temperature. The results of the XRD performed on this
material are shown in Figure 13. Most notable about these data when compared to those in
Figure 11 is the sharpness of the diffraction peaks. Also of note is the permanence of the
cobalt-deficient phases. These data indicate the need to manipulate the chemistry of the powders
before they are sprayed to ensure that the final coating is pure perovskite.

In an attempt to simulate the fast cooling of the plasma-arc spraying process, a sample of
the fine cobaltate powder was annealed in air at 1300°C for 8 hours, heated to 1430°C and
quenched in water. After calcining at 600°C to remove any hydrated phases that might have
formed, the powder was analyzed by XRD. Figure 14 shows that the material was essentially
pure perovskite after quenching, although the peaks were not as distinct, reminiscent of the less
sharp peaks found for the as-sprayed material in Figure 11. Heating in a closed crucible, in air,
as opposed to the reducing environment found in the argon-hydrogen gas stream of the plasma,
may cause the difference. This was looked at in more depth by performing a simultaneous
TG/DTA on the fine cobaltate powder. The sample was heated in an alumina crucible (instead of
platinum) at 10°C/min up to 1430°C, and cooled at the same rate to ~500°C.

As shown in Figure 15, the TG curve on heating exhibited a weight loss at 375°C, while
the DTA curve for the same region showed evidence of a broad endotherm. These effects may
be ascribed to the loss of surface and hydration water. The TG and DTA heating curves were
very similar at high temperatures to those of Figures 3 and 9, with both a sharp weight drop and
corresponding endotherm at 830°C. There is also an accelerated loss in weight at temperatures
above 1200°C, as well as a steep endothermic trend above 1350°C. It is interesting to note that
on cooling the sample did not gain weight quickly at temperatures near the melting point. The
total weight loss was also less than that for the samples tested in the simulated exhausts. This
indicates that in low partial pressures of oxygen, as is the case in the simulated exhaust gas
environment, the loss and gain of oxygen is reversible, but that some irreversible process,
perhaps the volatilization of cobalt or another of the cations, is at work. At 200°C the appearance
of a sudden spike in the TG heating curve is most probably a machine artifact, as is the
discontinuity in the DTA cooling curve between 700°C and 600°C.
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Figure 11: XRD pattern of (SrO;La,, ,)09C00, ,,; fine calcined powder plasma-arc sprayed on a
zirconia substrate and removed.

Figure 12: SEM micrograph of fine cobalte powder plasma-arc sprayed on a YSZ tube.
Magnification at 950X.
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Figure 15: Simultaneous TG/DSC of fine cobaltate powder in air to 1430°C.
Heating and cooling at 10°C/min. No dwell.

3. Reactivity of Gases with Plasma-arc Sprayed Coatings

For a material to truly be a catalyst, it must participate in a reaction but be essentially
unchanged by it. This essential property has led to the concept of a catalytic cycle, in which
reactants are transformed into products by the catalysts There is an uninterrupted, repeating
cycle of elementary reaction steps, and the reactants become products through a sequence of
reaction intermediates. At the end of the cycle the catalyst is regenerated in its original form. It
is the turnover rate of the catalytic cycle that is the fundamental quantitative kinetic quantity
sought in studies of catalytic activity. Frequently this information is not directly obtained from
experiments, as the quantity known as the site time yield (molecules of product produced per site
per unit time) is usually reported. Oftentimes a determination of the number of active sites is the
most difficult measurement of all, the number of molecules of product produced (or reactant
consumed) per unit time being a comparatively simple quantity to get. It is also not always easy
to unequivocally determine the elementary reaction steps involved in the catalytic cycle.

For the reduction of NO by anion deficient strontium doped lanthanum cobaltates in the
presence of CO, the catalytic cycle is not yet known. However, a working model of the cycle can
be constructed from evidence in the literature. Since catalyst, CO and NO are apparently
involved in the reaction it is instructive to look at each of these in turn.

Teraoka, et al'® investigated the loss of oxygen with temperature from Sr substituted
LaMO; (M = Fe, Co, Mn) perovskites. Using temperature programmed desorption (TPD), two
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distinct oxygen desorption peaks were found. The lower-temperature peak was ascribed to
desorption of oxygen in oxygen vacancies, while the higher-temperature peak was considered to
be the loss of lattice oxygen. Using x-ray photoelectron spectroscopy (XPS) on a series of Sr,
substituted lanthanum cobaltates, Yamazoe, et al.'’> found two distinct types of oxygen, which
they ascribed to adsorbed and lattice oxygen. Pena, et al.'® assigned similarly obtained XPS
peaks to lattice oxygen (as O%) and adsorbed oxygen (as 0"). Nakamura, et al.,” measured the
amount of Co>" and Co*" in as-prepared Sr,2La,;CoO , ; by wet chemical methods and found the
oxygen deficiency was essentially zero, with charge neutrality having been accommodated by
20% of the Co’* having changed to Co*".

Viswanathan and George™ found that the oxidation of CO on a series of lanthanide
cobaltates was a Langmuir—Hinshelwood type reaction between two adsorbed species,
specifically, CO adsorbed on cations adjacent to oxygen vacancies in which oxygen had
adsorbed. Nakamura, ef al.,” found that increasing the amount of Sr in Sr—substituted lanthanum
cobaltates increased both the amount of oxygen desorbed by TPD and the amount of oxygen
desorbed by reaction with CO. In both experiments the oxygen was reversibly desorbed, oxygen
having been readily adsorbed back into the lattice with subsequent heat treatment in oxygen.

Voorhoeve, et al.* determined that when the A site binding energy with surface oxygen
was strong, the reactivity of LaMnQO, toward NO reduction was reduced. Thus, the ease of
release of oxygen from the lattice was seen as an important factor in NO conversion to N,. The
authors also felt that oxygen vacancies either strongly contributed to or participated in NO
reduction. In addition they found through infrared spectroscopy (JR) that NO was molecularly
adsorbed as mononitrosyls, dinitrosyls and nitrates. They concluded that NO was dissociatively
adsorbed on oxygen vacancies. Tascon, ef al.® found that preadsorption of NO on LaMO, (M =
Cr. Mn, Fe, Co, Ni) perovskites was more inhibiting of later CO adsorption than the reverse
process of CO preadsorption followed by NO adsorption. Through IR spectroscopy they found
isocyanate (NCO) and N,O adsorbate species. Pefia, et al.'® found NO to be more tightly

- adsorbed than CO on La:MnQ,, and that NO adsorbed as dinitrosyis and nitrates.

Based on these observations the following sequence of reactions for the reduction of NO
on a perovskite catalyst in the presence of CO is being proposed:

NO(g) +* NO*
NO* + NO(g)* ON*NO
2C0(g) +* 2CO*
ON*NO + CO* CO,* +ON*N
ON*N + CO* CO,*+N,
2CO,* CO,(g)+*

N,* Ny(g)+*
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where the (g)'s are gas phase species, and the *'s are surface sites. At this time it is not certain
whether these sites are associated with cobalt, oxygen defects or vacancies, or some
combination of both, or for that matter, whether NO and CO adsorb on similar sites.

The first three are adsorption reactions, the next two are surface reactions, and the last
two are desorption reactions. It is generally thought that adsorption of reactants and desorption
of products are fairly quick reactions, but that desorption of the ON*NO and CO* adsorbed
species and the surface reactions are rate controlling.?” The surface reaction depends on the time
that the reacting species spend on the surface, usually characterized by the mean residence time.
In order to begin to investigate the fundamental catalytic reaction cycle for surface catalyzed
reduction of NO in the presence of CO, heat effects associated with adsorption and reaction of
NO and CO in the presence of a perovskite coating were observed using a DTA technique. Using
an alumina DTA crucible plasma-arc sprayed with the fine cobaltate powder as the sample and
an alumina crucible as the reference, the couple was heated in flowing helium to a set
temperature. After a short dwell period during which the temperature of the system was allowed
to stabilize, the helium flow was shut off and replaced by flowing 10% NO in N,. Some minutes
later, after an adsorption isotherm was observed and the reference temperature had stabilized,
10.5% CO in CO, was mixed with the 10% NO in N, gas stream. An exothermic effect at this
point was considered to be due to a surface catalyzed reduction of NO in the presence of CO.
After both the heat effect and reference temperature became stable again, the reactive gases were
shut off and helium again introduced to the sample chamber. The temperature was ramped to a
new set point and the process repeated. This technique was employed at set points ranging from
400°C to 1200°C, in 100°C steps. Figure 16 shows a typical heating ramp and DTA curve for
this series of tests. The adsorption and reaction exotherms are evident in the plateau regions of
the DTA curve. There are also subtle changes in the reference temperature corresponding to
those exotherms. During the temperature ramps there is an apparent, and large, exothermic
effect. This may be tentatively attributed to a difference in emissivity between the metallic oxide
perovskite coating on the outside surface of the sample crucible, and the uncoated alumina
reference crucible. Metals generally have higher emissivities than alumina, and would therefore
heat up at a much higher rate, all other things being equal.

The adsorption/reaction plateau region thermograms for five of the setpoint tests are
shown in Figure 17. The 10% NO in N, gas was introduced in the first couple of minutes (there
was some lag as the gas went from the valve to the chamber), and the 10.5% CO in CO, some 20
minutes later. There was a definite early exotherm at both 400°C and 600°C, which has been
associated with the adsorption of NO. It is difficult to pick out a similar effect at higher
temperatures, but the decrease in signal from 400°C to 600°C indicates a trend toward the lack
of effect observed at higher temperatures. When CO was introduced to the gas stream, another,
more significant, exothermic effect was observed, and it apparently decreases with increasing
temperature. This effect was ascribed to the surface reaction of NO with CO to produce N, and
CO,.
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Figure 19: Increase in DTA chamber reference temperature upon introduction of NO and NO and
CO gas mixtures.

The apparent endothermic effects observed after the exotherms can be explained with
reference to Figure 19, which shows the increase in reference temperature during the same time
periods as are plotted in Figure 18. From Figure 17 it can be seen that the sample temperature
was always higher than that of the reference, even when the system was in a dwell period. While
these reactions were occurring the reference temperature increased and became closer to that of
the sample crucible, giving the false impression of an endotherm. Again referencing Figure 19, it
is important to note that the temperature rise at the 400°C setpoint was continuous. This is most
likely due to the reaction of NO with any available O, to form NO,, which is actually the
dominant oxide of nitrogen at low temperatures. Whether this reaction was surface catalyzed is
not known at this time. The significant rise in reference temperature during the 600°C setpoint
dwell could be due to either a surface catalyzed reaction or a bulk gas phase reaction. This
technique seems to hold much promise for delineating the catalytic cycle involved. ‘

4. Laboratory Scale Reactors _

Two bench scale reactors for the evaluation of high temperature catalytic properties of
the prepared cobaltate material were designed and constructed. The reactors were designed to
test the catalyst in different gas mixtures, simulating combustion exhaust gas streams.

The fluidized bed apparatus consists of a kanthal wound furnace, capable of
temperatures to 1200°C, with concomitant furnace tube, gas phase connections and temperature
controller. Figure 20 shows a schematic representation of the experimental cell (reactor). The
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Figure 20: Schematic view of experimental fluidized bed reactor used for cata'lyfic

present configuration is set up to simultaneously measure the NO, content of gases passed
through the catalyst powder and the oxygen partial pressure of the catalyst surface in contact
with the gas stream. The oxygen potential measurement is accomplished by using a closed end
yttria stabilized zirconia (YSZ) tube as the sample holder, electroding the exterior of the closed
end with platinum, and making electrical connection to the electrically conductive catalyst
powder as the other electrode of an electrochemical cell. The catalyst powder is placed in the
reactor tube and the tube is sealed with a metal end cap through which gases are fed and
electrical leads to thermocouples and the catalyst powder itself are supplied. The electrically
conductive catalyst thus functions as the anode in an electrochemical cell with the reactor tube
as the solid electrolyte and the ambient air at the platinized surface as the reference cathode. A
chemiluminescence NO-NO,-NO, analyzer (Thermo Environmental Instruments, Inc., Model
42H) was used to measure the nitrogen oxide content of the gases after passing through the
catalyst. The gas stream composition entering the reactor is controlled via external flow meters.
The emf between Pt process electrode wire and the Pt air electrode wire, corresponding to the
oxygen potential difference between the catalyst and the ambient air, is monitored by an
external electrometer. In addition to performing
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electrochemical measurements to monitor the state of the catalyst, the cell is designed to permit
control of the chemical reactions occurring on the catalyst by imposing a fixed oxygen potential
.on the catalyst.

Figure 21 is a schematic of the design for a higher space velocity reactor. A YSZ tube
with a plasma-arc sprayed coating of the cobaltate catalyst will act as the reaction substrate and
the electrochemical cell. The substrate will be inside a close fitting outer tube of Al,0,, which
will allow somewhat higher velocity gas contact with the catalyst. Electrochemically, the cell
will be reversed from the configuration of Figure 20, with the exhaust gas passing over the
external surface and the air reference electrode being on the internal platinized surface of the
stabilized zirconia substrate tube.
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Furnace Control
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Tharmocouple
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Process
Thermocouple

Gas In

Figure 21: Schematic of modified reactor to accommodate higher gas flow rates over
plasma-arc sprayed catalyst coatings.

As currently configured, the laboratory scale fluidized bed reactor assembly has a space
velocity of ~1 sec’, and a dwell time of ~1 sec. The annular tube reactor has a limiting space
velocity of 70 sec’, and a dwell time of 15 msec. It is difficult to determine the average contact
time of a molecule with a catalyst surface if the conditions of a continuous, well-stirred reactor
are not realized. For the laminar flow of a gas across a surface, only a percentage of the
molecules will come into contact with the catalyst. Turbulent flow at high temperatures
increases the chance of contact with the surface, but in either case attempting to quantify the
percentage of the gas stream contacting the surface would yield only an approximate result. A
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jet engine, with rapidly spinning turbine blades, may be a good approximation of a continuous,
well-stirred reactor, with every molecule having an encounter with a surface site, but the
duplication of those conditions in a laboratory are difficult.

5. Equilibrium Calculations

It has been shown that significant concentrations of NO can be converted to N, at
relatively low temperatures when reducing conditions are maintained with CO/CO, buffers.
However, it has been emphasized that the behavior of these catalysts under conditions of high
temperatures (900-1600°C) and small amounts of NO (typically 50 ppm and below) is the
preferred area of investigation. To initiate this area of investigation, computer calculations to
determine equilibrium compositions at various temperatures were performed for several gas
compositions using a commercial software program (Outokumpu HSC Chemistry for Windows,
ARS Software Corporation, Landover MD). The purpose of this phase of the investigation was
to determine what levels of NO reduction are thermodynamically possible. Once this is known,
then the degree to which the catalyst can enhance the kinetics of the reduction can be
determined.

As a starting point, a gas with a composition of 50 ppm NO in N, was used as the input.
Figure 22 shows the results of the equilibrium calculations for temperatures from 25°C to
1300°C. While the amount of NO present increases with temperature, it is important to note
that the calculated equilibrium concentration of NO at 1300°C is 18 ppm, a significant drop
with respect to the starting concentration of 50 ppm.

Next, the effect of water on the equilibrium concentration of NO was calculated. Figure
23 shows the equilibrium concentrations of NO and O, at 1100°C, 1200°C and 1300°C for a
starting gas composition of 50 ppm NO in N, with from 1 ppm to 2.4% H,0. Increasing the
temperature increases the equilibrium concentration of NO, but again it is less than the starting
concentration of 50 ppm.

Figure 24 shows the calculated effect. of small concentrations of CO on the equilibrium
NO and O, concentrations at 1100°C, 1200°C and 1300°C, for a starting composition of 50 ppm
NO with additions of CO from 5 to 100 ppm. At CO concentrations below the starting NO
concentration of 50 ppm, the O, concentration does not change significantly, resulting in little
reduction of NO beyond the NO/N, equilibrium levels. At greater than 50 ppm CO there is a
significant drop in O, concentration, with the concomitant decrease in NO. The effect is less
drastic with increasing temperature.

The final calculation performed in this series was for a starting mixture of 50 ppm NO
in N, with 2.4% H,0, with the concentration of CO varying between 5 and 100 ppm. In Figure
25 the effect of CO is mitigated under this wet condition, with less significant decreases in the
equilibrium concentration of O,

All of these calculations indicate that when small amounts of NO are present in the
exhaust of a high temperature (1600°C) combustion process, the equilibrium quantity of NO is
quite low at the temperatures below which this catalyst is stable (<1350°C). Small amounts of
CO, whether introduced after the fact or as residuals of an incomplete combustion process, have
the potential for promoting significant NO reduction.
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6. Evaluation of Catalyst Efficiency

a) Preliminary fluidized bed reactor tests

The literature attests to the fact that strontium doped lanthanum cobaltate is an active
catalyst for NOy reduction, as documented earlier in this report. The conditions under which this
would be true were investigated by measurements carried out on a tank gas composition
consisting of nominally 1013 ppm of NO with the balance nitrogen. This gas was also mixed
with up to 60% air prior to passing through the reaction chamber. NO, NO, and NOy values
were measured with the Thermoluminescence NO, Analyzer, which gives concentrations in
ppm. Since the pressure inside the reaction chamber is approximately 1 atmosphere, these data
may be converted to partial pressures in atmospheres A concentration of 1000 ppm in the gas
cylinder thus converts approximately to 10” atmospheres in the reaction chamber. The oxygen

partial pressure was measured electrochemically. These P, data are more readily expressed in

atmospheres, and since the range of variation is great, it is convenient to plot them on the right
hand axis on a logarithmic scale as shown in the Figures.

Figure 26 shows data recorded after passing the gas through the fluidized bed reaction
chamber without any catalyst powder. At low temperatures the NO was oxidized to NO,, a not
surprising effect considering that NO2 is the major nitrogen oxide species at low temperatures.
The calculated value of log Py, is -0.898 for the incoming gas in Figure 26. As can be seen in

Figure 26, this is near the value measured at low temperatures, but much greater than that
measured at temperatures above 400°C.

Figure 27 shows the effect, with respect to temperature, of the catalyst powder on the
concentrations of NO, NO,, NOy and O, for the 1013 ppm NO in N, feed gas. A significantly
greater amount of NO was converted to NO, at low temperatures in the presence of the catalyst,

but no reduction of NO took place. The calculated value of log P, for the incoming gas, -0.898

corresponds very well to the measured value after passing through the catalyst powder at
temperatures above 600°C. The baseline oxygen partial pressure in Figure 27 cannot be readily
estimated, because the oxygen partial pressure in the NO/N mixture is unknown, and the catalyst
would give up some oxygen at very low partial pressures.

When extra O, (as air) was added to the 1013 ppm NO in N, input gas, the Po, measured

was raised, as can be seen in Figure 28. The relative behavior of NO and NO, in the catalyst bed
was similar to that found in Figure 27.

Important points to be noted from these three Figures include the fact that the measured
NOx concentration is equal to the sum of the measured NO and NO, concentrations, and that
while the NO/NO, ratio varies as a function of temperature, the total NO, concentration remains
sensibly constant.
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It is clear from the results shown in the three previous Figures that NO, is not reduced by
the strontium lanthanum cobaltate catalyst when the only constituents of the gas phase are
nitrogen, oxygen and oxides of nitrogen. NO is probably not dissociatively adsorbed on the
catalyst under these conditions, and this dissociation would be necessary for the direct reduction
of NO on the catalyst. _

When CO was added to the NO/N, mixture, the results were quite different.
Approximately 20% of a 10% CO in CO, gas was added to the 1000 ppm NO in N, gas, and this
mixture was run through the catalyst powder in the manner of the previous experiments, with
very notable results, as shown in Figure 29. At about 250°C the NO was completely reduced.
The oxygen partial pressure on the catalyst, measured electrochemically, went through a
minimum near the temperature at which the NO disappeared, then increased gradually as
temperature was increased. The reaction that was being catalyzed is apparently:

2NO +2CO =N, +2CO,

The second observation of significance is that the reaction goes to completion at a very
low temperature (250°C). This would obviate the need to place the catalyst in the very high
temperature region of the exhaust stream. The structural and chemical stability constraints on the
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catalyst system could be greatly alleviated by low temperature operation. It would also promote
more complete reaction insofar as the NOy is stable at high temperatures. The equilibrium
concentration of NOy would increase with increasing temperature, and the catalyst can only
promote equilibrium by providing a reaction path with lower activation barriers.
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Figure 29: Fluidized bed reactor exit gas analysis for 20% of 10.5% CO in CO, with 1013
ppm NO in N, input gas.

b) Annular reactor tests
Higher space velocity tests were carried out in the annular reactor, shown schematically
in Figure 20, both with and without a catalyst coating on the outside of the zirconia tube.
Because plasma sprayed coatings could not be retained on the surface of the zirconia tubes due
to the large mismatch in thermal expansion coefficients, it was decided to coat the tubes with an
ink made from an organic carrier and the perovskite catalyst powder. This ink was formulated by
grinding together in a mortar approximately 50% by volume of the perovskite catalyst powder
with 50% by volume of an organic carrier consisting of 25% tert-butanol (2-methyl propanol),
25% methyl ethyl ketone (MEK, 2-butanone) and 50% two-part epoxy resin. This ink was
brushed onto a 75 mm length of the cylindrical part of the closed end of the zirconia tube.
Platinum ink electrodes were painted onto the outside and inside of the closed end cap of the
tube. Prior to testing the coated tube was fired for 8 hours at 900°C in air.
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The experimental matrix consisted of four variables: T, reactor temperature (400°C to
1300°C in 100°C increments); , stoichiometric ratio, (2 (fuel-lean condition), 1 (stoichiometric)
and 0.5 (fuel-rich condition)); nominal NO input concentrations (2, 20, 200. 2000 ppm) and
H/C, hydrogen to carbon ratio (1, 2, 3, and 4). A stoichiometric ratio of unity meant that there
was just sufficient oxygen to fully oxidize the carbon and hydrogen components to carbon
dioxide and water. Twice this amount of oxygen characterized the fuel-lean condition, while the
fuel-rich condition meant that only half the stoichiometric amount of oxygen was present. The
hydrogen-carbon ratio was varied to simulate different starting fuels. Thus there were 48 gas
compositions (3 ’s x 4 [NO]'s x 4 H/C's = 48) tested at 10 reactor temperatures, for a total of 480
experimental cells.

Batch calculations began by assigning the amount of carbon in all gas mixtures the value
of 1. The amount of hydrogen was then determined from the hydrogen-carbon ratio, the amount
of oxygen calculated from the stoichiometric ratio, and the nitrogen required to simulate air
calculated by multiplying the oxygen content by 78/21, the ratio of nitrogen to oxygen in the
atmosphere. The NO input was then added as an extra component. Once all the total quantities of
N. C, O. and H were calculated, the gas batches were partitioned into contributions from CO,
10.5% CO in CO,, 1013 ppm NO in N,, 10% NO in N,, N,, O, and H, tank gases. All
compositions were diluted by a factor of 20 with helium (5% active gases, 95% He diluent).
Dilution was required to assure that no explosive mixtures were used and that water vapor did
not condense out of the exit gas stream. Condensate would interfere with the chemiluminescence
analyzer, and would also contain an indeterminate amount of dissolved nitrogen oxides as
nitrous and nitric acids. Implicit in these batch calculations was the assumption that reactions
involving the "fuel" and "air" components, namely the carbon monoxide-carbon dioxide and
hydrogen-water equilibria, would be so rapid that equilibrium would be achieved readily, while
the approach to equilibrium of the nitrogen-oxygen species would be sluggish. Thus simulated
exhausts would not have to be batched explicitly, but would be obtained in the reactor. This
technique also allowed for more precise and convenient control of the water content.

Table 2 lists the nominal gas input compositions used in these tests, along with the
stoichiometric conditions, nominal nitric oxide content and the hydrogen-carbon ratios for each.
From rotameter flow tables calibrated for the various tank gases used, settings for six rotameters
were selected to achieve the desired compositions at a total flow rate of 2000 sccm. This flow
was then divided into approximately three equal parts, one having been sent through the working
side of the annular reactor, one through the inside of the zirconia tube and the third either
shunted to the exhaust system or sent directly to the NOy analyzer. Temperatures were measured
with a Pt/Pt- 10% Rh thermocouple placed inside the zirconia tube approximately 2 cm from the
closed end.

Because of the design of the reactor used in these experiments, three general mechanisms
for the conversion of NO to N, were anticipated to be operative: a wholly gas phase reaction; a
surface catalyzed reaction on the alumina and zirconia components of the reactor; and a surface
catalyzed reaction on the perovskite catalyst coating. In order to extract just the effect of the
catalyst coating, all experiments were performed twice, once in a blank reactor containing no
catalyst and again in a reactor with the catalyst coating. The fraction of NO converted by the
blank reactor was determined from the following:
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FRACTION CONVERTED BY BLANK =

INPUT TO BLANK - OUTPUT FROM BLANK _ IB-OB
INPUT TO BLANK IB

FCB =

For the réactor with the catalyst coating, the total amount of NO converted is given by:
AMOUNT CONVERTED IN REACTOR WITH CATALYST =
CRC = INPUT WITH CATALYST- OUTPUT WITH CATALYST =1IC - OC
For the catalyst only, then:

AMOUNT CONVERTED BY CATALYST =
CBC = CRC - IC(FCB)

Equilibrium compositions were calculated for all 48 starting gas mixtures at
temperatures from room temperature through 1300°C. In Figures 29 through 40 the calculated
equilibrium concentration of NO and the measured concentration of NO after the starting
mixtures had been passed through the reactor with the catalyst coating are plotted against
temperature. Each plot contains the data for the four H/C ratios for one and one nominal NO
input concentration. The total amount of NO converted and the amount estimated to have been
converted by the catalyst are plotted against the reactor temperature for the same combinations
of H/C, , and NO input concentration in Figures 41 through 52. A positive number for the
amount converted means a reduction in the amount of NO, while a negative number indicates
that NO was formed in the reactor.

For fuel-lean conditions ( = 2), equilibrium with respect to the NO concentration is
rarely achieved. When the input concentration of NO was above the calculated equilibrium
amount for a particular gas mixture, the measured amount was above the equilibrium amount.
Conversely, when the input concentration was below the equilibrium amount, the measured
concentration stayed below the equilibrium amount. In other words, the system was kinetically
hindered in its approach to equilibrium. From Figures 29 through 32 it can be seen that, with
increasing temperature, the system was, in general, further away from equilibrium. In addition,
these Figures also show that an increase in the H/C ratio yielded a closer approach to
equilibrium. In Figures 41 through 44 the amount of NO converted in the reactor and the amount
calculated to have been converted by the catalyst are plotted against the reactor temperature for
the fuel-lean tests. For most compositions and temperatures the amount converted by the catalyst
was a small proportion of the already small total amount converted.

For the stoichiometric ( = 1) and fuel-rich ( = 0.5) conditions, equilibrium with respect to
the NO concentration was more readily achieved, as can be seen from Figures 33 through 40.
Conversion was 100% efficient at all temperatures and starting compositions, except for the
lowest temperatures and the highest input concentrations. However, as is shown in Figures 45
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through 52, under those conditions where less conversion took place, a greater percentage of the
conversion was attributable to the presence of the catalyst. This means that, under those
conditions in which either a gas phase or substrate (ZrO, or AL,O,) enhanced surface reaction
was not particularly efficient, the perovskite catalyst provided a closer approach to equilibrium.
The role of the zirconia and alumina reactor materials should be emphasized because of the
implication it has for NO, reduction in high temperature combustion processes, such as are
found in jet engines.

Thermal barrier coatings are commonly made of zirconia or alumina, alloyed with
other constituents. These present results indicate that properly constituted ceramic thermal
barrier coatings employed in high temperature zones would effect significant NO reduction
in jet engine exhausts under most conditions. Placing the perovskite catalyst in a lower
temperature zone, where it has been shown to be more effective, would provide additional
capacity for NO reduction.
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Table 2: Nominal gas input compasitions, as fractions of total gas input, assuming an

ideal gas.
! Nominal | Nominal
Name Fuet A | mNo) | oy |HC| co co, NO N, 0, H, He

Condition undiluted| diluted

(ppm) | (ppm)
chinos0-Tean lean 20| S0 p) 1 1 0.000430 | 0.003661 | 0.000002 | 0.037622 | 0.006382 | 0.001088 | 0.949015 |
chno50-lean Tean 301 50 3 3 | 0.000344 | 0,002930 | 0,000002 | 0.036561 | 0.006639 | 0.003192 | 0.950332
ch3no50-lean Tean 30 50 5[ 3 | 0.000286 | 0.002436 | 0.000002 | 0.036007 | 0.007155 | 0.004187 | 0.949936 '
chdno30-lean lean 30| 50 3 | 4 | 0.000252 | 0.002147 | 0.000002 | 0.035507 | 0.007420 | 0.004748 | 0,049925 |
chlno300-lean lean 30| 500 20 T | 0,000430 | 0,003662 | 0.000005 | 0.037281 | 0.006384 | 0.001988 | 0.950229
<h2n0500-Tean Tean 30 500 36| 2 | 0.000344 | 0.002529 | 0.000023 | 0.036591 | 0.006638 | 0.003192 ; 0950281
eh3n6500-ican Tean T0 [ 500 | 20 | 3 | 0.000286 | 0.002457 | 0.000025 | 0035814 | 0.007156 | 0.004188 | 0.950094 |
ehano500-Tean fean 30| 500 3| 4 | 0.000252 | 0.002147 | 0.000025 | 0.035463 | 0.007420 | 0.004748 | 0.949943
chino5000-lean fean 55| S000 | 300 ] 1 |0.000425 | 0.003661 | 0.000255 | 0.037509 | 0.006381 | 0.001987 | 0.949776
eh2no3000-lean Tean 30 5000 | 300 | 2 | 0.000344 | 0.002929 | 0.000255 | 0.036449 | 0.006638 | 0.003192 | 0.950193
ch3no5000-lean lean | 20| 5000 | 200 | 3 |0.000286 | 0.002436 | 0.000235 | 0.035895 | 0.007154 | 0.004186 | 0.045787
hano3000-Tean Jean 30 5000 | 200 | 4 |0.000252 | 0,002147 | 0.000255 | 0.035405 | 0.007156 & 0.004749 | 0.950036
chino30000-lean Tean 30| 50000 | 2000 | I | 0000407 | 0.003469 | 0.002500 | 0.055647 | 0.005899 | 0.001988 | 0950051 |
Sh2n050000-iean Tean 30 | 50000 | 2000 | 2 | 0.000324 | 0.002760 | 0.003459 | 0.034910 | 0.006382 | 0.003191 | 0.949933
<h30650000-1ean fean 35 50000 | 2000 | 3 | 0.000260 | 0.002292 | 0.002500 | 0.034189 | 0.006638 | 0.003915 | 0.950197 |
chdno50000-lean Tean 70 | 50000 | 2000 | 4 |0.000236 | 0,002010 | 0.002500 | 0.033801 | 0.006891 | 0.004461 | 0.950102 |
Chino30-stei | stoichiomemic | 0.5 | 50 3 T ; 0.000807 | 0.006883 | 0.000002 | 0.036011 | 0,002361 | 0:003914 | 0.950021
chonos0-stoi | stoichiometic | 0.5 | 30 3 T 0000641 | 0.005461 | (G.00D00Z | 0.034509 | 0003437 | 0.005998 | 0.949952
ch3nos0-stol | stoichiometric | 0.5 | 30 3 3 10.000538 | 0.004501 | 0.000002 | 0.033009 | 0.004175 | 0.007843 | 0.949941 |
ohano50-sto1 | stoichiometric | 0.5 | 50 p) 4 | 0.000452 | 0.003854 | 0.000002 | 0.032511 | 0.004568 | 0.008613 | 0049999
ehinos00-stol | storchiometnic | 0.5 | 500 | 30 | 1 | 0.000808 | D.005884 | 0.000025 | N.035818 | 0.002361 | 0.003915 | 0.950189
“Th3n0500-st01 | stoichjometric | 0.5 | 500 20 | 2 | 0000641 | 0.005464 | 0.000025 | 0.054018 | 0.003439 | 0.008001 | 0.950412
<h3no500-stoi | stoichiomefric | 0.5 | 300 30| 3 |0.000327 | 0.004494 | 0.000025 | 0,033039 | 0.004175 | 0.007843 | 0.949897 |
chdno500-stoi | steichiometnic | 0.5 | 500 30| 4 | 0000457 | 0.003856 | 0.000025 | 0.032146 | 0.004570 | 0.008616 | 0.950335
chlnoS000-stoi | stoichiometiic | 0.5 | 5000 | 300 | 1 |0.000807 | 0.006882 | 0.000255 | 0.035899 | 0.002361 | 0.003914 | 0,949882 -
eh3503000-5t01 | stoichiometmc | 0.5 | 5000 | 200 | 2 | 0.000641 | 0.005460 | 0.000255 | 0.034397 | D.003437 | 0.005997 | 0.949813 |
Sh3no5000-5tor | Stoichiomeic | 05 ¢ 5000 | 200 | 3 | 0.000537 | 0.004496 | N.000255 | 0.032917 | 0.003989 | 0.007447 | 0.950368
Than03000-sto] | stolehiometnie | 0.5+ 5000 , 300 | < | 0.000433 : 3.003854 | 0.000255 | 0.032400 | 0004367 | 3:008612 | 0949360
eh1n030000-5t07 | stoichiometric | 0.3 | 30000 | 2000 | 1 | 0.000774 | 0.006537 | 0.002999 | 0.034183 | D.002223 ; 0.003668 | 0.950054
chZno30000-5tor | stoichiometric | 0.5 | 50000 | 2000 | 2 | 0.000608 | 0.005181 | 0.002499 | 0.032712 | 0.003271 | 0.005897 | 0.949733 |
<h3n630000-st01 | stolchiometrc | 0.5 | 30000 | 2000 | 3 | 0.000501 | 0:004273 | 0.002499 | 0:031639 | 0.003798 | 0007443 | 0.949846
ch#n030000-stoi | stoichiometric | 0.5 | 50000 | 2000 | 4 | 0.000430 | 0.003662 | 0.002499 | 0.030725 | 0.004372 | 0.008229 | 0950083
chInos0-tich Tich 951 30 3 T 0:012843 | 0000000 | 0.000002 | 0.029167 | 0.001619 | 0006325 | 0.930039 |
ehon030-rich Tich 951 30 3 T [0.009910 | 0.000000 | 0.000002 | 0027816 | 0.002399 | 0.009919 | 0.045836
oh3n030-rich Tich 05 30 3 31 0.008304 | 0,000000 | 0.000002 | 0.026469 | 0.003106 | 0.012302 | 0.949817
chano30-rich Tich 95| %0 3 7 | 0006815 | 0.000000 | 0.000002 | 0.025634 | 0.003438 | 0013922 | 0:950189
zh1n0500-rich Tich 05 500 30 1 [0.013842 | 0.000000 | 0.000025 | 0.029305 | 0.001507 | 0.006329 | 0.949992
ch2n0300-rich tich 05 500 30| 2 | 0.009921 | 0.000000 | 0.000025 | 0.027547 | 0.002500 | 0.009921 | 0.950087
ch3n0500-rich Tich 05| 500 70| 3 | 0.008304 | 0.000000 | 0:000025 | 0.026361 | 0.003106 | 0.012303 | 0.949901
chdno500-rich Tich 05 | 300 30| 4 | 0007094 | 0.000000 | 0.000025 | 0.025597 | 0.003437 | 0.013918 | 0.949930
=hino5000-rich fich 05| 5000 | 200 | 1 | 0013356 | 0,000000 | 0.000255 | 0.0295(5 | 0.001618 | 0.006328 | 0.049823
h3n03000-rich rich 0.5 | 3000 | 300 | 2 |0.009917 | 0.000000 | 0.000255 | 0.027705 | 0.002499 | 0.009917 | 0.949707 |
eh3n635000-rich Tioh 05 ] 3000 | 200 | 3 |0.007997 | 0.000000 | 0.000255 | 0.026367 | 0.003107 | 0.012304 | 0.949970
chano3000-rich tich 03] 3000 | 200 | 4 |0.006814 | 0:000000 | 0.000255 | 0.025523 | 0.003438 | 0.013920 | 0.950050
h111050000-rich Tich 0.5 | 50000 | 2000 | 1 |0.012073 | 0.000000 | 0.002499 | 0.027990 | 0.001507 | 0.005998 | 0.949933
“ch2n050000-rich rich 0:5 | 50000 200 {32 0.00ﬁ 0.000000 | 0.002499 | 0.026258 | 0.002360 | 0.009457 | 0.949853 |
¢ch3n050000-rich | rich 05 | 50000 | 2000 | 3 | 0.007685 | 0.000000 | 0.002499 1 0.025201 | 0,002549 | 0.011803 | 0.949864
chano50000-rich rich 05 | 50000 | 2000 | 4 | 0.006543 | 0.000000 | 0.002499 | 0.024475 | 0005272 | 0.013378 | D.949835
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Figure 29: Calawlated equilibrium concentration of NO and measured concentration of
NO (post-reactor with perovskite casalyst) for all H/C ravios, a fuel-lean condition and a
nominal NO input concensration of 2 ppm, as a function of temperature.
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Figure 30: Calculated eguilibrium concentration of NO and measured concentration of
NO (post-reactor with perovskite catalyst) for all H/C ratios. a fuel-lean condition and u
dominal NO input concentration of 20 ppm, as a function of temperature.
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Calculatvd [NOJ# (iilled symbols) and Mersured {NOJ (open symbois)
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Figure 31: Calculated equilibrium concentration of NO and measured concentration of
NO (post-reactor with perovskite catalyst) jor ail H/C rativs, a fuel-lean condition and g
nominal NO input conceniration of 200 ppm, as a function of temperature.
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Figure 32: Calculared equilibrium concentration of NO and measured concentration of
NO {post-reactor with perovskite catalyst) for all H/C ratios, a fuel-lean condition and a
nominal NO input concemration of 2000 ppr, as a function of temperature,




Caleulated [NOI {6lfed symbals} and Measared INOJ {open symbols)
for Simulatzd Extausts
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Figure 33: Caiculated equilibrium concentration of NO and measured concentration of
NO (posi-reactor with perovskite catalyst) for all H/C radios, a stoichiometric condition
and a nominal NO input concentration of 2 ppm, as a function of temperature,
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Figure 34: Calculated equilibrium concentration of NO and measured concentration of
NO (past-reactor with perovskite caralyst) for all H/C ratios, a stoichiomerric condition
and a nominal NO inpur concentration of 20 ppm, as a function of temperature.
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Caicutated [NOT (fifled symbols) and Measured INOY (opess symbolsy
for Simulated Exhausts
Stoichiometric Condition (= 1)
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Figure 35: Calculated equilibrium concentration of NO and measured concentration of
NQ (post-reactor with perovskite catalyst) jor all H/C ravios, @ stoichiometric condition
and a nominal NO input concentration af 200 ppm, as a function of temperatire.
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Figure 36: Calculated equilibrium conceniration of NO and measured concentration of
NO (post-reactor with perovskite catalysy) for all H/C ratios, a stoichiometric condition
and a nominal NO input concentrazion of 2000 ppm, as a function of temperatire,
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for Simulated Exhansts
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Figure 37: Caleulated equilibrium concentration of NO and measured concentration of
NO (posi-reactor with perovskite catalyst) for all H/C ratios, a fuel-rich condition and a
nominal NO input concentration of 2 ppm, as a function of temperature.
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Figure 38 Caleulated equilibrium concentration of NO and measured concentration af

NO (post-reactor with perovskite caralvsy) for all H/C ratios, a fuel-rick condition and a
nominal NQ inpwt concentration of 20 ppm, as a function of temperature.
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Calculated INOP {filled symbols) 2nd Measuced NG (open symbels)
for Simulated Exhausts
Rich Condition 4 =0.5)
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Figure 39: Calculated equilibrium concentration of NO and measured concentration of
NO ipose-reactor with perovskite catalyst) for all H/C ratios. a fuel-rich condition and a
nominal NO input concentration of 200 ppm, as a function of iemperature.
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Figure 40: Calculated equitibrium concentration of NO and measured concentration of
NO (poss-reactor with peravskite catalyst) jor all H/C ratios. a fuel-rich condition and a
nominal NO inpur concentration of 2000 ppm, as a function of temperature.
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Amoun; 9f NQ Conversed by Catalyst (fillad symbels] and
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“igure 41: Amount of NO converted by the peravskite catalyst and total amount
converted in the annular reactor for all H/C ratios, a fuel-lean condition, and a nominal
NO input concentration of 2 ppm as a function of reacior temperatire.
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Figure 42: Amount of NO converted by the perovskite catalyst and total amount
converted in the annular reactor for all H/C ratios, a fugl-tean condition. and a nominal
NQ input conceniration of 20 ppm as g function of reactor temperature.
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Amonnt of NO Converted by Cazalyat (litled symbols) and
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Figure 43: Amount of NO converted by the perovskite cawdyst and total amount
converted in the annular reactor for all H/C ratios, a fuel-lean condition, and a nominal
NO input concentration of 200 ppm as a function of reactor temperature,
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Figure 44: Amount of NO converted by the perovskite catalyst and ftotal amount
converted in the annsdar reactor for all H/C ratios, a fuel-lean condition, and a nominal
NO input concentration of 2000 ppm as a fimction of reactor temperature.
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Figure 43: Amount of NO converted by the perovskite catalyst and total amount
reactor for all H/C rarios, a stoichiometric condition, and a
nominal NOQ input conceniration of 2 ppm as a firiction of reactor temperature.
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Figure 46: Amount of NO converted by the perovshite catalys: and iotal amount
converted in the awnilar reactor for all H/C rativs, a stoichiometric coandition, and a

nominal NO input concentration of 20 ppm as a function of reactar temperature.
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Figure 47: Amount of NO converted by the perovskite catalyst and total amount
converted in the annular reactor Jor all H/C ratios, a swichiometric condition, and «
nominal NQ input concentration of 200 ppm as a function of reactor temperature.
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Figure 38 Amount of NQ converted bv the perovskite catalyst and total ampunt
converted in the annular reactor for all H/C ratios, a stoichiometric condition, and a
nominal NO input concentration of 2000 ppm as a function of reacior temperature,
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Figure 4% Amount of NO Converted by the perovskite catalvst and total amount
converted in the annular reacror for all H/C rativs, a fuel-vich condition, and a nominal
NQ input concentration of 2 ppm as a function of reactor temperature.
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Figure 50: Amount of NQ converted by the perovskite catalyst and iotal amount
camverted in the annular reactor for all H/C ratios. a fuel-rich condition. and a nominal
NO input concentration of 20) ppm as a function of reactor temperature. {
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Figure 51: Amount of NO converted by the perovskite catalvst and total amount
converted in the annular reactor for all H/C ratios, a fuel-rich condition, and a nominal
NO input concentration of 200 ppm as a function of reactor temperature.
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Figure 32: Amount of NO converted by the perovskite catalyst and total amount
converted in the annular reactor for afl H/C raties, a fuel-rich condition. and a nominal
NO input concenmrarion of 2000 ppm as a function of reactor emperature.
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Conclusions and Recommendations

From XRD, DTA and simultaneous TGA/DSC measurements the A-site deficient
composition (La,;S1,3),sC00, s was found to be chemically and structurally stable over a wide
range of temperatures in air and simulated exhausts. This material will catalyze the reduction of
NO to N, in the presence of CO under fuel-lean, stoichiometric and fuel rich conditions, and is
particularly effective at low temperature. However, the design of any system to do this will be
critical because it appears that the kinetic limitations of the reactions would obviate the need for
increased contact time between the reactant gases and the catalyst, especially in the lower
temperature regime. In addition, the zirconia and alumina materials from which the reactor was
constructed definitely appear to enhance the reduction of nitric oxide to nitrogen in the presence
of carbon monoxide. Combining substrate materials which seem to enhance NO reduction at
high temperatures with the perovskite catalyst, which works best at lower temperatures, holds
promise as a synergistic emission control system.

There is still much to be done to assess the real promise of the catalyst. Its effectiveness
in reducing the NO, in simulated high velocity, direct bombardment exhaust gases has not yet
been demonstrated. Also, the limits of stability in gases of fluctuating composition, and even the
degree of normal fluctuation it would experience in exhaust gases, are not known. One
promising enhancement would be a "smart" catalyst/substrate system, capable of protecting itself
from deleterious reactions with the environment, utilizing electrochemical feedback to set the
emf across the zirconia substrate, thus controlling the oxygen potential experienced by the
catalyst.
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