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Abstract

The catalytic activities of a series of alkali and alkaline earth cation exchanged Y, FAU zeolites were investigated in the non-thermal
plasma-assisted NQreduction reaction using a simulated diesel engine exhaust gas mixture. The catalytic activity of the Y, FAU zeolite
showed significant variations with both the nature of the charge compensating cation, and the method of catalyst preparation. Our results show
that conventional multiple solution ion exchange is insufficient to prepare the most active catalyst for the given cationic form. The highest
NO, conversion level was achieved over a Ba-Y, FAU which was prepared by a multiple ion exchange method, in which each solution ion
exchange step was followed by a high temperature calcination. A systematic change in the catalytic activity was observed as a function of the
charge density around the charge compensating cation. For both catalyst series (alkali and alkaline earth ion exchanged Y, FAU), the specific
activity decreased with increasing electrostatic field around the charge compensating cation. The large difference irethechtih activity
at a givere/r ratio, however, may suggest different reaction mechanisms for the two sets of catalysts. Indeed, there is a noticeable difference
in the product distribution (selectivity) for the alkali and alkaline earth series of catalysts. Our results also reveal that extreme care must be
taken when catalytic activities are compared for seemingly similar materials. We found that two base zeolite materials with identical Si/Al
ratios, obtained from the same manufacturer but from different synthesis batches show significantly different catalytic behavior.
© 2003 Published by Elsevier B.V.
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1. Introduction chemistry inside the plasma reactor is complex, but fairly
well understood2,3]. It is concluded that the two most im-
Increased fuel efficiency of internal combustion engines portant reactions initiated by the plasma are the practically
and controlling vehicle exhaust emissions are the two major complete conversion of NO into NQand the partial oxi-
concerns in automotive engine development. An important dation of unburned hydrocarbons in the exhaust gas. Thus,
way to enhance fuel efficiency is to operate engines underthe important catalytic chemistry involves the reaction of
‘lean’ conditions, i.e., in an excess of oxygen. Today diesel NO, with these partially oxidized hydrocarbons. We have
engines are the only ones that operate under truly oxidizing previously shown that aldehydes are particularly effective
conditions. Unfortunately, ‘lean’ engine operation makes reductants for the catalytic conversion of N].
the efficient catalytic exhaust control a major challenge. In. Balmer et al.[5] have recently reviewed the literature
particular, traditional three-way catalysts are unable to re- comparing various catalysts found to show some activity
duce NQ under net oxidizing conditions. Therefore, there for NO, reduction when combined with a non-thermal
is a large effort worldwide to develop new concepts and plasma. More recently, two sets of catalysts have been
catalysts for automotive after treatment to comply with the found to be especially effective for NQconversion in a
increasingly stringent environmental regulatioiy. One  plasma-treated exhaust gas stream: zeolite-based catalysts
of the new, promising technologies is plasma-assisted NO for light duty diesel enginefs5—7] and alumina-based cata-
reduction. In this process a non-thermal plasma reactor |ysts[8] for heavy-duty diesel engines. These catalysts have
is inserted between the engine and the catalyst bed. Thepeen shown to be active in different temperature regimes.
The zeolite-based catalysts show the highest activity in the
* Corresponding author. 473-523 K range, while the alumina-based materials work
E-mail address: chuck.peden@pnl.gov (C.H.F. Peden). well above 623 K. Among the zeolite-based material Na-
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and Ba-ion exchanged Y, FAU materials showed the most ture, the gas flow was switched to the reactant gas mixture,

promising activities in NQ reduction. and the NQ level was monitored with a chemiluminescent
Here we report the results of a systematic study on the NO, analyzer (Rosemount, Model 955). As soon as thg NO

alkali and alkaline earth ion exchanged Y, FAU catalysts. The levels stabilized, the plasma was turned on at a power level of

two key questions we sought answers to are: which cationic 10 J/I (0.35W). (The protocol for the measurement and ad-

forms are the most active catalysts for plasma-assisted NO justment of the plasma power were performed according to

reduction; how does the catalyst preparation influence the
catalyst performance.

2. Experimental

The catalysts used in this study were prepared from a
Na-Y, FAU zeolite (Si/Al~ 2.6), obtained from Zeolyst In-
ternational Co. (CBV 100), by solution ion exchange. The
Na-Y, FAU extrudates (1/16in.) (containing approximately
10% alumina binder) were ion exchanged with agueous so-
lutions of the corresponding nitrate salts. For the preparation
of Ba-Y samples, a Ba(C¥OO), solution was used due
to the low solubility of Ba(N@),. The ion exchanges were
carried at room temperature (295 K) for 48 h with solutions
of 0.5mol/l. Following the solution ion exchange the sam-
ples were thoroughly washed with distilled water and then
dried at 393K in air. Prior to each catalytic experiment, the
samples were calcined at 773K for 4 h in air.

Two basic catalyst preparation methods were established:
in one method the starting Na-Y material was solution ion
exchanged one to four times with the corresponding cation
containing aqueous solution, washed with water and then
dried and calcined. These materials are labeled as(M-Y
1), wherex represents the number of solution ion exchange
(1 < x < 4), and M the alkali or alkaline earth cation.
In the other method, after each solution ion exchange step
the catalyst was washed, dried and calcined at 773K for
4h in air. These samples are designated as (M-Y y),
wherex represents the number of solution ion exchange and
y the number of high temperature calcinations<1x =
y < 4). Catalyst compositions and ion exchange levels were
estimated from ICP analysis of the prepared samples.

The NOQ, reduction activities of the catalysts were mea-
sured in a two-stage non-thermal plasma/catalytic reactor
system described in detail previou$®j. Briefly, the system
consisted of a dielectric barrier discharge between an array
of oppositely polarized electrodes followed by a packed bed
catalytic reactor. The electrical power source consisted of a
high voltage sinusoidal wavefront, an audio amplifier and a
high voltage transformer. A simulated exhaust gas mixture
of 8% O, 2% HO, 245 ppm NO, and 520 ppmzBe in
N> balance was used in the catalytic tests. The total flow
rate was kept at 2.11 corresponding to a space velocity of
approximately 12000H. In the bottom portion of a quartz
reactor, 10 ml catalyst was placed on top of quartz wool, and
then the empty upper part of the reactor was filled with glass
beads for efficient heat transfer. Typically, the reactor was
first heated up to 443 K in flowing nitrogen without turning

Tonkyn et al.[9].) Throughout the catalytic measurements,
the NQ; level (NO+ NOy) was monitored. Periodically the
NO level was measured, allowing us to estimate the quantity
of unconverted N@. During the catalytic tests the reaction
temperature was raised form 443 to 563K in 30K incre-
ments. At each temperature, sufficient time was allowed to
reach steady state (or near steady state).

3. Results and discussion

The maximum NQ conversion (defined as [total NO
out of the catalytic reactor]/[total NO into the plasma reac-
tor] x 100) of the base Na-Y catalyst (as received from the
manufacturer) is 55% and it is measured at a reactor tem-
perature of 473 K. With increasing temperature the activity
of Na-Y decreases gradually, and it drops to below 40% at
563 K. Substitution of N& ions by B&™ ions brings about
a large increase in NQreduction activity. The NQ con-
version on Ba-Y(1-1) catalyst at 473 K is 74%, almost 20%
higher than that of the base Na-Y. The N€onversion as
a function of reactor temperature is shown for Na-Y and a
series of Ba-Y{f — 1) (1 < x < 4) in Fig. L The tempera-
ture dependence of the N@onversion is very similar for
all these catalysts, going through a maximum at 473 K. Be-
sides the large increase in N@onversion upon B4 ion
exchange, the most important observation fiéign 1is that
the NO, conversion is practically the same for all8aion
exchanged Y, FAU samples. This may suggest that, under
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Fig. 1. The effect of multiple solution ion exchanges on the catalytic

activities of Ba-Y, FAU zeolites. The Na-Y starting material was ion
exchanged with Ba(C¥COOH), solution one to four times, and then the

on the plasma. Upon reaching the desired reactor temperasamples were calcined at 773K for 4h.
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Fig. 2. The effect of solution ion exchange/high temperature calcination F19- 3: The effect of ion exchange level in Ba (Na)-Y, FAU zeolites on
cycles on the catalytic activities of Ba-Y, FAU zeolites. (Afteach the NO, conversion activity. T_he catalys_ts were prepared from solutions
solution ion exchange step the catalyst was calcined at 773K for 4h.) Containing various concentrations of Baions.

solution was changed in order to prepare a series of Ba-Y

the given ion exchange conditions, the first ion exchange is samples with different B& /Nat ratios. The percentages in
effective in replacing most of the accessible™Nans with the figure refer to the Ba ion exchange levels estimated
Ba?t ions. for the results of ICP analysis. The N@onversion as a

Modifying the catalyst preparation conditions such that function of reaction temperature for this series of catalysts
each solution ion exchange is followed by a high temper- is illustrated inFig. 3. The figure also shows the results for
ature calcination step results in significant changes in the Ba-Y(1-1) and Ba-Y(2-2) for comparison.
NO, conversion levels for the thus prepared Ba-Y catalysts. A more quantitative comparison of the reactivity of a se-
NO, conversion as a function of reactor temperature is dis- ries of Ba-Y catalysts for plasma-assisted Nf@duction

played inFig. 2 for these Ba-Y{ — y) (1 < x = y < can be made by plotting the specific catalytic activities, ex-
4) catalysts. The activities of the multiply ion exchanged pressed as the number of N©@onverted per supercage per
Ba-Y(x — y) catalysts are significantly improved whenr= second, as a function of the number of?Bdons per unit

y = 2. NO, conversion over these catalysts is above 80% cell. Fig. 4 shows this comparison of the specific activities
in the 473-513 K temperature range. As we have discussedat a reaction temperature of 473 K. The catalytic activity of
in detail in our previous publicatiofi.0], the most proba-  Ba-Y linearly increases with the average number of'Ba
ble explanation for this large activity increase is the cation ions present in a unit cell. This figure clearly shows that the
redistribution inside the zeolite structure upon the high tem- Ba-form of the Y, FAU zeolite is intrinsically more active
perature calcination step of the catalyst preparation processfor plasma-assisted NQeduction than the parent Na-Y.
The consequence of this high temperature cation redistri-
bution is that additional N& ions become accessible for
Ba®" ion exchange in successive ion exchange steps. The
final outcome is an increased BdNat ratio, and higher
NO, conversion. Note that the largest increase in activity
is observed for the Ba-Y(2-2) sample. Additional solution
ion exchange/calcination cycles result in only marginal im-
provements in NQ conversion. It is also worth mention-
ing that the multiple ion exchange/calcination preparation
procedure produced catalysts with vastly improved catalytic
performance in the high temperature regime studied here.
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The results just presented demonstrate a vastly improved
catalyst performance when Ba ions are substituted for Na /
in Na-Y, FAU zeolites. To study the effect of the BdNa’ 6 - w w
ratio on the NQ conversion in more detail, we prepared a 0 10 20
series of Ba-Y/Na-Y catalysts where the extent of exchange Number of Ba/unit cell

was controlled. The samples were prepared by a single SO

. . . . ig. 4. Specific NQ reduction activity as a function of the number of
lution ion exchange followed by a high temperature calci- g2+ jons per unit cell. Activities are compared at a reaction temperature

nation. The concentration of the Baions in the aqueous  of 473K.
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Fig. 5. NO; conversion for Li-, Na-, K-, and Cs-Y, FAU zeolites in the

443-563 K temperature range. All catalysts were prepared by two solution Fig. 6. NO, conversion for Mg-, Ca-, Sr-, and Ba-Y, FAU zeolites in
ion exchange/high _temperature calcination cycles with the exception of the 443-563K temperature range. All catalysts were prepared by two
Na-Y used as received. solution ion exchange/high temperature calcination cycles.

So far we have shown a clear correlation between the clear activity trend in the conversion of NQi.e., Mg <
quantity of the cations present in cationic positions of Y, Ca< Sr < Ba-Y(2-2) at all temperatures. The Mg-Y sam-
FAU zeolites and the activity of a given catalyst in the NO ple shows very low NQ conversion over the entire tem-
reduction process studied. We have also demonstrated thaperature range studied; its maximum activity ©62% is
the Ba-form of the Y, FAU is a much better catalyst in this measured at 473 K. On the other hand, the Ba-Y catalyst is
process than the base Na-Y zeolite. Next we systematicallythe most active among all the catalysts we have studied. As
investigated how the nature of the cation in the zeolite af- noted before, NQ conversion level over this catalyst in the
fects the NQ reduction activity. To this end we prepared 473-503 K temperature region is above 80%. The activities
two series of catalysts from the parent Na-Y material: alkali of the Ca-, and Sr-Y samples are between those of the Mg-
and alkaline earth ion exchanged ones. We chose the prepaand Ba-Y zeolites. The activity trend observed for the alka-
ration method that gave very good results for Ba-Y, i.e., two line earth ion exchanged catalysts seem to correlate with the
solution ion exchanges, with high temperature calcination basicity of the cations in charge compensating positions of
after each ion exchange step. The catalysts are designatethe zeolite framework.
as M-Y(2-2). The activity results for both sets of catalysts studied are

The NQ, conversion as a function of temperature is shown summarized irFig. 7. Here the specific catalytic activity,
in Fig. 5for Li-, Na-, K-, and Cs-Y(2-2) catalysts. Practi- defined as the number of N@onverted per supercage per
cally complete ion exchange was achieved in the Li- and second, measured at 473K reaction temperature is plotted
K-Y(2-2) preparation, while in the Cs-Y(2-2) case the ion as a function of charge density (charge/ionic rad&, In
exchange level was below 50%. At the lowest temperature this presentation of the activity data, there are clear trends
studied (443 K) Na-, K-, and Cs-Y show practically the same
activity toward NQ conversion, while Li-Y is much less

active. With increasing reaction temperature the,N©ON- é 10 AR 25" Alkali metal
version decreases for all four, alkali ion exchanged materi- *g —A—Alkaline earth
als, however their trends are very different. Li-, and Na-Y 29

show very similar trends, their NOconversions decrease % g g | ]° Sr

almost linearly with temperature. The N©onversion plots S g

for these two materials are parallel to each other in the en-  § e K Ca

tire temperature range studied. On the other hand, the trends ;,i s 6 Na

in reactivity with temperature observed for the land Cs 8 \AM
ion exchanged catalysts are distinct. Their N@duction ?_ L ¢
activities are high at low temperature, but drop very rapidly £ 4

with increasing reaction temperature.

The NQ;, conversion results for the Mg-, Ca-, Sr-, and
Ba-Y(2-2) samples are displayed fig. 6 as a function of elr
reaction temperature. The trends for the alkaline earth ion Fig. 7. Specific NQ reduction activity as a function of charge density
exchanged zeolites are very different from that discussedaround the charge compensating cations in the Y, FAU framework. Ac-
above for the alkali ion exchanged ones. Here there is ativities are compared at a reaction temperature of 473K.

050 150 250 3.50 450 550
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for both sets of catalysts studied here, i.e., the activity in- 20

creases with decreasirgy. This correlation seems to em- r%\
70 \1\‘\‘

phasize again the importance of the basic character of the
catalysts in the plasma-assisted N@duction process. Al-
though there is correlation between activity afdfor each

set of catalysts, there is a disconnect between the two sets
of catalysts. This suggests that charge density around the
charge compensating cation is not the only factor influenc-

NO2 conversion(%)

ing the overall NQ reduction activity. %0 Ta-uive2

Another clear difference between the alkali and alkaline lﬁgz
earth ion exchanged zeolites is the strength of,Na@- —O-—CsY22
sorption. As we have discussed previoudl9] for the Na- 30 : ; ‘ ‘
and Ba-ion containing catalysts, MN@dsorbs much more 440 470 500 530 560
strongly on the Ba-Y sample. For this latter catalyst mate- Reaction temperature/K

rial, we observed two desorption features in the,NIPD,
one at around 350K and the other at 450 K. On the other Fi9- 8. NG conversion for Li-, Na-, K-, and Cs-Y, FAU zeolites in the
hand, for Na-Y there was only one desorption feature at the 443-563K reaction temperature range.
same temperature as the low temperature desorption feature
for Ba-Y. There are other possibilities that may contribute ~ The NG conversion as a function of reaction temperature
to the very different behavior observed for the two sets of for the alkali ion exchanged zeolites is showrFig. 8 The
catalysts. In the reactant gas mixture there is a significanttrends observed for Nfoconversion are strikingly similar
amount (2%) of HO present. It is well known, that alkali  to those seen for NOconversion inFig. 5. At low reaction
and alkaline earth ion exchanged zeolites interact with wa- temperature (473 K) both K- and Cs-Y(2-2) converts more
ter differently. While alkali ion exchanged zeolites do not than 80% of NQ. At this high NQ conversion level we
dissociate adsorbed water, alkaline earth ion exchanged zeobserved the highest N@onversion activity as well. How-
olites do, consequently creating Bronsted acidic sites insideever, as the reaction temperature increased thg dd@ver-
the zeolite channels under reaction conditions. This may sion over these two catalysts falls sharply, and above 500 K
significantly influence the interaction between the (partially most of the NQ passes through the catalyst bed unreacted.
oxidized) hydrocarbons and the zeolite. These differencesAgain, we see a very different trend for the other two alkali
between the two sets of catalysts may suggest a somewhaion exchanged zeolites, Li- and Na-Y. Their ll€nversion
different mechanism by which these materials work in the activity is the highest at 473 K, and gradually decreases with
NO, reduction process. increasing reaction temperature. The similarity between Li-
So far we have discussed the total NEbnversion lev- and Na-Y on the one hand, and for K- and Cs-Y on the
els for the two sets of catalysts, and drew comparisons onother hand is striking. It is currently not clear why these
that basis only. It is also very useful to take a look at the two sets of catalysts (all belonging to the alkali metal ion
NO, conversion levels (defined as [N©Out of the catalytic exchanged zeolite group) behave so differently in this reac-
reactor]/[total NO into the plasma reactor[LO0) on these  tion. The very high activity for the K- and Cs-Y sample at
two catalyst series. For this, it is assumed, and previously low temperature may suggest that the intrinsic activities of
confirmed by experiment®], that NO is completely con-  these cationic forms are very high. In fact, they might be so
verted into NQ in the non-thermal plasma reactor. This active, that they form some type of low reactivity surface
means that the only NOspecies that reaches the catalyst intermediate at higher temperature, which ultimately leads
bed is NQ. NO, is a very strong oxidizing agent and can to their very fast deactivation. Current in situ FT-IR reactor
directly oxidize hydrocarbons/partially oxidized hydrocar- experiments are aimed at addressing this issue.
bons, while itself is converted back into NO. This is an The NG conversion data for the alkaline earth ion ex-
undesirable process, since the thus formed NO will passchanged Y zeolites are displayedhig. 9. The trends for
through the catalyst bed without taking part in the NO these catalysts are very different from those we just dis-
reduction process. The desired processes fop df@ the cussed for the alkali ion exchanged ones. The most impor-
ones in which it interacts with hydrocarbons on the catalyst tant observation is the very high level of N@onversion
and forms intermediates that eventually lead to the forma- for all of the alkaline earth ion exchanged samples. Except
tion of Nz, and also some other N-containing compounds for Mg-Y, all the other catalyst show NCGronversion levels
(e.g., HCN) that might be easily converted into harmless above 90% over the entire temperature range studied. Also
compounds in additional catalytic steps. Thus at a mini- note thatthe N@conversion is very stable, it hardly changes
mum, we can define two pathways for N©Over the M-Y with increasing reaction temperature. These results show
zeolites: (1) catalytic N@ reduction to N, N2O, HCN, that the interaction between N@nd the alkaline earth ion
etc.; (2) NQ to NO via reaction with the catalyst and/or a exchanged Y zeolites is strong. From the result&igk. 6
‘direct’ reaction with hydrocarbonaceous species. and 9 we can deduce that a significant fraction of theJNO
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100 e A are significantly different. We also prepared, under the same
conditions, the alkali and alkaline earth ion exchanged Y ze-
olite catalyst series from both base materials, and for each

9 pair of samples we observed the same differences in NO
£ 801 conversion, NO and Ng®yields (results are not shown). At
g present the root cause of this variance from batch to batch
% is unknown, however, these results serve as a caution to
o 60 those attempting to quantitatively compare catalytic results
P —Oo—MgYZ2Z | . . .
2 obtained from materials that are thought to be very similar.
——CaY2-2
—+—SrY2-2
—>—BaY2-2
40 ‘ ‘ ‘ ‘ 4. Conclusions
430 460 490 520 550 580
Reaction temperature/K Alkali and alkaline earth ion exchanged Y, FAU zeolites

are effective catalysts in the plasma-assisted Kgduction
process. In particular, Na-Y in the alkali series, and Ba-Y in
the alkaline earth series show very promising activity for this
reaction. The significant differences observed for both,NO
that arrives onto the alkaline earth ion exchanged Y zeo- and NG conversions for the two series of catalysts suggests
lites gets converted back to NO. Since the N€dnversion  that the reaction pathways may differ depending on the na-
is almost 100% over these catalysts, we can conclude thatiyre of the charge compensating cation in the zeolite. We
with increasing reaction temperature an increasing fraction have shown that that the performance of a catalyst may be
of the incoming NQ is converted back to NO, resulting in  sjgnificantly influenced by the preparation method. Multiple
a decreased overall N@@onversion at higher temperatures. splution ion exchange is insufficient for the preparation of

In the limited literature on plasma-assisted catalysis, sig- the most active catalysts. High temperature calcination fol-
nificant variations can be seen for apparently similar mate- |owing each solution ion exchange step is necessary to ob-
rials and reaction conditions. To this end we evaluated two tajn the highest catalytic activities. Our results also suggest
Na-Y, FAU zeolites (CBV 100) of Si/Ak~ 2.55, received  that quantitative comparison among the activities of seem-
from the same manufacturer (Zeolyst). Chemical composi- ingly similar catalysts must be handled with extreme care.
tion, Aland SiNMR analyses showed no difference between Here we presented results for two “identical” Na-Y materi-
the two materials. However, they behaved significantly dif- ajs that exhibited very different catalytic activities.
ferently for the plasma-assisted reduction of NOhe NG,
conversion, NO, and N®yields for these two Na-Y sam-
ples are compared #fig. 10 The Na-Y catalysts from batch  Acknowledgements
number 1825-59 shows an average of 10% highey kian-
version than the one for batch number SX 0499-002. Al- The authors would like to dedicate this paper to the
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very similar for these two Na-Y samples, the absolute values and inspired the research on and development of plasma

catalysis processes for NQeduction at Pacific Northwest
75 National Laboratory (PNNL). We gratefully acknowledge

Fig. 9. NG conversion for Mg-, Ca-, Sr-, and Ba-Y, FAU zeolites in the
443-563 K temperature range.

the US Department of Energy (DOE), Office of Energy
S 65 Efficiency and Renewable Energy, FreedomCAR and Vehi-
2 55 - cle Technologies for support of this program. The research
5 45 - described in this paper was performed at the Environmental
S Molecular Sciences Laboratory, a national scientific user
S 35 - facility sponsored by the DOE Office of Biological and
g 25 Environmental Research and located at PNNL. PNNL is
g operated for the US DOE by Battelle Memorial Institute
O 15 under contract no. DE-AC067RL0O1831. The authors thank

5 ‘ | | | Mr. T. Hart for the ICP analysis of the zeolite catalysts.

420 450 480 510 540 570

T ture/K
emperature References

Fig. 10. Comparison of NQ conversion, NO and N@®yields for two
Na-Y, FAU starting materials. The chemical compositions of the two [1] J. Kaspar, P. Fornasiero, N. Hickey, Catal. Today 77 (2003) 419.
catalysts are the same. [2] C.R. McLarnon, B.M. Penetrante, SAE 982433.



JH. Kwak et al./Catalysis Today 89 (2004) 135-141 141

[7] M.L. Balmer, R. Tonkyn, A. Kim, S. Yoon, D. Jimenez, T. Orlando,
S.E. Barlow, J. Hoard, SAE 982511.

[8] K.G. Rappe, C.L. Aardahl, C.F. Haberger, D.N. Tran, M.A. Delgado,
L.-G. Wang, P.W. Park, M.L. Balmer, SAE 2001-01-3570.

[9] R. Tonkyn, S. Yoon, S.E. Barlow, A. Panov, A. Kolwaite, M.L.
Balmer, SAE 2000-01-2896.

[10] J.H. Kwak, J. Szanyi, C.H.F. Peden, J. Catal. 220 (2003) 291.

[3] B.M. Penetrante, R.M. Brusasco, B.T. Merritt, W.J. Pitz, G.E. Vogtlin,
M.C. Kung, H.H. Kung, C.Z. Wan, K.E. Voss, SAE 983508.

[4] A.G. Panov, R.G. Tonkyn, M.L. Balmer, C.H.F. Peden, A. Malkin,
J.W. Hoard, SAE 2001-01-3513.

[5] M.L. Balmer, R. Tonkyn, S. Yoon, A. Kolwaite, S. Barlow, G.
Maupin, J. Hoard, SAE 1999-01-3640.

[6] J. Hoard, M.L. Balmer, SAE 982429.



	Non-thermal plasma-assisted NOx reduction over alkali and alkaline earth ion exchanged Y, FAU zeolites
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


