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Abstract In this work, the bimetallic Pd catalysts con-
taining Ag, Cu, Co and Ni were prepared via the glow
discharge plasma treatment followed by calcination ther-
mally. The X-ray photoelectron spectroscopy (XPS)
analysis confirms that the plasma treatment can reduce
Pd*" effectively. The calcination of the plasma formed Pd
clusters enhances the formation of PdO that was identified
as the active species for methane combustion. Compared to
the conventional catalysts, all the plasma prepared samples
show an enhancement in the activity at the same temper-
ature. Among the investigated catalysts, the Pd—Ag/HZSM-
5 sample exhibits the best activity for methane combustion.
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1 Introduction

The catalytic combustion of hydrocarbons has potential
applications in the clean power generation and also in the
reduction of emissions of volatile organic compounds
(VOCs). It thus attracts more and more attentions recently
[1-8]. Among all the hydrocarbons, methane combustion is
normally used as the model reaction for the catalytic
combustion investigations. The supported Pd catalyst has
been found to be the most active catalyst for methane
combustion [2-9]. However, the supported Pd catalysts
normally have a poor stability. To improve the stability of
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the supported Pd catalysts, a second metal or a co-metal
was added, forming a bimetallic catalyst [8—10]. For
example, Narui et al. [8] reported that the addition of Pt to
the PdO/AL,O;3 catalyst was effective in preventing the
catalyst deactivation in methane combustion. Persson et al.
[9] reported that, with the addition of Co, Ni, Cu, Ag, Au
and Ir, the catalysts showed improved stability.

Previously, we found that the calcination of the glow
discharge plasma treated Pd/HZSM-5 catalyst can lead to a
significantly improved stability for methane combustion
[4, 7, 11]. It was observed that, during the plasma treat-
ment, the impregnated Pd ion was reduced into metallic
state. The calcination of such plasma reduced Pd/HZSM-5
generates specific tetragonal PdO particles [7], which
remains stability during methane combustion [4, 7, 11]. In
this work, we attempt to extend the plasma treatment
method for the preparation of bimetallic palladium-based
catalysts. We aim to exploit the effect of the co-metal on
the activity of the plasma prepared palladium catalysts for
methane combustion.

2 Experimental
2.1 Catalyst Preparation

The Pd-M (M = Co, Ni, Cu, Ag)/HZSM-5 catalysts were
prepared by incipient wetness impregnation methods
including the following steps: impregnation, glow dis-
charge plasma treatment and thermal calcination. For the
purpose of comparison, catalysts were also prepared
without the step of plasma treatment. The bimetallic cata-
lysts were accomplished by co-impregnation of the second
metal by mixing solutions of Pd(NOs3), and the co-metal
nitrate, Co(NOs3),, Ni(NO3),, Cu(NOj), and AgNOs.
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HZSM-5 (Zeolite Plant of Nankai University, Tianjin, China)
was commercially obtained with a SiO,/Al,O5 ratio of 50.
After impregnation for 12 h, the obtained samples were then
treated with glow discharge plasma [4, 7, 11-14]. The Pd-M/
HZSM-5 samples were held in a discharge chamber with two
electrodes connected to a high voltage amplifier (Trek, 20/
20B). The signal input for the high voltage amplifier was
supplied by a function/arbitrary waveform generator (Hewlett
Packard, 33120A) with a 100 Hz square wave. When the
pressure was evacuated to 100 Pa, the glow discharge plasma
was generated by applying 1000 V to the electrode with argon
(>99.999%) as the plasma-forming gas. The powders were
treated for 6 times, lasted 10 min each time at room temper-
ature. Then the obtained samples were calcined at 600 °C for
6 h. The Pd loading amount was 1 wt% while the second
metal added was 0.5 wt%.

All the bimetallic catalysts prepared thermally without
the plasma treatment are denoted as C-Pd—M (M = Co, Ni,
Cu, Ag)/HZSM-5. The samples after plasma treatment are
denoted as PT-Pd-M/HZSM-5, and the calcined PT-Pd-M/
HZSM-5 samples are denoted as PC-Pd-M/HZSM-5.

2.2 Activity Tests

The catalytic activities for methane combustion over the
catalysts were tested in a quartz tube reactor (i.d., 4 mm) at
atmospheric pressure. Typically, 0.1 g of sample was
placed in the tube. The temperature was increased at a rate
of 10 °C/min from room temperature to 300 °C in flowing
pure argon (30 mL/min). Then a gaseous mixture con-
taining 1.5 vol.% CH, and 6 vol.% O, in argon was fed
into the reactor at a space velocity of 60,000 mL h™' g™

The methane conversion was measured as a function of
temperature between 300 °C and 650 °C with successive
heating steps of 50 °C, maintaining 90 min duration at
each temperature. The effluent gas from the reactor went
through an ice-cold trap firstly to remove the condensable
water. The composition of the product gas containing CHy,,
O, and CO, was analyzed by a online gas chromatograph
(Agilent 4890D) equipped with a thermal conductivity
detector (TCD) using a Paropak Q pack column.

2.3 Catalyst Characterization

The phase structure of the catalyst samples were analyzed
by X-ray diffraction, using a Rigaku D/max 2500v/pc
diffractometer with Cu Ko radiation (4 = 1.5406 A,
40 kV, 200 mA) at a scanning rate of 8°/min within the 20
range of 10-90°. The phase identification was made by
comparison with the Joint Committee on Powder Diffrac-
tion Standards (JCPDSs).

XPS analysis was performed using a PHI-1600 spec-
trometer operated at 1.2 x 107% Torr with Mg Ku

radiation (1253.6 eV). The contaminative Cls peak at
284.6 eV was used for calibration.

3 Results and Discussion
3.1 Characterization of the Plasma Treated Samples

As reported previously [11-14], the metal ions with posi-
tive standard electrode potential can be reduced into
metallic species during the argon glow discharge plasma
treatment. The present investigation also confirms that the
Pd*" and Ag™ can be reduced by the argon glow discharge
plasma, according to the XPS analyses. Because the active
palladium species for methane combustion is PdO [2-11],
the plasma reduced catalysts were calcined to generate the
PdO species.

Figure 1 shows the XRD patterns of the C-Pd-M/HZSM-5
catalysts. A highly dispersed PdO species can be identified.
Figure 2 exhibits the XRD patterns of PC-Pd-M/HZSM-5.
Similarly, a highly dispersed PdO species can be observed
clearly. From Figs. 1 and 2, the Pd—Ag and Pd—Cu catalysts
have comparatively more intense PdO peaks. Especially,
the PC-Pd—Ag/HZSM-5 catalyst presents a peak at near

PdO(101)
*

1558

2 33 3 35 3 37 38 39 40 4 42
2009
Fig. 1 XRD patterns of conventional bimetallic catalysts. (a) Pd-Ni/

HZSM-5; (b) Pd-Co/HZSM-5; (¢) Pd-Cu/HZSM-5; (d) Pd-Ag/
HZSM-5
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Fig. 2 XRD patterns of plasma treated bimetallic catalysts. (a) Pd—

Ni/HZSM-5; (b) Pd—-Co/HZSM-5; (¢) Pd—Cu/HZSM-5; (d) Pd-Ag/
HZSM-5
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Fig. 3 XRD patterns of (a) fresh C-Pd—Ag/HZSM-5; (b) used C-Pd—
Ag/HZSM-5; (c) fresh PC-Pd-Ag/HZSM-5; (d) used PC-Pd-Ag/
HZSM-5

20 = 33.8°, assigned to PAO(101), while the conventional C-
Pd-Ag/HZSM-5 sample shows a smaller peak of PdO(101).
As shown in Fig. 3, the PdO peaks of Pd-Ag/HZSM-5 cat-
alysts will be further enhanced after the methane combustion
at the reaction condition aforementioned. According to pre-
vious investigations [4, 7], the formation of the bulk PdO is
very helpful to enhance the catalyst activity for methane
combustion. From the present studies, all the plasma treated
bimetallic PA/HZSM-5 catalysts show an enhanced forma-
tion of PdO, which could explain the reason of the better low-
temperature activity obtained over the plasma treated cata-
lysts, as discussed below.

Table 1 summarizes the atomic composition of the sur-
face of C-Pd—Ag/HZSM-5 and PC-Pd—Ag/HZSM-5. The
Pds4s/» binding energy of both C-Pd—Ag/HZSM-5 and PC-
Pd-Ag/HZSM-5 is 337.5 eV, which indicates the existence
of PdO, consistent with the XRD results. Although the sur-
face Pd species concentration is the same on the conventional
catalysts and the plasma treated samples, the intensity ratios
of Pd/Si of the PC-Pd—Ag/HZSM-5 are higher than those of
C-Pd-Ag/HZSM-5. The Pd/Ag atomic ratios derived from
XPS intensity data obviously shows the surface enrichment
of Ag in the Pd—Ag catalysts. All the ratios of Ag/Pd on the
catalysts surface are higher than those of the catalysts as
prepared. The surface enrichment of Ag has been already

Table 1 The surface atomic composition of Pd—-Ag/HZSM-5

reported and attributed to the lower surface energy of Ag
with respect to Pd [15, 16].

After reaction, the surface palladium composition
decreases from 0.2% to 0.1% over Pd-Ag/HZSM-5.
Especially, the intensity ratios of Pd/Si and Pd/Al in PC-
Pd-Ag/HZSM-5 are both higher than those in the con-
ventional catalysts. It may suggest an aggregation of
palladium species on the conventional catalysts during
reaction. The aggregated palladium species would block
the pore of the zeolite and induce a deactivation of the
catalyst. On the other hand, the ratios of Ag/Pd increase,
suggesting a selective shift effect during the reaction.

3.2 Activity Test

Figs. 4-7 present the activity results of all the catalysts.
With the addition of a second metal such as Ag, Cu, Co or
Ni, all the plasma treated bimetallic catalysts show an
enhanced activity. Obviously, to gain the same activity, the
plasma treated catalysts need lower temperature. Among
all the catalysts tested, Pd-Ag/HZSM-5 catalyst possesses
the best low-temperature activity.

As shown in Figs. 4-7, the bimetallic catalysts exhibit the
activity sequence as: Pd-Ag/HZSM-5 > Pd—-Cu/HZSM-
5 > Pd—Co/HZSM-5 > Pd-Ni/HZSM-5. Even the catalysts
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Fig. 4 The activity tests of Pd~Ag/HZSM-5 [J: C-Pd—Ag/HZSM-5;
®: PC-Pd-Ag/HZSM-5

Sample Surface atomic composition (%) Intensity ratio (%)

C (6] Si Al Pd Ag Pd/Si Pd/Al Pd/Ag
C-Pd-Ag/HZSM-5 33.1 44.0 21.3 0.6 0.2 0.8 0.94 33.33 25.00
Used C-Pd-Ag/HZSM-5 47.1 335 18.3 0.8 0.1 0.2 0.55 12.50 50.00
PC-Pd-Ag/HZSM-5 37.7 40.9 19.8 0.8 0.2 0.6 1.01 25.00 33.33
Used PC-Pd-Ag/HZSM-5 50.5 32.2 16.4 0.7 0.1 0.1 0.61 14.29 100.00
PT-Pd-Ag/HZSM-5 39.1 39.5 19.9 0.8 0.2 0.5 1.01 25.00 40.00
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Fig. 5 The activity tests of Pd~Cu/HZSM-5 [0: C-Pd-Cu/HZSM-5;
®: PC-Pd—Cu/HZSM-5
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Fig. 6 The activity tests of conventional bimetallic catalysts @: Pd—
Ni/HZSM-5; O: Pd—-Co/HZSM-5; B: Pd-Cu/HZSM-5; O0: Pd-Ag/
HZSM-5
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Fig. 7 The activity tests of plasma treated bimetallic catalysts @:
Pd-Ni/HZSM-5; O: Pd-Co/HZSM-5; B: Pd—Cu/HZSM-5; [J: Pd-
Ag/HZSM-5

with plasma treatment have the same activity sequence. The
catalysts prepared by plasma methods exhibit a higher
activity at the same temperatures, compared to the conven-
tional catalysts. The difference of activity is deduced by the
PdO species on the catalyst surface. Further investigation is
being conducted to better understand how the plasma treat-
ment affects the formation of the bulk PdO.

4 Conclusions

In this work, we confirm that the addition of the second
metal to PA/HZSM-5 catalysts induces an increase in the
light off temperature for methane combustion, which is
useful for various applications. Among the four bimetallic
palladium catalysts tested, the Pd—Ag/HZSM-5 sample
exhibits the lowest light off temperature while the Pd—Ni/
HZSM-5 catalyst shows the highest light off temperature.
The present studies also demonstrate that the plasma
treatment, followed by thermal calcination, significantly
enhances the activity of all the bimetallic Pd/HZSM-5
catalysts for methane combustion. At the same tempera-
ture, the plasma prepared catalysts show a higher activity
compared to the conventional samples.

Acknowledgments The support from the National Natural Science
Foundation of China (under contract 20490203) is greatly appreciated.
The instrument supplied by ABB Switzerland is also appreciated.

References

1. Feio LS, Escritori JC, Noronha FB, Hori CE (2008) Catal Lett
120:229
2. Pan YX, Liu CJ, Shi P, Appl Surf Sci (in press). doi:
10.1016/j.apsusc.2008.03.003)
3. Baylet A, Royer S, Marecot R, Tatibouet JM, Duprez D (2008)
Appl Catal B 77:237
4. Liu CJ, Yu KL, Zhang YP, Zhu XL, He F, Eliasson B (2004)
Appl Catal B 47:95
5. Carlsson PA, Fridell E, Skoglundh M (2007) Catal Lett 115:1
6. Koponen MJ, Venalainen T, Suvanto M, Kallinen K, Kinnunen
TJJ, Harkonen M, Pakkanen TA (2006) Catal Lett 111:75
7. Cheng DG, Okumura K, Xie YB, Liu CJ (2007) Appl Surf Sci
254:1506
8. Narui K, Yata H, Furuta K, Nishida A, Kohtoku Y, Matsuzaki T
(1999) Appl Catal A 179:165
9. Persson K, Ersson A, Colussi S, Trovarelli A, Jirds SG (2006)
Appl Catal B 66:175
10. Maione A, Andre F, Ruiz P (2007) Appl Catal B 75:59
11. Cheng DG, Zhu XL (2007) Catal Lett 118:260
12. Zou JJ, Zhang YP, Liu CJ (2006) Langmuir 22:11388
13. Wang ZJ, Zhao Y, Cui L, Du HY, Yao P, Liu CJ (2007) Green
Chem 9:554
14. Zhao Y, Pan YX, Xie YB, Liu CJ (2008) Catal Commun 9:1558
15. Guczi L (2005) Catal Today 101:53
16. Venezia AM, Liotta LF, Deganello G, Schay Z, Guczi L (1999)
J Catal 182:449

@ Springer


http://dx.doi.org/10.1016/j.apsusc.2008.03.003

	Enhanced Activity of Bimetallic Pd-Based Catalysts for Methane Combustion
	Abstract
	Introduction
	Experimental
	Catalyst Preparation
	Activity Tests
	Catalyst Characterization

	Results and Discussion
	Characterization of the Plasma Treated Samples
	Activity Test

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


