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Abstract

Adsorption of nitrogen molecules {INat room temperature on a copper-ion-exchanged ZSM-5 zeolite [CuZSM-5(A)] prepared by using
an aqueous solution of Cu(GBOO), was examined by measuring the heat of adsorption, IR and emission spectra. The results obtained were
compared to those for the samples prepared by using other ion-exchanging solutions such aSW@NCt), and the solution containing
[Cu(NHz),]* complex ions. It became clear that the &tisorption property of the copper-ion-exchanged ZSM-5 zeolites varies depending on
the ligands (CHCOO-, CI~, NO;~ and NH) involved in the copper-ion exchanging solutions, and among these zeolite samples, CuZSM-5(A)
has the most efficient adsorption property (i.e., strong adsorption) fondecules. The emission spectra revealed that there exist at least
two types of Cd species on the CuZSM-5(A) sample; the'Gapecies that gives a band at 535 nm interact strongly witmblecules, while
those giving a band at 475 nm are inactive foradsorption. The heat of adsorption of dh the former type of Ctuspecies was found to be
80 kJ mot?, being much larger than those observed for usual metal oxides.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction The heat of adsorption measurement is one of the use-
ful techniques to examine the interaction of solid surface
It is well known that the copper-ion-exchanged ZSM-5 with gaseous molecules. We have so far reported that the
zeolite (CuZSM-5) exhibits a high activity in the decompo- Ny adsorption on the CuZSM-5 sample prepared by the
sition of NO; into N2 and & [1-3]. In addition, this material ion-exchange in an aqueous solution of Gu@ives an ini-
has an interesting and specific property for &sorption; tial heat of adsorption of 70kJmot [5]. This value is
CuZSM-5 adsorbs pilmolecules even at room temperature considerably larger than those for other systems; for exam-
though N molecules are inactive and ordinarily adsorbed ple, 11kJmot?! for TiO,—N, system[8], 19 kI mot for
on the solid surface at a low temperature of 7[A15]. It has ZnO-N, system[9] and 37 kJmot? for LiZSM-5-N, sys-
been proved that the monovalent copper-ion*{Lspecies tem [10]. Moreover, on the basis of the calorimetric and
formed by the heat treatment in vacuo acts as an active censpectroscopic data, we have proposed that there are at least
ter either in NQ decomposition or in M adsorption/5—7]. two types of exchangeable sites for the copper ions in ZSM-5
Therefore, the analysis of active sites responsible for strong[5,7,11]. More recently, we have succeeded in preparing the
N2 adsorption on CuZSM-5 will be helpful in evaluating CuZSM-5 sample through the ion-exchange in an aqueous
the catalytic activity in the decomposition reaction of NO  solution of Cu(CHCOOQY), and it has been found that this
and in developing the materials for separation, fixation and sample exhibits more efficient adsorption of Molecules,
activation of N molecules. compared to the CuZSM-5 samples examined sd1at.
However, the effect of ion-exchange method on theal-
« Corresponding author. Tek:81-86-251-7900: sorption is still not completqu elucidated. .
fax: +81-86-251-7903. In the present study, we intended to examine thealtt
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measuring the heat of adsorption and adsorption isotherm ofter. The exciting light (300 nm) was focused on the sample
N2 and CO, and IR and emission spectra. By comparing with cell, and the emission was observed at a right angle to the
the results obtained for other samples prepared by using dif-incident beam.

ferent ion-exchanging solutions, the influence of the types of

ligands in the exchanging solutions (i.e., §&600~, CI—,

NO3~ and NHg) on the nature of sites occupied by the cop- 3. Results and discussion

per ions was also elucidated.

The IR spectra of the CuZSM-5 samples in equilibrium
with N2 gas at 13.3kPa are shown kig. 1. For all the
2. Experimental CuzSM-5 samples, a single absorption band is observed at
2295 cnt!, which can be assigned to a=N stretching vi-

A sodium-type ZSM-5 zeolite (NaZSM-5 having a Si/Al  pration in the N molecule adsorbed on the €species that
ratio of 11.9), which was kindly supplied by Tosoh Co., were formed during the evacuation of the ion-exchanged
was used as a starting material. The CuZSM-5 samplessample at an elevated temperature (873%) Taking into
were prepared by ion-exchanging in an aqueous solutionconsideration that the Nmolecule is IR inactive because it
of Cu(CHCOO), CuCh, or Cu(NG).. Approximately,  has no dipole moment, the appearance of such an IR band
5g of NaZSM-5 was dispersed in an aqueous solution jndicates a strong interaction between therhblecule and
of 0.01M Cu(CHCOO) with stirring for 1h at room  Cut species. In addition, every band observed is symmetri-
temperature, and this process was repeated several timegal in shape, suggesting that a single type of adsorbed species
to obtain the CuZSM-5 sample. On the other hand, the js formed in every CuZSM-5 sample examined.
ion-exchange by using an aqueous solution of 0.3M @UCl  Fig. 2 shows the adsorption isotherms and the differen-
or Cu(NGs), was performed at 363 K. The CUZSM-5 sam- tjal heats of adsorption of Nat 301K for the NaZSM-5,
ples that were ion-exchanged in an aqueous solution of CuzSM-5(A) and CuZSM-5(C) samples. For NaZSM-5,
Cu(CH;COO), CuCh, or Cu(NG), are hereafter des- the adsorbed amount increases linearly with increasing
ignated as CuZSM-5(A), CuZSM-5(C), or CuZSM-5(N), equilibrium pressure; the isotherm is of Henry type, which
respectively. The ion-exchange level was determined by indicates a weak interaction between NaZSM-5 ang N
assuming that when two sodium ions in NaZSM-5 can be molecules. The heat of adsorption gives a constant value
exchanged with one divalent copper ion the ion-exchange of about 35kJmot! in the whole range of coverage. As
level is 100%. Therefore, if one sodium ion is exchanged s different from the case of the NaZSM-5 sample, for
with one divalent copper ion, which can be often possible in the CuzSM-5(A) and CuZSM-5(C) samples the adsorbed
zeolite[5,11-17], ion-exchange level goes to 200% in max-
imum. The ion-exchange levels determined for the present
samples are 143% for CuZSM-5(A), 147% for CuZSM-5(C)
and 88% for CuZSM-5(N). In addition to these samples, we
also prepared the CuZSM-5 sample by the direct introduc-
tion of monovalent copper ion using an agueous solution
containing [Cu(NH)2]* complex ions (0.14 M), and the
sample obtained is denoted as CuZSM-5(AM). The stability
of zeolite framework was confirmed by X-ray diffraction
patterns.

Measurements of the heat of adsorption and adsorption
isotherm of N or CO were carried out at 301K using an
adiabatic-type calorimeter equipped with a volumetric ad-
sorption apparatugl8,19]. Prior to the measurement, the
sample was treated at 873K under a reduced pressure of
1 mPa for 4h. The equilibrium pressure of gas phase was
monitored with a MKS Baratron pressure sensor (type 310
BH).

IR spectra were recorded at room temperature using a
Mattson 3020 FTIR spectrophotometer. The sample was
pressed into a self-supporting disk and was placed in a quartz
cell with KRS-5 windows that is capable of heat treatment
and gas adsorption in situ. The sample was pretreated in the
same manner as in the adsorption measurements.

Emission spectra were measured at room temperature bytig. 1. IR spectra of bl species adsorbed on the CuzSM-5 samples: (1)
using a Hitachi F-2000 photoluminescence spectrophotome-CcuzsM-5(C); (2) CuzSM-5(A); (3) CuzZSM-5(N) and (4) CuZSM-5(AM).

Absorbance
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Fig. 2. Adsorption isotherms and differential heats of adsorption of N

at 301K on the ZSM-5 samplesA() NazSM-5; @) CuzZSM-5(A) and
() CuzsMm-5(C).

curve suggests that the energetically homogeneous adsorp-
tion sites exist on the CuZSM-5(A) sample. In contrast with
this, on the CuZSM-5(C) sample there exist adsorption sites
having different interaction energies withp kholecules.

The sample CuZSM-5(A) would be an advantageous ma-
terial for investigating the state of active sites, and therefore,
we tried to analyze the active sites fop Bdsorption on this
sample in more detail. We may direct our special attention
to the plateau observed in the initial adsorption stage. The
adsorption sites in the region where the heat of adsorption is
70kJ mot! or above and the adsorbed amount attains to ca.
3.0cn?(STP) gt are substantially active sites for,Md-
sorption. Particularly, the adsorption sites giving an adsorbed
amount up to 2.0 cAB(STP) g1, which corresponds to a dif-
ference in the adsorbed amounts between CuZSM-5(A) and
CuzZSM-5(C), act more effectively and strongly in the N
adsorption.

The results for the CuzZSM-5(N) and CuzZSM-5(AM)
samples are shown iRig. 3. The heat of adsorption curve
for the CuZSM-5(AM) sample is similar to that for the
CuZSM-5(A) sample, which indicates that the sample pre-
pared by the direct introduction of monovalent copper
ions interacts strongly with Nmolecules. The heat curve
for the CuZSM-5(N) sample rather resembles that for the
CuZSM-5(C) sample. It can be said from these results that
for the copper-ion-exchanged CuZSM-5 samples thad\
sorption property, especially, with regard to a strong adsorp-

amount increases remarkably in the lower pressure re-tion, varies depending on the ion-exchange method, namely,
gion; the isotherms are of Langmuir type, indicating a the ligand involved in the copper-ion-exchanging solution.

strong interaction of these CuZSM-5 samples with N

molecules. The monolayer capacities estimated by apply-
ing the Langmuir equation to these isotherms are 7.9 and
6.5cn? (STP) gt for the CuZSM-5(A) and CuZSM-5(C)
samples, respectively. By taking into account of the quan-
tity of copper ions exchanged in the ZSM-5 zeolite, we can
evaluate an WCu™* ratio: 0.43 for CuZSM-5(A) and 0.34
for CuZSM-5(C), which implies that the strong adsorption
of N2 molecules is more efficient on the former sample than
on the latter one. On the other hand, the heats of adsorption
at the initial adsorption stage are about 80 and 70 kJ ol
for the CuzZSM-5(A) and CuzZSM-5(C) samples, respec-
tively, and they decrease with increasing coverage and
reach the values of 40-30kJmél These higher heats
of adsorption, compared with those for the NaZSM-5—-N
system, substantiate the assignment that the active site for
N, adsorption is a Ct species formed in the ZSM-5 ze-
olite during the evacuation at high temperature. Moreover,
it is apparent that the heats of adsorption are larger for
the sample CuZSM-5(A) than for the CuzZSM-5(C) sample
in the whole range of coverage; in other words, the™Cu
species in the former sample interact more strongly with
N2> molecules compared to those in the latter sample. It is
interesting to note here that for the CuZSM-5(A) sample,
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two plateaus (approximately 80 and 50kJmglcan be

Fig. 3. Adsorption isotherms and differential heats of adsorption of

clearly observed in the differential heat of adsorption curve. \, at 301K on the CuzSM-5 samples®] CuzSM-5(N) and Q)
The appearance of such a plateau in the heat of adsorptiorcuzsm-5(am).
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Fig. 4. Adsorption isotherms and differential heats of adsorption of CO at

301K on the CuzSM-5(A) samplel) first adsorption and[{l) second
adsorption.

The state of Ct species might be affected by the ligands

through the heat treatment after copper-ion-exchanging,

though the details of which remained unknown at present.
It is generally accepted that the CO molecule is useful

as a probe molecule to get information on the state and

the number of Cti species in the CuZSM-5 sample since
it can be adsorbed selectively on the™Cspecieqd20-22].

Fig. 4 shows the first and second adsorption isotherms and

the differential heats of adsorption of CO at 301K for the
CuZSM-5(A) sample. The first adsorption isotherm was ob-

tained for the sample evacuated at 873 K and the second one
was for the sample re-evacuated at 301K after the first ad-

sorption run. As in the case ofMdsorption, these isotherms

are of Langmuir type. Similar features were observed for
other CuZSM-5 samples. The monolayer capacities were

estimated to be 28.6 and 13.1¢(8TP)g ! for the first

and second adsorption, respectively. The difference in the
adsorbed amounts between the first adsorption and second
adsorption is assumed to be a chemisorbed amount or the
number of chemisorption sites. According to the same man-

ner as done in the previous wok], the value of CO/Ct

ratio can be evaluated from the amounts of chemisorbed
CO and the number of exchanged copper ions: 0.57 for the

CuZSM-5(A) sample. The values for other CuZSM-5 sam-
ples are summarized ifable 1.

In the first adsorption, the heat of adsorption is approx-

imately 120kJ mot?® in the initial adsorption region (i.e.,

Table 1

Comparison of the values of CO/Cuatio

CuZSM-5(C) 0.51
CuZSM-5(A) 0.57
CuZSM-5(N) 0.46
CuZSM-5(AM) 1.08

@ This value is reference one because the sample was prepared by
using monovalent copper ions.

with increasing coverage. The heat of adsorption curve
for the second adsorption is similar to that for the latter
half of the first adsorption, where the relatively lower heat
values are observed. This fact indicates an occurrence of
reversible adsorption (i.e., physisorption) in the second ad-
sorption process. The appearance of two plateaus (120 and
110 kJ mot ) provides the evidence for the existence of at
least two types of Cl species that interact strongly with
CO molecules. These plateaus correspond, respectively, to
the adsorption regions of up to 88f8TP)g ! and from

8 to 13¢cni (STP)g L. The latter adsorption region, where
the amount of adsorption is 5¢érSTP) gL, can be cor-
related with a region where the strong Bdsorption takes
place (Fig. 2). These results are consistent with our previous
findings that the Ch species, which interact strongly with
CO molecules to give a heat of adsorption of 100 kJThol

act as active sites in thesMNadsorption5,11].

The emission spectra of the CuZSM-5 samples evacuated
at 873K are shown ifrig. 5. The all spectra observed are
due to the CtI species. Moreover, these spectra can be sep-
arated into three components, that is, the bands centered at
about 475, 500 and 535 nm, respectively, suggesting that the

Intensity (a. u.)
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chemisorption region), and it decreases stepwise to aboutrig. 5. Emission spectra of the CuZSM-5 samples: (1) CuZSM-5(C); (2)

110kJ mot? and then decreases drastically to 55 kJThol

CuZSM-5(A); (3) CuZSM-5(N) and (4) CuZSM-5(AM).
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Table 2. _ ' ~ sity when the sample was exposed tp ¢és, and this band
Compa_rlsc_)n of the relative proportion (%) of each component band in ~qyId be recovered by the succeeding re-evacuation at room
the emission spectra temperature. No change was observed for the band at 475 nm

CuzZswm- CuzZsm™- CuzZsm- CuzZswm- by such treatments. These facts clearly indicate that the Cu

5©) 5(A) 5(N) 5(am) species giving the 535 nm band interact with Nolecules,
475nm 27 38 27 18 while the Cu" species responsible for 475 nm band are in-
500 nm 23 7 22 12

=35nm =0 55 51 70 active for Nb adsorption.

. . . 4. Conclusions
Cut species are in the different states. Here, the bands at 475

and 535 nm can be assigned to the emission of €pecies By the calorimetric and spectroscopic examination for the
existing on the two types of exchangeable sites inthe ZSM-5 ¢opper-ion-exchanged ZSM-5 zeolite (CuZSM-53eM CO
zeolite. It is reasonable to consider that these two types of system, some new information on the adsorption property
Cu' species chemisorb CO molecules to give the heats of ad-qf c,ZSM-5 was obtained. TheNidsorption property was
sorption of about 120 and 110 kJ mél On the other hand,  found to vary depending on the ligands (e.g., 000",

the band at 500 nm can be ascribed to the Gpecies de- |- NOs;~ and NH) involved in the copper-ion exchang-
posited on the surface of silicious part of ZSM5$. We can ing solutions. The CuzZSM-5 sample prepared by using an
compare the relative proportion of each component band by aqueous solution of Cu(GE€00) has the most efficient
assuming a total amount of unity, and the results are given agsorption property for Nmolecules. Furthermore, it was
in Table 2. Although the amounts of Cispecies formed,  revealed that the Cuspecies giving a band at 535nm in
which were estimated from the CO-adsorption experiment, the emission spectrum interact strongly with iolecules,

are almost equal in all the CuZSM-5 samples (Table 1), the while the Cu- species responsible for the 475nm band are
states of CU species are different depending on the lig- inactive in the N adsorption.

ands involved in the copper-ion-exchanging solutions. The

effective sites (i.e., Cti species) for N adsorption were

examined by the intensity change of emission spectra for Acknowledgements
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