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A series of samples, prepared from mechanical mixtures of inor-
ganic salts (MoO3, CuCly, NiCl,6H,0, and Ni(NO3),6H,0) with
zeolites (NaZSM-5, NaY, NaY, and MCM-41), have been inves-
tigated by X-ray diffraction (XRD), differential thermal analysis
(DTA), the adsorption of probing molecules, and the determination
of pore size distribution. After the heating of MoO3 with zeolites
at 723 K for 24 h, the samples (MoO3/NaZSM-5/NaY/MCM-41 =
0-0.088/0-0.24/0-0.45 g/g) show only those X-ray peaks assigned
to zeolites, the characteristic peaks of MoO3 having disappeared
completely, which suggests that MoOg is highly dispersed in the
pores of zeolites. Similar phenomena are observed for the samples of
CuCly/NaZSM-5, CuCly/NaY, NiCl,/NaZSM-5, NiCl,6H,0/NaY,
and Ni(NO3),6H,0O/NaY. In contrast, the inorganic salts of
NiCl26H,0 and Ni(NO3),6H,0 cannot be dispersed into the chan-
nels of NaZSM-5 zeolite due to the limitation of the channel size.
These results suggest that the dispersion only occurs under the con-
dition that the diameter of the inorganic salts is less or similar to
the pore size of the zeolites. Also, we observed that the dispersion
capacity of the inorganic salts is strongly related to the pore size
of the zeolites. Furthermore, the isotherms for probing molecules
show that the dispersion of inorganic salts into zeolites leads to sig-
nificant change in the pore size of zeolites. The MoOs/NaY samples
exhibit that the pore size was selectively formed at 6.8-8.0, 6.0-6.8,
4.3-6.0, and 3.0-4.3 A with MoOj3 loading at 0.08, 0.16, 0.21, and
0.24 g/g, respectively. Therefore, it is proposed that we could modify
the pore sizes of zeolites to various degrees, which may be very use-
ful to design suitable pores of zeolites for the catalysts in catalytic
reactions. Catalytic data in selective reduction of NO by propylene
at the temperature of 300°C show that CuCl,/HZSM-5 catalyst pre-
pared from the dispersion method exhibits much higher catalytic
conversion (39%: N yield) than that (21%: N; yield) of CuZSM-5
catalyst prepared from the ion-exchange method.  © 1998 Academic
Press
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INTRODUCTION
The assembly of active components onto the surface of

a support is of importance to chemistry, chemical engineer-
ing, and material science. One example of assembling an

1 To whom correspondence should be addressed.

active phase onto the surface of a support is a supported
catalyst, which is usually prepared by metal salts and a sup-
port with a high specific surface. Generally, the support in-
cludes inorganic oxides (e.g., Al,O3 and SiO,) and zeolites,
and the precursors of these active components in catalysts
are mostly inorganic salts (1-4). The degree of dispersion of
the active component on the support has economic conse-
quences and influences the activity and selectivity of cata-
lysts (1-4), in particular, the active components assembled
into zeolites, exhibiting unique catalytic activity and selec-
tivity (5-13). CuZSM-5 catalyst is very active for catalytic
decomposition of nitrogen monoxide, and the activity and
selectivity are strongly influenced by the copper loading
in zeolites (5-9). The novel metal cluster (Rhe, Irg, etc.)
entrapped in NaY zeolite is very active for the catalytic
hydrogenation and dehydrogenation reactions (10, 11). The
Mo-HZSM-5 catalyst exhibits high catalytic selectivity for
the conversion from methane to benzene (12, 13). The
active components assembled into zeolites offer the ad-
vantages both for catalytic active components and for the
zeolites.

The methods for preparing the supported catalysts are
usually by impregnation (1, 2), ion-exchange (14), and spon-
taneous monolayer dispersion (15-17). The impregnation
method is widely applied to the preparation of various cata-
lysts, and the ion-exchange technique is used for the sup-
ports having ion-exchange ability. As compared with im-
pregnation and ion-exchange, the spontaneous monolayer
dispersion, as reported by Xie and Tang (15, 17), is rela-
tively simple. They systematically study a series of inorganic
salts dispersed on amorphous materials such as y-Al,Os,
SiO,, active carbon, and TiO,, and find that the disper-
sion capacity of the inorganic salts is strongly influenced
by the surface area of the amorphous materials at the dis-
persed temperature. The inorganic salts such as MoOj3 dis-
perse spontaneously onto the surface of a support, such as
y-Al,03, and form a close-packed model. Notably, supports
such as y-Al,O3 and SiO; have a wide distribution of pores
in the range of 30-200 A, but it is not known whether the
dispersion of inorganic salts onto the support become size-
dependent as the pore size of the zeolites becomes less than
10 A similar to the kinetic diameter of the inorganic salts.
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DISPERSION OF INORGANIC SALTS INTO ZEOLITES

The research relating to the dispersion of inorganic salts
into zeolites are still largely unexplored.

Here, we report (i) the dispersion of the inorganic salts
with different kinetic diameters into zeolites, investigating
the effect for structures of inorganic salts and for zeolite
pores, (ii) the change in pore size of the zeolites by dispers-
ing inorganic salts with various loadings, (iii) the catalytic
activity of copper salts highly dispersed into zeolites in se-
lective catalytic reduction of NO by propylene.

EXPERIMENTAL

Materials and Sample Preparation

Inorganic salts such as MoOs, CuCl,2H,0, NiCIl,6H,0,
Ni(NO3),6H,0, with purity >99.999% (GR), were supplied
by Beijing Hongxing Chemical Co. The n-hexane, cyclohex-
ane, and cumene were purified by outgassing and vacuum
distillation from a dry ice-methanol cold trap to a liquid ni-
trogen cold trap. The zeolites such as NaZSM-5 (Si/Al = 40,
surface area of about 380 m?/g), NaY (Si/Al = 2.75, surface
area of 750 m?/g), MCM-41 (Si/Al=4.5, surface area of
1000 m?g) were prepared in our laboratory by using hy-
drothermal synthesis (14, 18, 19). The y-Al,O3 support (sur-
face area of about 200 m?/g) was purchased from Merck Co.

The samples were prepared from the mechanical mix-
tures of inorganic salts with zeolites, followed by heating at
the dispersed temperatures. After the preparation, the sam-
ple was characterized by X-ray diffraction. The parameters
(14, 18, 20, 21) for these samples were listed in Tables 1-2.

Methods of Characterization

The powder X-ray diffraction data were collected on a
Rigaku D/Max I11A diffractometer using CuKa radiation,
40 KV, 30 mA with scanning rate of 4°/min (20). The surface
area of the supports were measured with nitrogen adsorp-
tion methods (BET) by using a Cahn-2000 microbalance at
77 K, and the isotherms such as water, normal-hexane, cy-
clohexane, and cumene on the samples were carried out
with the Cahn-2000 microbalance at room temperature
(298 K). The sensitivity of the microbalance was £0.1 ug.
The pore size distribution for MCM-41 was carried out
on the Micrometritics ASAP 2400 automatic adsorption
instrument. The distribution of Mo atoms was measured

TABLE 1
Parameters of Supports (14, 18)

Support Surface area (m?/g) Pore size of zeolite (A)
NazSM-5 380 5.6
NaY 750 7.8
MCM-41 1000 Near 30
Al,Os 200 30-200
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TABLE 2

Parameters of Inorganic Salts (20, 21)

Inorganic salt Structure of inorganic salt Dynamic diameter (A)

MoO3 Triangle 5.0
CuCl,2H,0 Linear 3.6
NiCl,6H,0O Octahedral 8-9
Ni(NO3),6H,0 Octahedral 9-10

with a Shimadzu EMS-SM-7 electron probe microanalyzer
(EPMA) with beam diameter of 2 um.

Selective Catalytic Reduction of NO by Propylene

Catalytic measurements were carried out in fixed-bed
flow reactor operated at atmospheric pressure and tempera-
ture at 300°C. Prior to each experiment the catalyst was
heated at 320°C in Ar for 2 h, and then cooled to the de-
sired temperature in Ar. A typical reaction mixture con-
tained 1600 ppm NO, 1370 ppm propylene, 2.0% oxygen,
with the balance Ar. A 0.5-g sample of the catalyst was
used with a total rate of 100 ml/min, and the conversion of
NO was based on the amount of N, formed. The gas prod-
ucts were analyzed by gas chromatography using Porapak
Q (N20, COg, and hydrocarbons) and molecular sieve 5A
(O3, N2, NO, CH4, and CO) columns.

RESULTS

X-Ray Diffraction

MoO3 on supports. MoQOj3 on y-Al,O3. The dispersion
of MoOj3; on y-Al,O3 has been widely investigated by Xie
et al. (15, 17). When 0.20 g of MoO3 is mechanically mixed
with 1 g of y-Al,O3 at room temperature, the XRD pat-
terns give characteristic of MoO3 and y-Al,O3. However,
when the sample is heated for 24 h at 773 K, the XRD
peaks assigned to MoQj; in the sample completely disap-
pear. The phenomenon suggests high dispersion of MoO3
on the surface of the y-Al,O3 support, where MoO3 no
longer exists in crystalline state. Notably, when the content
of MoQg in the mixture with the y-Al,O3 support exceeded
acritical amount, the peaks of crystalline MoOg3 appear, but
were markedly reduced after the heat treatment. The criti-
cal dispersion capacity of MoOj; on the surface of the Al,O3
support is 0.24 g/g (15, 17).

MoO3 on NaZSM-5. A series of MoO3/NaZSM-5 sam-
ples were prepared by the mechanical mixtures of
NaZSM-5 zeolite with various MoOj; loadings (weight ra-
tio of MoO3; to NaZSM-5 at 0.026, 0.053, 0.07, 0.088, 0.105,
0.158, 0.210 g/g), followed by heating at 723 K for 24 h.

Figure 1 shows the XRD patterns of MoO3/NaZSM-5
samples before and after heating treatment. As observed
in Fig. 1b, the XRD peaks give rise to the characteristic of
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FIG. 1. XRD patterns of NaZSM-5 zeolite with various MoOj3 load-

ing: (a) NaZSM-5 zeolite; (b) mechanical mixture of 0.026 g of MoO3 and
1.0 g of NaZSM-5 zeolite; (c) mechanical mixture of 0.026 g of MoO3
and 1.0 g of NaZSM-5 zeolite, followed by heating at 723 K for 24 h;
(d) mechanical mixture of 0.053 g of MoO3 and 1.0 g of NaZSM-5 zeolite,
followed by heating at 723 K for 24 h; (e) mechanical mixture of 0.088 g of
MoO; and 1.0 g of NaZSM-5 zeolite, followed by heating at 723 K for 24 h;
(f) mechanical mixture of 0.105 g of MoO3 and 1.0 g of NaZSM-5 zeolite,
followed by heating at 723 K for 24 h; (g) mechanical mixture of 0.158 g
of MoOj and 1.0 g of NaZSM-5 Zeolite, followed by heating at 723 K for
24 h; (h) mechanical mixture of 0.210 g of MoO3 and 1.0 g of NaZSM-5
zeolite, followed by heating at 723 K for 24 h (¥: XRD peaks of M0O3).
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crystalline MoO3; and NaZSM-5 structure. It is of interest
to note that the characteristic peaks assigned to crystalline
MoOj; disappear completely when the sample is heated for
24 h at 773 K, as given in Fig. 1c. The disappearance of the
XRD peaks of MoOj crystal in the sample might be also ex-
plained by high dispersion of MoQOj into the channel of the
NaZSM-5 zeolite, where the MoO3; no longer exists in the
crystalline state (15, 22-24). Increasing the MoOg loading in
NaZSM-5 zeolite up to 0.088 g/g, we still could not observe
the XRD peaks of MoOjs crystalline, as shown in Figs. 1c-1e.
Upon further increase of MoOj3 loading in NaZSM-5 ze-
olite over 0.088 g/g, the characteristic peaks assigned to
MoQj; crystalline appear, indicating the presence of crys-
talline MoOs in the samples, as given in Figs. 1f-1h.

The amount of residual crystalline MoO3 can be deter-
mined by XRD quantitative phase analysis (25). Here, we
use an inner standard, namely a-Al,O3, added to MoOg/
NaZSM-5 samples and measure the peak area for reflec-
tions 110 and 021 of MoO3 and 113 of a-Al,O3. The peak
intensity ratio Imeo,/ls-alL0, IS reasonably assumed to be
proportional to the ratio of the content of crystalline MoOs
to that of «-Al,O3, as

Moo,/ la-aL0; = K X Mmoo,/ Me-AL0s

where | and M stand for XRD intensity and weight per-
centage, respectively, and k is a proportionality constant
determined from a sample of known phase composition.
With known content of «-Al,O3, the weight percentage of
crystalline MoOj; can be derived from the intensity ratio
of Imoo,/le-al,0,- FOr a series of MoO3/NaZSM-5 samples,
we have obtained plots of the residual amount of crystalline
MoQj; versus the total amount of MoO3 into NaZSM-5 zeo-
lites, as shown Fig. 2. From the plots one can find a threshold
at 0.088 g MoOs/g NaZSM-5, corresponding the critical dis-
persion capacity. When the content of MoOg in the sample
is below this threshold value, no crystalline MoOj can be
detected. If the MoO3 content exceeds this threshold, the

g
=3
< N
R
S %
ER
¢
2=
0.00 0.05 0.10 0.15 0.20
Total MoO; g/g NaZSM-5
FIG. 2. Residual amount of MoO3 versus total amount of MoQOg in

MoO3/NaZSM-5 samples prepared by dispersion of MoOj3 into NaZSM-5
zeolite at 723 K for 24 h.
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residual amount of MoOj3 increases with the total amount
of MoOs, as is shown by the straight line in the plots. Simi-
larly, the dispersion capacity of each salt into the zeolite is
found by the same method.

MoO3 on NaY. A series of MoO3z/NaY samples were
prepared by the mechanical mixtures of NaY zeolite with
various MoOj3 loadings (weight ratio of MoO3; to NaY in
0-0.40 g/g), followed by heating at 673 K for 24 h. The
results demonstrate that MoOs is highly dispersed in the
pores of NaY zeolite with MoOs loadings of 0-0.240 g/g.
Obviously, the dispersion capacity of MoO3 on NaY zeo-
lite is much higher (almost 3 times) than that on NaZSM-5
zeolite.

MoO3; on NaA. A series of MoO3s/NaA samples were
prepared by the mechanical mixtures of NaA zeolite with
various MoOg loadings (weight ratio of MoO3; to NaA in
0-0.20 g/g), followed by heating at 673 K for 24 h. The
XRD patterns of these samples show characteristic peaks
of MoOj; crystalline and NaA zeolite, indicating that MoO3
could not disperse into NaA zeolite.

MoO3; on MCM-41. The MoO3/MCM-41 samples were
prepared by the mechanical mixtures of MCM-41 molecu-
lar sieve with various MoQOg3 loadings (weight ratio of MoO3
to MCM-41 in 0-0.60 g/g), followed by heating at 673 K for
24 h. We observed that the dispersion capacity on MCM-41
molecular sieve is very high, as compared with those on
NaZSM-5 and NaY zeolites. Even the weight ratio of MoO3
to MCM-41 at 0.45 g/g, we still could not observe char-
acteristic XRD peaks of MoOj; crystalline. With a further
increase in MoOj3 loading in MCM-41 molecular sieve to
0.50 g/g, the crystallinity (26 at 1-4°) assigned to MCM-41
molecular sieve slightly decreases, which may be related to
the change in the structure of MCM-41 molecular sieve.

CuCl; on supports. CuCl; on Al,O3. The dispersion ca-
pacity of CuCl, on y-Al,O3 is 0.20 g/g, suggested by “sub-
monolayer dispersion” (15).

CuCl;on NaZSM-5. A series of CuCl,/NaZSM-5 samples
were prepared by the mechanical mixtures of NaZSM-5
zeolite with various CuCl, loadings (weight ratio of
CuCl2H,0 to NaZSM-5 in 0.111-0.443 g/g), followed by
heating at 673 K for 24 h, as shown in Fig. 3. The results
indicate that the dispersion capacity of CuCIl,2H,0 into
NazZSM-5 zeolite is about 0.22 g/g. In general, the dehy-
dration of CuCI,2H,0 occurred at near 393 K. Therefore,
under heating at 673 K the CuCl,2H,0 is dehydrated to
CuCl,. However, after exposure to air for 6 h at room tem-
perature, the CuCl; into NaZSM-5 zeolite hydrated again,
forming CuCl,2H,0 in the sample.

CuCl; on NaY. A series of CuCl,/NaY samples were pre-
pared by the mechanical mixtures of NaY zeolite with vari-
ous CuCl; loadings (weight ratio of CuCl,2H,O to NaY
at 0.222, 0.443, 0.665, and 0.883 g/g), followed by heating
at 723 K for 24 h. The results indicate that the dispersion
capacity of CuCl,2H,0 on NaY zeolite is about 0.44 g/g.
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FIG. 3. XRD patterns of NaZSM-5 zeolite with various CuCl; load-
ing: (a) NaZSM-5 zeolite; (b) mechanical mixture of 0.111 g of CuCI,2H,0
and 1.0 g of NaZSM-5 zeolite; (c) after b, followed by heating at 673 K for
24 h; (d) mechanical mixture of 0.222 g of CuCl,H,0 and 1.0 g of NaZSM-5
zeolite, followed by heating at 673 K for 24 h; (e) mechanical mixture of
0.333 g of CuCl,2H,0 and 1.0 g of NaZSM-5 zeolite, followed by heating
at 673 K for 24 h; (f) mechanical mixture of 0.443 g of CuCIl,2H,0 and
1.0 g of NaZSM-5 zeolite, followed by heating at 673 K for 24 h (¥: XRD
peaks of CuCl,2H,0).

NiCI;6H,0 on supports. NiCI,6H,0 on y-Al,O3. The
dispersion capacity of NiCl, on y-Al,O3 is 0.17 g/g, sug-
gested by “monolayer dispersion” (15). As compared
with the other inorganic salts, the dispersed temperature
of nickel salts is relatively low; e.g., high dispersion of
NiCl,6H,0 on the surface of y-Al,O3 proceeds at room
temperature.

NiCl,6H,0O on NaZSM-5. A series of NiCl,/NaZSM-5
samples were prepared by the mechanical mixtures of
NaZSM-5 zeolite with various NiCl, loadings (weight ratio
of NiCl,6H,0 to NaZSM-5 at 0.076, 0.157, and 0.305 g/g),
and their XRD patterns are shown in Fig. 4. As observed
in Figs. 4b—4e, the XRD peaks of mechanical mixtures with
mass ratio of NiCl,6H,O/NaZSM-5 at 0.305 and 0.157 g/g,
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FIG. 4. XRD patterns of NaZSM-5 zeolite with various NiCl, load-
ings: (a) NaZSM-5 zeolite; (b) mechanical mixture of 0.305 g of NiCl,6H,0O
and 1.0 g of NaZSM-5 zeolite; (c) after b, followed by placement at room
temperature for 36 h; (d) mechanical mixture of 0.157 g of NiCl,6H,O
and 1.0 g of NaZSM-5 zeolite; (e) after d, followed by placement at room
temperature for 36 h; (f) mechanical mixture of 0.076 g of NiCl,6H,0 and
1.0 g of NaZSM-5 zeolite, followed by heating at 433 K for 36 h; (g) me-
chanical mixture of 0.157 g of NiCl,6H,0 and 1.0 g of NaZSM-5 zeolite,
followed by placement at 433 K for 36 h; (h) mechanical mixture of 0.305 g
of NiCl,6H,0 and 1.0 g of NaZSM-5 zeolite, followed by treatment at
443 K for 36 h (¥: XRD peaks of NiCl,6H,0).
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are the same as those of the samples treated at room temper-
ature for 36 h, indicating that the dispersion of NiCl,6H,0O
into the channel of NaZSM-5 zeolite does not occur.

It is of interest to note that the XRD peaks assigned
to NiCl,6H,0 crystalline in the mechanical mixtures with
NiCl,6H,0O/NaZSM-5at 0.157 and 0.305 g/g completely dis-
appear after the mixtures are heated at 433 K for 24 h, as
shown in Figs. 4f and 4g. These results indicate that heat-
ing at 433 K for NiCl,6H,O/NaZSM-5 mixtures leads to the
high dispersion of NiCl, into NaZSM-5 zeolite. A further in-
crease of NiCl,6H,0 loading in NaZSM-5 zeolite, the char-
acteristic peaks assigned to NiCl,6H,0O crystalline appear
again, suggesting the dispersion capacity of NiCl,6H,0 in
NaZSM-5 at about 0.305 g/g.

NiCl,6H,0 on NaY. A series of NiCl,6H,O/NaY samples
were prepared by the mechanical mixtures of NaY zeolite
with various NiCl; loadings (weight ratio of NiCl,6H,0 to
NaY at0.152,0.305, 0.609, and 0.914 g/g), followed by place-
ment at room temperature for 36 h. As different with those
in NiCl,6H,O/NaZSM-5 samples, the placement at room
temperature for NiCl,6H,O/NaY mixtures results in disap-
pearance of characteristic peaks of NiCl,6H,0 crystalline,
which suggests that the high dispersion of NiCl,6H,0 into
the pores of NaY zeolites occurs at room temperature.

Ni(NO3),6H,O on supports. Ni(NO3),6H,O on
NazZSM-5. A series of Ni(NOj3),6H,O/NaZSM-5 samples
were prepared by the mechanical mixtures of NaZSM-5
zeolite with various Ni(NO3); loadings (weight ratio
of Ni(NO3),6H,0O to NazZSM-5 at 0.20 and 0.30 g/g),
followed by placement at room temperature for 36 h.
We observed that the characteristic XRD patterns of
Ni(NO3),6H,0O/NaZSM-5 are the same before and after
the treatment. The results indicate that the Ni(NO3).6H,0
could not disperse into the channels of NaZSM-5 zeolite
at room temperature.

Ni(NO3),6H,0 on NaY. A series of Ni(NO3),6H,O/NaY
samples were prepared by the mechanical mixtures of
NaY zeolite with various Ni(NOs3), loadings (weight ra-
tio of Ni(NO3),6H,0O to NaY at 0.13 and 0.16 g/g), fol-
lowed by placement at room temperature for 36 h. XRD
results showed that characteristic of peaks assigned to
Ni(NO3),6H,0 disappear completely after placement of
Ni(NO3),6H,0/NaY at room temperature for 36 h, which
indicates that the Ni(NO3),6H,0 could disperse into the
pores of NaY zeolites at room temperature.

Thermal Analysis

Figure 5 shows the curves of DTA for various samples
of CuCl,2H,0/NaZSM-5. NaZSM-5 sample shows one
peak at 360 K in DTA curve (Fig. 5a), which is assigned
to the desorption of water adsorbed on NaZSM-5. The
DTA curve of CuCl,2H,0 shows two peaks at 400 and
773 K (Fig. 5b), which are attributed to the dehydration of
CuClI,2H,0 and the melting point of CuCl,, respectively.
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FIG.5. DTA curves of (a) NaZSM-5, (b) CuCl,2H,0, (c) mechanical
mixture of CuCl,2H,0 and NaZSM-5 with weight ratio of CuCl,2H,0/
NazZSM-5 of 0.1 g/g, (d) mechanical mixture of CuCl,2H,0 and NaZSM-
5with weight ratio of CuCl,2H,0O/NaZSM-5 of 0.1 g/g, followed by heating
at 723 K for 24 h, (e) mechanical mixture of CuCl,2H,0 and NaZSM-5
with weight ratio of CuCIl,2H,0/NaZSM-5 of 0.45 g/g, followed by heating
at 723 K for 24 h.

The mechanical mixture of CuCl,2H,O with NaZSM-5
(weight ratio, 0.1 g/g) give two strong peaks at 390 and
603 K (Fig. 5¢). The peak at 390 K is very similar to the
peak at 400 K assigned to the dehydration of CuCI,2H,0 in
Fig. 5b, and thus we assigned this peak to the dehydration
of CuCl,2H,0O/NaZSM-5. The peak at 603 K is attributed
to high dispersion of CuCl,2H,0 into NaZSM-5 zeolite.
Similar phenomena have been studied extensively in the
systems of inorganic salts with oxides such as y-Al,O3
(15). Furthermore, after the heating of CuCl,2H,0O with
NaZSM-5 at 723 K for 24 h, the sample profile exhibits only
a peak at 380 K assigned to the dehydration of the sample,
the peak at 603 K in Fig. 5¢ and the peak at 773 in Fig. 5b
completely disappears. The results suggest that there is
no CuCl;2H,0 crystalline phase in the sample, indicating
that CuCl,2H,0 highly dispersed into NaZSM-5 zeolite.
When CuCl,2H,0 loading in NaZSM-5 is increased to a
weight ratio of 0.45 g/g heated at 723 K for 24 h (threshold
value at 0.22 g/g), the sample DTA curve exhibits two
peaks at 400 and 770 K. The peak at 400 K is assigned to
the dehydration of the sample, and the other peak at 770 K,
is assigned to the melting point of CuCl; crystalline, indi-
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cating that residual crystalline phase of CuCl,2H,0 exists
in CuCl,2H,0/NaZSM-5 sample (CuCl,2H,O/NaZSM-5
ratio of 0.45 g/g).

In addition, we extended our investigation to MoOs/
NaZSM-5, MoOs/NaY, and MoO3/NaA systems heated at
723 K for 24 h, and it is found that in MoO3z/NaZSM-5 and
MoO3/NaY samples (below their threshold value) the peak
assigned to melting point of MoOs crystalline disappear,
and all MoO3/NaA samples exhibit a strong peak assigned
to the melting point of crystalline MoO:s.

Isotherms Measurements

As typical runs, the studies for isotherms measure-
ments were mainly performed on the MoO3/NaZSM-5 and
MoOQOg3/NaY samples.

MoO; on NaZSM-5. In general, the channel of NaZSM-5
has the pore size of 5.6 A (26) which easily adsorb both
normal-hexane and water. However, the dispersion of
MoQOj; into NaZSM-5 leads to the change in channel size
significantly. Figure 6 shows water and hexane isotherms
on the MoO3/NaZSM-5 sample (MoO3z/NaZSM-5 ratio of
0.088 g/g) treated by heating at 723 K for 24 h. We observed
that the water isotherm exhibits typical Langmuir adsorp-
tion on the sample with adsorption amount of 6.5 mg/g,
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FIG.6. The isotherms for (a) water and (b) normal hexane on the
mixture of 0.088 g of MoO3 and 1 g of NaZSM-5 zeolite treated by heating
at 723 K for 24 h.
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suggesting typical of micropore filling (14, 18). However,
the water isotherms requires a higher vapor pressure to
reach saturated adsorption, as compared with those on
NaZSM-5 and the mechanical mixture of MoO3-NaZSM-5
sample with the same MoOj3; loading (18). The phenomenon
may be related to the change in channel shape in the zeo-
lite, which strongly influences the adsorption of water on
the sample.

In contrast, we found that the MoO3/NaZSM-5 sam-
ple (MoOs/NazSM-5 ratio of 0.088 g/g, heating at 723 K
for 24h) could not adsorb the n-hexane, which indi-
cates that the channels in the MoO3/NaZSM-5 sample at
MoO3/NaZSM-5 ratio of 0.088 g/g, are less than 4.3 A (the
dynamic diameter of normal hexane at 4.3 A), which are
filled by the MoO3; component.

MoOj3; on NaY. Figures 7-10 show isotherms for vari-
ous probing molecules on a series of MoOgz/NaY samples
treated by heating at 673 K for 24 h with MoOs/NaY ratio at
0.08, 0.16, 0.21, and 0.24 g/g, respectively. The MoOs/NaY
sample with MoOs/NaY ratio at 0.08 g/g shows Langmuir-
type adsorption for cumene, cyclohexane, normal-hexane,
and water with the critical molecular diameter in the ranged
0f6.8-3.0 A, and Fig. 7 shows the cumene isotherm at room
temperature. Increasing the MoOg loading in NaY zeolite
to 0.16 g/g, the sample shows Langmuir-type adsorption for
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FIG.7. Cumene isotherm on the mixture of 0.08 g of MoOz and 1 g
of NaY zeolite treated by heating at 673 K for 24 h.
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FIG.8. The isotherms for (a) cyclohexane and (b) cumene on the
mixture of 0.16 g of MoO3 and 1 g of NaY zeolite treated by heating at
673 K for 24 h.

cyclohexane, but it does not adsorb cumene, as shown in
Fig. 8. With an increase of MoOs3 loading in NaY zeolite
to 0.21 g/g, the sample exhibits Langmuir-type isotherm for
normal-hexane, but the adsorption for cyclohexane is very
difficult (less 0.5 mg/g), as shown in Fig. 9. Upon further
increase of MoO3 loading in NaY zeolite to 0.24 g/g, the
sample only adsorbs water, as shown in Fig. 10.

Pore Size Distribution

Figure 11 shows determination of pore size distribution
for the MCM-41 molecular sieve and MoO3/MCM-41 mix-
ture (weight ratio at 0.45 g/g) by nitrogen adsorption at
77 K. In contrast to pore (about 30 A) of the MCM-41, the
pore of MoO3/MCM-41 mixture reduces obviously (about
25 A), which is strongly related to the high dispersion of
MoQOj; on the pores of MCM-41 molecular sieve.

Electron Probe Microanalyzer

The electron probe microanalyzer (EPMA) was used
to investigate the distribution of inorganic salts into zeo-
lites. For example, after dispersion of MoOj3 into NaZSM-5
(MoO3/NaZSM-5 ratio of 0.05 g/g) by heating at dispersed
temperature, the Mo species is determined at the sample
crystal paralleled ¢ axis, as shown in Fig. 12. The EPMA
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FIG.9. The isotherms for (a) normal hexane and (b) cyclohexane on
the mixture of 0.21 g of MoOj3 and 1 g of NaY zeolite treated by heating
at 673 K for 24 h.

results of four points exhibit the similar value at 0.05 g/g for
MoO:s.

Selective Catalytic Reduction of NO by Propylene

An application of the dispersion of inorganic salts into
zeolites is to prepare the copper/zeolite catalysts with high
copper loading. Table 3 presents catalytic conversion at the
temperature of 573 K in selective catalytic reduction of NO
by propylene in the presence of excessive oxygen over a
series of copper/zeolite samples prepared from dispersion
method. The catalytic conversion was measured by N, yield.
The samples of NaZSM-5, HZSM-5, CuCl, + NaZSM-5,
CuCly/NazSM-5 (samples 1-3 and 6) exhibit low conver-
sion as compared with ion-exchanged CuZSM-5 (sample 4).
However, the sample prepared from dispersion of CuCl,
into HZSM-5 (sample 5) give much higher conversion.
These results suggest that copper species highly dispersed
into channels of HZSM-5 zeolite is very effective for im-
provement of the catalytic activity.

Infrared spectroscopy for voy in the region from 3000 to
4000 cm~* shows that the sample of CuCl,/HZSM-5 (sam-
ple 5) gives a sharp band at 3610 cm~! assigned to strong
acidic OH groups, which is identical with that of HZSM-5
(sample 2) (28-30). Similarly, the sample of CuZSM-5
(sample 4) gives the same band at 3610 cm™* to that of

481
28 | a H,O
9
%B 21
&
&
€
5
'5 14
£
B
< L
7 -
i b n-Hexane
1 1 1 1 i
0.2 0.4 0.6

Relative Pressure, P/P,

FIG. 10. The isotherms for (a) water and (b) normal hexane on the
mixture of 0.24 g of MoO3; and 1 g of NaY zeolite treated by heating at
673 K for 24 h.

HZSM-5 (28-30). On the contrary, we could not observe the
band at 3610 cm ! in the samples of NaZSM-5 and CuCl,/
NaZSM-5 (samples 1 and 6).

Accordingly, 100% ion-exchange of Cu?* with NaZSM-5
and HZSM-5 would result in the formation of CuZSM-5
with a full removal of sodiums and protons in ZSM-5 zeolite

Lol 1 ' L
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FIG. 11. (a) the pore distribution curve of MCM-41 molecular sieve,
and (b) the pore distribution curve of MoO3/MCM-41 sample (weight ratio
at 0.45 g/g, heated at 723 K for 24 h).
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TABLE 3

Catalytic Activity in Selective Catalytic Reduction of NO by Propylene over Zeolite-Supported Copper Samples Prepared
from Mechanical Mixture, Dispersion, and lon-Exchange Methods

Preparation method Copper loading Catalytic conv.? 3610 cm™!
Sample Catalyst of catalyst (wt%) (%) in IR band®
1 NazZSM-5 0 <5 N
2 HZSM-5 0 <10 Y
3 CuCl, + NazZzSM-5 Mechanical 4.8 <5 N
4 CuZSM-5 lon-exchange 1.8 18 Y
5 CuCly/HZSM-5 Dispersion 4.8 39 Y
6 CuCl,/NaZSM-5 Dispersion 4.8 <5 N

& Catalytic conversion was estimated on N, yield at 300°C.

bY represents that the sample showed 3610 cm~* band, and N means that no 3610 cm~ band was observed in IR spectroscopy.

(14, 28). In fact, CuZSM-5 (sample 4) prepared from CuCl,
aqueous solution exhibit the same band at 3610 cm™, as
compared with that of HZSM-5 (sample). Moreover, the
most value for ion-exchange of Cu?* with NaZSM-5 and
HZSM-5 is approximately 1.0 of Cu?*/Al (14, 28). These
results suggested that there might be some reactions in the
aqueous solution for ion-exchange. We proposed that the
Cu?* jon-exchanged with NaZSM-5 and HZSM-5 to give
[Cu(OH)]ZSM-5, showing highest ion-exchanged value at
1.0 of Cu/Al and the strong band at 3610 cm~* assigned to
acidic OH groups (28-30).

DISCUSSION

The dispersion of oxides or salts on the surface of sup-
portssuch as y-Al,O3, are systematically investigated by the
pioneers Tang, Xie, and Gui et al. (15, 17) and they find the
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FIG. 12. Distribution of Mo atoms in NaZSM-5 crystal dispersed by
MoOs; at 723 K for 24 h (MoO3/NaZSM-5 = 0.05). The EPMA results of
four points were determined in NaZSM-5 crystal paralleled c axis.

dispersion capacity of salts is mainly related to the surface
area; thus they suggest the model such as “monolayer dis-
persion” or “submonolayer dispersion.” Furthermore, they
extend these studies to salt/zeolite systems, and it is found
that the model on the surface of y-Al,O3 is not in agree-
ment with that on salt/zeolite systems. On the other hand,
the dispersion of inorganic salts into zeolites may lead to
the change in pore size, adsorption ability, and catalytic
properties. A series of systems need to be investigated in
detail.

The Dispersion of Inorganic Salts onto Surface of Supports

MoOQO3; on supports. MoO3; on y-Al,Os. y-Al,O3 sup-
ports have a wide pore distribution in the range of
30-200 A, and MoOs highly disperses on the surface of the
y-Al,O3 support as a close-packed monolayer model (15,
17). The threshold value of the MoOj3; dispersion amount
on the surface of Al,O3 is 0.24 g/g of MoO3/Al,O3 ratio,
corresponding to dispersion capacity of 0.12 g for 100 m?
of Al,O3 surface. In other words, a “molecule” of MoOs
occupies 20 A2, which is in good agreement with the re-
sults obtained by Fransen et al. (27) from their preparative
work by means of adsorption in gas and solution of 17 and
22 A%molecule of MoOs, respectively.

MoO3; on NaZSM-5. As compared with Al,O3; sup-
port, the dispersion amount of MoOj; into the channels of
NaZSM-5 is relatively low, corresponding to the dispersion
capacity of 0.025 g for 100 m? of NaZSM-5 zeolite, which is
only 21% for the dispersion of MoQOj3; on y-Al,Oj3 surface
(Fig. 1).

The pore distribution of y-Al,O3 support is in the range
0f30-200 A, but the channel of NaZSM- 5 zeolite is uniform
of 5.6 A. It is thus suggested that the channel of NaZSM-5
zeolite limits the dispersion of MoQj3;. Considering the
MoQOj3; with Csy point group has a dynamic diameter of
5.0 A (20, 21), it is reasonable that each MoOj3 could occupy
the entire pore (I) of NaZSM-5 channel of 5.6 A. Based on
this postulation, the internal surface area occupied by each
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MoOj3 should be calculated in the following equation:
A=ndl =7 x6.0A x50A =0942A%, [1]

where d stands for the diameter of the channel, and | rep-
resents for the distance occupied by MoOj; in the channel,
and A stands for the internal surface area occupied by each
MoO3; molecule.

On the other hand, the surface area of NaZSM-5 zeolite
is 350 m?/g, therefore each gram of NaZSM-5 zeolite could
disperse a total number of MoO3; molecules according to

N=S/A=350m2/942 A’ =37 x 109,  [2]

where N refers as the number of MoOj dispersed into zeo-

lite channels, and S is surface area of NaZSM-5 zeolite.
Based on Egs. [1] and [2], we calculate the theoretical

dispersion capacity of MoOj3; into NaZSM-5 zeolite as

W = (N/6.023 x 102)M
= (3.7 x 10%°/6.023 x 10%) x 144 = 0.888 (g), [3]

where W represents for theoretical dispersion amount of
MoOQj; into NaZSM-5 zeolite, and M is molecular weight of
MoOs.

Notably, the theoretical value is consistent with our ex-
perimental results.

The mechanism of salts into pores of zeolites is inter-
preted by the change in free energy (AG < 0). Normally,
a process that disperses a substance in a crystalline state
as a monolayer or submonolayer into the pores of zeolites
would gain in entropy. If this process is energetically not so
unfavorable as to reverse its trend, the free enthalpy would
be decreased and so occurs the spontaneity. As a formula,
this process is given as

AG = AH —-TAS
(first and second laws of thermodynamics), [4]

where AG stands for change in free energy, AH is the
change in enthalpy, and AS is the change in the entropy,
respectively.

The dispersion of inorganic salts into zeolites means in-
creasing disorder for the inorganic salts. While the disor-
der of inorganic salts increases enough at a temperature
(TAS > AH), the dispersion of inorganic salts into the pores
of zeolites occurs spontaneously (AG < 0).

MoOj3 on NaY. In contrast to NaZSM-5, the NaY zeolite
has larger pores with 7.8Aand B cage with diameter of 13 A
(14) and the MoOg3 dispersion amount in the NaY zeolite is
slightly increased, arriving at 0.24 g/g, which corresponds to
0.034 g for each 100 m? of NaY internal surface. The value
is still much less than that on the surface of the y-Al,O3
support (only about 29%).

MoO3; 0n MCM-41. Since a MCM-41 molecular sieve has
a larger pore size with nearly 30 A, the dispersion of MoO3
into the pores of MCM-41 is slightly limited by the pore
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structure of the MCM-41 molecular sieve. At 0.45 or over
0.45 g/g of MoO3/MCM-41 ratio, we still could not observe
characteristic XRD peaks of crystalline MoOg3. However, if
MoOj; loading in MCM-41 molecular sieve is up to 0.50 g/g,
the crystallinity (26 at 1-4°) assigned to the MCM-41 molec-
ular sieve partially decreases, which indicates changes in
structure of the MCM-41 molecular sieve by dispersing
MoO:s.

In summary, it is suggested that the dispersion capacity of
MoOj; on zeolite supports is mainly related to the internal
surface area and pore size of the zeolites, and the zeolites
with larger pores exhibit higher dispersion capacity.

CuCl; on supports. CuCl, on y-Al,O3. The dispersion
capacity of CuCl,2H,0 on y-Al,O3is 0.20 g/g, correspond-
ing to dispersion capacity of 0.077 g of CuCl, on 100 m? of
y-Al,O3 surface. By taking 1.80 A as the radius of the CI~
ion (20, 21) Xie et al. (15, 17) estimated the close-packed
monolayer capacity at 0.10 g CuCl,/100 m? of y-Al,Oj sur-
face, which suggests that CuCl, forms a submonolayer cov-
ering about 77% of the y-Al,O3 surface.

CuCl; on NaZSM-5. The dispersion of CuCl,2H,0 into
NaZSM-5 zeolite is about 0.263 g of each 1g of NaZSM-5,
corresponding to the dispersion capacity of 0.058 g of CuCl,
on 100 m? of NaZSM-5 internal surface. As compared
with MoO3/NaZSM-5, the dispersion capacity of CuCl,
into NaZSM-5 zeolite is relatively high. The dispersion
capacity of MoO3 into NaZSM-5 zeolite is only 21% of
MoO3; on y-Al,Og3 surface, but the capacity of CuCl, into
NaZSM-5 arrived at 75% of CuCl; on the y-Al,O3 surface.
The phenomenon may be interpreted by the differences
in molecular structures for CuCl, and MoOg3. The dynamic
diameter of CuCl, (3.6 A) is much less than that of MoO3
(5.0 A).

Additionally, we found that the solid ion-exchange occ-
urs at heating temperature while the inorganic salt con-
tains cations. In the CuCly/NaZSM-5 sample, Na™* cations
in NaZSM-5 zeolite were exchanged for Cu** at 573-773 K,
forming CuZSM-5 zeolite. The solid ion-exchange capac-
ity is mainly related to the Na™ content in NaZSM-5, and
one Cu?* is only exchanged with two Na*. Because the
Na't content in NaZSM-5 is very low (less than 2 wt% of
NaZSM-5), the solid ion-exchange capacity is relatively lim-
ited, as compared with the dispersion method. For exam-
ple, we observed that the solid ion-exchange capacity of
NaZSM-5 with CuCl; is about 0.02 g/g, and the dispersion
of CuCl,2H,0 into NaZSM-5 is about 0.20 g/g. Notably,
there are some obvious differences between the solid ion-
exchange with the dispersion in the following: (1) The CuCl,
into NaZSM-5 zeolite prepared by the dispersion could be
washed away by water, and the Cu?* in NaZSM-5 prepared
by solid ion-exchange could not; (2) Both cations and an-
ions are dispersed in the pores of zeolites prepared from
dispersion method, and in contrast, only cations exist in the
pores of zeolites prepared from the ion-exchange method;
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(3) Metal oxides not having ion-exchange ability can be dis-
persed in zeolites by using the dispersion method, and these
metal oxides cannot enter the pores of zeolites by solid ion-
exchange procedures; (4) Considering the low capacity of
solid ion-exchange, we thus ignore the contribution for solid
ion-exchange reaction in the present study.

CuCl, on NaY. The dispersion of CuCIl,2H,0 into NaY
zeolites isabout 0.53 g for each 1 gram of NaZSM-5, corres-
ponding to the dispersion capacity of 0.058 g of CuCl; on
100 m? of NaY internal surface, which is the same as that
on NaZSM-5 channels. The results may indicate that the
dispersion of CuCl, into zeolites is not mainly influenced
by the structure of NaZSM-5 and NaY zeolites.

NiCl,6H,0 on supports. NiCl,6H,0 on y-Al,0O3. Both
NiCl, and NiCl,6H,0 easily disperse onto the surface of
y-Al,O3 at room temperature as a close-packed monolayer
model, and the dispersion capacity of NiCl, is 0.093 g for
100 m? of Al,O3 surface.

NiCl,6H,O on NaZSM-5. In contrast to y-Al,Os3, the
NiCl,6H,0 could not disperse into NaZSM-5 channels at
room temperature. As observed in Figs. 4b—4e, the XRD
peaks assigned to NiCl,6H,0 in mechanical mixtures is the
same as those of the samples placed at room temperature
for 36 h. The results may be explained by larger diameter
of NiCl,6H,0 (about 8-9 A) relative to the pore openning
of NaZSM-5 (5.6 A) (14, 20, 21).

However, the dispersion of NiCl,6H,0 into the channels
of NaZSM-5 zeolites occurs when the sample is heating
up to 433 K. As shown in Figs. 4f and 4g, the XRD peaks
assigned to NiCl,6H,O/NaZSM-5 in mechanical mixtures
completely disappear after the mixtures are heated at 433 K
for 24 h. The dispersion capacity of NiCIl,6H,0 is 0.045 g of
100 m? of NaZSM-5 internal surface. Increasing the temper-
ature from room temperature to 433 K, leads to the dehy-
dration of NiCl,6H-0, giving NiCl, with dynamic diameter
of 3.6 A, much smaller than 5.6 A (pore size of NaZSM-5).
Of course, at high temperatures (443 K), NiCl, mobility is
higher in NaZSM-5, thus leading to higher dispersion.

NiCI,6H,O on NaY. The same as the dispersion of
NiCIl;6H,0 on y-Al,Os3, the NiCl,6H,0 could disperse into
the pores of NaY zeolites. Placement of the NiCl,6H,0O/
NaY mixture at room temperature for 24 h results in the
disappearance of characteristic XRD peaks of crystalline
NiCl,6H,0. Considering that the NaY zeolites has a 8
cage with diameter of 13 A and the windows of 7.8 A, the
NiCl,6H,0 molecule could easily disperse into the 8 cage
of the NaY zeolite.

Ni(NO3),6H,0 on NaZSM-5 and NaY. The same as
the NiCl,6H,O/NaZSM-5 sample, the Ni(NOj3),6H,0/
NaZSM-5 system also shows the dispersion selectivity for
zeolite pores. We observed that Ni(NO3),6H,0 could not
disperse into the channels of NaZSM-5 zeolite at room tem-
perature, which is also attributed to the larger diameter of
Ni(NO3),6H,0 (9-10 A) (21, 28) and the smaller channel
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of NaZSM-5 (29). However, the Ni(NO3)26H,0 could dis-
perse into the NaY zeolite at room temperature. The disper-
sion of Ni(NO3),6H,0 into NaY zeolite may be related to
the partial dehydration of Ni(NO3),6H,0 at room temper-
ature, forming Ni(NO3)2(6 — x)H20 (x = number of water
molecules lost) which has a size closed to 7.8 A of Nay
pore.

Thermal Analysis

As observed in Fig. 5, DTA curves of CuCl,2H,0/
NaZSM-5 sample (CuCl,2H,O/NaZSM-5 at 0-0.22 g/g)
treated at 723 K for 24 h, do not exhibit the peak assigned
to melting point of CuCl,. The results suggest that there
is no CuCl; crystalline phase in the sample, relative to the
facts: (i) the crystal cell of CuCl, is very small (<10 A);
(ii) internal surface area of the zeolite is very large as com-
pared with the external surface area of the zeolite. For ex-
ample, outside surface area of NaZSM-5 with particle size
of 10 u x 2 u x 2 u, is less than 1% of total surface area;
(iii) the pore size of NaZSM-5 is about 5.6 A, we proposed
that CuCl, highly disperses into channels of NaZSM-5
zeolite.

The Factors for Dispersion of Inorganic Salts
into the Surface of Supports

As observed in Figs. 1-4, the experimental results are
summarized:

(1) All of inorganic salts with various dynamic diameter
easily disperse on the surface of y-Al,O3 support. For exam-
ple, MoOj disperses on y-Al,O3 as a close-packed mono-
layer model; CuCl; disperses on y-Al,O3 as a submono-
layer model; NiCl,6H,0 highly dispersed on y-Al,O3. The
dispersion capacity of inorganic salts is proportional to the
surface area of supports.

(2) Ascompared with y-Al,Os, the inorganic salts selec-
tively disperse into the channels of NaZSM-5 zeolite due
to the limitation of channel size. Inorganic salts having dia-
meters smaller or similar to the channel size of NaZSM-5
zeolite could disperse into NaZSM-5 zeolite, while salts
having the diameter larger than channel could not. For ex-
ample, a molecule of MoO3; with diameter of about 5.0 A
and molecules of CuCl, and NiCl, with diameters of 3.6 A
could disperse into NaZSM-5 zeolite, while molecules such
as NiCl,6H,0 and Ni(NO3),6H,0 with diameter greater
than 5.6 A could not.

(3) The dispersion capacity of inorganic salts on the
surface of supports is strongly influenced by the type of
support which is interpreted to relate to the pore size of
the supports. For MoOs/supports, the dispersion capacity is
mainly dependent on the pore size of the supports in addi-
tion to the surface area. The order of the dispersion capacity
of MoOj3 on the supports is: y-Al,O3 (0.12 g of 100 m? of the
surface) > MCM-41 (0.045) > NaY (0.034) > NaZSM-5
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(0.025). Comparatively, the pore size effect of supports
for CuCl, with smaller diameters was weaker, and the
order for the dispersion capacity was as follows: y-Al,O3
(0.077) > NaY (0.058) = NaZSM-5 (0.058).

It is suggested that three factors (the surface area of the
zeolites, the pore sizes of zeolites, and the dynamic diameter
of inorganic salts) play very important roles for the disper-
sion of inorganic salts into zeolites. It is reasonable that the
dispersion of inorganic salts into zeolites only occurs under
the condition that the diameter of inorganic salts is smaller
or similar to the pore size of zeolites. Such a conclusion has
been not found in the systems of inorganic salts on y-Al,O3
because the pore sizes of y-Al,O3 is much larger than that
of all of inorganic salts.

Investigation of Pore Sizes for Dispersion
of Inorganic Salts into Zeolites

MoOj3 on NaZSM-5. As shown in Fig. 6, the MoOs-
NaZSM-5sample (MoO3/NaZSM-5 ratio of 0.088 g/g, treat-
ment by heating at 723 K for 24 h) exhibits Langmuir-type
adsorption of the water (diameter of 3.0 A) (14, 28), but
it does not adsorb on normal hexane (diameter of 4.3 A)
(18, 28). The results indicate that the pore size of the
MoO3/NaZSM-5 sample is in the range of 3.0-4.3 A, which
is explained that the dispersion of MoOjs into the channels
of NaZSM-5 zeolite, reducing the channel size of NaZSM-5
zeolite.

MoO3 on NaY. As observed in Figs. 7-10, the isotherms
for various probing molecules on a series of MoOs/NaY
samples with various MoOj3 loadings exhibit quite differ-
ent adsorption properties (14, 28, 31). The sample with
MoOQOg3/NaY ratio at 0.08 g/g shows Langmuir-type adsorp-
tion for cumene (6.8 A), indicating the pore size at 6.8—
8.0 A. Increasing the MoOj; loading in NaY zeolite to
0.16 g/g, the sample shows Langmuir-type adsorption for
cyclohexane, but it could not adsorb cumene, suggesting
the pore size is in the range of 6-6.8 A. With an increase
of MoO3 loading in NaY zeolite to 0.21 g/g, the sample ex-
hibits Langmuir-type isotherms for normal-hexane, but not
for cyclohexane, demonstrating the pore size in 4.4-6.0 A
With further increase of MoOg loading in the NaY zeolite to
0.24 g/g, the sample only adsorbs water, indicating the pore
size in 3.0-4.3 A. From these facts, it is obvious that the pore
size of the MoO3—NaY mixtures is easily controlled by the
loadings of MoOj3 in NaY zeolite.

Considering the results of MoOgz/NaY samples, it is rea-
sonable that MoO3; with loadings at 0-0.08 g/g selectivity
disperses inside of 8 cage (13 A) of NaY, because we ob-
served that the pore size of NaY is almost not influenced by
0-0.08 g/g MoO3 loadings. In contrast, MoOj3 with loadings
at 0.16-0.24 g/g mainly disperse into near pore windows of
NaY zeolite, because the pore size of NaY is remarkably
influenced by the 0.16-0.24 g/g MoOj3 loadings, as shown in
Fig. 13.
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NaY Structure A

MoO;/NaY=0.08 g/g B

MoO3/NaY=0.16 g/g C

MoO;/NaY=021g/g D

MoO;/NaY=0.24 g/g E

<> : MoO; Molecule

FIG. 13. The proposed dispersion of MoOj3 into NaY zeolite with
various MoOs loadings: (a) NaY structure; (b) MoOs/NaY = 0.08 g/g, the
sample adsorbed cumene; (c) MoOs/NaY = 0.16 g/g, the sample adsorbed
cyclohexane, and did not adsorb cumene; (d) MoOs/NaY =0.21 g/g;
the sample adsorbed normal hexane and did not adsorb cyclohexane;
(e) MoOg/NaY =0.24 g/g; the sample only adsorbed water and did not
adsorb normal hexane. (—: MoOj3; molecule).

MoO3z on MCM- 41. As observed in Fig. 11, the pore size
of MCM-41 is significantly larger than and MoO3/MCM-41
(25 A). This demonstrates that the pore size of the MCM-41
molecular sieve could be modified by the dispersion of in-
organic salts.

The Control of Pore Size of Zeolites

From above results, we observed that the pore sizes of
salt/zeolite systems are easily influenced by the loading of
inorganic salts. For example, the MoO3z—NaY system ex-
hibits the pore sizes at 6.8-8.0, 6.0-6.8, 4.3-6.0, and 3.0-
4.3 A with MoO; loadings at 0.08, 0.16, 0.21, and 0.24 g/g,
respectively. These results have demonstrated that the salts
dispersed inside of zeolite pores. Therefore, it is suggested
that we could design the pore size of zeolites to various
degrees by dispersing various loadings of inorganic salts
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into zeolites, which is very important for the application on
catalysis by zeolites because the reactants required suitable
pores of zeolites.

Recently, Wang et al. (12, 13) reported that MoOsj/
HZSM-5 catalyst is very active for catalytic conversion
of methane to benzene at 773-923 K. The catalyst with
MoO3/HZSM-5 ratio of 0.02-0.03 g/g give the highest cata-
lytic activity and selectivity, and when the MoQOj; loading in
HZSM-5 zeolite is increased to 0.10 g/g, the catalyst lose
its activity completely. This is a good example for assembly
of active component (MoQ3) into zeolite with product se-
lectivity (HZSM-5) and for design of suitable pore size to
catalytic reactions. Isotherm measurements (31) show that
MoQO3/HZSM-5 at 0.02 g/g give the largest value for the ad-
sorption of methane and benzene; When the MoO3 loading
in HZSM-5 zeolite was increased to 0.088 g/g, the sample do
not adsorb the methane. Because catalysis is a surface phe-
nomenon, it is reasonable that the MoO3/HZSM-5 sample
with the largest value for methane adsorption could exhibit
the highest catalytic activity for methane conversion, and
that the catalyst without methane adsorption is completely
inactive for the methane conversion.

In general, the choice of various pore size in zeolites is
usually by using various types of zeolites (14, 31-33) (a ze-
olite with pore size of 3-4 A, NaZSM-5 zeolite with pore
size of 6 A, and NaY zeolite with pore size of 8 A, respec-
tively). In this study, we develop a new method to prepare
the samples with various pore sizes such as NaY varying
from 3to 8 A, by using the dispersion of inorganic salts into
the pores of zeolites.

Electron Probe Microanalyzer

As a typical run, we investigate the distribution of Mo
species in NaZSM-5 crystal, and the EPMA results of four
points on the crystal paralleled ¢ axis, exhibit the similar
value for Mo species (MoO3/NaZSM-5=0.05 g/g), which
is good agreement with the MoOj; loading in the chan-
nels of NaZSM-5. Furthermore, EPMA results of three
points were determined in the NaZSM-5 crystal paralleled
a axis, giving the same value for the ratio of MoOs/
NazZSM-5 (0.05 g/g). The fact confirms that the Mo
atoms almost homogeneously distribute inside of NaZSM-5
channels.

To understand the structural state of inorganic salts on
the supports, Jin et al. (34) study NiO/y-Al,O3 system
(NiO/y-Al,O3 ratio of 0.10 and 0.20 g/g, monolayer dis-
persion capacity is 0.24 g/g NiO/y-Al,03) by EXAFS tech-
nique. EXAFS spectroscopy shows that the Ni—-Ni coordi-
nation numbers characterizing the NiO/y-Al,O3 with NiO
loadings at 0.10 and 0.20 g/g are 2.0 and 3.5, respectively,
which are obviously distinguishable from 12, the value of
NiO crystalline. Considering the theoretical value of Ni—Ni
coordination numbers at 4.0, the EXAFS results of NiO/
y-Al,O3 samples provide evidence that NiO in the sam-
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ples disperses as monolayer onto the surface of y-Al,Os.
Recently, we have prepared NiO/NaY sample (NiO/NaY
ratio of 0.15 g/g) by the dispersion of Ni(NO3),6H,0O
into NaY zeolite, and followed by heating at 723 K for
2 h to remove NO; and H,O. EXAFS spectroscopy of
the NiO/NaY sample shows the Ni—-Ni coordination num-
bers at near 2.5, demonstrating that NiO distributes ran-
domly and do not form clusters or patches in the pores of
zeolites.

Selective Catalytic Reduction of NO by Propylene

Correlation of catalytic data with infrared spectra, shows
that the samples with a strong acidic OH groups appear-
ing at 3610 cm~! band exhibited relatively high catalytic
conversion (samples 4 and 5) as compared with that of the
samples without 3610 cm~* band (samples 1, 3, and 6). In
addition, CuCl,/HZSM-5 with higher copper loading (sam-
ple 5) gave higher catalytic conversion (36-39%) than that
of CuZSM-5 (sample 4) (18-21%). These results suggested
that both highly dispersed copper species and protons in
ZSM-5 zeolite would be very important for selective cata-
lytic reduction of NO by propylene, which might be related
to the synergetic effect of acidic sites and copper species in
these catalysts.

The catalytic active sites by which hydrocarbons re-
duce NO over CuZSM-5 prepared from the ion-exchange
method has largely been investigated by reaction kinet-
ics and IR spectroscopy (35-37). They suggested that
the catalytic active sites were from copper species, and
there was no discussion on the effect of acidic sites in
CuZSM-5.

It has been reported that the turnover frequency of NO
conversion on CuZSM-5 prepared from the ion-exchange
method had a linear relationship with the Si/Al ratio when
the ion-exchange level was 90% or more (38), which indi-
cated that the NO conversion is proportional to Cu loading
in the CuZSM-5 catalyst.

In the present study, we suggested that propylene and
NO are activated by acidic sites and copper species, respec-
tively. More copper species would give higher catalytic ac-
tivity. Because the CuCl,/HZSM-5 catalyst prepared from
the dispersion method is almost twice copper loading
as the CuZSM-5 prepared from the ion-exchange proce-
dure, it may be reasonable that the CuCl,/HZSM-5 with a
larger copper loading gives higher catalytic activity as the
CuZSM-5.

Furthermore, we try to design and prepare catalysts
of CuCl,/MCM-41 (silicalite) and CuCl,/MCM-41 (alumi-
nosilicate) (39, 40). Catalytic data in the selective reduc-
tion of NO by propylene in the range of 300-600°C show
that the activity for CuCl,/MCM-41 (aluminosilicate) with
a strong von at 3610 cm~! is much higher than that for
CuCl,/MCM-41 (silicalite) without the 3610 cm~! bands
(40, 41), and details will be reported in the future.
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CONCLUSION

The important conclusions of this study may be summa-
rized as follows:

(1) The dispersion of inorganic salts in the pores of ze-
olites is strongly influenced by the pore size of the zeolites
and the dynamic diameter of the inorganic salts, and it only
occurred when the diameter of the inorganic salts was
smaller or similar to the pore size of the zeolites.

(2) The dispersion capacity of inorganic salts on the sur-
face of supports is related to the pore size of the zeo-
lites. For MoOs/supports, the dispersion capacity increased
with increased the pore size, and the order of the disper-
sion capacity is: y-Al;03>> MCM-41 > NaY > NaZSM-5.
Comparatively, the pore size effect for dispersion of in-
organic salts with linear molecules such as CuCl, is rela-
tively weak, and the order for dispersion capacity is: y-
Al;O3 > NaY = NaZSM-5.

(3) The dispersion of inorganic salts into zeolites leads
to a significant change in the pore size of samples. The
MoO3/NaZSM-5 sample with MoO3; loading of 0.088 g/g
showed the pore size of the sample ranged of 3.0-4.3 A.
A series of MoO3/NaY samples exhibited the pore sizes at
6.8-8.0, 6.0-6.8, 4.3-6.0, and 3.0-4.3 A with MoOs loadings
at 0.08, 0.16, 0.21, and 0.24 g/g, respectively. It is suggested
that we could design the pore size of zeolites to be various
degrees by the dispersion of inorganic salts.

(4) The catalytic activity in the selective reduction of
NO by propylene shows that a CuCl,/HZSM-5 catalyst ex-
hibits higher conversion at 300°C than that of CuZSM-5
prepared from the ion-exchange method. Correlation of
catalytic data with infrared spectra for CuCl,/HZSM-5,
CuCly/NaZSM-5, and CuZSM-5 samples suggested that the
catalytic sites would be assigned to the synergetic effect of
protons and copper species.
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