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Abstract—Palladium-based catalysts were prepared by the ion-exchange method with dealuminated HY
zeolite as support. The support dealumination was realised using acid solution of HNO;, HCI or H,SiF. The
high activity of prepared catalysts for methane combustion was observed. This activity was dependent on the
Al concentration, structural and textural properties of the support changed after the dealumination. Espe-
cially, Pd loaded on supports developing a second pore system, and having the highest Si/Al ratio, was more
active than that on unmodified supports. It was also expected that the active sites in the methane combustion,
which are suspected to be PdO, were influenced by the acidic properties of the support.
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INTRODUCTION

The catalytic combustion of methane has been
attracted much attention for many reasons. It was
shown that this reaction is effective in producing
energy in gas turbine combustors, while reducing pol-
lutants emissions, and in the elimination of trace of
volatile organic compounds included in the exhaust
gas, which cause the severe greenhouse effect [1—5].

Palladium is the most active catalyst in the total
oxidation of methane among transition metal [6—9]. It
was shown that the different oxidation states of palla-
dium species can have different catalytic properties in
this reaction [10]. Furthermore, it has been revealed
that the active Pd species depends remarkably on the
reaction conditions and the kind of supports. In fact,
the role of the support is too important insofar the
crystal structure, the nature of the surface and the
acid-base character of support possibly affected the
catalysis of Pd [11—14]. That is to say, the properties of
supported Pd such as dispersion, particle size and oxi-
dation state are greatly influenced by the acid-base
and textural properties of the support.

The zeolite-supported Pd catalysts are paid consid-
erable attention due to their excellent low temperature
activity and high conversion efficiency and durability
for methane combustion [15—17]. In fact, zeolite is an
especially suitable material for the investigation of the
support effect on Pd activity, because it is easy to con-
trol, on the one hand the amount and the strength of
acid sites, and on the other hand the texture and struc-
ture through changing the Al concentration by dealu-
mination.

! The article is published in the original.

Therefore, the dealumination, additionally to its
influence on the acidity, texture and structure of the
support, leads to the improvement of the hydrother-
mal stability of the support [17], which is a very impor-
tant parameter in this reaction. Insofar, Shi et al. [18]
have advanced that as zeolite-supported Pd catalysts
are typically prepared by an ion-exchange method and
consequently show a poor thermal and hydrothermal
stability due to the sintering of palladium in the steam,
which is a serious concern for the development of
these materials for practical purposes.

Furthermore, it is reported that the main methods
of dealumination can be divided into three groups:
hydrothermal treatment [19, 20], acid treatment [21,
22] and dealumination by silicate derivatives such as
(NH,),SiF4 or SiCl, [23, 24]. However, the latter
treatment does not create secondary porosity [25],
unlike the two others that contributes to the genera-
tion of secondary pores with wider distribution in the
micro- or mesopore region in addition to the zeolitic
primary pores regularly arrayed in the micropore
region [26]. Therefore, formations of mesopores as
well as dealumination are critical for improving the
catalytic performance of HY-zeolites. Especially since
mesoporous support are suitable for metals and metal
oxide providing catalysts with quite interesting activity
in several catalytic process [27].

Our final aim is to study the catalytic activity of pal-
ladium loaded on dealuminated zeolitic support in the
catalytic combustion of methane. For this purpose,
dealumination treatments using HNO,;, HCI, and
H,SiF; were applied to the Y-support then exchanged
with palladium following the aqueous ion-exchange
method. Structural characterization of final sample
was carried out by means of X-ray diffraction and the
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Table 1. Catalysts preparation
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Symbols of samples Treating reagent Concentration, mol/1 Treatment time, h ten;lgzil;?ﬁg,to C
PdY1 HCI 0.05 24 ambient
PdY2 HCl 0.1 24 ambient
PdY3 HNO; 0.05 4 80
PdY4 HNO; 0.1 4 80
PdY5 H,SiFg 0.05 4 70

analyses of the textural properties were combined with
the spectroscopic analysis by UV-visible spectroscopy.
The metallic dispersion on zeolitic support was deter-
mined using hydrogen chimisorption.

EXPERIMENTAL
Catalysts Preparation

HY-zeolite was obtained by a successive ion
exchange of the zeolite NaY (Zeolyst corp. 2.4) in a
0.1 M aqueous solution of NH,CI, followed by calci-
nation at 773 K for 12 h. The obtained HY zeolite was
dealuminated by using acid solutions as shown in
Table 1. The support used for the preparation of cata-
lysts was microporous with the pore diameter d < 20 A.
Pd-containing samples (1 wt % of Pd) were prepared
by ion exchange of HY (1 g) with 0.1 ml of aqueous
solution of PA(NH,),Cl, (Engelhart). After stirring of
24 h at room temperature the obtained PdY-samples
was filtered, washed with distillate water and finally
dried at 353 K.

The obtained catalysts were finally calcined at
773 K under an oxygen flow (30 cm?/min) during 12 h.

Catalysts Characterization

The UV-visible absorption spectra of the prepared
catalysts were obtained in spectrophotometer Perkin
Elmer Lambda 45 equipped with a photodiode detec-
tor. The samples analysis was carried out in diffuse
reflection under ambient atmosphere in the field 200—
800 nm.

The FT-IR measurements were recorded with a
Perkin Elmer PRAGON 1000 PC spectrophotometer
with a 2 cm™' resolution. For these measurements,
samples were diluted in KBr then pressed. The analysis
is recorded in the field 400—3700 cm~!. The Si/Al
ratio of the dealuminated support is estimated by the
empirically correlation equation using the frequency
shift of the IR band in the framework vibration region
for Na-type faujasite [28]:

x = (1+Si/Al)" =3.857 = 0.0062 1wy,

=4.766 —0.00439wror cm

where wpr and wrgr are respectively the double ring
and asymmetrical valence (Table 2).
No. 4
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Porosity and surface area (Spgr) were determined
by means nitrogen adsorption—desorption at 77 K
using a Micromeritics Asap 2000 apparatus. Each
sample was previously degassed at 523 K under a vac-
uum for 9 h. Specific total surface areas were calcu-
lated using the BET equation (Table 3).

Palladium dispersion in the catalysts (D, in %) was
estimated by hydrogen chemisorption on the metal
(Table 3). The measurements of hydrogen chemisorp-
tion were followed by gas chromatography. Each sam-
ple was previously reduced under hydrogen in
dynamic mode and raising the temperature up to
573 K at 5 K/min, then kept at this temperature for
30 min. The sample was then swept under nitrogen
flow during 40 min at 593 K. After cooling of the cell
containing the sample to room temperature, a mixture
of hydrogen and nitrogen with a volume ratio 1 : 4 and
a total flow of 50 cm?/min was sent on the sample. The
measurements of the adsorbed hydrogen quantity can
then determine the dispersion of palladium.

D =Nray 00,

Pd
Here, Np, represents the molar number of the palla-
dium in the surface, calculated from the volume of H,

chimisorbed; N ]‘)d, the total molar number of the pal-
ladium.

Furthermore, the average palladium particles
diameter (in A) was also calculated from the dispersion

Table 2. The frequency shift wpg and wrot and the Si/Al ra-
tio estimated from IR results

Si/Al ratio

Samples WDR WToT

WDR wror
PdHY - - 2.4 2.4
PdY1 577 1050 2.65 5.39
PdY2 576 1031 2.57 3.17
PdY3 582 1051 3.12 5.57
PdY4 580 1038 2.92 3.78
PdY5 576 1020 2.57 2.47
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Table 3. Palladium dispersion (D), diameter of palladium
particles (d), surface area (Sggt) and porous volumes (total
and meso) of different samples

3
Samples| D, % d, A SBzET’ Voore: cm'/2
m°/g total meso*
PdHY 29 39.90 556 0.33 0.04
PdY1 15 77.13 194 0.17 0.08
PdY2 35 33.06 321 0.22 0.06
PdY3 15 77.13 120 0.13 0.08
PdY4 38 30.45 306 0.21 0.07
PdY5 40 28.92 534 0.32 0.05

* The mesopore volume was estimated from the following equa-
tion [36]: Vimeso = Viotal — Vmicro-

Table 4. Chemical composition of the prepared samples de-
termined by chemical analysis

Composition, %
Samples
Pd Al Si Na |Si/Alror

PdHY 1.19 9.47 21.87 5.73 2.42
PdY1 0.96 9.15 33.65 0.96 3.83
PdY2 1.16 10.41 27.39 1.39 2.74
PdY3 1.12 9.79 28.74 0.91 3.06
PdY4 1.32 10.29 26.64 1.19 2.7
PdYs 1.09 8.69 23.17 5.90 2.8

measurements by using the theoretical expression
(assuming spherical particles) [29]:
d— 11 57.
D
The quantity of palladium exchanged and the total

Si/Al ratios of different support are determined by the
wet chemically analysis (Table 3).

The TPR experiments were carried out in a con-
ventional apparatus using an H,/Ar mixture (3% H,).
Catalysts samples of 50 mg were packed in a glass tube
and pretreated in a flow of air at 773 K for 1 h. After
calcination treatment, the samples were purged under
a flow of argon and then cooled to 323 K. The TPR
profiles were obtained in the 323—773 K temperature
range with a heating rate of 10 K/min at a constant
flow rate of 15 cm?3/min.

Catalytic Test

Methane combustion was carried out in a conven-
tional flow unit with a fixed bed reactor using 60 mg of
the sample. A gas reacting mixture of methane diluted
with O, and He in the respective proportion of 1 : 4 : 95
and total flow rate of 6 1/h was fed into a Pyrex glass
reactor under atmospheric pressure. Before each
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experiment, catalyst was reactivated with O, flux
(4 ml/min) at 773 K. Reaction products were analyzed
in a gas chromatograph equipped with a thermal con-
ductivity detector. The activities were evaluated
between 573 and 773 K; under these conditions the
reaction is completely selective towards CO,. It is
important to note that the catalyst’s particle size used
for methane oxidation, after calcination at 500°C was
esteemed to 2 nm [10].

RESULTS AND DISCUSSION
IR and UV-Visible Spectroscopy

The Si/Al ratios determined using the IR study
results are summarized in Table 2. The value obtained
for PAHY was 2.4, which agreed well with 2.42, the
Si/Al ratio calculated from the results of chemical
analysis shown in Table 4. Furthermore, as shown
from IR measurements, there is an increase in the
Si/Al ratio of the zeolite framework reaching 3.12
(using wpr) and 5.57 (using wygr). This increase
evolves according to the nature and the concentration
of the dealuminated agent. In fact, dealumination by
HNO; leads to a noticeable raise in the Si/Al ratio.
This is can directly be seen by the shift of wpy in the IR
spectra (Fig. 1). Moreover, changes of the spectra
shapes are observed after support dealumination con-
cerning the bending, symmetrical and asymmetrical
stretching vibrations of the T—O—T (T = Si or Al)
units at 572, 720—780, and 1012—1160 cm™!, respec-
tively. This result suggests that aluminium atoms are
removed from the framework [26]. In fact, the study by
IR can inform on the structural changes of zeolite
insofar as a proportion of broken up is notably observ-
able on dealuminated samples. Moreover, the shape of
the peaks become broader suggesting a higher non-
uniform distribution of the Si/Al ratios of the frame-
work or a higher amount of defect sites as described by
Salman et al. [30]. In fact, the IR spectra of treated
samples with acids (0.1 M), shows a remarkably shift
in wrgr indicating that samples already contains a sig-
nificant portion of decomposed framework. This
observation is confirmed by the studies of Lutz et al.
[31].

In addition, Fig. 2 represents UV-visible spectra of
the various samples treated under oxidizing atmo-
sphere at 773 K. The majority of the authors consider
that in UV-visible spectra, the ionic states of palla-
dium can be identified; otherwise metal Pd° charac-
terized by absorption without a defined structure in all
range of the spectrum [32]. In fact, the spectra of the
catalysts show absorption bands at 214, 430—450 nm
and a shoulder towards 310 nm. The first one is due to
a zeolite reflexion and corresponds to that observed by
Garbowski [33]. The second band corresponds to the
d—d electronic transitions assigned to Pd** [32, 34].
The shoulder observed is allotted to a charge transfer
of the oxygen ligands towards metal in sites O~ —
Pd?*. These sites resulted from the substitution of NH,
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Fig. 1. Infrared spectra of PAHY and samples prepared
with dealuminated zeolite.

ligands by oxygen ligands of the zeolitic support after
the decomposition of the complex [Pd(NH;),]** [35].
Besides, signals at 250—260 and 410—420 nm are
attributed to highly dispersed PdO particles [36].

Pd Dispersion and Textural Measurements

The determination of the metal dispersion (Table 3)
revealed that the palladium species are well dispersed
on support dealuminated by acids with a low concen-
tration. This observation implies that the structure
properties affect the metal distribution on the zeolitic
support surface. Furthermore, low palladium disper-
sion is recorded for PdY1 and PdY3 while the protons
of the support are easy to exchange with palladium. In
fact, it is known that the zeolite protons lead to stabi-
lization of small Pd particles for the ion-exchange cat-
alysts [37]. The obtained result can be explained by the
fact that there is an electron transfer from the metal to
acid sites and, consequently, the chemisorption ability
of the Pd particles is inhibited [37]. Additionally, the
low metallic dispersion can be explicated by the for-
mation of the amorphous phase, which blocks the zeo-
lite pores and decrease the palladium exchange sites.
However, these results probably suggest that PdO spe-
cies could be formed on PdY1 and PdY3 [18].

Thus the dispersion results (Table 3) were in accor-
dance with the metal particles size. Sachtler and
Zhang [38] explain this fact by the reduction of the
acid site density at higher Si/Al values.

Moreover, values of surface area, porous and meso-
porous volume of samples are also included in Table 3.
Interestingly, it must be pointed out that the textural
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Fig. 2. UV-visible spectra of PdAHY and samples prepared
with dealuminated support.

properties of samples dealuminated with acids 0.1 M
were severely affected, probably due to the collapse of
the crystalline structure and to the partial blockage of
the zeolite pore system. Such modifications are
accompanied by a development of a secondary meso-
porous system [39] which is more important in the
case of the samples dealuminated by acids 0.1 M than
samples treated with acids 0.05 M (Fig. 3). This result
is in agreement with IR spectroscopy measurements
revealing the structural changes of these samples. In
fact, according to N, adsorption—desorption, the
porous character of the dealuminated samples was
largely dependent on the nature and the concentration
of the acid used for the dealumination treatment.
Therefore, these observations explain the various
shapes of the adsorption—desorption isotherms
(Fig. 3). It is clear that for sample dealuminated with
H,SiF, (0.05 M), comparing to the other dealumi-
nated samples, with no hysteresis loop, corresponds
perfectly to type I in the Brunauer classification,
which is typical for the crystalline microporous mate-
rials. Furthermore, similar surface area values were
obtained for PAHY and PdYS5. This leads to note that
for this sample the microporous character is largely
retained.

TPR Results

Thus, H,-TPR was used to characterize the reduc-
ibility of the palladium species which could be an
important factor for the catalytic oxidation reactions.
The TPR profiles of the samples of PdY catalysts are
shown in Fig. 4. According to the literature [40, 41],
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Fig. 3. N, adsorption—desorption isotherms of various
samples at 77 K.

the hydrogen consumed indicates the reduction of
PdO to metallic Pd. It is important to notice that the
low temperature peaks in these profiles are clearly due
to the reduction of palladium oxide crystals.

As shown in Fig. 4, a reduction peak was observed
at 180°C for PdHY, and it shifted to low temperature
for other samples. Maeda and al. [7] contribute this
shift to the increase of the Si/Al molar ratio of the zeo-
lite.

The sharp peak was observed on these samples
except on PdY1 where the peak was broad and double-
spiked. Thus, a high dispersion of palladium in the
zeolite was estimated [7].

Catalytic Test

The activities of catalysts are followed during about
3 h. Figure 5 illustrates the carves representing the
conversion of methane versus time for the reaction
carried out at 773 K in the presence of various cata-
lysts. It is clear that all samples reach a steady state
after approximately 1.5 h. Furthermore, it is revealed
that the highest conversion of methane (76%) is
obtained in the presence of catalyst prepared with
dealuminated zeolite by HNO; (0.1 M). Moreover,
even with PdY4, a relatively high conversion rate
(70%) is recorded. The behavior of these catalysts in
the methane combustion reaction is probably relied to
the presence of the second porosity. This result let us
suggesting that this reaction depends on the textural
properties of the support. The change of the Si/Al ratio
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Fig. 4. TPR profiles of the PdY catalysts.

can also affect the methane conversion. In fact, we
observe an enhancement in the methane conversion
rate when increasing Si/Al ratio of the support. On the
other hand, according to the chimisorption results,
the active sites on catalysts prepared with dealumi-
nated supports with acids (0.1 M) are perhaps PdO. In
fact, many authors consider that PdO is an active com-
ponent for methane combustion in the oxygen-rich
conditions [42, 43].

The results of the test giving the conversion of
methane according to the temperature are represented
on Fig. 6. It is shown that all the samples are practi-
cally inactive at a temperature lower than 573 K.
Moreover, the PdY3 seems to be the most active cata-
lyst in the entire temperature range studied. However,
the low methane conversion is obtained in the pres-
ence of PdY5. Besides, it is observed that the sample
PdY4 is activated slowly according to the temperature
until 698 K, comparing to the other catalysts, after this
temperature there are an enhancement in its activity.

The catalytic performances of samples as the func-
tion of the temperature are also evaluated by the deter-
mination of the temperatures of isoconversion 7, and
T, corresponding to the conversion rates 10 and 50%
respectively (Table 5). Furthermore, while basing on
these results, it is confirmed that PdY1 and PdYS5 are
activated slowly according to the temperature. In fact,
since to reach the methane conversion rate 10% it is
necessary for these catalysts a rather high temperature.
However, the behavior of the catalysts prepared with
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Fig. 5. Methane conversion on various catalysts at 773 K
versus time of reaction.

delaminating acids 0.05 M excepting by the acid
H,SiFg, as a function of the temperature, seems to be
different.

Moreover, the activity of palladium in the reaction
of methane combustion is greatly dependent on the
nature and the concentration of the dealuminated
agent. Specially, as it is seen from Table 5, since the
exchange rate of palladium is virtually the same for
different samples and it is in agreement with the theo-
retical rate (1%).

In fact, it is shown that the support dealumination
with HNO; promoted to the improvement of the
methane conversion rate. Interestingly, it must be
pointed out that, in addition to the texture properties,
the support acidity would have probably a large influ-
ence on the activity of palladium in this reaction.
Indeed, the dealumination of zeolites modifies besides
the pore structures, entails change in BrOnsted and
Lewis acid sites [44—46]. As it is known in the litera-
ture, the active centres of zeolites are Bronsted acid
sites formed by bridging OH groups [47]. After dealu-
mination, the aluminium removed from the frame-
work remains in the cavities as nanoparticles whose
surfaces possess Lewis acidity [45, 46]. These Lewis
sites may have their own catalytic activity or may inter-
act with Bronsted sites, inducing an increase in acid
strength and thus a modification of catalytic activity
[48]. It was suggested by Okumura et al. [11] that the
higher acid strength of H-MOR played a role in keep-
ing the higher dispersion of PdO on H-MOR than on
H-MFI, because the acid—base interaction was con-
sidered to be the driving force for anchoring of PdO.
As it is expected that PdO are the active sites in the
reaction of methane combustion, this possibly con-
firms the fact that zeolite acidity affect the palladium
activity. Additionally, M’Ramadj et al. [49] found that
Pd catalysts supported on ZSM-5 with both Bronsted
and Lewis sites have better activity than Pd catalyst
supported on Al,O;, where no Brgnsted sites are
present. They concluded that the activation of meth-
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Fig. 6. Methane conversion on various catalysts versus
temperature of reaction.

ane and the catalytic performance was related to the
surface acidity of catalysts.

On the other hand, the activity of Pd supported on
dealuminated zeolite is dependent on the concentra-
tion of aluminium atoms as described by Maeda et al.
[7]. On the basis of these results, it is plausible to
advance that the Si/Al ratio can affect the catalytic
performances of zeolite supported palladium catalysts
toward combustion of methane. Insofar, as the change
of this ratio influences the concentration of the alu-
minium atoms and, as a consequence, the acid prop-
erties of the support.

Thus, the support effect of zeolite on the methane
combustion activity of Pd was studied. It is found that
the support dealumination by acids can greatly affect
the activity of Pd. In fact, it was observed that there is
improvement in the methane conversion when rising
Si/Al ratio of zeolite. Moreover, it is important to note
that the presence of the secondary porosity in the
zeolitic support has a considerable effect on the activ-
ity of Pd in the methane combustion. Additionally, the
results reported above indicate that methane oxidation
rates were affected greatly by acid sites properties of
catalyst, which are modified after he dealumination.
Furthermore, it may be suggested that the zeolite
characteristics changed after the dealumination, can
influence in the interaction of active sites-support as
well as their dispersion and therefore, their activity.

Table 5. Temperatures corresponding to the conversion
rates 10 and 50% on the different catalysts

I . Sample

soconversion

temperature, Kipyyvl payy | pay2 | pay3 | Pav4 ]| pays
To 645 | 648 | 628 | 623 | 635 | 648
Ts 735 | 735 | 757 | 714 | 723 | 768
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