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Abstract

The interaction between reaction conditions and catalyst compositions for NO, storage and reduction (NSR) catalysts has been explored
using a combination of high-throughput experimentation and experimental design. This was accomplished by varying the concentration of
NO and O,, the reducing agent concentration and identity, space velocity, and reactor temperature. All reaction conditions were varied
simultaneously for a range of Pt, Ba, and Fe loadings on y-Al,0;. It was found that most of the reaction conditions investigated affected the
saturation NO, storage, the production of nitrous oxide, and the steady state lean NO, reduction. An empirical model was developed using
response surface methodology to predict the saturation NO, storage and nitrous oxide production as a function of Pt, Ba, and Fe weight
loading. This model was used to optimize the catalytic composition and a comparison between the model predictions and experimental results
for the optimized catalysts are given. It was shown that high-throughput experimentation in combination with experimental design leads to

more efficient use of experimental resources in addition to a more in depth understanding of catalytic systems.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Lean burn gasoline engines have been promoted as a
method to improve the fuel efficiency of automobile
engines, decrease dependence on non-renewable petroleum,
and reduce the emission of greenhouse gases. Impeding the
widespread implementation of lean burn engines is the
inability of current three-way catalytic converters (TWC) to
reduce nitrogen oxides (NO,) under net-oxidizing condi-
tions. Extensive research has been performed in search of
alternative catalysts that will reduce NO, in oxygen rich
environments under steady state conditions, but an
acceptable catalyst has not yet been discovered [1-3].

To address the apparent conflict of high efficiency and
low NO, emissions, NO, storage and reduction (NSR)
catalysts were designed to store NO, during a fuel lean cycle
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and reduce the stored NO, during a subsequent fuel rich
cycle [4-8]. Extensive research has been performed on NSR
catalysts in the past decade to understand the storage and
reduction mechanisms and improve overall NO, conversion
[9-24]. Since NSR catalysts are very susceptible to sulfur
poisoning, several studies have also examined the effect of
sulfur on NSR catalysts [25-34]. In spite of the extensive
literature, there have not been reports demonstrating NSR
catalytic performance over a wide range of operating
conditions for catalysts of varying compositions.

Reaction conditions affecting NSR catalysts include
temperature, NO, concentration, O, concentration, CO,
concentration, reductant concentration, reductant type,
space velocity, total lean/rich cycle time, lean/rich duty
cycle, and the presence of sulfur and water. In addition to
reaction conditions, the performance of NSR catalysts is
strongly influenced by the catalyst composition. Therefore,
describing NSR catalytic performance requires not only
understanding the effect of the reaction conditions on a
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single catalyst, but also how these effects change as the
composition of the catalyst changes.

To study such a complex system in a systematic manner
with conventional methodologies would require an exten-
sive experimental effort. Just considering 10 different
catalysts, studied over five different reaction condition
parameters, each varied over five levels, would lead to
31,250 different experiments (10 x 5°). Assuming that one
catalyst could be tested at 10 different conditions in a single
day and that no repeat runs were performed, it would take
over 3000 working days to complete the experimental effort.
To increase the throughput at which catalytic systems
can be studied, high-throughput experimentation (HTE)
approaches are increasingly used for materials development
[35,36]. High-throughput catalytic techniques have been
used to study selective catalytic reduction of nitric oxide
using hydrocarbons [37-40] and one study looked at seven
catalysts for NO, storage activity under a single reaction
condition [40], but to the best of our knowledge, there have
been no published reports using HTE to study NSR catalysts
under transient conditions over a large parameter space.

Even with HTE, it is experimentally expensive to study
the entire range of combinations and concentrations
affecting NSR catalysts in a reasonable amount of time.
Therefore, we are employing a combination of statistical
design of experiments (DOE) [41] and HTE to study NSR
catalysts over a wide range of reaction conditions and
catalyst compositions. Statistical experimental design
methods have been applied to zeolite synthesis [42], catalyst
optimization and discovery for a single reaction condition
using HTE [43,44], reaction condition optimization for
single catalysts discovered with HTE [45], and recently
discussed in the literature, without the use of experimental
data, as a tool in HTE [46]. A recent paper presents the
application of DOE to HTE in studying both the catalyst
composition and the reaction conditions [47]. This paper,
however, does not provide enough details about the
procedure used to generate the design and it is uncertain
to what extent interactions were studied and how the
optimization was conducted. In the results presented below,
we will provide details of the experimental procedure and
demonstrate the application of HTE to the study of NSR
catalysts in combination with experimental design.

2. Experimental
2.1. High-throughput experimental setup

Our group has developed a quantitative, high-throughput
analytical technique based on Fourier transform infrared (FT-
IR) imaging [48-52] that is capable of studying 16 samples
simultaneously under realistic reaction conditions. The setup
consists of a Bruker Equinox 55 FT-IR spectrometer
interfaced with a 64 x 64 pixel mercury cadmium telluride
FPA detector (Santa Barbara Focalplane, Goleta, CA, USA),

and is capable of collecting IR spectra of the effluents of all
16 reactors in less than 2 s. Details of the optical setup and
analytical methods can be found in [48,52]. The system
produces data of comparable quality to that obtained from
single reactor studies [53], and is capable of studying both
steady state and transient reaction kinetics in parallel [54].
Briefly, the reactors are vertical flow-through reactors with a
catalyst powder supported on a stainless steel frit. Each
reactor contains a thermocouple in the catalyst bed, and the
temperatures of all 16 reactors are continuously displayed
and recorded by software written in house using LabView ™.
Multiple mass flow controllers permit a wide range of feed
gas concentrations, compositions, and flowrates to be
explored. In addition, an orifice and a needle valve are
installed before each reactor to minimize any flowrate
differences among the different reactors. The flowrates were
measured and recorded using a digital flowmeter (Agilent—
ADM 2000) and a computer controlled switching valve.

2.2. Statistical experimental design

The basic premise of all experimental research is that
experimental data contain information from which under-
standing can be extracted. However, if the data are not
acquired carefully, one may end up with data that do not
contain the required information. Additionally, any informa-
tion not contained in data cannot be extracted even by the
most sophisticated analysis. Ensuring that one is able to
acquire informative data in the face of unavoidable random
variability, and extract the contained information efficiently,
is the role of statistical design of experiments. For high-
throughput studies, where one is able to acquire large
quantities of data in short periods of time, the judicious
application of experimental design is especially important.

Statistical experimental design procedures have been
used successfully in many science and engineering
applications [55,56]. The fundamental goal of these
procedures is adequacy and efficiency. Adequacy is ensuring
that the acquired data contain the information required to
achieve the objectives of the experimental study, and
efficiency is obtaining the desired information with the
minimum number of experiments. Given the possibility of
different objectives at different phases of experimental
studies, there are various experimental designs for each
phase. In this paper, we will discuss the application of
screening designs and response surface designs, using HTE,
for the development of NSR catalysts.

For this study, fractional and full factorial designs were
used as screening designs. At this level of experimentation, a
linear model was developed relating a performance criterion
(Y) to the parameters of interest (X;, X5, X3, . ..). This model
takes the form of

Y=CH o X|i+aXp +a3X3+ -+ +a12X1 X2
+a3X1 X3+ -0 o123 X1 X0 X3 + - (1)
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where C is a constant and «; are coefficients fitted to the
experimental data. This level of experimentation allowed the
determination of important parameters and the interactions
between them. To decrease the number of experiments
required in a screening design, a fractional factorial design
was used, in which a fraction of the full factorial design was
performed. This resulted in a significant decrease in the
experimental effort by combining the effects of higher order
interactions with lower order interactions.

Once the important parameters were identified, a
response surface study was completed to refine the model
and optimize the catalyst and reaction conditions. The
response surface model takes the form of

Y=CHoaXitaXs+ - +apXiXo+ -
+AIXT A+ BXE @)

where B; are the coefficients for the squared terms in the
model. Three-way (i.e. X;X,X3) and higher interactions were
excluded.

2.3. Catalyst preparation and performance analysis

The NSR catalysts were synthesized with Pt, Ba, and Fe
supported on y-Al,O5 (Catalox™ Sba-200, 200 m?/g). Pt and
Ba were chosen as typical NSR components, and Fe was
added because of reports that it improved the resistance of
Pt/Ba NSR catalysts to sulfur [57]. All catalysts were
synthesized utilizing incipient wetness. Chloroplatinic acid
hexahydrate, barium nitrate, and iron (III) nitrate nonahy-
drate precursors (Strem Chemicals) were dissolved in
distilled water before impregnation. Because of the low
solubility of Ba(NO3), in water, it was necessary to utilize
multiple impregnation steps to achieve the desired weight
loadings. This was accomplished by dissolving the
necessary amount of all precursors in distilled water to
obtain the weight loading for a given catalyst. This solution
was added to the dried support until incipient wetness was
obtained. The impregnated supports were dried overnight in
a vacuum oven at a temperature of ~393 K and then crushed
before the next impregnation step. This process was repeated
until the entire precursor solution had been added to the
support.

After completion of the final impregnation step, the
powders were crushed and calcined in a tube furnace. The
calcination procedure consisted of heating to 473 Kover 2 h,
holding the temperature at 473 K for 1 h, further heating to
823 Kover 3 h, holding at 823 K for 2 h, and then cooling to
298 K over 4 h. Before the first run, the catalysts were
reduced in the high-throughput reactor for 1 hin 10% v/v H,
at 773 K. On subsequent days, the catalysts were reduced for
30 min under identical conditions. The naming convention
for each catalyst is based on the nominal weight loading.
Thus, a catalyst with a nominal weight loading of 1% w/w Pt
and 15% w/w Ba is referred to as 1Pt/15Ba. For all results
reported, 0.15 g of catalyst was loaded into each reactor.

The gases used in the experiments were obtained from
BOC Gases and Keen Compressed Gas. The nitric oxide
(NO) and sulfur dioxide (SO,) were obtained as premixed
1% NO in He and 5000 ppm SO, in He. Ethylene, carbon
monoxide, oxygen, hydrogen, and helium, were obtained at
purity levels >99.99%.

The catalysts were studied with respect to three
performance criteria: saturation NO, storage (SNS) capacity,
total nitrous oxide (N,O) production (NOP), and the steady
state lean NO, reduction (LNR) to both partially reduced
nitrous oxide and fully reduced molecular nitrogen (N5).

The three different performance criteria are defined in
Fig. 1, along with typical data acquired during a switch from
fuel rich to fuel lean conditions. Fuel rich and fuel lean
conditions refer to the molar ratio of oxidizing to reducing
molecules as defined by the stoichiometric ratio (SR):

[NOJ + 2[0,]

SR = €Ol + 6[Co ]

3)

SR greater than 1 refers to fuel lean conditions, while SR less
than 1 refers to fuel rich conditions. To convert from fuel rich
to fuel lean experimentally, a portion of the helium in the
reactant gases was replaced with an equal volume of O,
using a four-way switching valve. The pressures of the
switching valve outlets were balanced to maintain a constant
flowrate and pressure to the reactor inlets while changing the
reactant concentrations.

SNS is defined as the area between the steady state NO,
concentration in the fuel lean state and the actual effluent
concentration of NO, from the time at which O, was added
to the feed gases. NOP is defined as the total production of
N,O after the switch from fuel rich to fuel lean. Since the
flowrates were recorded for each reactor, the integrated areas
for SNS and NOP were converted to moles of NO, and N,O,
respectively. LNR activity is defined as the percentage
difference between the inlet NO concentration and the
steady state NO, concentration in the fuel lean state.
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Fig. 1. Typical data collected during a switch in the reaction conditions
from fuel rich to fuel lean showing saturation NO, storage, N,O production,
and lean NO, reduction.
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A difficulty arises in analyzing the high-throughput
transient data. The only change between the fuel rich state
and the fuel lean state is the replacement of a portion of the
He with O,. Since oxygen is not detected in the IR and no
tracer element was included with the O,, a method was
needed used to correlate the transient IR data to the change
in the reaction gases. To determine the data point at which
the inlet concentration switched between fuel rich and fuel
lean, one reactor tube was left empty and was used as a
reference. Using this blank reactor, it was possible to
determine when the gases were switched between fuel rich
and fuel lean by tracking the concentration of NO,. Upon the
addition of O, during a switch from fuel rich to fuel lean, a
portion of the inlet NO converts to NO,. The time
corresponding to the data point immediately before any
detectable change in the concentration of NO, was defined
as time for the reactant switch (f.) in the blank reactor.
Despite the best of efforts, the flowrates for all reactors were
not exactly equal, and it was therefore necessary to relate 7,
in the blank reactor to . in the other reactors. This was done
by converting the increment between infrared spectra, and
therefore data points collected at a constant rate of one every
3.07 s, to inlet moles of NO, using Eq. (4)

Inlet NO, — sWPXno 4)

RT

where R is the universal gas constant, £, the time in seconds
elapsed from when the first spectrum was collected, W the
volumetric flowrate for each reactor, P the pressure, Xno the
inlet NO mole fraction, and 7 the temperature. Once the data
for all reactors were referenced to inlet moles of NO,, the
total number of inlet moles of NO, corresponding to ¢, in the
blank reactor was assumed to be equal for the remaining 15
reactors and t. for all reactors was then determined.

3. Screening design
3.1. Experiments without SO,

For the screening design, we studied the significance of
the weight loadings of Pt, Ba, and Fe as well as catalyst
temperature, NO, concentration, O, concentration, reduc-
tant concentration, reductant type, and space velocity. The
high and low settings for the metal loadings were 0 and 1%
w/w Pt, 0 and 15% w/w Ba, and 0 and 5% w/w Fe,
respectively. The nominal compositions of the synthesized

0 Pt (wt.%) 1

Fig. 2. Nominal weight loadings of the synthesized catalysts are indicated
by the location in this diagram of a three-dimensional box. The unfilled
circles indicate catalysts studied in the screening design. The cross filled and
solid filled circles indicate the additional catalysts studied in the response
surface design.

catalysts are summarized in Fig. 2, where the position of
each circle indicates the nominal weight loading. In the
screening design, a full factorial design was used for the
catalytic composition, resulting in a total of eight catalysts
(shown as white circles in Fig. 2). Since the reactor is
capable of testing 16 catalysts simultaneously, each sample
was placed into two reactors to test for reproducibility
between reactors. The support material alone was placed
into one reactor, and the remaining reactor was left without
any catalyst to be used as the reference reactor (referred to as
“blank’ in the figures and tables).

The high and low settings for the fuel lean inlet reaction
conditions used as input to the fractional factorial design are
shown in Table 1. In this design, either ethylene or carbon
monoxide was used as the reducing agent. The concentration
of the two reducing agents was chosen to assure that the
stoichiometric ratio between the oxidizing and reducing
agents remained constant. A quarter fraction factorial design
was used to reduce the number of experimental conditions
from 2° (64) to 2°2 (16). The actual reaction conditions
tested are listed in Table 2. All screening catalysts
were tested at all screening design reaction conditions
listed.

Before collecting data, at least two lean/rich cycles of
14 min lean and 6 min rich were completed for the given
reaction condition. These cycle times were chosen so the
effluent from all reactors reached steady state. After the
initial lean/rich cycles were completed, IR spectra were

Table 1

Reaction condition screening parameters investigated

Setting NO O, CO C,Hy Reductant Space Temperature SO,
concentration concentration concentration concentration type velocity (K) concentration
(ppm) (%) (%) (%) (mL/h/gca) (ppm)

Low 3500 4 35 0.58 C,Hy 30000 548 0

High 8650 8 5.5 0.92 CcO 42500 648 300
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Table 2
Actual reaction conditions tested on all screening catalysts
Reaction NO O, CO C,Hy Space velocity Temperature Stoichiometric
condition concentration concentration concentration concentration (mL/h/gcar) (K) ratio
(D) (ppm) %) %) (%) Lo Rich
1 3500 8 0.92 30000 548 297 0.06
2 8650 4 5.5 30000 548 1.61 0.16
3 3500 4 5.5 42500 548 1.52 0.06
4 3500 8 3.5 42500 548 4.67 0.10
5 8650 8 0.92 42500 548 3.07 0.16
6 3500 4 0.58 30000 548 2.39 0.10
7 8650 8 3.5 30000 548 4.82 0.25
8 8650 4 0.58 42500 548 2.53 0.25
9 8650 8 0.58 30000 648 4.82 0.25
10 8650 4 3.5 42500 648 2.53 0.25
11 3500 8 0.58 42500 648 4.67 0.10
12 3500 4 3.5 30000 648 2.39 0.10
13 8650 4 0.92 30000 648 1.61 0.16
14 3500 8 5.5 30000 648 2.97 0.06
15 3500 4 0.92 42500 648 1.52 0.06
16 8650 8 5.5 42500 648 3.07 0.16

collected continuously during the switch from fuel rich to
fuel lean and then back again to fuel rich. The collection
time in the fuel lean and fuel rich phases was maintained at
14 and 6 min, respectively.

3.1.1. Results and discussion—saturation NO, storage

All catalysts were first tested for SNS for the reaction
conditions listed with CO as the reducing agent (referred to
as Group 1 and listed as runs 2-4, 7, 10, 12, 14, and 16 in
Table 2, respectively). After the initial study, all conditions
listed in Table 2 were then tested (referred to as Group 2).
The results for the SNS as a function of reaction condition
and testing group are shown in Fig. 3 for the 1Pt/15Ba/5Fe
catalyst. From this figure, there appears to be a “start up”
time for this catalyst in terms of its ability to store NO,. For
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Fig. 3. Results for the saturation NO, storage of the 1Pt/15Ba/5Fe catalyst
for all reaction conditions in the screening design. The catalysts were loaded
into two different reactors and tested over various days.

example, comparing reaction conditions 2, 4, 10, 12, and 14,
there was an improvement between Group 1 and Group 2.
However, reaction conditions 7 and 16 were very similar for
the two different collections. This could indicate that the
difference in catalytic performance was due to different
initial conditions, i.e. a different history of reaction
conditions exposed to the catalyst, and not a ““start up” time.

The difference between reactor to reactor results is
normally less than 10 wmol NO, storage (except for reaction
conditions 2 and 4), as seen in Fig. 3. Comparing the SNS as
a function of the reaction conditions, it can be seen that using
CO as the reducing agent results in a larger SNS than
ethylene (notice that reaction conditions 10, 12, and 16 all
use CO as the reducing agent). Likewise, SNS at 648 K is
higher than SNS at 548 K, as is already known [18,54,58].
Further quantitative analysis of the data requires the
application of statistical methods to separate the effects of
the six factors and their interactions from the inherent noise
in the data.

Using the data set from Group 2, reactors a and b, the
results shown in Table 3 for the 1Pt/15Ba/5Fe catalyst were
obtained. Similar results were obtained for all catalysts
studied. Table 3 includes the estimated parameters for a
linear model, similar to Eq. (1), of how SNS, NOP, and LNR
are affected by the reaction conditions. It should be noted
that the effect of the reductant concentration is for either the
C,H,4 or the CO concentration. Only parameters significant
to 95% confidence are shown. The normalized parameters
and their coefficients are listed in Table 3. The normalization
was accomplished by assigning the low value listed in Table
1 as —1 and the high value as +1, using Eq. (5)

2X — Xy — XL
Y(X) :7XH—XL

where Y is the normalized variable and Xi, and Xy the low
and high values, respectively, as listed in Table 1. Therefore,

(&)
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Table 3

The statistical analysis of the Group 2 data for the 1Pt/15Ba/5Fe catalyst in the screening study

Normalized variables

SNS (x107® mol NO,) coefficient

NOP (x10~% mol N,0) coefficient LNR (%) coefficient

Constant 352

95% confidence interval (+) 2.8

Parameters
NO 5.9
02 -
Reductant concentration -59
Reductant type (from C,H,4 to CO) 12.2
Space velocity -
Temperature 16.3

Parameter interactions
NO x reductant concentration -

NO x reductant type 4.7
Reductant type x temperature -3.1
NO x temperature 3.6
Reductant type x reductant concentration —4.4
NO x reductant concentration X temperature -

NO x reductant type x red concentration 35

29.9 275
1.9 1.5
7.4 —4.9

—4.0 —5.8
5.4 8

-7.9 —16.4
2.7 —-2.2

—11.7 —10.8
35 -
- 45
4.9 2.9

-33 2.1

—-23 -
- 2.9

increasing the inlet NO concentration from 3500 to
8650 ppm, while holding everything else constant, increases
the SNS by 11.8 &+ 2.8 wmol NO,, on average. The same
trend holds for the remaining parameters.

The positive correlation between SNS and inlet NO
concentration was caused by the accompanying increase in
the NO, gas and/or catalyst surface concentration near the
Ba storage sites. This increase in NO, concentration shifted
the Ba equilibrium phase to a higher ratio of Ba(NO3;), to
BaCO3 [20,59]. Although Mahzoul et al. [18] did not
observe a change in SNS while changing NO concentrations,
the inlet NO concentrations were significantly lower (200-
1000 ppm NO) than those presently studied, and the change
in NO concentration might not have been sufficient to cause
a noticeable change in SNS. The results in Table 3 also
indicate that the O, concentration is not significant between
4% v/v and 8% v/v, confirming previous studies that show
the O, concentration only affects the SNS below 3% [18] or
4% [58].

In contradiction to the conclusions drawn by Fridell et
al. [58] (who did not measure NO, storage until steady
state), our results indicate that the reductant concentration
and the reductant type have an influence on the SNS. The
data in Fridell et al. showed a minimal decrease in NO,
storage with increasing propylene concentration. How-
ever, since only four data points and no statistical analysis
or confidence intervals were reported, it is not possible to
state with certainty whether the propylene concentration
affected the NO, storage. Our results demonstrate that
increasing the reducing agent concentration does decrease
the SNS. Our results also indicate that SNS changes with
the reducing agent, confirming results reported in [16],
which show a difference between H, and CO, but
contradicting results in [58], which showed minimal
changes in NO, storage for different reducing agents (i.e.
C3Hg, C3Hg, CO, and H,). It would be surprising if the

reducing agent did not affect the SNS, since it is known
that the reducing agent strongly affects NO reduction
under lean conditions over noble metal catalysts [1,60,61].
It has also been shown that the reducing agent affects the
thermal stability of NO, species stored on Ba containing
catalysts [62,63]. These effects can be explained by
considering the thermodynamic driving force for the
formation of Ba(NOs),. Increasing the reductant concen-
tration and changing the reductant type, from CO to C,H,,
leads to an increase in LNR as seen in Table 3. Higher LNR
lowers the NO, gas and/or catalyst surface concentration
near Ba storage sites. This in turn shifts the Ba equilibrium
phase to a lower ratio of Ba(NOj3), as compared to BaCOj3
and Ba(OH), [20].

The results discussed in the preceding paragraphs could
have been obtained from traditional methods of changing
one variable at a time; however, a significantly larger
number of experiments would have been required.
Additionally, the interaction information shown in Table 3
could only have been obtained by varying more than one
variable at a time. The results for the 1Pt/15Ba/5Fe catalyst
and the other screening catalysts indicate that interactions in
reaction conditions are statistically significant. Previous
reports have mostly neglected the possibility of interactions.
This study demonstrates the importance of a systematic
analysis in the study of catalytic systems to understand not
only the effects of experimental parameters in isolation, but
to also understand the significance of the interactions
between parameters.

Since a fractional factorial design was employed in this
screening study, the interactions are combined with each
other, and the most likely interactions are listed in Table 3.
The results for the screening design must be understood in
the context of this ambiguity. Since the interactions are
uncertain at this stage of testing, they will not be discussed in
more detail in this paper. In a forthcoming publication, the
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significance of the interactions will be examined using the
response surface approach described in Section 4.

3.1.2. Results—nitrous oxide production

Previous work by our group has shown that N,O was
produced during the switch from fuel rich to fuel lean for
some NSR catalysts and reaction conditions [54]. Under-
standing the production of N,O, in order to limit its
production, is important for the development of NSR
catalysts because of nitrous oxide’s strength as a greenhouse
gas and polluter [64].

Table 3 shows that the NOP depends most strongly on the
temperature, inlet NO concentration, reductant concentra-
tion, and reductant type for the 1Pt/15Ba/5Fe catalyst. The
NOP statistical analysis does not take into account the fact
that the shape of the N,O concentration profile during a
switch from fuel rich to fuel lean depended strongly on the
reductant type and catalyst. This can be seen in Figs. 4 and 5,
where the transient in the N,O production is shown for
reaction conditions 4 and 8, respectively, for both the 1Pt/
15Ba/5Fe and the 1Pt catalyst. In Fig. 4 CO was used as the
reducing agent and there was only a transient in the N,O
production for the 1Pt/15Ba/SFe catalyst, observed as a
sharp rise followed by decay to a steady state value. This
general shape is representative for all reaction conditions
with CO as the reducing agent. The 1Pt catalyst does not
exhibit the same behavior until the temperature is increased
to 648 K (not shown). Fig. 5 also demonstrates a sharp
increase in the N,O concentration; however, the decay ends
prematurely as the rate of a second reaction mechanism
producing N,O increases towards a steady state value.

These results imply that the reaction mechanism that
produced the first spike in N,O concentration is independent
of the reducing agent. The temporary increase in N,O
concentration also indicates that there is a pool of
N,O precursor on the Pt catalyst surface that is converted
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Fig. 4. The N,O production for the 1Pt/15Ba/5Fe and 1Pt catalysts during a
switch from fuel rich to fuel lean conditions under reaction condition 4.
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Fig. 5. The N,O production for the 1Pt/15Ba/5Fe and 1Pt catalysts during a
switch from fuel rich to fuel lean conditions under reaction condition 8.

to N,O upon the addition of O,. The identity of this N,O
precursor produced from NO molecules on Pt is a subject of
debate in the open literature [65,66], and will not be
addressed further here. Our result that the 1Pt/15Ba/5Fe
catalyst demonstrated a sharp spike in N,O production, at a
temperature lower than the 1Pt catalyst, is consistent with
other results showing that Ba promoted the activity of Ptin a
simulated exhaust [67]. The second rate that leads to the
steady state N,O production was strongly dependent on the
reducing agent in our studies, and similar results are well
documented in the literature [1,60,61]. All catalysts
containing Pt demonstrated results similar to the 1Pt and
1Pt/15Ba/5Fe catalysts.

3.1.3. Results—lean NO, reduction

Extensive work has been performed on selective catalytic
reduction using ammonia and hydrocarbons on both zeolitic
and non-zeolitic materials [1,2]. The LNR results for the 1Pt/
15Ba/5Fe catalyst are shown in Fig. 6. Here, it can be seen
that at 548 K (reaction conditions 1-8) using ethylene as the
reducing agent (reaction conditions 1, 5, 6, 8,9, 11, 13, and
15) resulted in higher LNR compared to CO as the reducing
agent. The reaction conditions that resulted in the highest
SNS (i.e. 9, 10, 12, and 16) resulted in some of the lowest
LNR activities. The negative correlation between SNS and
LNR was discussed in Section 3.1.1. These qualitative
observations are confirmed by the analysis in Table 3 where
the strongest factors affecting LNR are reductant type and
temperature. The effect of temperature is not surprising, as it
has been previously demonstrated that selective catalytic
reduction depends strongly on temperature [1]. A depen-
dence of LNR on reducing agent has also been reported
[62,63].

The effect of the NO, O,, and reducing agent concen-
tration can be explained by their effect upon the stoichio-
metric ratio. Increasing both NO and O, concentrations
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Fig. 6. The lean NO, reduction for the 1Pt/15Ba/5Fe catalyst as a function
of reaction condition during the screening design.

increases the stoichiometric ratio and causes the reactant gas
to be more fuel lean, whereas increasing the concentration
of the reducing agent has the opposite affect. As the
stoichiometric ratio increases, the NO, reduction efficiency
of noble metal catalysts decreases [68].

Ba promoted LNR over a Pt-only catalyst. This result is
most obvious in Fig. 5, where the nitrous oxide concentra-
tion is shown as a function of inlet moles of NO,.. Here it can
be seen that under steady state fuel lean conditions (i.e.
>200 pmol inlet NO,), the 1Pt/15Ba/5Fe catalyst has an
N,O concentration about 800 ppm higher than the 1Pt
catalyst. The LNR results for the same two catalysts (not
shown), showed that the 1Pt/15Ba/5Fe NO, concentration
was 5400 ppm, while the 1Pt NO, concentration was
7700 ppm. The effect of Ba as a promoter for LNR was only
evident when C,H; was used as the reducing agent.
However, even when C,H, was the reductant, there was
not always a significant difference in LNR for a Pt catalyst
and Ba promoted Pt catalyst. It appears that the LNR
promoter effect of Ba was strongly dependent on the
reaction conditions.

3.1.4. Discussion

An alternative to considering the effect of reaction
conditions on the catalytic performance is to consider the
effect of the catalyst composition on the performance. This
can be accomplished by comparing how the overall average
for SNS, NOP, and LNR changes as a function of the
catalytic composition. Because of the limited data set for this
comparison, interactions between the metals were not
considered in this analysis, and the confidence level was
decreased to 90%. From this analysis, it was determined that
each metal was significant for SNS, NOP, and/or LNR and
therefore warranted further study. These results lead into the
response surface study described in Section 4, where the
effect of the three metals on the catalytic performance is
examined more closely.

3.2. Sulfur poisoning

After completing the catalytic tests without sulfur,
reaction condition 12 was chosen for the poisoning study,
in which 300 ppm SO, was added by replacing a portion of
the carrier gas with SO, such that the overall flowrate and
remaining concentrations were held constant.

The poisoning study was preceded by heating the
catalysts to 823 K in carrier gas and adding 10% v/v H,
in He for 30 min. The catalysts were then cooled to 648 K in
He and tested for six successive cycles of 14 min fuel lean
and 6 min of fuel rich under reaction condition 12, without
adding SO,. The SO, was then added during both the fuel
lean and fuel rich phases, and the catalysts were cycled in the
same manner as described previously. After completing
eight poisoning cycles, the inlet gases were switched to
carrier gas and allowed to cool overnight in a continuous
flow of carrier gas. On the second day, the catalysts were
heated to 648 K, and six lean/rich cycles were completed
without SO,.

The SNS results are shown in Fig. 7. Before the SO, is
added, the SNS is around 40 pmol of NO, for the 1Pt/15Ba/
5Fe catalyst. This was lower than the results shown in Fig. 3
of ~60 pmol NO, for the Group 2 testing. All catalysts
experienced a similar decrease in SNS between the Group 2
testing and the sulfur poisoning studies. This decrease could
be due to changes that occurred to the catalysts while in
ambient air between Group 2 testing and the poisoning
studies, as indicated by [69]. Once SO, was added to the
reaction gas stream, the catalysts immediately began to
deactivate. By the thirteenth cycle, all catalysts were
completely poisoned. Removing the SO, from the feed gas
did not return the SNS capacity, demonstrating that the
poisoning was permanent [25].

50
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SO SO SO
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Fig. 7. The saturation NO, storage is shown for all eight unique catalytic
compositions in the screening design. Immediate degradation of the cata-
lytic performance was observed upon the addition of SO, to the feed gas.
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Iron was included as a catalytic composition parameter in
this study because of a previous study indicating that the
addition of Fe to a Pt/Ba NSR catalyst may improve
resistance to sulfur poisoning [57]. As seen in Fig. 7, our
results indicated at best a minimal effect from the addition of
Fe. Upon the addition of SO, to the feed, the SNS of all
catalysts decreased rapidly towards zero. It should be noted
that SO, was only added during the fuel lean storage phase in
[57] and not during both the fuel lean and fuel rich phases, as
in the studies presented here. It has also been reported that
NSR catalysts respond differently to SO, added under fuel
lean or fuel rich conditions [25,26,31]. These previous
reports have shown that the SO, deactivation mechanism
under fuel lean conditions affected the NO, storage
component, while under fuel rich conditions the noble
metal was deactivated. In [57], it was stated that the Fe
improved the resistance to sulfur poisoning by decreasing
the bond strength between Ba and SO,. Our results, however,
indicated that the Fe did not significantly affect the
poisoning of the Pt, and therefore the overall SNS resistance
to SO, was not significantly improved by the addition of Fe.

4. Response surface design
4.1. Experimental conditions

The screening study showed that Pt, Ba, and Fe all have
an effect on the catalytic performance, and a nested response
surface study was completed using a face centered central
composite design for the catalyst compositions and a half
fraction central composite design for the reaction conditions.

Ten additional catalysts for the response surface study
were synthesized with additional weight loadings midway
between the low and high weight loadings. Six catalysts
were synthesized at the face centers of the three-dimensional
parameter box (see Fig. 2), and are shown with a cross
pattern. The remaining four catalyst were synthesized as
center point catalysts, shown in gray in Fig. 2, to check for
reproducibility in the catalyst synthesis procedure. Thus, 15
unique catalysts, plus three repeats, were used for this study.
Since the reactor can only accommodate 16 catalysts, the
experiments were completed in two stages. In Stage 1, the 15
unique compositions were loaded into the reactors, with one
reactor left as a reference and referred to as the blank. In
Stage 2, the center four catalysts were placed into three
reactors each. The remaining four reactors were reserved as
blanks. The data were analyzed to check for reproducibility
in three different areas: reproducibility in the measured
performance for the same catalyst in different reactors,
reproducibility in the performance of catalysts with the same
nominal loading, and reproducibility in the procedure used
to calculate the SNS by using the four different reference
reactors.

Only a subset of the response surface data is shown here.
These data were collected in Stage 1 of the response surface

study by measuring the catalytic performance for an inlet
lean concentration of 2000 ppm v/v NO, 8% v/v O,, 1% v/v
CO at a temperature of 598 K and a space velocity of
42,500 mL/h/g catalyst. The data were collected during
three subsequent cycles to provide an estimate of the
reproducibility. The complete response surface dataset for
the remaining reaction conditions and analysis will be
reported in a forthcoming publication [70].

4.2. Results and discussion

Since the results for only one reaction condition are
shown here, the effect of the reaction conditions on SNS,
NOP, and LNR will not be discussed. However, since 15
unique catalytic compositions were tested, a more detailed
analysis of the effect of the metals on the performance of the
catalysts is shown. The results of this analysis for SNS and
NOP are:

SNS = 121(421)Pt — 96(+19)Pt?> 4 2.7(+1.4)Ba
—0.15(£0.09)Ba’ (6)

NOP = 2.6(£1.6) 4 26.6(£5.0)Pt — 22.2(+4.5)Pt*
+0.7(£0.3)Ba — 0.05(+0.02)Ba’ + 0.07
x (£0.03)BaFe (7

where SNS and NOP are given in micromoles NO, and N,O,
respectively, and Pt, Ba and Fe are in weight percent. The
95% confidence intervals for the predicted SNS and NOP are
+13.4 pumol NO, and #£3.1 pmol N,O. Only the terms
significant to 95% confidence, and their associated confi-
dence intervals, are shown in Eqs. (6) and (7). For this
reaction condition, there was minimal LNR and results are

Saturation NO, Storage (*10° moles NO )
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Fig. 8. The model prediction showing the saturation NO, storage as a
function of Pt and Ba weight loading. The maximum saturation NO, storage
is predicted at 0.63 wt.% Pt and 9.1 wt.% Ba.
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Table 4
Comparison between the empirical models and experimental results

Catalyst name SNS (x107® mol NO,)

NOP (x107° mol N,0)

Experimental mean Standard deviation

Model prediction

Experimental mean Standard deviation Model prediction

0.6Pt/9.1Ba 33 4
0.65Pt/15Ba 42 19
0.5Pt/7.5Ba/2.5Fe 56 6

51+13
46 £ 13
49 £ 13

14 0.3 13+£3
14 0.3 10£3
21 0.3 14+£3

not shown for the effect of the catalytic composition on
LNR.

The effect of the different metals is easier to see when the
results are plotted as shown in Fig. 8, where the SNS is
plotted as a function of Pt and Ba weight loading. Here it is
seen that the predicted maximum in SNS occurs at a
catalytic composition of 0.63% w/w Pt and 9.1% w/w Ba.
This composition, however, is also very close to the
maximum in predicted NOP and therefore it is not possible
to achieve a maximum in SNS and a minimum in NOP for
this condition. By relaxing the condition of achieving the
maximum in SNS, one could make a catalyst with 0.65% w/
w Pt and 15% w/w Ba that would have a predicted SNS 10%
lower than the first catalyst, but the NOP would decrease by
24%. Both of these samples were prepared and tested, along
with a 0.5Pt/15Ba/2.5Fe catalyst, in three successive cycles
for SNS and NOP under the same conditions as previously
mentioned. The experimental results along with the model
predictions are listed in Table 4. The SNS for both the
0.65Pt/15Ba and 0.5Pt/7.5Ba/2.5Fe catalysts were within
the range predicted by Eq. (6). The 0.6Pt/9.1Ba catalyst,
however, stored less NO, than predicted by the model. Since
the weight loadings of these catalysts have not been
confirmed, the actual weight loadings are unknown. The
difference between the predicted NO, storage and actual
NO, storage for the 0.6Pt/9.1Ba catalyst could be accounted
for by this uncertainty. For the NOP, the model significantly
underpredicted the nitrous oxide production for the 0.5Pt/
7.5Ba/2.5Fe catalyst and slightly underpredicted the NOP
production for the 0.65Pt/15Ba catalyst. These results
indicate that the model at this point is to some extent
incomplete and more refinement is necessary. More data are
needed to accurately predict the SNS and NOP as a function
of the catalytic composition.

The empirical model estimated in Eqs. (6) and (7) will
change as the reaction conditions change. The final result
will be a model that predicts the SNS, NOP, and LNR as a
function of both the reaction conditions and the metal weight
loadings. Once the response surface study is complete, a
complete optimization procedure will be possible based on
desired reaction conditions and performance.

5. Conclusions

In this study we have shown that the NO, O,, reductant
concentration, reductant type, space velocity, and tempera-

ture all have an effect on the performance of NSR catalysts.
Further, the linear effects of these parameters have been
estimated. It has also been shown that many parameters
interact with each other, thus complicating the analysis of
the data.

In addition to the reaction conditions, the effect of Pt, Ba,
and Fe on NSR catalytic performance has been explored. It
was concluded that all three metals affected the performance
of NSR catalysts. SNS and NOP could be estimated for a
given reaction condition as a function of Pt, Ba, and Fe
weight loading. Additional work is underway to develop a
more robust model to predict SNS, NOP, and LNR as a
function of both reaction conditions and catalyst composi-
tion.

In general, because of the large quantity of data and the
large array of experimental parameters that can be studied
with HTE, it becomes increasingly imperative that statistical
methods be employed to extract the information contained
within the data. We have shown that HTE, in combination
with DOE, can significantly increase the information content
and subsequently the understanding obtained from high-
throughput experimental data. It has also been shown that,
by guiding HTE experiments using DOE, experimental
resources can be used more efficiently to obtain the data
required for model building.
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