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Among various strategies to treat NO,, trapping is considered an economical, con-
sumer transparent approach for gasoline engines. The conventional NO, traps are based
on alkaline-earth metal impregnated alumina. These traps work well, but cannot sustain
their NO, trapping efficiency after repeated exposure to high temperatures during regen-
eration. In search of thermally stable materials, a series of sol-gel processed BaO - nAl, O,
(n=1, 4, 6) materials including BaO - 6Al,0; molecular sieves were synthesized and
evaluated as NO, traps using simulated exhaust at a 25,000 h~ ' space velocity. Changes
in structure and surface properties occurring on thermal treatment of sol-gel processed
BaO - nAl,O; materials significantly affect the NO, trapping efficiency of these materi-
als. Among these materials, sol-gel processed and precious metal impregnated BaO -
6Al,0; powder offers the optimum combination of thermal stability and NO, trapping
efficiency. We deposited this powder on a honeycomb substrate, impregnated it with 2%
Pt and 0.4% Rh, and reevaluated it. The NO, trapping efficiency of this catalyst is 95%
(cf: 75% for the powder) at 310°C. Our data on Pt/BaO - 6Al,0; also suggest that the
optimum lean cycle length for this class of NO, traps is 1 min. The efficiency of NO,
traps decreases rapidly and falls in 10 —20% range with an alternating 5 min lean cycle
and 1 min rich cycle.

Introduction

Modern gasoline vehicles are equipped with three-way cat-
alysts for the treatment of exhaust gases (Narula et al., 1996).
Three-way catalysts operate efficiently in a narrow window
where the ratio of oxidizing to reducing species is close to
stoichiometric. The operation of these vehicles under lean
conditions is thermodynamically more efficient and leads to
improved fuel economy and reduced hydrocarbon (HC) and
carbon monoxide (CO) emissions. The trade-off is that the
concentration of NO, (NO+NO,) in the exhaust stream in-
creases significantly, because the state-of-the-art “three-way”
catalyst cannot reduce NO, to benign gases under oxidizing
conditions. Furthermore, compression ignited diesel engines,
which also provide better fuel economy, operate in lean con-
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ditions and release higher amounts of NO, than stoichiomet-
ric gasoline engines. The reduction of NO, under oxidizing
conditions is counter-intuitive and a catalyst system that can
reduce NO, from cold-start to 600°C is yet to be found. Par-
tial catalytic reduction of NO, for diesel engines under oxi-
dizing conditions can be carried out in a narrow temperature
range using a Pt on alumina catalyst after startup and a Cu-
ZSM-5 catalyst during normal operation (Adams et al., 1996;
Narula et al., 2000).

Among other strategies to treat NO,, trapping is consid-
ered an economically viable, consumer transparent approach
for gasoline engines (Katoh et al., 1994). In this strategy, NO,
is trapped during the normal lean operation of an engine.
Regeneration of the trap is carried out by short pulses of
engine operation in rich mode leading to release and subse-
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quent reduction of the trapped NO,. The commercial trap
materials are prepared by impregnating y-alumina with ni-
trates of alkali metals and alkaline earths followed by plat-
inum. The mechanism of trapping is believed to involve oxi-
dation of NO, leading to formation of alkali metal nitrates
that readily decompose during the short rich cycle (Hepburn
et al.,, 1996; Kobayashi et al., 1997; Mahzoul et al., 1999).
Unfortunately, sulfur dioxide present in the exhaust is also
oxidized and trapped along with NO,. The decomposition of
the trapped sulfates requires a much higher temperature
leading to sintering, and a gradual but persistent reduction in
the performance of the traps. Thus, there is a need for mate-
rials that can tolerate a high temperature regeneration cycle
in an exhaust environment formed in the rich cycles.

We initiated this study as a continuation of our earlier work
on the incorporation of alkaline earths and lanthanides by a
sol-gel process employing heterometallic alkoxide precursors
(Narula, 1995, 1997, 1999). After drying, these gels are amor-
phous and form poorly crystallized mixed-metal oxides. In this
report, we describe our results on the preparation and char-
acterization of alumina materials containing barium oxide us-
ing various sol-gel techniques. A comparison of the physical
properties and lean burn NO, trapping efficiency of sol-gel
processed materials with impregnated materials is also pre-
sented.

Experimental Studies

All preparations were carried out in an inert atmosphere
using a dry box and standard vacuum line techniques to pre-
vent hydrolysis of alkoxides by atmospheric humidity. Sol-
vents were carefully dried and distilled before use. Commer-
cial AI(O'C;H,); was purified by distillation. Alkaline-
earth-containing alkoxides were prepared by a modified liter-
ature procedure (Mehrotra et al., 1978). Tergitol 15-S-12 (al-
kyloxypolyethyleneoxyethanol, Cy, 1,H,5,00(CH,CH,0) H)
was used as received from Union Carbide.

Thermogravimetric analysis (TGA) was carried out on a
Perkin-Elmer TA7 instrument. Infrared spectra were

recorded on a Perkin-Elmer system 2000 instrument. X-ray
powder diffraction patterns (XRD) of samples were recorded
on a Scintag diffractometer. BET surface areas were mea-
sured on a Micrometrics ASAP 2400 instrument.

The physical properties of gels after thermal treatment at
> 600°C are summarized in Table 1.

Preparation of Alumina Gel (SG): Alumina gel was pre-
pared according to a literature procedure and fired at 600°C
(Leenars et al., 1984).

Preparation of Gels from Ba[AI(O'Pr),],:
Ba[Al(O'C3H,),], (3.0 g) was dissolved in 2-propanol (25 mL)
and the reaction mixture was cooled to —78°C. Water (eight
equivalents) mixed with 2-propanol was slowly added to the
reaction mixture with stirring. The stirring was stopped and
the reaction mixture was slowly warmed to room temperature
that resulted in the formation of a gel. The volatiles were
removed and the xerogel was collected. The resulting powder
was calcined to 600°C at a rate of 10°C/min. and held at that
temperature for four hours. The sample contains Ba and Al
in 1:2 ratio (HBA1). The other two samples containing bar-
jum and aluminum in 1:4 (HBA2) and 1:12 (HBA3) ratio were
prepared by mixing an appropriate amount of AI(O'C;H,),
with Ba[Al(O‘C;H),], prior to hydrolysis.

HBAI: The HBAI gels show a 12.5% weight loss in the
30-250°C range in its thermogravimetric analysis (TGA). A
2% weight loss occurs in the 250—400°C range and no addi-
tional weight loss is observed in the 400-900°C range. The
BET surface area of HBA1 after heating at 300°C (rate
10°C/min, hold 4 h) is 80 m?/g and reduces to 49 m?/g after
sintering at 600°C for 4 h and to 10 m?/g after sintering at
900°C. The corresponding average pore diameters of the
powder are 98 A and 200 A after thermal treatment at 600
and 900°C, respectively. X-ray powder diffraction (XRD) of
the powder (Figure 1), after heating at 600°C, shows diffrac-
tion peaks due to BaCO; (JCPDS No. 71-2394). After heat-
ing at 900°C, the XRD of the sample (Figure 1) shows
diffraction peaks due to BaAl,O, (JCPDS No. 17-0306).

HBA2: The TGA of HBA2 gels show a weight loss of 22%
below 400°C. No additional weight loss is observed in

Table 1. Properties of BaO - nAl,0, Materials

Sintering BET Surface Avg. Pore* Crystalline Phases
Materials Name Precursors Temp. (°C) Area (m%/g) (A) (from XRD)
BaO-Al,O, HBA1 Ba[AI(O'C;H,),], 600 49 98 BaCO,
900 10 200 BaAl, O,
BaO-2A1,0, HBA2 Ba[AI(O'C3H;),], + 600 133 65 BaCO,
AIl(O'C3H,); 900 58 115 BaAl,O,
BaO-6Al,0, HBA3 Ba[AI(O'C;H,), ], + 600 190 40 y-AL, O,
Al(O'C;H,), 900 126 57 BaAl, 0, + y-Al, 0,
MS-BaO - 6Al1,0, MSBA3 Ba[AI(O'C;H;),], + 600 319 54 -
Al(O'C;H,); + 900 186 59 -
Tergitol 15-S-12
BaO-6A1,05-CeO, HBACe BalAI(O'C;H,), ], + 600 139 43 BaCO; +CeO, +
Al(O'C3H,); + y-AL O,
Ce[AI(O'C3H ), 15 900 83 71 BaAl, 0, + y-Al,04
+CeO,
BaO-6Al1,0, IBA3 Ba(NO;), + 750 86 57 BaAl,O,
v-Al, 04 900 76 80 BaAl,0, + y-Al,04
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Figure 1. X-ray powder diffraction of BaO-Al,O;.

400-900°C range. Sintering at 600°C for 4 h furnishes a pow-
der of BET surface area of 133 m?/g and BJH desorption
pore diameter of 65 A. The XRD of the powder (Figure 2)
shows diffraction peaks due to BaCO, (JCPDS No. 71-2394).
Further sintering at 900°C results in a powder of 58 m?/g
BET surface area and 115 A BJH desorption pore diameter.
The XRD of the powder (Figure 2) shows diffraction peaks
due to BaAl,O, (JCPDS No. 17-0306).

HBA3: The TGA of HBA3 gels show a weight loss of 25%
below 550°C. The BET surface area of the powder after sin-
tering at 600°C for 4 h is 190 m?/g and the BJH desorption
pore diameter is 40 A. XRD (Figure 3) shows broad weak
diffraction peaks (particle size calculated from the Scherrer
formula is 33 A) that can be assigned to y-alumina. Further
smterlng at 900°C results in a powder of BET surface area of
126 m?/g and BJH desorption pore diameter of 57 A. The
XRD of the powder still shows broad peaks assigned to 7-
alumina. Additional sharp peaks due to BaAl,O, (JCPDS No.
17-0306) can be seen suggesting that the crystallization of
BaAl,O, has begun at this temperature. These observations
are different from the previous work of Arai et al. who claim
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Figure 2. X-ray power diffraction of BaO - 2Al,0.
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Figure 3. X-ray powder diffraction of BaO -6Al,0.

that BaO - 6Al1,0;, prepared by a sol-gel process employing a
mixture of Ba(OR), and AI(OR);, is an amorphous powder
that does not crystallize even after sintering at 1,000°C (Ma-
chida et al., 1988).

Template assisted gelation of Ba[Al(O'C,H,),], and
Al(O'C;H,); (MSHBA3)

A solution of water (2.88 g) in 30 mL sec-butanol was added
dropwise to a solution of Ba[A(O'C;H,),l, (2.722 g,
AI(O'C;3H ), (8.384 g), and Tergitol 15-S-12 (15.5 g) in sec-
butanol (46 mL). The reaction mixture was diluted with sec-
butanol (20 mL) and stirred for 16 h. The gel was separated
by filtration, washed several times with ethanol, and air dried
overnight. The resulting powder was heated to 600°C at
2°C/min and held at that temperature for 4 h.

The MSHBA3 gels show a weight loss of 25% in 30—-400°C
range in its TGA. The BET surface area after firing at 600°C
is 319 m2/g. The BJH desorption pore diameter is 54 A
Mesoporosity in this material is illustrated by the N, adsorp-
tion/desorption isotherm and the pore-size distribution (Fig-
ure 4). The transmission electron micrograph of the sample
(Figure 5) is equivalent to MSU-X alumina images reported
previously for alumina (Bagshaw et al., 1995, 1996; Wen-
zhong and Pinnavaia, 1998). The materials are amorphous af-
ter calcining at 900°C. The molecular sieve structure starts to
fail at this temperature as shown by the TEM image which
starts to lose worm like motif. The BET surface area also
decreases to 186 m>/g, but the material remains amorphous.

Preparation of BaO - 6Al,0, - CeO, (HBACe)

Ba (0.956 g) was added to a solution of Ce[AI(O'C;H ), ],
(3.956 g) and AI(O'C;H,); (14.45 g) in ‘C;H,OH (70 mL)
and the reaction mixture was heated under reflux for 1.5 h.
The resulting bright yellow solution was poured into H,O
(100 mL) at 80°C. The volatiles were removed by evaporation
at 80°C to obtain a light yellow powder that was gradually
heated to 600°C at a rate of 2°C/min and held at that tem-
perature for 4 h.

Sintering HBACe gels at 600°C for 4 h furnishes powders
of BET surface area of 139 m?/g and BJH desorption pore
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Figure 4. N, adsorption-desorption isotherms of BaO-

6Al,0; molecular sieves assembled in the
presence of Tergitol 15-S-12.

diameter of 43 A. The XRD of this powder (Figure 6) shows
it to be poorly crystalline materials with diffraction peaks that
can be assigned to BaCO,; (JCPDS No. 71-2394), CeO,
(JCPDS No. 81-0792) and a broad peak at 26 = 67° due to
v-alumina (JCPDS No. 10-425). The CeO, diffraction peaks
are broad due to small particle size (30-37 A, from Scherrer
formula).

Preparation of 20% BaO on vy -alumina (IBA3)

Ba(NO,), (2.61 g) was dissolved in water (30 mL) and added
to commercial y-alumina (6.12 g). The slurry was slowly dried
to a powder and the powder was calcined at a rate of
10°C/min to 750°C and held at the temperature for 4 h.

The TBA3 sample exhibits a surface area of 86 m2/g and
BJH desorption pore diameter of 57 A after sintering at
750°C. The baria to alumina ratio in IBA3 is identical to that
in HBA3. The XRD of the impregnated sample shows
diffraction peaks due to barium aluminate the sintering at °C.

Platinum impregnation

A solution of chloroplatinic acid in water was added to the
calcined powders of BaO - nAl,O; xerogels to deposit 1% (wt)
Pt by an incipient wetness technique. The resulting slurry was
dried first at room temperature and then at 105°C for 1 h.
The powder was then transferred to a furnace and calcined
at a rate of 2°C/min. to 500°C and held at that temperature
for 4 h.

Preparation of PtRh/BaO - 6Al,0; - CeO,

A solution of rhodium nitrate in water was added to the
calcined powders of Pt/BaO - nAl,0O;-CeO, materials to de-
posit 1% (wt) Rh by an incipient wetness technique. The re-
sulting slurry was first dried at room temperature and then at
105°C for 1 h. The powder was then transferred to a furnace

AIChE Journal March 2001

and calcined at a rate of 2°C/min. to 500°C and held at that
temperature for 4 h.

Measurement of the NO, adsorption capacity of NO, trap
materials in steady state

The overall NO, capacity of each sample at 380°C was de-
termined by volumetric adsorption of NO, using a Micromet-
rics ASAP 2010 chemisorption apparatus. Approximately 200
mg of each sample was placed in a quartz sample tube and
evacuated for 60 min. at 400°C. The sample was then oxi-
dized in pure oxygen at 400°C to remove any surface impuri-
ties and subsequently reduced in pure hydrogen at 400°C for
60 min. The temperature was then stabilized at 380°C and
the total NO, capacity of each sample was measured by mea-
suring the uptake of pure NO, as a function of pressure. At
T =380°C and P = 0.1 atm, the equilibrium constant for NO-
NO, inter conversion is 0.2 This means that about 30% of
NO, will be dissociated at equilibrium. However, the dosing

40 nm "'._3\ 3

Figure 5. TEM of template assisted sol gel processed
BaO-6Al,0, after sintering at (a) 600°C and
(b) 900°C.
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Figure 6. X-ray powder diffraction of BaO -6AIl,0; -
CeO,.

time is only 60 s and the uptake of NO, is very fast which
shifts the equilibrium towards the NO,. A simple calculation
using GRI-mech predicts less than 1 ppm NO after 60 s at
380°C starting from NO,. Thus, the NO-NO, interconversion
does not introduce error in the capacity measurements. The
results of these experiments are summarized in Table 2.

Measurement of NO, trapping efficiency in a dynamic flow

A brief description of test equipment and procedure is as
presented in the following paragraphs.

Test Procedure: Catalytic trapping activity measurements
on powders were obtained using an integral flow reactor
(Hoard and Balmer, 1998). The flow reactor was charged with
a powdered NO, trap sample or the honeycomb and heated
to the desired temperature (220, 310, 380, 450, or 600°C).
Simulated exhaust (Table 3, gases were supplied by Michigan
Airgas) was flowed through the reactor. The space velocity
(25,000 h™") for the test powders is calculated by dividing
gas-flow rate with the volume of the powder container while
that for the honeycomb was calculated by dividing gas-flow
rate with the volume of the honeycomb. The switch from lean
to rich cycles is accomplished by turning off O, and turning
on CO/H, (the balance is made up with N,). The output gas
mixture was diluted with nitrogen (dilution factor 15.635) and
the gas concentrations were measured using an IR-based sys-
tem described in the succeeding section.

Table 2. Steady State NO, Adsorption Capacity of
BaO - nAl,O; Materials

N O23 Capacity

[cm® (STP/g) NO, Capacity

Materials at 760 mm Hg] (10~ ° mol/g)
Pt/HBA1 4.7 486
Pt/HBA2 7 406
Pt/HBACe 10.8 312
Pt/HBA3 10.9 210
Pt/MSHBA 9.1 482
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Table 3. Simulated Exhaust Composition and Test
Conditions for Lean Burn NO, Trap Materials*

Input to Reactor Units Condition
NO ppm 500
CO ppm 7,500
0, % 6
Co, % 10
SO, ppm 0 (off) or 9 (on)
H,0 % 8
HC 3:1 C3H4:C5Hy ppm 120
H, ppm 2,500
N, cm®/min 950
Target reactor flow cm®/min 1,330
Amount of trap powder % (wt.) 34
Diluent powder a-alumina
Amount of diluent % (vol.) 66
Calc. space velocity h™! 25,000

*The CO and O, input is alternated with one minute hold time.

The test results on trap materials, deposited on honey-
combs, are a better indicator of performance on a vehicle.
However, the fabrication of honeycomb catalyst (Narula et
al., 1996) of a large number of experimental materials is not
practical. Instead, we selected sol-gel processed PtRh/BaO -
6Al,0; powder, based on tests on powders, for honeycomb
catalyst fabrication and evaluation. The test materials were
exposed to alternating lean (R = 22.22) and rich cycles (R =
9.13x107%) and post-test materials gas mixture was ana-
lyzed. Here, R represents a ratio of reducing to oxidizing
gases (Gandhi et al., 1976) and is calculated using the follow-
ing formula: R ={[CO]+[H,]+9[C;H]+10[C;H]}A2[0,]
+[NO, ]}

The NO, trapping efficiency is calculated using the follow-
iIlg formula: [Nox]input_[NO]outpul_[NOZ]output/[NOx]input-
[NOlyyput (Trapped NO,/Input NO,). There were no other
nitrogen containing species (such as N,0O, HONO) in the
temperature range of interest (310-380°C) and were not taken
into consideration.

Analysis Equipment: In our system, either standard gas
analyzers or a FTIR emissions analyzer is used for the analy-
sis of gas mixture. We used FTIR emissions analyzer for our
experiments due to its versatility and employed standard gas
analyzers to get oxygen analysis (Hoard and Balmer, 1998).
Here, we summarize the description of an FTIR emissions
analyzer that is capable of monitoring up to 50 individual
components (Gierczak et al., 1991).

The FTIR emissions analyzer contains three major compo-
nents: an IR spectrometer (Nova-Cygni 120 model, Mattson
Instruments), the data acquisition and processing system, and
associated sampling hardware. The gases pass through a vari-
able pathlength, multipass gas cell (Wilks, 20 Meter, Model
9020) with potassium bromide windows. The gas cell is exclu-
sively set at the 14th order setting (21.75 m) to improve the
sensitivity of the system for all chemical species. A computer
equipped with an array processor controls data acquisition
and data processing. The data acquisition and processing
routines were developed by Butler et al. at Ford Motor Co.
and licensed to Mattson Instruments Co. The system allows
us to individually monitor N,O, NO, NO,, and HONO species
in the gas mixture.
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Results and Discussion

After a cold start, it takes about 120 s for the catalysts to
attain the light-off temperature (Narula et al., 1996). There is
sufficient concentration of hydrocarbons in the exhaust of a
lean gasoline or diesel engine to reduce about 60% NO, in
the presence of Pt/alumina in a narrow temperature range of
200-250°C (Adams et al., 1996; Narula et al., 2000). Above
this temperature, the oxidation of hydrocarbon and CO be-
comes highly efficient (Egs. 1-3) and they are not available
to participate in the NO, reduction

2C,H, +90, - 6CO, +6H,0 (1)
C,H, +50, - 3CO, +4H,0 )
CO+0, - 2CO, €)

The NO, traps collect this NO, in the lean cycle. The NO,
trapping mechanism (Hepburn et al., 1996; Kobayashi et al.,
1997; Mahzoul et al., 1999) has been proposed to involve
platinum catalyzed oxidation of NO, to NO,, the formation
of NO; , and finally the trapping as nitrates. The formation
of nitrate can occur on reaction with water. Thus, this path-
way will be identical to the pathway for the manufacture of
nitric acid (King, 1994). Among other pathways, the NO, can
also react with the hydrated barium or aluminum oxide sur-
face. Since barium oxide readily reacts with CO, to form bar-
ium carbonate, a reaction of NO;  with barium carbonate
will lead to the formation of nitrate and release of CO,. All
these reaction pathways are quite facile and can occur simul-
taneously.

The NO, traps have limited capacity and need to be regen-
erated by operating engine in a rich cycle. In rich cycles, re-
ductants in the simulated exhaust reduce all of the NO, (Egs.
4-6).

2NO +3H, +2CO - 2CO, +2NH, (4)
2NO +2CO - 2CO, +N, (5)
2NO +2H, - 2H,0 +N, (6)

Since the thermal decomposition of NO, begins at 150°C
and is complete at 600°C, the efficiency of NO, trap can be
expected to drop rapidly at temperatures close to 600°C. In
addition to temperature, the NO, trap efficiency depends on
the availability of barium for reaction with NO; . This avail-
ability of barium, in turn, can depend on the factors such as
concentration of barium, structure of BaO - Al,O; materials,
and oxidation facilitators such as cerium oxide. In the subse-
quent sections, we describe the structural variations and a
comparison of trapping efficiencies of various BaO -nAl,O;
powders impregnated with platinum. Among these materials,
amorphous BaO - 6Al,0; powder, impregnated with precious
metals, exhibited the optimum combination of thermal stabil-
ity and trapping efficiency. We deposited this powder on
honeycomb piece and reevaluated its trapping efficiency. We
close the discussion with a comparison of our results on the
sulfur dioxide poisoning of Pt/BaO:6Al,O, and Pt/CeO,-
BaO - 6Al,0; powders.
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NO, traps

One can calculate the total amount of NO, that can be
trapped by a NO, trap from the amount of barium in the trap
washcoat. However, all of the barium is not available for re-
action with NO,. Steady-state adsorption experiments, while
providing a good estimate of the NO, trap capacities, do not
predict the NO, trap capacities under dynamic conditions.
We briefly discuss the steady-state experimental results be-
fore describing in detail our experimental results under dy-
namic conditions.

Steady-State NO, Adsorption Capacities: Mahzoul et al.
(1999) have carried out detailed adsorption experiments on a
series of NO, trap catalysts as a part of their work on the
experimental and mechanistic study of NO, adsorption. The
experiments clearly show that the maximum capacity of bar-
ium oxide based materials occurs at a temperature of
350-400°C. Furthermore, barium oxide is superior trap than
y-alumina. We have carried out similar experiments on our
samples under steady-state conditions and the results are
summarized in Table 2. Since alumina also adsorbs a signifi-
cant fraction of NO,, the number of barium sites cannot be
accurately calculated.

The utilization of all of the available capacity under the
dynamic conditions of NO, trap test with simulated exhaust
does not occur. We calculated total amount of NO, adsorbed
per gram of catalyst during the lean cycle. From these data, a
fractional coverage achieved during the lean cycle can be es-
timated by dividing it with the steady-state capacity data (Ta-
ble 4). The fractional coverage data show that Pt/HBA3 at-
tains the highest capacity utilization ( ~ 20%) under dynamic
conditions. In our opinion, the estimated fractional coverage
data do not offer useful information because there is an im-
plied assumption that saturation coverage under dynamic ex-
perimental conditions and steady state conditions are identi-
cal.

Trapping Efficiency under Dynamic Conditions: All sam-
ples were tested employing a simulated lean burn exhaust gas
mixture using an alternating one-minute lean and one-minute
rich cycle at 220, 310, 380, 450, and 600°C. The optimum
trapping efficiencies for all samples are observed between
310°C and 380°C. Above this temperature, the NO, trapping
efficiencies drop rapidly and are 10% at 600°C. This is in
accordance with the thermal decomposition of NO, to NO
with increasing temperature.

The trapping efficiency test results for Pt/HBAI,
Pt/HBA2, Pt/HBA3 are summarized in Figure 7. The maxi-
mum trapping efficiencies of Pt/HBA1 and Pt/HBA2 sam-
ples, calcined at 600°C, are 25 and 48%, respectively, at 450°C.
The trapping efficiencies decrease to 20 and 42% if the sam-
ples are calcined 900°C. This decrease in trapping efficien-

Table 4. NO, Fractional Coverage of Materials During
Alternating One Minute Lean-Rich Cycle

NO, Adsorption Fractional Coverage

Materials 10~° mol/g- min (%)
Pt/HBA1 9.83 2.02
Pt/HBA2 233 5.74
Pt/HBACe 35.8 11.47
Pt/HBA3 42.6 20.3
Pt/MSHBA 511 11.18
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Figure 7. Lean burn NO, trapping efficiency tempera-
ture profile for Pt/HBA1, Pt/HBA2, Pt/HBA3
and Honeycomb PtRhWHBA3 traps fired at
600°C [Hollow] and 900°C [Solid] for 4 h.

cies is due to the decrease in surface area and crystallization
of barium aluminate upon calcining at 900°C. Pt/HBA3 ex-
hibits a NO, trapping efficiency of 70% at 380°C regardless
of calcining temperature. This retention of trapping effi-
ciency is due to the stability of HBA3 at elevated tempera-
ture. These results show that the NO, trapping efficiency in-
creases with the decrease in barium oxide content. This can
be correlated to the changes in surface properties and mate-
rial structures with increase in barium oxide content. The
highest surface area is observed for the sample with barium
oxide close to 20%. This material does not crystallize to bar-
ium hexaaluminate structure even after sintering at 900°C.
Increase in barium oxide content leads to lower surface area
and lower temperature of crystallization to the barium dialu-
minate structure. Thus, mostly amorphous Pt/HBA3 pow-
ders exhibit the highest trapping efficiency of 70% at 380°C
among the powder samples.

Freshly prepared Pt/IBA3 also exhibits a 70% NO, trap-
ping efficiency that is comparable to the Pt/HBA3 samples.
It is important to point out that there is a significant differ-
ence in Pt/HBA3 and Pt/IBA3. The impregnation generally
leads to small barium oxide regions. As a result, a significant
portion of impregnated platinum would not be in contact with
barium oxide. The amorphous Pt/HBA3, on the other hand,
does not exhibit separation of barium oxide or barium alumi-
nate regions. In this material, a large portion of platinum can
be expected to be in contact with barium oxide.

The platinum impregnated mesoporous molecular sieves,
PT/MSHBA3, exhibit a NO, trapping efficiency of 86% (Fig-
ure 8). The improvement in NO, trapping efficiency can be
assigned to a worm-like pore motif that provides better con-
tact between catalyst and gas molecules.

The Pt/HBACe material exhibits an optimum NO, trap-
ping efficiency of 60% at 380°C. Interestingly, PtRh/HBACe
materials show no improvement in trapping efficiency in
comparison with Pt/HBACe materials suggesting that the
addition of Rh has no effect on the trapping efficiency of this
system (Figure 9).
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Figure 8. Lean burn NO, trapping efficiency tempera-
ture profile for template assisted sol gel pro-
cessed Pt/BaO-6Al,0;.

Among these materials, sol-gel processed HBA3 powder,
impregnated with precious metals, offers the optimum com-
bination of thermal stability and NO, trapping efficiency. We
deposited this powder on a honeycomb substrate, impreg-
nated it with 2% Pt and 0.4% Rh, and evaluated it at a 25,000
h~! space velocity. The NO, trapping efficiency of this cata-
lyst is 95% (cf. 75% for the powder) at 380°C (Figure 7).

Reactions during lean and rich cycles

The changes in the concentration of NO, NO, and CO
during one lean-rich cycle in the presence of HBA3, Pt/HBA3
and Pt/SG are shown in Figures 10 and 11, respectively. The
reactor environment does not instantaneously change from
lean to rich and rich to lean with the switchover from O, to
CO/H, pulse and back to O, pulse. Complexity of simulated
exhaust mixture prevents any useful analysis of data for
quantitative information at every step of the rapid switch-over
between lean (R range: 1.0-22.22) and rich cycles (R range:
9.13x10™3). Quantitative information can be obtained at the
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Figure 9. Lean burn NO, trapping efficiency tempera-
ture profiles for Pt/HBACe and Pt/HBACeRh.

Vol. 47, No. 3 AIChE Journal



35
HBA3 NO
30
25
€ 20 -
g PYSG NO
ON
2 PYHBA3 NO
o)
z PYHBA3 NOo

100
Rich

0 20 40 60 80 120

Lean Time (Sconds)

Figure 10. No,, NO and NO, concentrations in one
lean-rich cycle employing HBA3, Pt/HBA3
and Pt/SG.

midpoints of lean- and rich cycles, however, one should not
extrapolate this information to switch-over between cycles.
Since the optimum NO, trapping occurs in 320-380°C range,
we limit our discussion to the reactions at 380°C.

Among our samples, HBA3 is ineffective in NO, oxidation
or trapping. At midpoint of the lean cycle of an alternating
one-minute lean and rich mode (Figure 10) the Pt/HBA3
catalyst system traps 12 ppm NO, and converts 32 ppm NO,
input into 15 ppm NO, 5 ppm NO,. The presence of 5 ppm
NO, in gases downstream of the trap suggests that the trap
system is unable to convert NO, to nitrate and trap it due to
the saturation of trapping sites in the vicinity of Pt sites. This
is supported by the experiments with Pt/SG sample contain-
ing no barium oxide. This sample converts 32 ppm NO, input
into 17 ppm NO, 8 ppm NO,, and traps 7 ppm NO, (Figure
10). Since alumina is not an efficient trapping agent, the
amount of NO, downstream of Pt/SG trap is larger than that
in Pt/HBA3 system. The trapped species in alumina was
identified to be a nitrate since the infrared spectrum of this
powder showed a 1,386 cm ™! peak characteristic of nitrates
(Kobayashi et al., 1997).

At the midpoint of the rich cycles, the post HBA3 concen-
tration of NO and CO remains unchanged demonstrating the
need for a noble metal catalyst. The post Pt/HBA3 concen-
tration of NO, decreases to 0 ppm, while 50 ppm CO (Figure
10, Figure 11) and 14 ppm NH; are observed (Eq. 4). Since
the concentration of ammonia is not sufficient to account for
the reduction of NO,, CO or H, assisted reduction must oc-
cur.

The NO, reduction for both Pt/SG and Pt/HBA3 cata-
lysts is almost quantitative. As expected, a large amount of
CO is consumed by the Pt/HBA3 system in order to reduce
the trapped nitrates (Figure 11). The hydrocarbons do not
appear to play an important role because partially oxidized
hydrocarbons are not observed in post catalyst gases.

Effect of lean cycle length

In our tests on powders, we found that a one-minute lean
cycle is the optimum time for Pt/HBA3 based NO, traps at
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Figure 11. CO concentrations in one lean-rich cycle
employing HBA3, Pt/HBA3 and Pt/SG.

25,000 h~! space velocity and 380°C. If a long lean and short
rich cycle is employed, the NO, trapping efficiencies of
Pt/HBA3 and Pt/HBACe are significantly reduced. The
trapping efficiency profile of these traps in five-minute lean
and one-minute rich cycles are shown in Figure 12. The trap-
ping efficiencies of Pt/HBA3 drop rapidly between first and
second minute (15%) reaching to a minimum (7%) between
second and third minute. The adsorption also decreases from
47.1x10~% mol/g- min in the first minute to 12.3X10~° and
6.7x107% mol/g-min in the second and third minutes, re-
spectively. Since the traps have not attained saturation cover-
age, this rapid decrease can be explained by assuming that
the platinum loses its NO, oxidation ability after first minute
because the saturation of adsorbent sites adjacent to plat-
inum limits the removal of NO, from platinum sites. The loss
in the Pt/HBACe trapping efficiencies is relatively gradual.
The adsorption also gradually decreases from 47.2%107°
mol/g- min in the first minute to 29.1x107° and 23.0x10~°
mol/g-min in the second and third minute, respectively. This
suggests that cerium oxide slows down the poisoning of plat-
inum. However, it is important to note that the trapping effi-
ciencies of both catalysts after one minute have decreased to
an inefficient level.

These results suggest that these NO, traps cannot be effec-
tively used in a prolonged lean and a short rich cycle at a
space velocity of 25,000 h~! at 380°C.

SO, poisoning and regeneration

The sulfur-poisoning test was carried out by adding 9 ppm
of SO, to the test gas mixture. At this dilution, it was not
possible to detect SO, in outlet gases. Thus, it is not possible
to calculate the amount of SO, adsorbed in lean cycles. A
complete adsorption of SO, cannot be assumed because that
would suggest a rate of adsorption of 16.8 X 10~° mol/g- min
leading to saturation coverage in 30 min. This would lead to
zero percent NO, trap efficiency after 30 min. Instead, we
monitored NO, trapping efficiency decreases as an indicator
of sulfur-poisoning (Figure 13).
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Figure 12. NO, trapping efficiency vs. time for Pt/HBA3
and Pt/HBACe.

Our experiments show that the NO, trapping efficiency
starts to decrease gradually and 90% of the trapping effi-
ciency of Pt/HBA3 is lost within 24 h. Pt/HBACe loses only
60% of its trapping efficiency.

This decrease in NO, trapping efficiency occurs because
SO, oxidizes to SO; and competes with NO, for trapping
sites in BaO-6Al,0; to form sulfates. Furthermore, the
gradual saturation of adsorbent sites adjacent to platinum
with sulfate reduces the NO, conversion ability of platinum.
The relatively slower poisoning of Pt/HBACe can be at-
tributed to the presence of cerium oxide in the catalyst.

It is important to remember that the oxidation of SO, is
not limited by catalyst because NO can also oxidize it to SO;
(King, 1994). Since sulfates do not decompose at 380°C in the
rich cycle, the trapping sites become unavailable. All the test
materials can be regenerated at 600°C under rich conditions
for 40 min (time not optimized). After regeneration, they re-
cover over 90% of their original NO, trapping efficiency.
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Figure 13. Sulfur poisoning of Pt/HBA3 and Pt/HBACe
at 9 ppm SO, as a function of time.
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Conclusions

There are two important conclusions that can be drawn
from this study. First, among BaO-nAl,O;, n =1,2,6, mate-
rials derived from alkoxides by a sol-gel process, BaO - 6Al,04
retains its high surface area even after sintering at 900°C.
Among BaO-nAl,O, materials, the precious metal impreg-
nated BaO-6Al,0; is the best material for NO, trapping
during the lean operation of engines.

The second conclusion relates to the length of lean cycles
in alternating lean-rich operation. Our data show that the
optimum length of the lean cycle is one minute at 25,000 h ™!
space velocity. Further increase in the duration of the lean
cycle results in the loss of NO, trapping efficiency. This drop
in trapping efficiency can be attributed to the traps’ inability
to convert NO, to NO,~ (cation Ba?* or AI**) and trap it.
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