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Abstract. Adsorption isotherms of nitrogen monoxide (NO) and in situ EPR spectra of adsorbed NO on mordenite
zeolites (MOR) of different cation types (HM, NaM and CaM) are measured at different temperatures to elucidate
the effect of the strong adsorption promoted by the enhancement of potential field in micropore of MOR (micropore
filling) as well as the electrostatic interaction in MOR on NO adsorption. The NO molecules adsorb irreversibly
and fill up the micropore of MOR at 201 K, above the critical temperature of NO, regardless of the kind of cation
species. The NO adsorption takes place even at 273 K. In the adsorption at 273 K, the strength of electrostatic field
formed by cation sites affects the adsorptivity and the order of saturation amount of ads¢vitioarresponds

to that of the electrostatic field strength. EPR results show that NO molecules strongly interact with cation sites in
MOR and disproponation reaction of NO take place on CaM.
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Introduction Mordenite (MOR) zeolite has a unidimensional
channel structure with pore opening 066 x 0.67 nm

Microporous zeolites are crystalline aluminosilicates (Meier, 1992). The pore dimension of MOR is small
with framework anions and exchangeable cations in enough to cause the micropore filling in the adsorption.
their structure. The anion-cation pairs form strong elec- Furthermore, cation sites in the channel of MOR form
trostatic fields and strongly interact with adsorbate a strong electric field that exert strong attractive force
molecules (Barrer, 1966, 1978; Kiselev, 1965). The on polar adsorbates. Therefore, MOR would be an ap-
electrostatic field strength varies with cation types as propriate adsorbent to study the effect of the micropore
well as Si/Al ratios of the zeolites and the difference filling as well as the electrostatic interaction relevant
in the strength affects the adsorption phenomena suchto adsorption.
as heat of immersion (Tsutsumi and Takahashi, 1970, Nitrogen monoxide (NO) becomes a supercritical
1972). fluid above its critical temperatu(@.) of 180 K. Above

In the case of adsorption on micropores the pore T, almost none of microporous adsorbents are able to
width of which is less than ca. 1.2 nm, an interac- sufficiently adsorb NO. However, the adsorptivity in-
tion between solid surface and a molecule is enhancedcreases when transition metal oxides are highly dis-
by overlapping of the potential field of pore walls. persed on the microporous adsorbents (Kaneko, 1987,
This enhancement exhibits strong adsorption, which 1989). In this case, it is considered that a chemi-
is called micropore filling (Stoeckli, 1974; Everettand cally active NO is adsorbed on the highly-dispersed
Powl, 1976; Gregg and Sing, 1982). metal oxides through chemical interaction followed

by condensation in the micropores by micropore

*Author to whom correspondence should be addressed. filling.



252 Matsumoto et al.

Free NO molecules do not show EPR signals due EPR spectra before and after NO adsorption were
to the degeneracy among theorbitals, however, the  measured in situ at 77 K or 120-201 K by using an
interaction with strong electrostatic field of zeolites X-band spectrometer (JEOL JES-FE1XG). The equi-
quenches the degeneracy and reveals the EPR sigdibrium pressure was set at 16.5 kPa through the ex-
nals (Kasai, 1976). Therefore, NO is an ideal probe periments. Thg values of EPR signals were corrected
for studying the electrostatic field associated with the by a signal position of 1,1-diphenyl-2-picryl-hydrazyl
cation sites of zeolites. A number of investigations on (DPPH) solution ag = 2.0036. The spin concentra-
the EPR spectra of adsorbed NO on zeolites have beention was determined by comparing the peak area of an
made (Lunsford, 1968; Gardner and Weinberger, 1968; integrated signal of the first derivative spectrum with
Kasai, 1976; Kasai and Bishop, Jr., 1972; Kasai and that of a signal of CuSg 5H,0 at each adsorption
Gauro, 1982; Gutsze et al., 1996). These investiga- temperature. IR spectral change of CaM-10 with NO
tions were focussed on the interaction between NO and adsorption was measured in situ at 298 K by using a
cation sites giving the EPR signals and/or the charac- self-supporting wafer of the zeolite.
terization of adsorbed states of NO on the zeolites,and Samples were heated at 773 K and 1 mPa for 10 h
the EPR measurements were thus carried out at 77 Kbefore each experiment.
or lower temperatures.

In this study, the adsorption characteristics of NO on
MOR of different cation types were studied by mea- Results and Discussion
surements of NO adsorption isotherms and in situ EPR
spectra at various temperatures to elucidate the effectSamples
of electrostatic field strength on NO adsorptivity as
well as the enhancement of adsorption by micropore of Chemical composition and pore characteristics by ni-
zeolite. trogen adsorption of each zeolite used in this study are
presented in Table 1. The pore volumes of NaM-10
and CaM-10 are almost identical (0.17 mL/g), while
HM-10 is 0.20 mL/g. The ionic radii of Naand C&*
are0.116 and 0.114 nm, respectively, and these ions oc-
cupy considerable space in micropores of mordenites.
However, in the case of HM-10, the space occupied by
either protons or hydroxyl group is negligible. There-
fore, nitrogen was able to diffuse more easily and to
be adsorbed more densely in HM-10 cavities than in
NaM-10 or CaM-10, resulting in the increased adsorp-
tion capacity.

Experimental
Samples

Na-type MOR (Toso Corp., Japan) with Si/Al ratio of
4.9 was used as original zeolite, and denoted NaM-10.
Ca+-exchanged (CaM-10) and H-type (HM-10) MOR
were prepared by ion exchange of the Na-type MOR
with calcium nitrate and ammonium nitrate solution,
respectively. The crystal structure of HM-10 and CaM-
10 was found intact after the ion-exchange treatments
by powder X-ray diffraction measurements. Chemical no Adsorption
composition and pore characteristics of each zeolite

were determined by inductive-coupled plasma (ICP) gigyre 1 shows the adsorption and desorption isotherms
analysis and nitrogen adsorption at 77 K, respectively. 4+ NO on each MOR at 201 K. A noticeable hystere-
sis was observed and most of adsorbed NO remained
NO Adsorption after evacuation under high vacuum. Each adsorption
isotherm was of Type Ib in the IUPAC classification
NO with 99.99% purity was used after further purifica- (Rouquerol et al., 1999). The adsorbed amount in-
tion by several freeze-thaw cycles. The adsorption and creased up to a pressure of ca. 50 kPa, then leveled
desorption isotherms of NO were measured gravime- off at a constant value under further pressure increase.
tirically at 273 and 201 K. At the final stage of each The saturation capacit§vs) of each MOR calculated
desorption measurement, the sample was evacuated aby Langmuir plot was 20.1-24.9 molecules/(unit cell)
high vacuum £ 10 mPa) for 24 h at the desorptiontem- as shown in Table 2. The; of each MOR was higher
perature, and the residual amount was regarded as théhan the number of cation sites shown in Table 1. The
irreversible amount of adsorption. order ofVs was HM-10> NaM-10~ CaM-10. Thevy
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Table 1 Characteristics of mordenite samples used in this study.

Pore volum@
Surface aréa Cation sites
Sample name Composition Si/Alratio  (m?g~1) (mLg™1)  (molecules (unit celfj!) (unit celly™1)
NaM-10 N@.2A| 8.28i39.8096 4.9 329 0.17 23.0 8.2
HM-10 Hg 1Al g.1Si399006 4.9 383 0.20 255 8.1
CaM-10 CaoNap 1Al g 1Si309006 4.9 320 0.17 22.9 3.0(@4), 2.1(Na")
aApparent value determined by the BET method.
bDetermined by applying DR-plot on nitrogen isotherm.
Table 2 NO adsorption capacity on M-10 samples.
Saturated adsorption amouMf® at Irreversible adsorption amount at
201K 273K 201K 273K 201K 273K
Sample  (molecules (unit celly) (molecules (unit cell!) (mLg1) (mLg™1) (molecules (unitcely!) (molecules (unit celyt)
NaM-10 20.1 11.8 0.16 0.09 19.5 6.4
HM-10 24.9 7.0 0.20 0.06 22.0 35
CaM-10 18.8 14.2 0.15 1.13 19.6 11.3

aDetermined by Langmuir plots for 201 K data. Because of discrepancy from Langmuir plot for 273 K data, the adsorption amount at 80 kPa
was used for apparent value.
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up mordenite cavities at 201 K regardless of the kind
of cation species.

The overlapping of potential field from pore walls
enhances adsorption of molecules in micropores
(Everett and Powl, 1976; Gregg and Sing, 1982). The
g enhancement of dispersion interaction between an NO
molecule and pore walls was estimated with an assump-
tion that NO is a spherical molecule with mean radius
of 0.33 nm and the mordenite micropore is cylindrical
with diameter of 0.68 nm (Stoeckli, 1974; Everett and
i Powl, 1976). The potential depth of the interaction at
the center of the main channel of MOR was estimated
1.4-1.6 times deeper than the energy minimum on flat

adsorbed amount / molecules.(unit cell)'1

5 O = NaM-10_| . ; . .
A A HMAO surface. Furthermore, the cation sites in micropores of
O e CaM.10 zeolites exhibit strong electrostatic field, which causes
0 R S SN S strong adsorption of polar molecules (Tsutsumi and
0 20 40 60 80 100 Takahashi, 1970, 1972). Whereas, the mean kinetic en-
equilibrium pressure / kPa ergy of NO at 201 K is only 1.1 times higher than that

at T.. Consequently, the strong adsorption of NO and
Figure 1 Adsorption isotherms of NO on M-10 at 201 K. Open  the noticeable hysteresis at 201 K would be caused by
and closed symbols denote adsorption and desorption, respectively. combination of the enhancement of dispersion poten-

tial and the electrostatic interaction in micropores of
values in milliliters per unit weight are also shown in MOR.
Table 2, which were calculated under the assumption  Figure 2 shows the adsorption isotherms of NO at
that the density of adsorbed NO was equal to that of 273 K. The adsorbed amounts increased more gradu-
liquid phase at 180 K. Th¥; values corresponded to  ally with increase in equilibrium pressure than those at
90-100% of the micropore volumes estimated by ni- 201 K. TheV; decreased to 7—14 molecules/(unit cell),
trogen adsorption. This suggests that NO moleculesfill as shown in Table 2, and the cavities of MOR could
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Figure 2 Adsorption isotherms of NO on M-10 at 273 K. Open
and closed symbols denote adsorption and desorption, respectively.

not be filled up anymore by NO at 273 K. The mean
kinetic energy of NO at 273 K is 1.5 times higher than
atT.. This vigorous motion of NO molecule would de-
crease the frequency of adsorption in the micropore.
However, a clear hysteresis was still observed in des-
orption branch of each isotherm even at this tempera-

ture. These results suggest that the interaction between

NO and M-10 is still strong enough to adsorb NO in
the MOR cavity.

It is known that an electrostatic field in zeolite cav-
ity depends on the number of an electric charge and an
ionic radius of cation species (Tsutsumi and Takahashi,
1970, 1972). In the case of FAU with Si/Al ratio
of 5.0, the field strength of CaY, NaY and HY are
15x 10719 3.3 x 107 and 43 x 107 C/n?, res-
pectively. Protons on cation sites easily form hydroxyl
groups at low temperatures by reacting with lattice oxy-
gen (Uytterhoeven et al., 1965), therefore, the proton
sites do not particularly contribute to the formation of
a strong electrostatic field. In the present study, the or-
der of Vs became CaM-16- NaM-10> HM-10. Since
the order of the field strength of CaM-10 and NaM-10
could be considered to correspond qualitatively to that
of CaY and NaY, itis reasonable that the adsorptivity on
CaM-10 was higher than that on NaM-10. In the case of
HM-10, most of proton sites were of hydroxyl form, so
that the adsorptivity was the lowest among those three
samples. These results suggest that the electrostatic in
teraction plays a more important role in the adsorption

at the higher temperature, 273 K. Beside the proton
sites, presence of the adsorption sites that strongly in-
teract with NO is suggested by EPR measurements.
However, the site would be small in number and would
not affect the change iNs, which will be discussed
below.

EPR Spectral Changes with NO Adsorption

No EPR signal was observed in each MOR after heating
at 773 Kinvacuo. However, EPR signals were observed
after NO adsorption at 120 K on each MOR as shown
in Fig. 3. Each spectrum in Fig. 3 is similar to that
already reported on several types of zeolites including
MOR (Lunsford, 1968; Gardner and Weinberger, 1968;
Kasai and Bishop, Jr., 1972; Kasai, 1976; Kasai and
Gauro, 1982; Gutsze etal., 1996). Possible assignments
of g values observed in the present study are shown

P=16.5kPa
NaM-10
&y
|
I g
s
HM-10
K
| &1
CaM-10
4 f)
I 1 ] 1 1 l 1 1 1 1 | 1 1 1 1 | L 1 1
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field /mT

Figure 3 EPR spectra of adsorbed NO on M-10 at 120 K.
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Table 3 EPR signals of adsorbed NO on MOR at 120 K. — T T ' T *r T Tt [ T T T T

Sample  gxx Oyy (91) Oz2(9)) AQZ"

NaM-10 2.007 1.989 1878 0.124
HM-10 2.001 2.010 1.999 1.995 1.980 0.022
CaM-10 2.001 2.005 1.998 1.992 1.897 0.105

aA0zz = Ge— U7z, Wherege is theg value of free electron, 2.002316.

113K
in Table 3 (Lunsford, 1968; Gardner and Weinberger,
1968; Kasai and Bishop, Jr., 1972; Kasai, 1976; Kasai

and Gauro, 1982; Gutsze et al., 1996).
According to the definition of the tensor of ad- 153K
sorbed NO upon cation sites, the difference between

0zz andge, AQzz = 02z — Je, becomes smaller when the
interaction with cation sites increases (Kasai, 1976). 193K
In the present study the order afy,; was NaM-10>
CaM-10> HM-10. The difference between NaM-10
and CaM-10 can be explained by the difference in their 233K
electrostatic field. In the case of HM-10, the smallest
Ag; value suggests the strongest interaction between
NO molecules and adsorption sites, although the results 273K
of NO adsorption isotherms show that the proton sites
are of hydroxyl form and do not particularly interact
with NO molecules. ItisconsideredthatNO adsorption [, , , , . .  , . v oy,
sites in H-type zeolites would be trigonal aluminumat 25 300 350 400
the oxygen deficient sites of the framework (Lunsford, .
1968), interstitial aluminum (hydro)oxy cations (Kasai, field / mT
1976) and “true” Lewis-acid sites, such as >(!/)n+ Figure 4 EPR spectra of adsorbed NO on NaM-10 at different
(Gutsze et al., 1996) rather than protons or hydroxyl temperatures.
groups. Regardless of the types of these proposed sites,
the interaction between these sites and NO molecules isable to strongly interact with cation sites to degenerate
strong enough to give the smallg,, value in HM-10. thex* orbitals of NO above 238 K by vigorous kinetic
However, the number of sites bringing about such motion of NO.
strong interaction would be too small to show a de-  The variation of the spin amount with adsorption
tectable effect on the adsorption isotherms at 273 and temperature is shown in Fig. 5. The EPR spectrum and
201 K. The number of the strong interactive sites will the adsorption amount on each sample were simultane-
be mentioned later in connection with the EPR spin ously measured in situ at 120-269 K. In Fig. 5, relative
concentration. comparison of the spin concentrations among differ-
Figure 4 shows EPR spectra of adsorbed NO on ent kinds of zeolites is of interest, since absolute val-
NaM-10 at different temperatures. The equilibrium ues include so many errors arising from experimental
pressure was set to 16.5 kPa through the temperaturedifficulty.
range of experiments. No clear EPR signal of adsorbed The spin concentrations of NaM-10 and HM-10
NO was observed above 238 K, although a considerabletended to increase with decreasing temperature be-
amount of NO of ca. 9 molecules/(unit cell) which co- low 230 K and reached t0.8x 107 and 11 x 10~*
incided with the number of Nfasites was adsorbed in  spins/(unit cell) at 120 K, respectively. These results
the zeolite. The EPR signals were detected below 193 K also suggest that the strength of the interaction between
and increased in its intensity with decreasing the tem- NO molecules and the cation sites increases at lower
perature. The intensity of the EPR signals or the spin adsorption temperature. The spin concentration in
concentration correlates with the number of the inter- HM-10 was smaller than NaM-10 due to less num-
active sites. The adsorbed NO molecules would not be ber of the interactive sites in HM-10. In the case of
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Figure 5 The variation of EPR spin concentration on M-10 with
adsorption temperature.

CaM-10, the spin concentration was nearly constant,
2.3 x 1072-5.2 x 102 spins/(unit cell), below 230 K,
which was much smaller than NaM-10, althougifCa

ions being considered to form the strongest electrostatic

field.

The strong electrostatic field formed by Ladons
causes disproponation reactions of NO givingON
N,O; and NQ (Addison and Barrer, 1955; Chao
and Lunsford, 1971a, b). The disproponation reaction
would also take place on CaM-10. Figure 6 shows in
situ IR spectral change with NO adsorption on CaM-10

CaM-10

transmittance

CaM-10
NO loaded at 298 K
(16.6 kPa)

CaM-10
gas phase NO evacuated at 298 K

4000 3500

1500

3000 2500 2000
wavenumber / cm™

Figure 6. IR spectral change of CaM-10 with NO adsorption at
298 K.

place on CaM-10, and thus, the spin concentration of
CaM-10 became smaller.

Conclusion

at 298 K. Besides absorption bands assigned to gaseous

NO centered at 1876 cmh, a new band assigned to®
species was observed at 2250¢rby NO loading. The
bands assigned to adsorbed N&ere not detected in

The NO adsorption takes place even at 201 and 273 K,
the temperatures above tfig of NO (180 K), by the
micropore filling mechanism as well as through the

the presence of gaseous NO, but were clearly observedelectrostatic interaction with the cation sites of MOR.
at 2180 and 2000 cmt after evacuation of gas phase. A hysteresis appears in the desorption branch of the

The bands assigned ta8; were not detected. This is
probably because JDs is an intermediate of the dis-
proportion reaction. Among these three products, only
NO; is EPR active and gives signals at the similar po-
sitions as NO. The EPR signals of CaM-10 would be
due to NQ as well as NO. Since N£has higheiT, of
431.4 Kthan NO, a considerable amount of N@uld
remain on CaM-10 even at 238 K and would give the
EPR signals. It is known that the N@nolecules fur-
ther react with the lattice oxygen giving nitrato ions.
It is plausible that such chemical reaction would take

isotherm and irreversible adsorption is observed ateach
adsorption temperature. Since the mean kinetic energy
of NO which is related to the motion of the molecule at
201 Kisonly 1.1times higherthanat, NO is strongly
adsorbed until filling up the micropore of MOR regard-
less of the types of cations. The NO adsorptivity de-
creases at 273 K and varies in the order of CaM-10
> NaM-10> HM-10, which correlates to the strength
of the electrostatic field formed by cations. When the
kinetic energy of NO increases, the motion of NO be-
comes vigorous and therefore the interaction between



NO and the electrostatic field plays more important
role in NO adsorption. The lowest adsorptivity in HM-
10 reflects that hydroxyl sites do not show significant

effect on the NO adsorption. The change in the EPR
spin concentration with adsorption temperature sug-
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