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The catalytic oxidation of toluene at low temperature over palladium
nanoparticles supported on Alumina sphere catalysts: effects of Palladium
precursors and preparation method
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In this study, 1 wt.% Pd/AL O, sphere catalysts were prepared using the wet-impregnation (WI) and deposition-
precipitation (DP) method using palladium chloride and tetraamminepalladium (II) nitrate as salt precursors. All
catalysts were characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM) and Fourier-
transform infrared (FTIR) spectroscopy. The catalytic activity in toluene oxidation under gas-phase conditions was
measured. The obtained results showed that metal dispersion and catalytic activity were strongly dependent on the
salt precursor and method of catalyst preparation. The use of tetraamminepalladium (II) nitrate as the precursor
presented smaller particle size, an enhanced dispersion and higher specific surface area. Moreover, the catalyst
prepared with this precursor also showed higher catalytic activity than that prepared with palladium chloride. At
1 wt.% Pd loading, complete oxidation of toluene was achieved at 250°C. However, there was only approximately
80-90% efficient at the same temperature when the catalyst was prepared with palladium chloride as the precursor.
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INTRODUCTION

Benzene, toluene and xylene compounds (BTX) are
known to be a major contributor to air pollution and
have a high toxic potential toward human beings'. In
some reviews, the main sources of BTX have been de-
termined as the waste gases of chemical, petrochemical
and related industries’. Among the many technologies
available for removing BTX, the catalytic oxidation
technology has been identified as the most efficient way.
In this technology, catalysts play an importance role
due to they have higher destructive efficiency. In this
way, supported noble metals (Pt, Pd, Rh, and Ag) are
considered promising catalysts for oxidation of BTX in
low temperatures™ *. Among them, Pd based catalysts
have been indicated in the literature as the best choice
in BTX combustion at low temperature®.

In recent studies, Panpranot, et al. (2005)% and Abedini,
et al. (2012)" have reported that the principal factors
currently used to treat BTX with catalytic oxidation are
the following: composition of palladium phase, particle
size and the dispersion on different support. Further-
more, activity and morphology of Pd-based catalysts are
affected by Pd precursors and the preparation method
of the catalyst® ®.

In this study, the effects of the preparation method
and different salt precursors were examined for 1 wt.%
Pd/AL O, sphere catalysts. The catalytic activity was te-
sted for complete oxidation of toluene in the gas phase.
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MATERIAL AND METHODS

Materials and measurements

The 1 wt.% Pd/Al, O, sphere catalysts were prepared
using different routes and different precursors. One of
the routes, the wetness-impregnation (WI) technique with
Al O, spheres (SASOL, 1.0 mm; 170 m? g ') and aqueous
solution containing the appropriate amount of Pd(N-
H,);(NO;), (catalysts denoted as 1% WI-A) and PdCl,
(catalysts denoted as 1% WI-CI), supplied by Merck,
respectively. In the other route, the deposition-precipi-
tation (DP) technique of PdCl, (catalysts denoted as 1%
DP-CI) with NaOH was used as a precipitating agent.
The pH of the solution was 8-10. For both methods,
the excess water was removed in a rotary evaporator at
80°C, and the product was isolated by suction filtration
after stirring for three hours. The samples were dried
and calcined at 550°C for four hours in air to decompose
the metal salt supported on the Al,O; sphere support.

Catalyst characterization

The X-ray diffraction (XRD) patterns of the catalyst
samples were analysed using a Bruker D5005. The in-
strument was equipped with a Cu-Ka radiation source
conducted in the 20 range from 30-80, with a scanning
rate of 3 min™' and a step size of 0.03. Transmission
electron microscopy (TEM) images were obtained with
a TACHI H-7500 (Japan) divide with 200 KV acceleration
voltage. Fourier-transform infrared (FTIR) spectroscopy
was calculated at spectral resolution of 4 cm™ between
400 and 4000 cm™ using a Perkin-Elmer 1600 series
spectrometer.



Activity test of catalysts

Toluene oxidation was performed in a continuous
flow-fixed bed reactor with temperatures in the range
of 30-300°C. The total flow through the catalyst bed
was kept at 1 L min™' leading a weight hourly space
velocity (GHSV) of about 15,000 h™'. The initial toluene
concentration was fixed at about 1000 ppm. The reac-
tant and reaction products were analysed in sifu using
a Clarus 680 gas chromatograph (GC) with an HP-5MS
capillary column.

RESULTS AND DISCUSSION

Effect of catalyst characterization

The XRD patterns of the three catalysts are shown
in Figure 1. The alumina phase was presented with the
characteristic peaks of y-alumina phase at 37.2°, 45.6°,
62.3° and 66.9° in agreement with the Joint Committee
of Powder Standard Diffraction Standards (JCPDS-ICDD
Card N¢ 00-010-0425).
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Figure 1. XRD patterns of the catalysts y-Al,O;, 1% DP-CI,
1% WI-CI and 1% WI-A

Besides y-alumina, in the impregnated samples (1% WI-
-CL, 1% WI-A), the PdO phase was identified by XRD
reflections at 20 = 32.9, 54 and 72.3 (PDF 41-1107). In
addition, the diffraction lines at 260 = 40.2, 46.6 (PDF
87-0639) are characteristic of the metallic Pd phase.
Figure 1 also shows PdO phase in the 1% DP-CI sample
with weak signal. However, the metallic Pd phase was
appeared clearly.

Complementary data involving the dispersion of PdO
and Pd phase have been shown by TEM analysis of
the Pd/AL, O, spheres catalysts (Figure 2). The Pd and
PdO particles had a spherical morphology and a cry-
stalline particle diameter of around 4-5 nm. Figure 2
also illustrated the active phase of palladium disperses
well on the surface of the support on all catalysts. Ho-
wever, compared with two catalysts, 1% WI-A catalyst
indicated a high dispersion of the active phase on the
alumina support. Furthermore, the results obtained by
TEM analysis, which were in line with the XRD results,
showed that the use of tetraamminepalladium (II) nitrate
was a precursor for the formation of well-dispersed PdO
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Figure 2. TEM images of the catalysts (a) y-Al, O, (b) 1% DP-
-Cl, (c¢) 1% WI-CI, and (d) 1% WI-A (167,000 x)

and Pd particles, in accordance with the results reported
by Pham et al.’.

To demonstrate the presence of the functional group
in the Pd/ALO; catalyst, the results of FTIR spectra
are shown in Figure 3. The band at 3365-3450 cm™
and 1639 cm™ belonged to the stretching vibration of
the O-H group absorbed on the surface or inside of the
Al O, support structure'™ ™. The band at 610 cm™ was
attributed to the Pd-O vibrations, which suggested that
Pd was attached to ALO,. At 719 cm™, the Al-O bond
represented the support component. Similarly, the IR
spectra of the 1% WI-A sample showed Pd-O-Pd bond
at 792 cm™ in addition to the characteristic peaks. This
again confirmed the presence of palladium phases in the
composition of the material that was synthesized. This
result was completely consistent with the XRD spectra
related above.
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Figure 3. FTIR spectra of the catalysts y-Al,O,, 1% DP-CI,
1% WI-CI and 1% WI-A

Effect of preparation and palladium precursors

The toluene oxidation results for various 1wt% Pd/
Al O; sphere catalysts are shown in Figure 4. As can
be seen in this figure, the oxidation reaction started at
temperatures higher than 120°C, over a catalyst with
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Figure 4. Toluene conversion curves of the catalysts 1% DP-CI,
1% WI-A and 1% WI-CI (toluene 1000 ppm, 20%
O,/N,, total flow rate 1 Lmin™', GHSV 15. 000 h™)

an Al O, sphere support. However, only 32.1% of the
toluene was converted at 250°C.

Toluene combustion activity of the Pd-based cata-
lysts was found to improve conversion efficiency. The
1% WI-A catalyst showed the best activity, and tolu-
ene conversion reached 98% at 250°C. In contrast, the
1% DP-CI catalyst was found to be less active compared
to the other two catalysts; the total toluene conversion
at 250°C reached about 80%. The activity was as fol-
lows: 1% WI-A > 1% WI-Cl > 1% DP-CI. Therefore,
all results indicated that the tetraamminepalladium (II)
nitrate precursor was more effective than the palladium
chloride precursor. This was due to chloride residing on
the catalyst surface even after calcinations at 600°C°.
These results were in agreement with the XRD data
and TEM images. The data showed that there was
a relation between the PdO and Pd particle sizes and
the toluene oxidation of these catalysts. Highly effective
catalysts produced the smallest palladium particles size
and highest palladium dispersion* !*. These results indi-
cated that using salt chloride directly was not effective
for toluene oxidation.

CONCLUSION

In this study, the 1wt% Pd/Al,O, sphere catalysts were
prepared using two different methods with two palladium
precursors. The characteristic of obtained catalysts’ s
from two methods such as composition, particle size and
dispersion of palladium active phase on alumina spheres
support demonstrated the great advantage of wetness-
impregnation as compared to deposition-precipitation
method. The palladium catalysts obtained from the
1% WI-A also exhibited higher activity in toluene oxi-
dation than the catalysts obtained from 1% WI-CI and
1% DP-CI. Furthermore, the higher dispersion and the
smaller particle sizes of PdO and Pd resulted from the
1% WI-A catalyst with the highest catalytic activities.
While the 1% DP-CI catalyst exhibited lower activity
than the 1% WI-Cl. These conclusions are beneficial
for catalytic performance enhancement.
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