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ABSTRACT

Advance developments in preparation, characterization and medification of zeolites and
processes have leading to new insights in adsorbent property and performances. This
research studies the modification of zeolite physicochemical properties and its gases (N,,
O; and CH,} adsorptive charactenistics by incorporating metal oxides into the zeolitic
system using thermal! monolayer dispersion method. The structures of the metal oxide
modified zeolites were charactenized by powder XRD; the physical features and gas
adsorption capacity were analyzed using TGA and Quantachrome NOVA 1000. Results
revealed that types of metal oxides, calcination temperature, metal oxide loading
concentration and the modification techniques greatly affect the modified zeolite
adsorbents structural properties and its gases adsorption capacity. "

Keywords: Zeolites, Metal Oxides, Modification, Adserption, Thermal Menolayer
Dispersion.

1 INTRODUCTION

In the last two decades, the modification of zeolite to obtain interesting catalytic and
adsorptive properties has been the object of intense rcsearch. Zeolites are microporous
materials with very large internal surface areas, well-orgamized, regular systems of pores
and cavities and uniform channels that suitable for gas adsorption. They are regenerable,
physically sturdy, hydrothermal stable and resist harsh environment; they perform well
aver a broad spectrum of operating conditions (Frost & Sullivan, 2001).

Metal oxides are simple inorganic materials having well-defined chemical structure. In
recent years, many applications have been found for them such as catalysts, magnetic
materials, superconducior and semiconductor. The ability to adjust pore sizes and
interlayer spacing also makes these nanostructure materials useful as molecular sieves for
separation and sorption application (Benvenutti et af., 1998). For example, metal oxides
developed for industrial adsorbents include magnestum oxide, titinanium oxide, zirconium
oxide and cerium oxide {Suzuki, 1990).

Zeolites represent almost ideal matrices to host nanostructure materials. The regular
pore structure of zeolite molccular sieves ofters a suitable reaction or adsorption chamber
for them. Many properties such as the composition, the internal surface area, the acidity,
and the geometry of the system can be modified by the dispersion of oxides or salts on the
surface of zeolite (Thoret ef o/, 1997). Besides, the high thermal and chemical stability of
zeolite matrices would afford the metal oxide to operate in a broad range of temperature,
pressurcs and in various media for multiple applications m the field of catalysis,
adsorbents and nanoparticles technology. In other words, this medification has opened a
new route¢ for the synthesis of novel nanostructure materials having unique physical and
chemical characteristics. Various techniques have been employed for the confinement of a
wide range of nanocrystalline materials, metal, metal oxide and semiconductors intv or on
the surtaces of ordered microporous and mesoporous structures: ion exchange, incipient
wetness impregnation, chemical vapdr deposition and spontaneous thermal monolayer
dispersion (Kumar ef al., 2003). As compared with other techniques, the spontancous
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thermal monolayer dispersion as reported is relatively simple, low cost, easy control and
good repeatability in preparation of metal oxide modified zeolitc adsorbents. It also was
shown to be very useful for obtaining modified samples with supcrior coke resistances,
high activity, saving time, chemicals, and waste ta be disposed — environmental friendly
(Hagen et al., 2003).

From literature investigation, most of the research works reiated to metal oxide-
modified zeolite that prepared by various modification conditions are conducted mostly
for catalysis application. Their studies do not identify the influences of different types of
metal oxides to the changes of zeolite physicochemical propertics and gas adsorptive
characteristics in a systematic modification ways by varying and conirolling the
parameters (types of metal oxides, calcination temperature, metai oxides loading
concentration and modification techniques) involved. The present paper reported below is
a brief review of reccat study in the modification and investigation of the zeolite- metal
oxides that are widely applied by other researchers. Several types of gas which are
industrial interest such as gas nitrogen, oxygen and gas methane adsorption capacity and
characteristics onto metal oxide modified zeolitc adsorbents also being investigated in
order to gain a better understanding on the fundamental aspects of metal oxide-zeolite
interaction and adsorbate-adsorbent interaction that might results in a novel process for the
design of the special adsorbents in new era.

2 EXPERIMENTAL PROCEDURES
2.1 PREPARATION OF METAL OXIDE MODIFIED ZEOLITE SAMPLES
2.1.1 Thermal Monolayer Dispersion

2.0 g of commercial zeolite NaY is extensively mixed in a2 mortar with powdered metal
oxide (NiQ, CuQ, ZnO, Ga,0, and Sn0O) purchased from Acros, Malaysia, at a
predetermined ratio corresponding to up to 5 metal oxides per unit cell NaY (290 pmolig
adsorbent). The resulting mixture is sieved to a particle size of 300 pm and consecutive
calcined al elevated temperature with heating rates of 10 K/min to §73.15 K in a furnace
for 24 hours.

2.1.2 Incipient Wetness Impregnation

Metal oxide modified zeolite adsorbent was prepared by impregnation of commercial
zeolite NaY with equimolar amounts of metal oxide. For this study purpose, 0.1 M
aqueous solution of Gallium (IH) Nitrate Hydrate (10 ml) was stirred with 1.0 g of zeolite
NaY at room temperature for | hour and after that the mixture was evaporated fo dryness.
Then, the sample was dried overnight at 373.15 K in oven and further calcined at 823.15
K for 3 hours leading to the transformation of the Gallium (111) Nitrate into Gallium (LI
Oxide modified structure. The theoretical amount of Gay(}; introduced in samples was
290pumol/g adsorhent or 5 GuaOs/unit cell NaY.

2.2 ANALYTICAL PROCEDURES

In this research work, before and after metal oxide-zeolitc NaY modification, the
structures of modified samples were characterized by powder X-Ray Diffraction (XRD}
with CuKet radiation (A = 1.5418 A) and 40 kV and 40 mA in the range of 20 = 2°- 50° at
scanning speed of 0.05 per second. The physical features such as pore diameter, pore
volume, micropore surface area and pore size distribution were determined by nitrogen
gas adsorption method that carried out at 77 K using Quantachrome NOVA 1000.
Meanwhile, the gases adsorption capacitics were characterized using Perkin Elmer
Thermogravimetric Analyzer Model TGA 7. The weight change of the adsorbent was used
to determine the adsorption performance of the materials.
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3 RESULTS AND DISCUSSIONS

3.1 EFFECT OF MODIFICATION PARAMETERS ON METAL OZIDE MODIFIED
ZEQLITE

3.1.1 Types of Metal Oxide

A series of metal oxides (Ni0O, CuQ, ZnQ, Ga;0; and SnO) were used as a guest to
disperse inlo the zeolite NaY host matrix system. These 5 metal oxides/unit cell NaY
samples were thermal monolayer dispersion prepared with the mechanical mixtures of
NaY zeolites with different types of metal oxides, followed by heating at 873.15 K for 24
hours.

The XRD patterns of 5 metal oxides/unit cell NaY samples are shown in Figure 1. It is
observed that the intensity of the XRD reflections slightly decreases afier calcination
process for 24 hours in fumace. This is accompanied by a slightly shift of XRD lines to
higher 20 values indicating a decrease in o spacing. It 15 suggested that the presence of
metal oxide within the pores of the NaY zeolites thus reflected in the decrease of the
intensities of XRD reflections. -
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FIGURE 1. XRD Patterns of 5 Metal Oxide/Unit Cell NaY Samples. (a) NaY; (b) 5
NIO/UC (= - NiOY; {¢) 3 CadWUC; (d) 5 ZnOSUC (* - ZnOY; (&) 3 Ga;O,/UC (+ - Gax(s);
and (1) 3 Sn(/UC (¢ - SnQ;).

The characieristic peaks of crystallme NiO, ZnO, and Ga;0, with Tammann
temperature of 1117 K, 1124 K and 1007 K respectively showed up clearly in their XRD
patterns. However, no peaks corresponding to the crystalitne phase of CuO (Tammann
temperature at 800 Ky and SnO {Tammann temperaturc al 677 K} were observed in the
samples at the same loading concentration and modification condition. SnQ modified
zeolite NaY after heat treatment at 873.15K however was oxidized to some exlent from
SnO to $nOy. The crystalline peaks of N1O, Zn0O and Ga,O; as expected might disappear
and able to disperse well with a higher calcination lemperature, which is between their
Tammann temperare and melting point temperature. Ehfferent types of metal oxides
could be dispersed spontaneousty onto the surfaces of oxide support NaY after calcining
the mixtures at a dispersive temperature with formation of a monolayer or submonolayer.
in the calcination process, 3D bulk metal oxides are suggested to transformed mto 2D
species on the inner or outer surfaces of zeolite Na¥. For these five types of metal oxide,
it 1s clear that CuO and SnO are good pore modifiers 1o NaY zeolite at this dispersive
temperature (600°C), which is suitable for zeolite structure stability.

The surlace areas of the suppports play an important role in the dispersion of metal
oxides. Table | shows that the incorporation of metal oxide into zeolite ‘\hY le(,dllV
diminished its specific surlace arca. Some pore blockage might have occurred « o
dispersion capacity of metal oxide loading. Before and -after zeolite : gk
modification the micropore volumes and micropore surface areas decrea~~: - iich
resulted from peneiration of a small amount of metal oxide into the pores of the <.oine. 1t
is interesting to found out that the average pore diameters of metal oxide modified zcolites
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were broadened after modification. This enlargement of micropore diameter of NaY
zeolites might due to the imbedding of metal oxides into the skeleton of NaY zeolite
instead of incorporatiag into the pores system. These embedded metal cations might
substitute the skeletal aluminium and make the pore diameter larger due to the bond length
of Metal-O is shorter than Al-O. Meanwhile, the characteristic energy of the adsorption of
N, over Sn0O medified Na¥Y is the lowest compared with others metal oxide-supported
zeolites, which is consistent with the result we obtained in the gas nitrogen adsorption
characteristic. '

TABLE 1. Physical Features of Metal Oxide-Modified Zeolite NaY Samples.

3 Specific Micropore Micropore Avcrage Adsorption
ample Pore
Surfac;: Area Sur-facze Area Voh;meg: Diametes Energy, Eq
(m/g) {m/g) (110" m'/g) (1x10° m) (k¥/mol)
Na¥ 793.33 847.35 2.99 1.56 16.28
5 NiO/AUC 364.75 354.78 1.39 1.68 16.07
5 CuQ/UC 401.37 439.15 1.55 1.92 14.94
5 ZnO/UC 308.38 322.81 .14 1.64 19.07
5 Gay05/uC 216.09 210.14 .74 1.78 16.40
5 SnOAUC 621.06 710.31 2.51 1.71 9.81

3.1.2 Calcination Temperature

Apart from these, calcination temperature is one of the most important parameters that
give effects on metal oxide medified zeolite physicochemical and gas adsorptive
characteristics. XRD has been used to study the effect of calcination temperature on the
interaction between SnO and NaY as shown in Figure 2. The results found out that the
intensity of XRD pattern increased after the heat treatment at 673.15K compared with
physically mixed sample, slight decrease in the diffraction peak intensity can be seen with
the increase of calcination temperature. The characteristic peaks assigned to SnO
disappear completely when the sample is heated at 688.15K; it means that SnO can
disperse well at this optimum calcine temperature without showing any partial oxidation
or residual crystalline SnO remains,
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FIGURE 2. XRD Patterns of 5 SnO/NaY Samples Before and After Heat Treatment: (a)
Sn0; (b) NaY; {¢) 5 SnO/NaY Physically Mixed; (d) 5 SaO/NaY at 673.15K; (¢) 5
SnO/NaY at 688.15K; (f) 5 SnONaY at 723.15K; (g) 5 SnO/NaY at 773.15K; (h) 5

SnO/NaY at 873.15K; and (i) 5 SnO/Na¥ at 973 .15K.

For samples calcined at temperature 673.15 K and below, the peaks of crystalline SnO
are present, but with reduced intensity. [t revealed that heating at this femperature only
causes SnO to disperse onto the surface of NaY but not to diffuse into the butk NaY.
However, a high dispersion temperature coufd lead the SnO to oxidize to some extent. [t is
obvious that calcination process at 723.15K and above, SnO will oxidize to S5n0G;. The
calcination process at high temperature may result in the transport of metal oxide species
out of pore the system and their subsequent deposition at the external surface, where they
agglomerate finally to form larger size crystailites. When all the useable vacant sites are
occupied, a close-packed capping O™ layer is formed. This is in confirming with the XRD
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data where the reflections of crystalline SnQ, car be seen clearly and increased from
723.15K to 973.15K.

3.1.3 Metal Oxide Loadmg Concentration

A series of SnO/NaY samples were prepared with the mechanical mixtures of NaY zeolite
with various SnO loadings (I SnO/NaY, 3 SnO/Na¥, 5 SnO/NaY, 7SnO/NaY, 9
SnO/NaY) followed by heating at its optimum temperature 688.15 K for 24 hours. From
Figure 3, we can observe that the peaks assigned to SnO crystal in the treated samples
disappear completely after heating for 24 h at 688.15 K when the content of SnQ is low.
SnO is not known to undergo a reaction with NaY support and the transformation of SnQ
mto amorphous phases is really impossible at the temperature of thermal treatment 688.15
K. The disappearance of the XRD peaks assigned to SnO can be interpreted as SnQO
spreading onto the surface of the support with the formation of a monolayer or sub-
monolayer after heat treatment, 3D bulk $nQ is transformed into 2D SnO species. When
the content of SnQ in the mixtures increagses to 5 SnO/NaY and above, the peaks of
crystalline SnQ exist, but the relative intensities are markedly reduced after the heat
treatment. The large fraction of SnO were located on the external surface of the zeolite
crysials and led to a narrowing of the pore openings on the zeolite, which suppressed the
further penetration of SnO into the pores of the zeolite.
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FIGURE 3. XRD Patterns of Sn(O/NaY Sampies: (a) SnO: (b) NaY; (¢) 1 SnO/NaY;
{d) 3 SnO/NaY; (¢) 5§ SnO/NaY (* - SnQ); (f} 7 SnO¥Na¥ (* - Sn0);
and (g} 9 SnO/NaY (* - SnO}.

There is always exist a critical dispersion capacity for each types of metal oxide
content on the surfaces of supports. From the XRD patterns, we can estimate that the
critical dispersion capacity of SnQ onto the surface of Na¥Y support is 5 SnO/NaY with
weight ratio of about 3.9 wt%. The loading of metal oxide parameter easily intluences the
pore sizes of zeolite systems. Therefore, 1t 13 suggested that the pore size of zeolites can be
designed to various degrees by dispersing various concentration loadings of metal oxide
into zeolites, which 1s very important for the application on adsorbents by zeolites because
different types of adsorbate required specific suitable pores of zeolites.

3.1.4 Modification Techniques

There are several types of modification techniques to disperse metal oxides on/into zeolite
host matrix system. Gallium (Il) oxide modified zeolite NaY adsorbents prepared by
thermal monolayer dispersion method {TMD) and mcipient wetness impregnalion method
(TWTI) are compared in this work at the same loading concentration 5 Ga,O3/Na . From
the results presented in XRD pattern as shown in Figure 4, for both of the samplex, as
expected, (Ga;,(); crystallites peaks showed slightly in the thermal dispersed sa:: :
none of the sharp peaks characteristic of Ga,0; crystallites is detected on the iy i
sample. These data suggest that the gallium (11} oxide is probably dispersed monoiayer in
or on the surface of the NaY support.
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FIGURE 4. XRD Paiterns of Ga,0:/NaY Samples: (a) Ga,04; (b} NaY; (¢) 5 Gay0Os/NaY
prepared by thermal monolayer dispersion technique (* - Ga;03); and (d) 5 Ga,05/NaY
prepared by incipient wetness impregnation technique.

In order to compare adsorption capacity of thermal monolayer dispersion with
incipient wetness impregnation prepared samples, equilibrium adsorption for gas methanc
at 50°C and 1.3 bar using T'GA Analyzer on both are shown in Figure 5. When compared
both modified adsorbents, thermal dispersion modified adsorbent showed superior
adsorptive capacity and higher initial adsorption rates with 21.7% and 61.5% respectively
higher than the same adsorbent prepared by incipient wetness impregnation sample. When
the surface areas were compared, no significant differences were encountered. In overall,
adsorption rates lo achieve 100% completion lor both adsorbent were fasi. These
characteristics enable ihe adsorbents as good candidates for usc with pressure swing
adsorption process. Thus, modification techniques selection plays an important role in
metal oxide modified zeolite gas adsorption capacity. These diflerences of madification
techniques can be used to manipulate the adsorptive properties of adsorbents to suit a
particular separation better.
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FIGURE 5. The CH; Adsorption Curve of Ga,0; Modified Zeolite NaY.

32 GAS ADSORPTIVE CHARACTERISTICS OF METAL OXIDE MODIFIED
ZEOLITE :

Based on the characterization daia presented in Figure 6, it is observed thal the gas
nitrogen and oxygen adsorption capacity decreased afler metal oxide-zeolite modification.
However, incomporation of CuO and Gax(; into zeolite NaY greatly enhanced gas methanc
adsorption capacity to 31.6% and 3.7% respectively. These data are not enough to explain
the mechanism showing why the adsorptivity of gas CH, could be improved by
mechanically mixing CuQ) with NaY materials. It is suggested that after calcining the CuO
with NaY at a high temperature, some of the CuQ might migrate and coated on the surface
of NaY through solid-state rcaction. The surface coating of CuO onto NaY may jufluence
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the surface reactivity of CuO with gas CH,. Result here revealed that no matter what the
coexistence state of the metal oxide on NaY support is, the difference in adsorption
capacity of different types of gases (N, O,, and CH,) into the pore structures of modified
adsorbents give changes to the gases sclectivity that is important and nceded to be
discover further,
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FIGURE 6. Guses Adsorption Characteristics of Metal Oxides Modified Zeolite NaY.

4 CONCLUSION

Metal oxide-zeolite modification parameters such as types of metal oxide or substrate,
calcination temperature, metal oxide loading concentration and modification techniques
will greatly influence the physicochemical properties of zeolite and its gas adsomtive
characteristics. By controlling all of the parameters involved well, it is possible to get a
new finding in designing zeolite system as special adsorhents in new era.
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