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Catalytic reduct,ion of nit,ric oxide wit,h ammonia was studied over trauxition metal ion ex- 
changed Y zeolites (Me-Y). Among various catalyst,s used, Cu(II)-Y way found to be of 
particular interest, exhibiting low temperature activity coupled wit,h an unusual activity- 
t,emperature profile. In the binary metal ion exchanged systems, where one of the component 
ions was fixed as Cu(II), promoting effects of the second ionic species were observed. This 
seems to be correlated with the oxidation potent,ial of the secotld ion. Both NH3 and NO were 
adsorbed considerably on Cu(II)-Y, suggesting that t,he NO-NH, reaction proceeds between 
adsorbed molecules. Further, from the measurement of reaction kiuctics, the mechanism was 
proposed to be a Langmuir-Hinshelwood t,ype of reaction of NO and NH, coordinated to 
Cu (II) ions. 

INTRODUCTION 

The removal of nitrogen oxidrs from cx- 
haust streams is a subject of current im- 
portancc. As for nitric oxide rcmovsl, t,hc 
most effective way is to rcducc it \vith 
appropriate agents over cata1yst.s. Various 
combinations of metal or mrt#al oxide cata- 
lysts and reducing agents have already bwn 
cxplorcd (1-5). How-ever, lit,t,lc is knon-n 

about the catalytic activity of t,ransition 
metal ion exchanged zcolitcs in the NO rc- 
duction reaction. In t,his paper WC: report 
on the reduction of NO I\-ith ammonia ova 

such cat8alysts. 

EXPERIMENTAL METIIOIX3 

Transition mctsl ion exchanged Y zeo- 
litcs (Me-Y) lvcrc prcparcd by treating 
Lindc Na-Y zcolitc with aqueous solutions 
of metal sulfate. After the exchange t,hc 
samplos were filtered, washed with dis- 
trilled n-atcr and dried at 100°C for 12 hr. 

The dcgrw of ion exchange \+-a~ dot.crmincd 
by chclatomrtric tit,ration of wsidual metal 
ion in the filtrat,c. In the cast of binary 
cation cxchangcd zeolitct, (Mel, Me2)-Y, 
t,hc second romponcnt, ion was exchanged 
conswutiwly aftclr the cxchsngcr of the 
first compownt ion. The cxchangc lcvol of 
each compouc~nt~ \vas dctcrmincd by X-ray 
fluorimctry using calibration curves ob- 
tained \vith singlo compownt cxchangcd 
samples. X-Ray powder diffraction pat,- 
terns of zcolita samples mcasuwd b(tforc 
and aft,cr the cxchangc confirmed that 
thcrc \vns no dctcctablc loss in crystallinity 
caused by cxchangc. 

The catalytic reaction was carried out in 
a fixed bed flow reactor under atmospheric 
pressure. The gaseous mixture of NO and 
NHI, dilutctd with helium, was passed 
through the cnt,alyst bed at a fixed contact 
t,imC, usually 1 g. s/mn3. The gas composi- 
t,ion \\-as analyzed bcforc and after the 
reaction by gas chromatography using the 
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FIG. 1. Catalytic activity of Me-Y for the NO- 
NH3 reaction. Flow rate: NO, 1.8; NH3, 1.2; He, 
57 cn+/min. Contact time, 1 g-s/cm3. Exchange 
level of metal ion is as follows. (1) Co(II), 70%; 
(2) CuOI), 68%; (3) PdW), 48%; (4) PtW), 
52%; (5) Fe(III), 75%; (6) Ni(II), 80%; (7) 
Co(III), 95%. 

following column packings ; Molecular sieve 
13 X for Nz and NO, Porapak Q for N&1, 
and Chromosorb 104 for NHs. 

The adsorption of NH, and NO on t,he 
catalyst samples was measured gravimetri- 
tally with a silica spring balance. Prior to 
t.hc adsorption, samples were dchydratcd 
i/l ZKZCUO at 400°C for several hours. 

RESULTS AND DISCUSSION 

NO-NH3 reaction over Me-Y 

The catalytic activity of various Me-Y 
catalysts for the NO-NH3 reaction was 
tcstcd over a wide range of temperature. 
The fraction of NO convcrtcd at a fixed 
contact time was taken as a measure of the 
cat,alytic activity. Figure 1 shows t.he con- 
version of NO at various temperatures. 
Thr reaction products were N2, NzO, and 
HzO. At lower conversion levels, the sclcc- 
tivity for Nz was GO-SOo/, in all t’he cases 
as listed in Table 1. 

As shown in Fig. 1, the catalytic activity 
of Me-Y as well as its temperature de- 
pendence differs greatly depending on the 
cationic species exchanged in zeolite. Unex- 
changed catalyst, Na-Y, exhibited no de- 
tectable cat,alytic activity under the reac- 
tion conditions. The exchanged catalysts 

are conveniently classified into two groups. 
The first group consists of those which 
show a monotonic increase in catalytic ac- 
tivity with increasing temperature. Pt (II), 
Pd(II), Fc(III), Ni(II), and Co(II1) ex- 
changed in Y xcolites belong to this group. 
Pt(II)-Y and Pd(II)-Y, known to be 
active in many other catalytic reactions, 
were highly active also in this case, whcrcas 
Fc(III)-Y, Ni(II)-Y, and Co(III)-Y wcrc 
much less active. The activity order was 

Pt(II)-Y >Pd(II)-Y 

>>Ni(II)-Y >Co(III)-Y. 

More interesting, howrvcr, was the second 
group consisting of Cu (11)-Y and Co (11)-Y, 
both of which were active at lower tcm- 
pcratures with unique temperature depen- 
dcnces. In the case of Cu(II)-Y, t.hc 
catalytic activity, detectable at a tempcra- 
turo as low as 5O”C, showed a boll-shaped 
dcpcndcncc upon tcmpcrat,urc, with the 
activity maximum appearing at about 
120°C. Above 3OO”C, it again incrcascd, 
though only gradually. This tcmperaturc 
dcpcndcnce was completely rcvcrsiblc over 
Cu(II)-Y. Along with this activity change, 
the color of the catalyst was found to 
change with tcmpcraturc. That is, the 
color, blue at about lOO”C, faded out 
gradually on raising temperature, becoming 
white at about 200°C. This strongly indi- 
cates that Cu(I1) is reduced to Cu(1) in 
this temperature range. Williamson et al. 
(16) and Herman et al. (17) reported that 
Cu(II)-Y was reduced t.o Cu(1) in Hz or 
NH3 at 200 and lSO”C, respcctivcly. Such 
a reduction of Cu(I1) in the prcscnt study 
was in fact confirmed by scparatc csr 
measurement. Thcrcforc, it is highly prob- 
able that the bell-shaped activity profile 
observed is correlated with t.hc change of 
the oxidation st,at’e of the copper ion, 
t,hough a quantitat’ivc correlation remains 
to be confirmed. 

A stxmingly similar behavior was ob- 
served with a freshly prepared Co(II)-Y, 
when it was examined under stopwisc tcm- 



pcraturc incrcasc. In this casr, howcwr, 
t,he catalytic reaction was accompanied by 
an irreversible deterioration of catalytic 
activity and once it dctcrioratcld the ac- 
tivity was not rcst,ort*d cwn wh(ln km- 
pcraturc was lowwd. The color change of 
t,hc cat,alyst from pink t,o bro\\n suggcskd 
the oxidat#ion of Co(I1) to Co(II1). Aftw 
t,hc deactivation, the catalyst, \vas con- 
firmed to follow the same tcmpc~rat~urc 
dcpcndcncc as Co(III)-Y, whirh exhihitcd 
nct,ivit,y only at highrr tcmpcraturcs. 

As mentioned above, only Cu(I1) nas 
associated \vith that rcvwsiblc bell-shaped 
tcmporaturc dttpcndcncc of catalytic ac- 
tivity. Since tho tcmpcrat.urc dopcndcncc 
was rather unusual, \vc ctxamincbd nhethw 
it was commonly obwrvcd wi-ith other 
faujasitc group zcolitcs. As a rwult,, Cu(I1) 
c~xchangcd Lindc 13 X and 5 A wcrc 
st’udied and wrc found to sho\v the same 
trend (Fig. 2). Spccifie act,ivit.iw per Cu(I1) 
at the activky maxima (at 12OT) new 
19.6, 20.3, and 4.S mmol NO/min for 
Cu(II)-Y, Cu(II)-X, and Cu(II)-A, rc- 
spcctiwly. Considering that zcolites Y and 
X have caviticts of largw apt‘rturc (7.4 A) 
than t,hut of zcwlitc A (4.2 A), the activity 
squmc~, Y z X > A, may b(’ att,ributcd 
to the diffcrcnce in mokcular diffusibility 
jvithin t#ho zwlitw. Similar clxamination 
was clxtc>nd(sd t,o t,hcl Cu(I1) form of the 

TABLE 1 

Selectivity for Nz in the NO-NH, React,iotl 

Catalyst Reactiotl Selectivit,y Couversion 
l.emp (“C) Nr (%I of NO (%) 

PC(II)pY I 35 -7 
G” 

21.1 
Pd(II)-Y 14s 1,7..> 
Co(II)-Y 82 64 l!).O 
co (111)-Y 430 77 24.4 
cu (11)-Y 100 70 19.0 
Fe(III)-Y 248 69 16.8 
Cu-Pd-Y 160 72 34,s 
Cu-Ni-Y 130 01 24.5 
Cu-Fe-Y 1.50 6X 31.2 
cu-CO-Y 190 78 21.4 

__- 

Reaction Temperature(“C ) 

Fro. 2. Catalyt,ic act,ivities of Cu(I1) exchanged 
faujasite group zeolites for the NO-NH3 reaction. 
Amounts of Cu(I1) exchanged in zeolites 13 X, Y, 
xnd 5 A were 3.03, 1.28, and 1 .O5 mmol/g of cst.a- 
lyst,, respectively. 

cat8ion cxchangc rkns, Ambcrlitc 200 C 
and Ambcrlyst 15, but, wither showed 
significant, cat,alytic activity below llO”C, 
probably due to t.he difficulty of transport- 
ing reactant gaws through t,ho rwins. 

Th(l wlation b(twwn the cat,alytic ac- 
tivity of Cu (11)-Y and t,h(l degree of Cu (II) 
oxchangc was cxamincd at 120°C. The 
linear relation obt,aincd in Fig. 3 is in con- 

trast, to tho caws of ol&n oxidation (6) and 
hydrocarbon cracking (7) owr m(ltal ion 
c~xchangc~d zwlitcl catalyst,s, n-hew t,hc 
catalyt’ic activities havo bwn rcporkd to 
appear only \vhcn t,hc metal ion content 
cxcwds a certain cxchangc lcvcl. In thcsc 
casw, it is understood that m(%al ions arc 
locakd prc~fcrably at inactive siks at the 
lowr c>xchnngcl lcvc~l. P type zwlitc has 
wwrnl cation sitw in it,s unit wll, in such 
plaws as the h(*xagonal prism (site: I), 
p-tag(1 (I’ and II’) a.nd supwcago (II, III, 
catc.). Of thaw sitw, site I and probably 
sitw I’ and II’ arc unfavorable in the ca- 
talysis bwauw the space of the sitcl itself 
or tlic cavit,y apcrtuw leading to it is con- 
ceivably too narrow. According t,o Gallczot 
et al. (8), in t,hr d(khydrated Cu(II)-Y of 
57% rxchangc, Cu(I1) ions aw locat,ctd at 
sitw I and I’. Ho\vwcr, upon hydration of 
tlicl zcolitc or complcxation of t,lic m&l 
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Catalyst 
system 

cu-CO-Y 
Cu-Pd-Y 
Cu-Fe-Y 
Cu-Ni-Y 

cu-Y 

sp act 
of cu* 

5.4 
2.9 
2.4 
1.5 

1 

TABLE 2 

The Promot.ing Effect of Co-exchanged Metal 
~~~___~__.__ 

Redox potential (V) 

co?+/co3+ 1.82 Co(NH#+/Co(NHa)$+ 0.11 
Pd,‘Pd”+ 0.99 - - 
Fez+/Fe3+ 0.77 - - 
Ni/N?+ -0.25 Ni/Ni(NH3)$+ -0.47 

cu+/w+ 0.15 Cu(NH,)?+/Cu(NH#+ -0.01 

a Measured at the temperature of maximum activity (ca. 120°C) and represented relative to Cu-Y. 

ion, the distribution of cations is likely to 
be changed in such a manner that more 
cat’ions occupy the sites in the larger 
cavities. In the present study, the catalysts 
were kept at relatively low tcmpcraturcs 
in the prcscnce of NH, and HzO. Hcncc, 
Cu(I1) ions arc considered to be situated 
in supcrcages to a considerable amount cvcn 
at low exchange levels, giving rise to the 
linear correlation in Fig. 3. 

In this connection, interesting are the 
reports (9-12) that NH, is adsorbed on 
Cu(I1) exchanged in Y type zcolitc to form 
a square planar complex Cu (NH,) J2+ in the 
supcrcagc at. low tcmpcratures. It has also 
been reported t’hat the complete removal 
of NH, from the complex results in the 
migration of Cu(I1) ions from the super- 
cage to the P-cage (13). Considering these 
fact,s, it is possible that the bell-shaped 
correlation is coupled with such a cation 

- 60 
- t i 

0 20 40 60 80 
Cu (II) Exchanged (%) 

FIG. 3. Relation of the catalytic activity of 
Cu (H-Y to the exchange level of Cu(I1). 

migration in the zcolite. However, we 
think it more plausible that the correlation 
is associated with the change of the oxida- 
tion state of Cu as mentioned above. 

Catalytic Reaction over (Mel, Me2)-Y 

Another intcrcsting phenomenon was ob- 
served when binary metal ion exchanged Y 
zcolites, (Mel, McJ-Y, were used. The 
catalytic activity-tcmpcraturc profiles are 
shown in Fig. 4, where one component is 
fixed as Cu(I1). The profiles arc substan- 
tially the superpositions of those on the 
single metal ion exchanged zcolitcs. Quan- 
titatively, however, additional promoting 
cffccts in catalytic activity wcrc apparent 
in some of the binary syst’ems. For cxamplc, 
[Cu(II), Fe(III)]-Y cxhibitcd, at thr tcm- 
pcrature of the maximum activity, a specific 
activity per Cu(I1) 2.4 times as high as 
that expected from the single component 
systems. Table 2 shows the rclativc specific 
activity of Cu(I1) when promoted by the 
second components. The cffcct dccrcases in 
the order Co > Pd > Fc > Ni. Since this 
sequence coincides with the order of the 
standard redox potential of the metal ions, 
as shown in Table 2, it is conceivable that 
the coexisting metal ion participates in the 
catalysis as a rcdox system to aItcr t,he 
Cu (II)/Cu (I) ratio, though the promoting 
cffcct of Ni is difficult to account for in the 
same way. From Fig. 4, it, is cvidcnt that 



Cu(I1) also promotrs the catalytic artion 
of other metal ions. 

Cu(ll)-Y 

In order t,o clucidato the mechanism of 
t,hc NO-NH, reaction ovw Cu(II)-Y, cx- 
pcrimcnts wwc pcrformc>d on the adsorp- 
t,ion of t,hc reactant gasps as \v(ill as on t,hc 
reaction kinetics. 

Figure 5 shows thtx progross of adsorption 
of NH3 and NO wit,h time. h cottsid(lrablc 
atnouttt of NH3 was adsorb(td on utwx- 
changed zwlit,(~, Sa-Y, while with Cu(II)-Y 
rapid adsorption on Cu(I1) ions occurred 
additionally. In contrast, KO adsorption 
was slow on Cu(II)-Y and was negligibly 
small on Na-Y. The amouttt,s of udsorbcd 
NH8 and NO att sat,uratiott arc shown in 
Fig. 6 for various partial pwsurw. In the 
cast of NHZ, a net amouttt of adsorpt,ion 
on Cu (II) was obtained frotn t#hc diffwcwcc 
botwcett Cu(II)-Y and N:L-Y. This gave 
the awrago number of adsorbed KH, per 
Cu(I1) qua1 to 2.5-4 at 25°C and 1.7-2.5 
at llO”C, dqwttding on the: Cu (II) ox- 
chattgc lcvcl and the partial prwsurc~ of 
NH,. Flcttt8gc: et al. (11) have: dw~ottsjtratt~d 
t#ltat t#hc ratio SHJCu(I1) bwomw 4 to 
form the tctra-ammitw complex at, lowr 

Reaction Temperature(OC) 

FIG. 4. Catalytic activity of (Cl1(11), Rle2)-Y 
for the NO-NH, reactsion. (1) Cu(II), 31%; Co(II), 
62%; (2) Cu(II), 32%; Pd(II), 21%; (3) Cu(II), 
36%; Fe(III), 62yo; (4) Cu(II), 58%; Ni(II), 380/,; 
(5) Cu(II), 68%. 
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FIG. 5. Time courses of adsorpt,iou of NII, and 
NO over Cu(II)-Y and Nn-Y (23°C). 

ctxchangc levels but t#hat at higher cxchangc 
lovcls t,hc ratio doviatcs from 4 to a stnallcr 
one due: to the incrcasc of Cu(I1) ions 
locating at, siWs unfavornblc for complex 
formation. 

In the caw of r\;O adsorpt,iott, t,ltc! ob- 
wrwd NO/Cu(II) ratio was about unity 
(02-1.3). This coincidrs I\-it,h the reports 
(14) that the ratio NO/metal bccomw 
unity in NO adsorption over F(1203, Xi’io, 
Cry03 and Pt black. Ho\\cwr, it, is to bc 
not,cld that, the adsorption of NO in the 
prcwttt cast was irrrvcrsiblc, i.c., the wacu- 
ntion had little &cot on the dworpt~iott. III 

FIG. 6. Adsorptiolt of NH, and NO over zeolite 
&nlyst~s (25°C). 
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FIG. 7. Langmuir plots for isotherms of NH, ad- 
sorption on Cu(I1). 

this respect, Kasai and Bishop (15) re- 
ported that Cu(I1) exchanged in Y zcolite 
undergoes an electron transfer reaction 
with adsorbed NO, being reduced t’o Cu(1). 

The isotherm for NH, was expressed by 
t#he Langmuir equation, 

SKP P P 1 
v, = or -= 

1 + KP V, 
s+-& (1) 

where V, is the adsorbed amount in equi- 
librium ; P, the partial pressure of adsorb- 
ate; K, the adsorption equilibrium con- 
stant ; and S, the total number of adsorbent 
sites. P/V, is plotted vs P in Fig. 7. In 

Fig. 7, t#he Ire values are for the net amount 
of NH3 adsorbed on Cu(I1) ions. The 
straight lines intercept near the origin, 
suggesting large K values. K is immeasur- 
ably large at 25”C, whcrcas it is 260-360/ 
atm at 110°C. 

Figure S shows the depcndcncc of the 
rate of the NO-NH3 reaction upon the 
partial pressures of reactant gases, PN o and 
Z’ NQ, at 110°C. The reaction order was 
unity in Z’N~ and 0.3-0.5 in PNHI. This was 
also the same at 140°C. The experimental 
rate equation was thus : 

where ko is an empirical rat’c constant. This 
suggests t’hat the reaction sites arc domi- 
nantly occupied by XHa in prcfcronco to 
NO. 

On the basis of these cxperimcntal re- 
sults on the adsorption and the kinetics, 
we tentatively propose that the NO-NH3 
reaction occurs between NO and NHs 
molecules coordinat’cd to Cu(I1) ions. 

NH3 + Cu(II)-Y = NH,. . .Cu(II)-Y, (3) 

NO + Cu(II)-Y = NO. . .Cu(II)-Y, (4) 

NHs . . .Cu(II)-Y + NO.. .Cu(II)-Y 

-products. (5) 

For the Langmuir-Hinshclwood type of 
reaction, the following rate equation is 
derived. 

dpivo 
r= -~ 

dt 

~KNOKNII$NOPNHI 

= (1 + KNOPNO + KNH$NH$ ' 
(6) 

where E is the rate constant. Considering 
that KN~PNO << KNH~PNH~ in the prcscnt 
case, Eq. (6) is simplified to Eq. (7). 

r = ~KNoKNH~I'NOPNII~/ 

(1 + KN II$N I$. (7) 

Equation (7) satisfies tho first order in 
NO experimentally found. To c>xamine the 

2.0t / 
& 

‘) 

0’ 

; 1.0 I No/o / .7- 

mz 0.6 - /” .’ 

“0’ $ 0.4 - y / NH3 2) 

-4 
0.21 ’ “I I I,,,,, 

0.6 1 2 4 68 
PNH30r &(atm)x lo” 

FIG. 8. Dependence of the rate of NO-NH, reac- 
tion on the partial pressures of NO at PNH~ = 0.002 
atm (1) and of NH, at PNO = 0.03 atm (2) (110°C). 
Catalyst &(11)-Y (6295). 
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to the gases, in agrwmcnt, w\-;t,h our results 
ment,ioncd b(lforc. 

The reaction scheme proposed abovc is 
ronccrncd only with the rat,c dctcrmining 
st,clp. The waction pat,h loading t,o thr final 
products, Np, N&, and H& sums to bc 
vctr> complex. Furthw studks arch in 
progrws. 
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