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SIP{'"H} NMR peak at 6 =34.5 when monitored over a period of one month,
showing that the Au—P bond is stable under these conditions. Crystals were
transferred from hanging drops with 0.4—0.5 mm cryoloops into cryopro-
tectant solution (3 pL, mother liquor plus 20% glycerol), and 5s after
removal from cryoprotectant were mounted in a cryoloop (Hampton
Research) and flash frozen in liquid N,. X-ray data were collected at 100 K
(Oxford Cryosystems) using MAR image plates at the Daresbury
synchrotron source, and processed using DENZO. The data set consists
of 185907 measured reflections and provides a unique data set of 20154
reflections with an R, = 0.068 and an overall completeness to 1.85 A of
0.983. Ryere in the 1.88-1.85 A resolution shell is 0.253.

PPIase assay: Cyp-3 was incubated with 1 at 277 K at molar ratios of 1:
Cyp-3: of 0, 0.43, 0.86, 1.0, 2.0, 3.5, 5.0, 7.0, and 10.0, for 48 h in HEPES
buffer (50 mm) containing NaCl (86 mm), pH 8.0, and 4 pL aliquots were
then assayed at 275 K following the procedure previously described.!'?!

ESI-MS spectra of Cyp-3 after reaction with Et;PAuCl (1) for five days, a
colour version of Figure 3, and plots of absorbance versus time for assay of
the PPIase activity of Cyp-3 are available in the Supporting Information.
The atomic coordinates (code 1E3B) have been deposited in the Protein
Data Bank, Research Collaboratory for Structural Bioinformatics, Rutgers
University, New Brunswick, NJ (http://www.rcsb.org/).
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DeNOvx of Exhaust Gas from Lean-Burn
Engines through Reversible Adsorption of
N,0; in Alkali Metal Cation Exchanged
Faujasite-Type Zeolites™*

Asima Sultana, Raf Loenders, Orietta Monticelli,
Christine Kirschhock, Pierre A. Jacobs, and
Johan A. Martens*

Nitrogen oxide (NO,) adsorbents are key control compo-
nents for the tailpipe emissions of transport vehicles powered
with lean-burn engines. Current adsorbents are basic oxides
which adsorb NO, as nitrates, but suffer from poisoning by
sulfur oxides. We discovered that NO and NO, can be
selectively trapped as dinitrogen trioxide in alkali metal
exchanged faujasite zeolites above 200 °C. The trapped N,O;
molecules compete with water molecules on a specific
adsorption site and can be displaced by a change in partial
pressure. Dinitrogen trioxide adsorption is not affected by the
presence of sulfur oxides.

Modern lean-burn internal combustion engines operated
with excess air show reduced fuel consumption and carbon
dioxide emission but produce excessive amounts of nitrogen
oxides (NO,). The emission of NO, at the tailpipe is the major
source of pollution from transport vehicles powered by
hydrocarbon fuels.! Since there is a trade-off between NO,
and particulate carbon formation in the lean-burn engine, an
efficient NO,-elimination system for the exhaust can offer a
solution to the particulate carbon emissions at the same
time.? In the emerging technologies that focus on reducing
the NO, emission from lean-burn engines, temporary storage
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of NO, molecules on an adsorbent is a key step. In a NO,-
storage-and-reduction catalytic system, an oxidation catalyst
that converts nitric oxide into nitrates is combined with basic
oxides that are responsible for nitrate chemisorption. Periodi-
cally the nitrates are reduced in the rich exhaust gas produced
by the engine. In the selective-NO,-recirculation technique,™
trapped NO, is periodically desorbed and reinjected into the
engine. The drawback of nitrate adsorbents is that they are
gradually deactivated by the accumulation of the more stable
sulfates that originate from the combustion of fuel containing
organic sulfur.

Dinitrogen trioxide can be formed in dry zeolites upon
exposure to nitric oxide,F! to nitric oxide and oxygen,! 7l or to
mixtures of nitrogen dioxide and nitric oxide.l In dry zeolites
the dinitrogen trioxide molecule undergoes heterolytic split-
ting into a nitrosonium cation and a nitrite and/or nitrate
anion,” 8 or reacts with Brgnsted acid sites to form a
nitrosonium cation and water, as evidenced by IR spectro-
scopy.’! With real exhaust gas, which always contains water,
the NO, chemistry is different.’ > 19 In alkali or alkaline earth
metal exchanged zeolite Y, nitrogen dioxide reacts with water
at 80°C to form nitrate with release of nitric oxide [Eq. (1);
M"* represents the valent charge compensating cation, and Z~
the negatively charged zeolite lattice]. The zeolite shows no
affinity for NO at this temperature in the presence of water
vapour.!%
3nNO, +nH,0 +2[M"*(Z"),] — 2M(NO;),+nNO +2nH-Z 1)

A representative mixture of oxidized exhaust gas composed
of helium with 500 ppm NO, 500 ppm NO,, 5% water, 10 %
O,, and 5% CO, was conducted over a bed of Na-Y zeolite
at 150°C (Figure 1A). The change in the NO and NO,
concentrations between the inlet and outlet (Figure 1A)
reveal a temporary complete adsorption of the NO, and
a simultaneous formation of nitric oxide, the quantity of
which corresponds to about one third of the adsorbed NO,
[Eq. (D)].

A similar experiment performed at 250°C (Figure 1B)
reveals totally different adsorption chemistry. At this temper-
ature NO and NO, are simultaneously adsorbed for a few
minutes. The formation of N,O; in the zeolite under these
conditions was revealed by a Rietveld refinement in combi-
nation with Fourier analysis of the X-ray diffraction powder
pattern (Figure 2). N,O; molecules were shown to be localized
at a unique position in the supercage of zeolite Y (Figure 2 A
and B). Under these conditions the supercages are filled with
networks of water molecules that link sodium ions at the SIII
positions with sodium ions SII and SV.' The refined
geometry of the N,0O; molecule (Figure 2C) is very close to
the most stable asymmetric conformer.”) By assuming this
position in the zeolite Na-Y the three oxygen atoms of an
N,0; molecule substitute three oxygen atoms of water
molecules in the sodium-water net. Oxygen atom Onl
bridges an SIII and an SV sodium ion, while the two On2
oxygen atoms are coordinated to the same SIII sodium ion
and an SII sodium ion (Figure 2 C).

If a homogeneous distribution of the sodium ions and water
molecules over the hydrated Na-Y crystals prior to NO,
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Figure 1. NO,, NO,, NO, and SO, concentration changes in the outlet of
the Na-Y adsorbent bed during NO, adsorption and desorption at 150°C
(A) and 250°C without and with SO, (B and C, respectively). Adsorption
conditions: helium with 500 ppm NO, 500 ppm NO, 5% CO,, 5% H,O,
10% O,, and 150 ppm SO, (in C); VHSV=30000 h~'. Desorption
conditions: helium containing 5% H,0; VHSV =15000 h~.
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adsorption is assumed, then each supercage contains at least
one SV sodium cation together with SII and SIII sodium ions,
and offers at least one adsorption site for N,O;. The fraction
of supercages holding an N,O; molecule in the saturated Na-Y
sample was 0.15 according to the refined occupancy factors
(see the supporting information) and 0.12 according to the
NO and NO, uptake derived from the inlet and outlet
concentration profiles (Figure 1B). The partial saturation of
the adsorption sites reflects the competition between the
adsorption of N,O; molecules and three water molecules

[Eq. @)].

Na,(H,0),+NO+NO, = Na,(H,0), 3(N,0;)+3H,0 )

1433-7851/00/3916-2935 $ 17.50+.50/0 2935
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7 threefold axis

Figure 2. A) Rietveld-refined position of N,O; (largest spheres), water
(small spheres), and sodium cations (medium size spheres) in zeolite Na-Y
(the lines in the ball and stick representation of the zeolite show the TO,
tetrahedra of the framework; oxygen atoms are found between the Si or Al
atoms). B) Observed electron density map revealing two symmetrically
equivalent positions for the N,O; molecule. C) Detailed representation of
the N,0O; molecule and adjacent sodium ions. Bond lengths [pm] and
angles [°] are indicated.

N,0O; can be desorbed as NO and NO, by displacing the
equilibrium in Equation (2) by flushing the adsorbent bed
with water-containing gas (Figure 1B). In contrast to this, the
nitrate-saturated zeolite Na-Y can not be regenerated with
hydrated helium gas (Figure 1 A).

The formation of dinitrogen trioxide at 260°C was moni-
tored by FT-IR spectroscopy (Figure 3A). IR absorption
bands were observed around 1270, 1590, and 1905 cm ! in an
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Figure 3. FT-IR difference spectra A) of Na-Y saturated with N,O; at
260°C and after evacuation of the cell with wet helium and B) of Na-Y
saturated with nitrate obtained by cooling the N,O; saturated Na-Y sample
40°C with fresh hydrated Na-Y sample. A = absorption.

N,Ojs-saturated sample, which were assigned to the nitro
symmetric stretch, nitro asymmetric stretch, and nitroso
stretch, respectively, of the asymmetric N,O; conform-
er.l?% 1214 The signals disappear upon evacuation of the
sample with hydrated helium gas. Cooling the N,0O;-saturated
sample to 40°C leads to an IR absorption band around
1390 cm~! (Figure 3B), which is assigned to nitrate.['"]

The temperature dependence of the nitrate and dinitrogen
trioxide adsorption capacity, derived from the NO and NO,
uptake curves, is shown in Figure 4. Nitrate formation
diminishes with increasing temperature and vanishes above
300°C. The N,0O; adsorption capacity peaks at 250°C.
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Figure 4. Temperature dependence of the nitrate and dinitrogen trioxide
adsorption capacity C of zeolite Na-Y.

Experiments carried out at 250°C with synthetic exhaust
gas containing more NO, than NO showed that NO, can be
adsorbed in molar quantities exceeding those of NO. Inspec-
tion of the adsorption site of N,O; (Figure 2 A and B) reveals
that the adsorption of N,O, can occur on the same site as
N,0;. The preferential formation of N,O; from equimolar
mixtures of NO and NO, is explained by the higher stability of
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N,O; relative to N,O,! and the much faster association
kinetics.['®]

An Na-Y sample was subjected to successive isothermal
adsorption —desorption cycles at 250°C for three days using
synthetic exhaust gas spiked with 150 ppm SO,. Regeneration
of the sample was achieved with hydrated helium gas (Fig-
ure 1C). In the 30 cycles made the N,O; adsorption capacity
remained constant at (77 & 6) pumol g1, which corresponds to
the capacity measured in absence of SO,. The low uptake of
SO, in the first cycles decreased with operation time (Fig-
ure 1C). In experiments to test for the control of NO,
emission, this N,O; adsorbent shows high sulfur resistance.
Furthermore, it allows the use of regeneration through a
change of partial pressure in a water-containing gas such as
hydrated air and does not necessitate heating.

Zeolites with the faujasite (FAU) framework topology can
exist in different chemical compositions. For reasons of charge
balance, the molar sodium content of the zeolite must equal
the molar aluminum content in the framework. The formation
of the water—sodium clusters that are active in N,O;
adsorption requires specific occupations of SII, SIII, and SV
sites with sodium (Figure 2) and depends on the Si/Al atomic
ratio of the faujasite framework. If the occupancies of these
sites in Na-X (Si/Al=1.2) and Na-Y (Si/Al=1.7) zeolites are
too high, nitrate adsorption is favored irrespective of temper-
ature. The highest adsorption capacity for N,O; was encoun-
tered in commercial Na-Y samples with Si/Al atomic ratios
ranging from 2.4 to 2.6. Siliceous Na-Y zeolites such as EMC-
1 (Si/A1=3.6)['"1 have a decreased N,O; capacity of 47 umol
of N,O; per gram at 250 °C. This result is a direct consequence
of the lower number of sodium ions available to form SII-SIII-
SV water nets. Moreover, the screening of zeolite samples
showed that N,O; adsorption is unique to Y zeolites with FAU
topology. Even the closely related EMC-2 zeolite (Si/Al=3.7;
EMT topology)!'"”! did not show appreciable N,O, adsorption.

Experimental Section

The NO and NO, concentrations in the NO, adsorption experiments were
monitored with a chemiluminescence detector (Eco Physics,
CLD 700ELht). N,O was analyzed on a ND-IR spectrophotometer
(Maihak, Unor 610). A bed of compressed zeolite powder with particle
size of 0.3-0.50 mm was mounted in a quartz tube of 0.9 mm internal
diameter that fitted in a tubular furnace. He, O,, CO,, SO,, NO, and NO,
were fed from gas cylinders using mass flow controllers. A stream of water-
saturated helium gas was added after mixing all the other gases. The
experiments depicted in Figure 1 were performed on 400 mg of Na-Y
zeolite (Si/Al atomic ratio = 2.6, Zeolyst), which represents a bed volume
of 0.6 mL. The adsorber was first by-passed for a few minutes to verify the
inlet NO, levels. The gas was then allowed to flow through the adsorbent
bed at 300 mL min~' (standard conditions), which corresponds to a
volumetric hourly space velocity (VHVS) of 30000 h~!. After saturation
of the adsorbent, identified by a NO, level reaching the inlet value, the
adsorber was closed, the lines flushed with the desorption gas, and the
adsorbent bed evacuated while monitoring the NO, concentration.

The FT-IR spectra were recorded using a Nicolet 730 instrument equipped
with a cell with CaF, windows holding a Na-Y zeolite wafer with a density
of 5 mgem. The spectral resolution was 2 cm~! and the number of scans
500. The sample was heated to 260 °C in a wet helium atmosphere, exposed
to helium gas containing 500 ppm NO, 500 ppm NO,, and 5% water, and
evacuated with hydrated helium gas (Figure 3A). In another experiment
(Figure 3B) the sample was cooled to 40°C after exposure to the NO,-
containing gas at 260°C.
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The position and nature of the adsorbed NO, species were determined
from a comparative Rietveld study of the X-ray powder patterns of the Na-
Y sample contacted with hydrated helium gas (5% water) and with a gas
mixture composed of 500 ppm NO, 500 ppm NO, 5% CO,, 5% H,O, and
10% O, at 250°C. XRD patterns of samples in sealed capillaries (internal
diameter: 0.5 mm) were recorded at room temperature in a Debye Scherrer
geometry on a Stadi P diffractometer with Cuy,, radiation. Both samples
were also measured at 250 °C between 260 =4-35° and no changes in the
intensity of the Bragg reflections at room temperature and 250°C were
detected. The arrangement of water molecules and sodium ions in the host
are not dependent on temperature, but on the amount of water present in
the cavities.'!l Refinement was conducted on data sets between 20 =4-—
70°. The low angle region was simultaneously refined with a different set of
profile parameters. The GSAS software package was used to analyze the
data. Structural parameters were refined starting with the data for a sample
hydrated at 200°C.'!l This cation-water arrangement described the
sample used for NO, adsorption correctly. Only small changes in the
powder pattern were observed after the adsorption of NO,. An analysis of
the observed and difference electron density allowed the NO, molecules
positions to be determined, which were identified by comparison with the
asymmetric N,O; conformer (Figure 2). Initially the molecules were
introduced as rigid bodies into the Rietveld refinement. Towards the end
of the refinement the rigid-body constraints were dropped. The occupancy
factors within the molecule were constricted to represent the molecular
formula. Thermal parameters of the molecule were kept fixed. The refined
powder pattern and the refined parameters of Na-Y holding N,O; are given
in the Supporting Information.
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