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Abstract

Two catalysts, Ba/zeolite Y and Ag/�-alumina, were combined to reduce NOx in simulated lean exhaust using plasma-facilitated catalysis.
Steady-state experiments conducted at 473, 623, and 773 K show that ordering of the catalysts impacts NOx conversion, and maximum
efficiency is obtained when the zeolite material precedes the alumina. Optimal ordering results in greater than 80% conversion at 473 K, and
efficiencies greater than 95% were obtained at 623 and 773 K under steady operation when propene was added as a reductant at C1:NOx = 12.
Temperature cycling experiments covering the temperature range 373–773 K were used to determine a ‘transient’ cycle efficiency of 70%
for the optimal catalyst configuration. Results of these experiments suggest that preferred ordering likely results in better management of
stored NOx when transients to higher temperature occur. Studies also show that improved hydrocarbon utilization is evident in the optimal
configuration due to the nature of the partially oxidized hydrocarbons that are formed at various stages of during the plasma-facilitated catalytic
NOx reduction process.
© 2003 Elsevier B.V. All rights reserved.

Keywords: NOx reduction; Non-thermal plasma; Hydrocarbons; Silver-alumina; Barium-zeolite Y

1. Introduction

Diesel engines are attractive because their lean burn op-
eration result in high fuel economy. The wear characteris-
tics and ability to deliver power efficiently under high load
conditions are also noteworthy advantages of diesel propul-
sion. Potential reduction in consumption of fossil fuels and
reduction in greenhouse gas emissions could be achieved
if greater diesel penetration were possible in the market-
place. However, advancement of diesel market share in fu-
ture years will be limited unless engine emissions issues can
be resolved. The high thermal efficiency of diesel engines is
burdened with particulate matter (PM) and nitrogen oxides
(NOx) emissions that exceed levels mandated by the United
States Environmental Protection Agency (US EPA) start-
ing in 2007 and phasing in completely by 2010[1,2]. Tier
II limits for on road heavy-duty vehicles will be imposed
for commercial vehicles such as long haul trucks and city
buses as well as light-duty vehicles such as light trucks and
smaller personal vehicles. It is expected that PM emissions
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will be addressed by the use of particulate filtration technol-
ogy currently in advanced development[3], but reduction of
NOx emissions remains a difficult barrier. For example, any
NOx reduction approach for on highway trucks must reduce
emissions by 90–95% from 2002 levels to reach the 2010
target.

In the late 1980s, the concept of active lean NOx catalysis
was introduced, where hydrocarbons are used as a reducing
agent to assist NOx reduction to N2 over a suitable catalyst
[4,5]. Since that time, promising NOx abatement technolo-
gies have been examined, but each of these technologies
has limitations. NOx-adsorber catalysis, so-called lean NOx

traps (LNTs), is an advancement of the well-established
three-way catalyst technology used in gasoline-powered
vehicles[3], but it suffers under even limited sulfur expo-
sure. Recent results show that sulfur-poisoned LNTs can
be regenerated against sulfur poisoning using high temper-
ature excursions that result in desulfation of the catalyst
surface[6,7]. However, LNTs remain quite expensive for
broad market acceptance due to high precious metal load-
ing [8]. Another potential NOx emission control strategy is
selective catalytic reduction (SCR) of NOx with urea[3].
Certain bins in the EPA Tier II regulations for 2007 have
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been met with this approach[9]. However, the logistics of
wide-scale distribution of urea is a significant concern for
implementation in the time frame required.

Plasma-facilitated, lean NOx catalysis (PFC) using hy-
drocarbon reducing agents is another technology receiving
limited attention for the reduction of NOx in light and
heavy-duty applications[10–18]. Plasma-facilitated cataly-
sis is a two-step process consisting of plasma pretreatment
of the exhaust before flow over a lean NOx catalyst. Hydro-
carbon is added to the exhaust to enable specific oxidation
chemistry in the plasma and subsequent NOx reduction
chemistry over the catalyst. Oxidation of NO to NO2 takes
place in the first step. Although this is not a required char-
acteristic on some catalysts, it does transform NOx to the
more reactive NO2 form, which has been demonstrated to
enhance activity at lower temperatures due to the higher
reactivity of the NO2 versus NO. In the second stage, NOx

is converted to N2 over the catalyst while hydrocarbons are
consumed. The plasma also partially oxidizes hydrocarbon,
which is now recognized to be a source of critical intermedi-
ates for NOx reduction[19–25]. Another secondary benefit
of the plasma is the oxidation NO and hydrocarbons with-
out oxidizing SO2 to SO3, which allows a broad range of
catalysts to be more resistant to typical aging concerns[26].

Using experiments and simulation, Penetrante et al.
[19,27]conducted extensive studies on the gas phase chem-
istry in the plasma oxidation step. Findings indicated that
plasma treatment of lean exhaust alone does not lead to for-
mation of NO2. In the absence of added hydrocarbon, O•
is formed and converts NO2 back to NO in simulated lean
exhaust. Hydrocarbon serves as an O• sink, and byproducts
of the O• consumption process include peroxyl radicals
(RO2

•, HO2
•). Peroxyl radicals allow conversion of NO

to NO2 without back reactions taking place[19,20]. The
second step in PFC involves active lean NOx catalysis, pri-
marily with NO2 and partially oxidized hydrocarbons. As
noted above, plasma treatment of exhaust gases results in
some degree of partial oxidation of the hydrocarbon reduc-
ing agent. Recent studies have shown that the nature of the
hydrocarbon species can have a large impact on the thermal
catalytic and plasma catalytic performance of lean NOx

catalysts, and oxygenates in particular appear to be critical
intermediates over many catalytic materials[19–25,28].

Several investigations have shown that the addition of
alkali and alkaline earth species (for zeolites) or transi-
tion metal ions (for�-alumina) enhances catalytic activity
[29–43]. Metals activate hydrocarbons and may provide
sites for conversion of NOx and hydrocarbons to surface in-
termediates like organonitrile, isocynate, or formate species
[29,30,38–45]. Therefore, when plasma pretreatment of ex-
haust is combined with metal-promoted catalysis, there is
an opportunity to take advantage of hydrocarbon activation
through the plasma and over promoter sites on the catalyst.
Recent PFC results on in-promoted�-alumina catalysts
demonstrated that these two activation mechanisms must be
balanced to maximize conversion[28].

Many catalyst formulations have been proposed and
tested for lean NOx activity. For lower exhaust tempera-
tures (<550 K), Cu/ZSM-5 has shown interesting results,
but CuZSM-5 shows low durability at higher exhaust tem-
peratures[46–48]. In plasma operation, best success at low
temperatures (423–543 K) has been achieved using catalysts
based on zeolite Y supports[22]. For higher temperatures
(>573 K) catalysts based on�-alumina have shown the
most promise because of their durability at higher tempera-
tures and high thermal activity, particularly when reaction
temperatures approach 673 K.

The temperature ranges for light-duty and heavy-duty
diesel exhaust overlap in the 473–623 K range. In general,
the zeolite Y catalysts do not deliver appreciable activity at
the high end of the light-duty range, and the�-alumina cata-
lysts are insufficient at the low end of the heavy-duty range.
The overlap in the activity ranges occurs where NOx reduc-
tion activity transitions from zeolite Y to�-alumina materi-
als. Therefore, it is not surprising that mixtures of catalysts
have been used to broaden the active temperature window
for both light-duty and heavy-duty applications. The first re-
port of such an approach was made by Panov et al.[22], and
other reports have followed more recently[49]. In this paper,
the catalyst combination Ba/zeolite Y and Ag/�-alumina is
examined under steady and transient operation.

2. Experimental

2.1. Catalyst preparation

The Ag/�-alumina catalyst tested under ‘steady-state’
conditions was doped with 0.95 wt.% Ag on�-Al2O3.
The �-Al2O3 support (Puralox, Condea Vista) had a BET
surface area of 145 m2/g, pore volume of 1.08 mL/g, and
particle size distribution as follows: 44.1%<25�m, 75.0%
<45�m, and 99.3%<90�m. Silver impregnation was
achieved using the incipient wetness technique with a so-
lution of AgNO3. The impregnated samples were dried in
air at 373 K for 24 h and calcined by ramping at 30 K/h
to 1023 K, holding for 30 min, and ramping down at
300 K/h.

The �-alumina support [surface area 230 m2/g, pore vol-
ume 1 ml/g, particle size of 5 nm wide and 20 nm long
(from TEM image)] used in the ‘transient’ experiments was
prepared by a sol–gel method using alumina isopropoxide
and 2-methyl-2,4-pentanediol as a complexing agent. The
procedure for the alumina preparation has been described
previously[50]. A 4 wt.% Ag/Al2O3 catalyst was prepared
using the incipient wetness technique with�-alumina pow-
der and an aqueous solution of silver nitrate. Here, higher
silver loading on the catalyst was better for the higher sul-
fur levels used in the ‘transient’ test conditions described
below. The impregnated samples were dried in air at 373 K
for 24 h and calcined at temperatures up to 873 K (ramp
rate: 1.2 K/min) for 5 h under flowing air at 5 SLM.
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The barium/zeolite Y (BaZY) catalyst used in the
‘steady-state’ and ‘transient’ experiments was prepared via
solution ion exchange of Ba2+ on sodium/zeolite Y (NaZY)
powder (CBV100, Zeolyst International). A Ba(NO3)2
aqueous solution was mixed with NaZY powder at a ra-
tio of 0.614 g Ba per gram NaZY powder. The resultant
product was centrifuged, decanted, recovered, and a second
Ba(NO3)2 aqueous solution added. When complete, that
product was recovered in the same manner (with additional
rinsing with DI water and centrifuging) and dried in a
vestibule in a drying oven at 323 K for 1–2 h. The product
was then calcined at 773 K for 2 h at a thermal ramp of
10 K/min.

2.2. ‘Steady-state’ testing (Pacific Northwest National
Laboratory)

A feed gas consisting of 500 ppm NO, 300 ppm CO, 8%
CO2, 1.5% H2O, 2 ppm SO2, 9% O2, 2000 ppm C3H6, and
balance of N2 was used for the steady-state testing. NO,
CO, CO2, SO2, O2, and hydrocarbon were mixed together as
dry gases and combined with a humid N2 stream to achieve
1 L/min total simulated exhaust. Gases are mixed and carried
to the PFC system using room temperature PTFE lines. The
humidified stream is sent to a two-stage high-temperature
apparatus consisting of a pair of tubular furnaces. The first
furnace housed a high-temperature plasma reactor, and the
second furnace housed the catalysts of interest.

The apparatus employed for steady-state measurements
is shown in Fig. 1. Three gas sampling locations were
used: pre-plasma, post-plasma, and post-catalyst. The sam-
ple ports were connected to a three-position valve, which
routed the entire flow through a nafion-tube diffusion dryer
(Mini-GASS, Perma Pure, Inc.) prior to transfer to the
analytical systems. Analytical capabilities included a Rose-
mount 951A Chemiluminescence NO/NOx Analyzer and a
Nicolet 210 FTIR spectrometer with a 10 m path length for
measurement of IR active species. Measurements shown
here were acquired with the chemiluminescence analyzer,

Fig. 1. Schematic of the exhaust treatment test stand used for steady-state PFC measurements.

and FTIR measurements were used to show accurate cali-
bration of the analyzer.

The concentric cylinder plasma reactor was the first stage
of the apparatus. The reactor was formed using a 12.5 mm
OD alumina tube inside of a 25 mm OD alumina tube.
A section of the 12.5 mm tube was packed with stainless
steel wool, forming the high-voltage electrode, and the
corresponding section of the 25 mm tube was sheathed
by stainless steel mesh, forming the ground electrode. A
non-thermal dielectric discharge was formed in the annu-
lus between the two tubes. 1 L/min of simulated exhaust
stream flowed through this region at a space velocity of
∼4000 h−1. The high-voltage electrode was electrified us-
ing 3–9 kV(rms) from a Corona Magnetics high voltage
transformer. The transformer was powered by an audio am-
plifier (RMX1450, QSC), which in turn was driven by a
waveform generator (3011B, BK Precision). Typical oper-
ating frequency was in the range of 100–400 Hz. A 1000:1
high-voltage probe monitored the voltage supplied to the
high-voltage electrode, and the ground current was sent
through a 2�F capacitor to monitor the plasma discharge
current. After conditioning, these two signals are monitored
by a Lecroy 9420 dual oscilloscope and power is calculated
via a Visual Basic program that determines the area of the
voltage versus current curve acquired from the oscilloscope
[51]. Energy density deposited in the gas ranged from 0 to
150 J/L. A catalytic reactor made up the second stage of
the apparatus. The reactor consisted of a 25 mm OD quartz
tube with a bed of catalyst powder held in place by quartz
wool. Typical catalyst loadings were 1–2 g. Space veloci-
ties ranged from 14,000 to 29,000 h−1, depending on test
configuration and bulk density of the powders used.

The temperature of each stage was controlled indepen-
dently via the tube furnaces housing each reactor. Each
catalyst configuration was examined at 473, 623, and 773 K,
with the plasma and catalyst reactors held at the same tem-
perature. This allowed plasma-assisted catalyst activity to
be examined over the range of interest for heavy-duty diesel
exhaust, representing idle, road, and high-load conditions
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for the engine. The low end of this range also represents
conditions of interest for light-duty applications.

2.3. ‘Transient’ testing (Ford Research Laboratories)

The experimental set-up and furnace apparatus described
below is based on the same principles as the apparatus used
for steady-state testing. A feed gas composed of 260 ppm
NO, 5 ppm NO2, 0 or 50 ppm SO2, 7% CO2, 7% O2, 1% Ar,
400 ppm CO, 133 ppm H2, 500 ppm C3H6, 133 ppm C3H8,
2.8% H2O, and a balance of N2 was used for the transient
tests. The dry gases were mixed and passed over a heated
wick, where water was added, thereby humidifying the gas
while avoiding pulsation effects due to direct pumping. The
resulting humidified gas was fed via heated stainless steel
lines to a test stand consisting of two ovens in series.

The first oven housed a parallel-plate dielectric-barrier
discharge device with embedded electrodes, operated at a
space velocity of 150,000 h−1. The reactor was powered by
a Trek Model 10/10, driven by a HP 33120A function gen-
erator. Power was measured using a Tektronix TDS420A
oscilloscope that received signals from a Tektronix P6015A
high-voltage probe and a 1 k� current sense resistor in se-
ries with the reactor. Power was held constant at 30 J/L via
a Labview program running a PID control algorithm, where
power regulation is adjusted by changes in AC frequency.
The second oven housed a 25 mm quartz tube containing
the catalyst(s) of interest. Typical space velocity in the cat-
alyst was 12,000–20,000 h−1. Both ovens were equipped
with cooling air and were programmable for thermal
cycling.

The 4 L/min flow of test gas was diluted 5:1 with nitro-
gen following the second oven to avoid water condensation
at room temperature, resulting in 20 L/min through the
analytical instruments. Primary analyses for NOx were per-
formed with a Mattson Nova Cygni 120 Fourier Transform
Infrared (FTIR) Analyzer (0.25 wavenumber resolution)
equipped with a Foxboro 21.75 m gas cell. Conventional
Horiba emission analyzers included IR for CO and CO2,
flame ionization for total hydrocarbons, magneto-pneumatic
for O2.

Thermal cycling was performed between 373 and 773 K
with a ramp rate of 10 K/min. At each end of the ramp,
the minimum or maximum temperature was held for 12 min
prior to heating or cooling, respectively. For all transient re-
sults reported herein, the data shown are for the final cycle
on the material. The final cycle was determined by wait-
ing until two consecutive cycles overlapped, which typically
occurred in 3–4 loops. Taking the data during consistent
loops insured that the material had reached a quasi-steady
condition where loading and desorption of the catalyst over
the cycle occurred to the same extent. We should stress
that the transient cycling used here does not correspond
to any known transient testing protocols; its only function
is to understand how the material behaves during thermal
cycling.

Fig. 2. Steady-state performance of individual catalysts: 0.95 wt.%
Ag/Al2O3 and BaZY. The ‘steady-state’ gas mixture at a flow rate of 1
SLM was used with 1 g of catalyst.

3. Results and discussion

3.1. Individual catalysts

The BaZY catalyst and Ag/Al2O3 catalyst were tested
independently using 1 g of catalyst and the steady-state test
mixture with propene as the reducing agent.Fig. 2 shows
these isothermal test results at 473, 623, and 773 K. The
shapes of the curves are typical for PFC data sets. Typically,
lower temperature data show a sharp rise in conversion as
specific energy deposition increases, which is a result of for-
mation of oxygenated hydrocarbons and NO2 in the plasma
leading to higher conversion rates over the catalyst. At high
temperature, the plasma does not show benefit due to the
high thermal activity of the catalyst. FromFig. 2, BaZY
demonstrates consistently higher activity than Ag/Al2O3 at
473 K, with roughly double the activity at∼50 J/L. With
higher temperatures the BaZY activity dropped, whereas
the Ag/Al2O3 catalyst demonstrates significantly higher
activity, reaching 97% NOx conversion at 623 K and 94%
conversion at 773 K, in comparison to 43 and 27% for the
BaZY, respectively. This is an expected result based on pre-
vious investigation of each of these materials. Panov et al.
[22] showed BaZY catalyst activity over the temperature
range of 423–573 K, with conversion decreasing signifi-
cantly at higher temperatures. Alumina-based catalysts have
been studied extensively for higher temperature operation.
Doping of the catalyst with Ag leads to better activity at
lower temperatures (623 K) than�-alumina itself. However,
hydrocarbon consumption becomes a significant factor at
773 K due to activation by the silver sites, which is believed
to be the reason greater NOx conversion is achieved at
623 K compared to 773 K.

Results from transient testing on BaZY are shown in
Fig. 3. Here, 6 g of catalyst were used. Arrows indicate the
direction of the loop for the temperature transient. The data
in Fig. 3confirm that BaZY activity peaks at 473 K and de-
creases at higher temperatures. An important feature here
is the hump observed in NO and NO2 levels around 423 K.
Such behavior indicates NOx storage on the catalyst at lower
temperatures. Cycling up in temperature results in thermal
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Fig. 3. Effluent NOx species after PFC treatment with BaZY catalyst.
The ‘transient’ gas mixture at a flow rate of 4 SLM was used with 6 g
catalyst. Arrows indicate the direction of increasing temperature in the
‘transient’ loop.

desorption and a resulting increase in NOx levels. The data
also indicate that in the active temperature regime some N2O
is formed over BaZY, which is consistent with prior reports
[21].

Results from transient testing on Ag/Al2O3 are shown in
Fig. 4. Again, 6 g of catalyst was used. There is no evi-
dence of N2O formation on this catalyst, and the NOx traces
have many features seen in the BaZY data. Storage of NO
is greater on this catalyst than for BaZY, and the affinity for
NO to the surface is slightly higher, which is indicated by
the shift in desorption peak to somewhat higher temperature.
The NO2 storage is subtle and does not display a sharp peak
as in the BaZY case. Variations in the NO2 levels result from
noise in the data caused by the difficulty of automatic analy-
sis of FTIR data when several species are present. Negative
values in concentration result from dips below the zero level
relative to baseline spectra. Where oscillations are observed
in concentration, a smoothed or average value is represen-
tative of the actual NOx concentration. NOx levels on the

Fig. 4. Effluent NOx species after PFC treatment with Ag/Al2O3 catalyst.
The ‘transient’ gas mixture at a flow rate of 4 SLM was used with 6 g
catalyst. Arrows indicate the direction of increasing temperature in the
‘transient’ loop.

Ag/Al2O3 drop precipitously above 573 K with maximum
conversion occurring at∼748 K. Above this temperature hy-
drocarbon combustion over the catalyst starts to dominate
and limits availability of reductants for NOx conversion.

3.2. Catalyst mixtures

Fig. 5 shows the test results where BaZY and Ag/Al2O3
were tested together under ‘steady-state’ reaction conditions.
Three testing configurations were examined: (i) powders
completely mixed, (ii) Ag/Al2O3 followed by BaZY, and
(iii) BaZY followed by Ag/Al2O3. In each case the 2 g cat-
alyst bed was composed of equal weights of each catalyst,
and all data were taken at 50 J/L. It is clear from examination
of the data that proper staging of the catalysts is critical to
obtaining maximum conversion. In particular, configuration
(iii) shows consistently higher NOx conversion results for
all temperatures examined. Over 95% efficiency at 623 and
773 K, and over 80% conversion at 473 K were obtained.
This is an important result in that such high NOx conver-
sion efficiencies have not been previously demonstrated over
such a wide range of temperature.

Comparison of these data to the results obtained with the
individual catalysts is not straightforward because of the
different amounts of catalyst used. The space velocity was
held constant in each of the experiments for a given cata-
lyst, but in the dual catalyst experiments the overall space
velocity is half that of the single catalyst experiments. Ac-
tivity over a broader temperature range is certainly evident;
therefore, it seems as though the specific desirable charac-
teristics of each catalyst contribute to overall reactivity in
their respective temperature regimes. However, the reason
for improved performance when the catalysts are sequenced
with BaZY before Ag/Al2O3 cannot be understood from the
NOx conversion data alone. In order to better understand
why this specific catalyst ordering is important, NOx reduc-

Fig. 5. ‘Steady-state’ NOx conversion for three cases where mixed cata-
lysts were used. “Mixed” indicates a homogeneous mixture of powders.
A → Z indicates alumina preceding zeolite, and Z→ A indicates zeolite
preceding alumina. In all cases, a ‘steady-state’ gas mixture at a flow rate
of 1 SLM was used. Each catalyst of 1 g of (2 g total) was loaded into
the reactor for these tests.
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Fig. 6. Effluent NOx species after PFC treatment with the Z→ A catalyst
configuration. The ‘transient’ gas mixture at a flow rate of 4 SLM was
used with 6 g BaZY followed by 3 g Ag/Al2O3. Arrows indicate the
direction of increasing temperature in the ‘transient’ loop.

tion performance and the speciation of the hydrocarbons
were examined using ‘transient’ experiments.

Fig. 6 shows effluent NOx concentrations from the opti-
mal dual catalyst system under transient conditions. Here,
6 g of BaZY preceded 3 g of Ag/Al2O3. The data show that
low temperature storage is still a concern; however, overall
NOx levels are lower when compared to the single catalysts,
and the temperature where maximum efficiency is observed
(∼573 K) shifts to the point where the activity of both cata-
lysts overlap substantially. Also of interest is the larger NO2
desorption peak; in fact, compared to the single catalyst
data, the amount of adsorbed NO2 increases substantially.
It is possible that intermediates formed on the BaZY allow
more efficient storage of NO2 on Ag/Al2O3. This is sup-
ported by the data inFig. 3 that show the predominant form
of NOx discharged from BaZY is NO2 at low temperature.
The fact that the mean desorption temperature for NO2 on
the dual catalyst configuration is near 473 K also supports
the theory of NO2 storage on Ag/Al2O3 at low temperature
because that desorption temperature is consistent with what
was observed on the Ag/Al2O3 alone. It is also conceivable
that NOx stores on the zeolite and a portion is desorbed and
shifted to the alumina as the temperature increases between
423 and 473 K.

Additional information on the dual catalyst system can
be obtained by following the fate of the partially oxidized
hydrocarbon intermediates that are formed in the plasma re-
actor over each of the catalysts alone and in their optimum
dual catalyst configuration.Figs. 7 and 8show the acetalde-
hyde and formaldehyde levels, respectively, for each of the
cases.Fig. 7 shows that there are no appreciable acetalde-
hyde levels following the Ag/Al2O3 alone. However, in
both cases where the BaZY is present, noticeable levels of
acetaldehyde exit the reactor. For BaZY alone, acetaldehyde
utilization increases slightly as temperature increases. For
the Z→ A dual catalyst configuration, acetaldehyde levels
fall to zero at temperatures above 473 K.

Fig. 7. Acetaldehyde levels observed in transient testing with individual
catalysts and the optimal configuration.

Fig. 8 shows that formaldehyde levels actually increase
over the temperature range examined following a BaZY cat-
alyst alone. This is consistent with previous reports by Panov
et al.[52] who showed that formaldehyde is inactive for NOx

reduction over BaZY. In fact, the increasing levels indicate
that formaldehyde is formed over the BaZY catalyst at higher
temperatures. As also seen for acetaldehyde, formaldehyde
is consumed to nearly completion following the dual cata-
lyst formulation indicating that Ag/Al2O3 utilizes both of
these species to accomplish NOx reduction. Thomas et al.
[24] showed that formaldehyde was an excellent reducing
agent for use with Ag/Al2O3, so it is reasonable to assume
that production of formaldehyde by BaZY is the critical as-
pect that makes this particular configuration perform so well
for NOx reduction. An added benefit of the configuration
is the lower hydrocarbon slip due to high utilization of the
hydrocarbon.

3.3. NOx efficiency of the optimal configuration

Fig. 5 shows the NOx efficiency under ‘steady-state’ re-
action conditions. This represents the highest activity ever
reported over such a broad temperature range. The perfor-

Fig. 8. Formaldehyde levels observed in transient testing with individual
catalysts and the optimal configuration.
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Fig. 9. ‘Transient’ NOx conversion for the Z→ A configuration. The
‘transient’ gas mixture at a flow rate of 4 SLM was used with 6 g BaZY
followed by 3 g Ag/Al2O3. Arrows indicate the direction of increasing
temperature in the ‘transient’ loop.

mance under ‘transient’ conditions is also of interest.Fig. 9
shows the NOx conversion plot for the ‘transient’ case. For
most of the cycle the conversion is quite high at 60–95%;
however, the desorption of NO2 on the heating ramp from
low temperature detracts significantly from the overall NOx

conversion for a cycle. Even with the large degree of NO2
desorption, the overall NOx reduction for the cycle is still
around 70%. This represents the highest level reported in
such an experiment, and a significantly higher level than
in the single catalyst cases examined here. It is plausible
that management of the hydrocarbon levels (e.g., inject
more hydrocarbon during engine load increases) during
realistic vehicle exhaust temperature transients could result
in better control of overall NOx conversion, especially by
reducing the deleterious effects of NOx desorption during
temperature spikes.

4. Conclusions

Placing BaZY upstream of Ag/Al2O3 enhanced the NOx
reduction activity over the BaZY or Ag/Al2O3 catalysts
used individually. Data reported here support the explana-
tion that higher activity is due to significant formation of
formaldehyde over BaZY that can be effectively used as
a reducing agent over Ag/Al2O3. Under steady operation
conversion ranged from 80 to in excess of 95%, and un-
der ‘transient’ operation a cycle average of 70% reduction
was achieved. The drop in efficiency in cycled operation
is attributed to NOx desorption during heating ‘transients’
below 473 K. However, it seems reasonable to suggest
that the optimal configuration will be especially beneficial
during realistic temperature transients due to the fact that
during NOx desorption, the downstream catalyst may be
reaching temperatures where it is active, resulting in partial
conversion of the desorbed NOx. It may also be possible to
control the hydrocarbon levels in a manner that alleviates
the pulses of NOx that evolve during catalyst heating.
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