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Abstract Gold nano particles (GNP) were deposited on
Na-Y and H-Y zeolite substrates using chloroauric acid
(HAuCly) solution. The synthesized catalysts were then
characterized and the catalytic activity toward CO oxida-
tion reaction was investigated using a tubular fix bed micro
reactor under atmospheric pressure. It was found that CO
conversion of 100% and 5% can be achieved at 20 °C on
Au/Na-Y and Au/H-Y fresh catalysts, respectively. Ther-
mal stability of catalysts was also investigated by treating
the catalysts at 400 °C for 4 h. After thermal stability test,
activity tests of the catalysts at 20 °C were shown that CO
conversion of Au/Na-Y catalyst was decreased to 65%
whereas the activity of the Au/H-Y at 20 °C was increased
up to 15%. Characterization tests were revealed that the
structures of the zeolitic supports were remained unchan-
ged after thermal pretreatment.

Keywords Gold nano particle (GNP) - HY - NaY -
CO oxidation - Catalyst - Thermal stabilization

1 Introduction

Gold did not attract much attention in heterogeneous
catalysis and employed industrially because of its chemical
inertness, resulting from an inability to chemisorb mole-
cules like di-oxygen and di-hydrogen at ambient

S. Jafari - H. Asilian Mahabady
Department of Occupational and Environmental Health,
Medical Faculty, Tarbiat Modares University, Tehran, Iran

H. Kazemian (X))

R&D Lab. of SPAG Co., Technology Incubation Center, Sci &
Technol. Park of Tehran University (UTSTP), Tehran, Iran
e-mail: hosseinkazemian @gmail.com

temperature. To the inertness of gold is added the absence
of techniques for the dispersion of the metal comparable to
those which exist for other metals traditionally used for
heterogeneous catalysis and the difficulty for obtaining
highly dispersed samples [1].

The application of gold catalysts to the oxidation of
carbon monoxide has been studied extensively, most
notably by Haruta et al. [2].

One of the significant features of gold-based catalysts is
the low temperature oxidation of carbon monoxide, where
the catalysts display activity at temperatures as low as
—70 °C [3]. There are many factors affecting catalytic
activity of gold nano particles (GNP); e.g., the size of gold
nanoparticles, preparation methods, and pretreatment con-
ditions [4].

The most important factor in the catalyst reactivity is the
GNP size, which is 3 nm as an optimum size for CO oxi-
dation reaction. Various methods have been developed in
order to control the GNP size [4].

The nature of catalyst support is one of the critical
parameters, which determines the catalytic activity [5]. So
far, different kinds of materials have been tested as sup-
ports, e.g., active supports, such as TiO, and Fe,O3, which
can be easily reduced and passive(inert) supports such as
Mg(OH),, Al,O;, silica, mesoporous materials [4, 6],
activated carbon fibers [7], and zeolites [8-10].

The GNP is an active catalyst even without any high
temperature pretreatments (activation). For moderately
reducible support such as TiO, or Al,O3;, hydrogen
reduction at a moderately high temperature is effective. For
example, the temperatures of hydrogen reduction are 373
and 473 K for Au/TiO, and Au/Al,Os3, respectively [4],
whereas for inert supports such as activated carbon, high-
temperature reduction in H, (e.g., 673773 K) is necessary
to activate the catalyst [7].
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So far, different types of zeolites were tested as the
supports for GNP catalysts. Some of the advantages of
zeolite are related to its porous and crystalline structure,
which causes its high surface area, high cation exchange
capacity as well as the regular nanosized cages and cavi-
ties, which can be act as confinement spaces to stabilize the
GNP [8]. In this concern so far, several zeolite based GNP
catalysts have been reported for NO reduction and CO
oxidation reactions [11]. In a research, a modified method
for preparation of GNP on Y-type zeolite has been devel-
oped. The resulted catalyst possessed higher activity and
stability toward CO oxidation reaction in comparison to
those catalysts without any surface pretreatment. Effects of
the preparation conditions (i.e., chloroauric acid concen-
tration, pH of gold solution, solution temperature, and
mixing time) of GNP on the Y-type zeolite (Au/Y) support
for CO oxidation have been also investigated. The results
revealed that Au/Y catalysts prepared from a gold solution
on a surface modified Y-type zeolite with an initial gold
concentration of 1.46 x 10~ M, solution pH of 6, reaction
temperature of 80 °C, and mixing time of 1 h, would be the
optimized active and effective catalyst for CO oxidation
[8]. Researchers were also synthesized GNP catalysts on
different zeolite supports (Y, f8, and mordenite) using pH-
adjusted chloroauric acid solution. The results revealed that
the gold loading on the zeolitic substrates was strongly
related to the aluminum content; it was also affected by the
structure of the used zeolite [12].

The effect of different synthesis parameters on the
activity and stability of GNP supported on the zeolitic
supports such as preparation conditions (i.e., gold solution
concentration, pH of the solution, temperature, mixing
time, etc.), structures and nature of cationic sites of the
zeolites, and modification of surface acidity have been
studied systematically in the literatures [8, 11, 12].

This paper intends to report synthesize and character-
ization GNP supported on Na-Y and H-Y type zeolites by
mean of deposition-precipitation. The catalytic activities of
“as synthesized catalysts” were also studied at different
temperature in a fixed bed micro reactor. The effect of
thermal stabilization process (thermal pretreatment) on the
catalyst activity was also investigated.

2 Materials and Methods

2.1 Materials

In this research, NH4-Y zeolite (Sigma-Aldrich) was used
and converted to H-Y and then to Na-Y forms to use as
GNP substrates. To obtain H-Y zeolite, the NH,4-Y was

calcined at 550 °C for 4 h; by evolving NH; molecules;
H-Y will be formed.
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Ion exchange technique was used to modify the pro-
duced H-Y into Na-Y type zeolite. To do this, the obtained
H-Y zeolite was contacted with a 1 N solution of NaNOj
for 48 h. Solution pH was adjusted to 6 using 1 N sodium
hydroxide solution. After ion exchange, the resulted sam-
ple (Na-Y) was filtered, washed with excess amounts of
deionized water and dried at 60 °C for 4 h.

Deposition-precipitation technique was used to load
GNP on the substrates. Chloroauric acid, which was used
as gold precursor in all of the experiments, is produced by
dissolving gold metal (plate; 99.98%) into hot aqua regia
solution, the solution was heated to evaporate all acids, the
remained precipitate is chloroauric acid. Gold solution
(0.032 wt%) was prepared by dissolving of chloroauric
acid in distilled water.

To prepare the GNP catalysts, GNP promoter was loa-
ded on zeolite supports by adding 1 g of zeolites (Na-Y or
H-Y) to a 125 mL portion of chloroauric acid solution
(0.032 wt%). The pH of the solution was pre-adjusted to 6
by NaOH solution. The mixture was shaked at 80 °C for
1 h. The resulting catalysts revealed that the reaction time
and temperature is suitable to form the GNP on zeolites.

The prepared catalyst was filtered and washed with
excess amounts of distilled water until the filtrate was free
of chloride ions (Ag"' test). The resulted samples were
dried at 60 °C overnight.

2.2 Materials Characterization

Elemental composition of the used NH4-Y type zeolite was
determined by mean of X-ray fluorescence (XRF; Oxford-
ED2000). Energy dispersive analysis by X-rays (EDAX) as
a result of scanning electron microscopy (SEM, Philips,
XL30) tests were used to measure the elemental content of
the synthesized Au/Na-Y catalysts. The Au content of
chloroauric acid in the solutions before and after Au
deposition process was determined using inductively cou-
pled plasma-atomic emission spectrometer (ICP-AES;
Varian, Liberty 150 AX Turbo). The structural frameworks
of the zeolites were confirmed by mean of Fourier trans-
form infrared spectroscopy (FTIR; ATI Mattson
spectrometer).

2.3 Catalysts Performance Tests

In order to evaluate the catalytic activities of the prepared
catalysts in various experimental conditions, carbon mon-
oxide conversion experiments were carried out in a quartz
tube micro reactor under atmospheric pressure. To do this,
a stream of 0.155 mL/min of carbon monoxide and 31
mL/min of dried air were mixed and used as the reactor
feed. A real time gas analyzer device (BABUC/A) equip-
ped to a carbon monoxide detector was used to measure
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carbon monoxide concentration at the feed and products
gas streams. The effect of reactor temperatures on the
catalysts performances were examined at various temper-
ature ranging from 20 to 400 °C. Thermal pretreatment
tests for evaluation of the catalysts thermal stability was
performed at 400 °C for 24 h.

Several parameters were tested to investigate the opti-
mized condition for the catalysts performance. In this
concern catalyst activity (conversion as a function of
temperature), catalyst durability (conversion as a function
of time at constant temperature) as well as catalyst stability
(conversion as a function of time and temperature) were
investigated.

3 Results

Chemical composition of NHy-Y zeolite as the parent
substrate and “as synthesized” catalysts (Au/Na-Y, and
Au/H-Y) are presented in Table 1.

Table 1 Chemical composition (% w/w) of NH4-Y, Au/Na-Y, and
Au/H-Y samples

These results reveal that by modifying the support to H
and Na forms and doping the GNP promoters, the SiO,/
Al,Oj3 ratio of the zeolite support (3.03) was increased to
3.69 and 3.79 for Au/Na-Y and Au/H-Y, respectively.
Usually, increasing the Si/Al ratio will cause the higher
stabilities as well as the stronger acidities of the alumino-
silicate materials. GNP loading percentages of the prepared
catalysts were 3.69 and 5.77 for Au/Na-Y and Au/H-Y,
respectively.

FT-IR spectrum of the sample was used to evaluate
structural stability of the catalysts by modification to Na
form and converting to GNP loaded catalyst before and
after thermal stability test. FT-IR spectra of Au/Na-Y
catalyst before and after thermal stabilization test are
illustrated in Figs. 1, 2. IR data of a reference Na-Y zeolite
is presented in Table 2 [13], in which the absorption band
of 563-613 cm™' is the representative band related to
double six rings, which is a key structural feature of FAU
type (Na-Y zeolite) framework. By comparison of obtained
data from the spectra with the reference data, it can be
concluded that Na-Y structure remains unchanged during
modification and GNP impregnation processes. FT-IR
spectra of the Au/H-Y catalyst before and after thermal

Component  SiO, AlLO;  NayO  SiOyALO;  Au stabilization treatment were shown the same results.
NH,-Y 28 2400 244 3.03 B Y Re;u{lis/(g t\k;e C:)lcaialytlf1 .cc;lnversmn te-StZ ovetr AtuiNa—
and Au/H-Y catalysts, which were carried out at tem-
Au/Na-Y 72.78 19.72 2.39 3.69 3.89 o y . . . .
perature of 20 °C for a time period of 4 h are illustrated in
Au/H-Y 73.14 19.28 1.61 3.79 5.77 .
Fig. 3.
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Fig. 1 FT-IR spectrum of Au/Na-Y catalyst before thermal pretreatment
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Fig. 2 FT-IR spectrum of Au/Na-Y catalyst after thermal pretreatment (400 °C, 24 h)

It was found that for Au/Na-Y catalyst, the conversion
was reached up to 100% after 170 min of reaction and
remained in this steady condition at least for more 70 min
(total test time was 4 h), whereas, the CO conversion on
the Au/H-Y catalyst was not more than 5% at the same
conditions and during the entire test time. Since the Au
loading percentage of the Au/H-Y catalysts (5.77%) was
higher than of Au/Na-Y (3.89%), it can be concluded that
the Au loading percentage is not the key parameter, which
affects the catalytic performance of Au based catalysts, but
GNP size is more important.

Effect of thermal pretreatment (thermal stability test) at
higher temperatures were not investigated in previous
works [e.g., 6, 11]. In this study, this effect was examined
for the catalysts by heating at 400 °C for 24 h.

The effects of reaction temperatures on the CO con-
version on the Au/H-Y catalyst before and after thermal
pretreatment are illustrated in Fig. 4.

Table 2 IR data of a reference Na-Y type zeolite [13]

Wave numbers (cm™') Assignment

507-530 T-O bend

563-613 Double 6 ring
670-792 O-T-Osym stretching
748-837 O-T-Osym stretching
975-1,084 O-T-Oas stretching
1,057-1,210 O-T-Oas stretching
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The temperatures in which 50% and 100% of CO con-
versions were happened over the catalyst before thermal
stabilization process were 90 and 150 °C respectively,
whereas these temperatures for the catalyst after thermal
pretreatment were 80 and 140 °C respectively. These
results reveal that the performance of Au/H-Y catalyst was
increased remarkably.

The effect of reactor temperature on the CO conversion
for the thermal stabilized Au/Na-Y catalyst is illustrated in
Fig. 5.

The results show that the CO conversion at 20 °C on the
thermal stabilized Au/Na-Y was reached up to 65%,
whereas in the case of untreated Au/Na-Y catalyst, at this
temperature and after 170 min of reaction, the complete
CO conversion was achieved (Fig. 3). Based on the results,
the complete CO conversion on the thermal pretreated Au/
Na-Y was achieved at 65 °C.

4 Discussions

The framework of Y-type zeolite (FAU zeolite group)
consist of three different kinds of pores within the crystal
structure: (a) the supercages with a pore opening of 7.4 A
(0.74 nm) and an inner space-diameter of 12 1&, (b) the
sodalite cage (or f-cage) with a pore opening of 2.6 A
and an inner diameter of 6.6 A, and (c) the hexagonal

prism with a smaller opening than that of sodalite cage
[12].
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The surface charge of Y type zeolite is negative. This
negative charge can prevent vigorous deposition of gold
species with negative charges, such as Au(OH),_,Cl,”, on
the surface of zeolites. Usually, there are more negative
charges on the surface of Na-Y in comparison to the H-Y
surface that is why the deposition of negative gold species
on Na-Y should be less than those on H-Y [11]. The reason
of different loading amount on the two substrates may be
related to surface property of Na-Y and H-Y zeolite.

Generally, GNP will be deposited in different sites of
Y-type zeolite, namely inside the supercages, inside the
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sodalite cages and on the exterior surface of the zeolite
structure. If the GNP locates inside the sodalite cages,
they are not accessible to CO molecules due to the
smaller size of sodalite cages opening windows (2.6 A) in
comparison to the kinetic diameter of CO molecule(3.7 A)
[12].

The average diameter of GNP in the super cages is about
2 nm [8], which are in the range of GNP optimum size for
CO oxidation reaction at low temperatures [4]. Higher CO
conversion catalytic activity of untreated Au/Na-Y can be
interpreted as a result of formation of accessible GNP in
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Fig. 5 The effect of reactor temperatures on the CO conversion over the Au/Na-Y catalyst after thermal pretreatment

the range of 2-3 nm, inside the supercages as well as on
the external surface of zeolite particles.

Based on the gold solution chemistry, AuCl,(OH), and
AuCI(OH); species are the predominant gold complexes
in the pH range of 67 at a transient state [11]. Therefore, it
is possible to have some chloride ions along with GNP.
Lower CO conversion at the initial stages of reaction on the
Au/Na-Y catalyst at 20 °C can be related to existence of
chloride ions. The initiation of 170 min is necessary to
remove the surface chlorides.

Due to the higher degree of freedom on the external
surface of the catalyst support, in comparison to the
supercages, the size of GNP deposited on the exterior
should be larger than that in the supercages. This implies
that such particles are much less active in the CO oxidation
reaction. Furthermore, GNPs on the external surface are
less stable, because of a very weak bonding energy
between Au and Si atoms. That is why, Au atoms on the
surface tend to aggregate and grow to larger GNP [4]. The
problem of aggregation of GNP can be overcome by con-
finement in nanopores spaces (e.g., zeolite supercages).

One of the reasons, which can be suggested for the
observed partial deactivation of thermally treated Au/Na-Y
can be related to migration, aggregation, and growing of
none confined GNP in the exterior surface of zeolite
substrate.

The lower conversion performance of thermally
untreated Au/H-Y catalyst at 20 °C, which was about
5%, in comparison to complete conversion performance
of Au/Na-Y, while the GNP loading of Au/H-Y was
higher (5.77% vs. 3.89%), can be interpreted as a result
of deposition of larger GNPs. Due to the stronger
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negative charge of the H-Y in comparison to Na-Y, the
deposited GNPs sizes on the external surface of Au/H-Y
is larger. Slightly higher Co conversion performance of
Au/H-Y after thermal pretreatment can be attributed to
formation of more GNPs confined inside the zeolite
supercages by migration at higher temperature. Removal
of chlorides of deposited GNPs on exterior surface of the
substrate can be suggested as another reason for further
activation of the catalyst after thermal stabilization
process.

5 Conclusions

Two GNP based catalysts were successfully synthesized on
the H and Na forms of NH4-Y type zeolite as the sub-
strates; Au/H-Y and Au/Na-Y, by using chloroauric acid
(HAuCly) solution as Au precursor, and then characterized.

The synthesized Au/Na-Y catalyst was shown higher
activity for CO oxidation at lower temperatures (e.g.,
20 °C) in comparison to the Au/H-Y catalyst. An induction
period of about 170 min was needed for the Au/Na-Y
catalyst to become fully activated for CO oxidation at
20 °C, probably due to the chloride ion removal from the
catalyst active sites.

Thermal pretreatment (thermal stability process) of the
catalysts at 400 °C for 24 h will enhance the catalytic
performance of the Au/H-Y catalyst whereas its diverse
effect on the Au/Na-Y is obvious. Structural investigations
of the thermally pretreated catalysts were implied that the
crystalline structures of zeolitic substrates remained
unchanged.
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