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Introduction
Because Pd metal is known to have a better resistance to the thermal sintering, more economic than Pt and Rh and a good activity for the oxidation of hydrocarbon and CO [1], it is being considered as a close-coupled catalyst. Hence, it is expected to show a better activity for the removal of hydrocarbon during cold start [2].  Impregnation methods have been used for the preparation of the commercial catalyst due to the simple and economic process.  Recently sol-gel method is getting concern as a novel preparation method of three way catalyst.  Because the active metal components are mixed with support precursor, the resulted catalyst is expected to have a better resistance to the thermal sintering than impregnated one.  In this study, we will focus on the effect of pH in the preparation step on the reactivity of the thermal stability of Pd-Al2O3 sol-gel catalyst characterized by simulated reaction, BET, XRD, XPS and TEM.

Experimental
AIP (Aluminum isopropoxide) was dissolved in distilled and D.I. water by H2O/AIP molar ratio of 100.  Then HNO3 (in case of pH=4) or NH4OH (in case of pH=10) was added as a hydrolysis and condensation catalyst, followed by stirring at 50 oC for 1h.  Finally Pd(AcAc)2 in acetone was added and stirred at 50 oC for 4 h.  Acquired gels were aged at ambient temperature for 24 h and vigorously stirred until the solvent was almost removed.  Drying in oven at 110 oC for 24 h, followed by calcination at 500 oC for 1 h (fresh catalyst).  After treatment at 1,000 oC for 8 h in air, “aged catalyst” was obtained.  The simulated gas (CO = 6000 ppm; NO = 1500 ppm; C3H6 = 500 ppm; H2 =3000 ppm; O2 = 6000 pm and N2 balance) was used with the flow rate of 400 cm3/min (space velocity = 72,000 h-1).  The detailed of characterization procedure was well described in the other paper [3]

Results and Discussion


Effect of acid and base catalyst during hydrolysis and condensation on the performance of Pd-Al2O3 was shown in Table 1.  In the fresh catalyst, Pd-Al2O3 prepared at pH=10 revealed lower T50 for NO and C3H6, indicating of its higher activity than that prepared at pH = 4.  It is known that the addition of acid increases the hydrolysis rate and, subsequently, resulted in more extended, less branched polymers.  On the other hand, base plays a role in enhancing the condensation rate, leading to more compact, highly branched species [4].  After aging in air at 1000 oC for 8 h, Pd-Al2O3 prepared in the basic condition also showed the slightly better activity than one prepared in the acidic condition.

Table 1. T50 (oC) for NO, CO and C3H6 over Pd-Al2O3 catalysts prepared by sol-gel method.


Pd-Al2O3 prepared at pH=4
Pd-Al2O3 prepared at pH=10


Fresh
Aged
Fresh
Aged

NO
312
336
269
334

CO
214
228
233
213

C3H6
300
315
256
300


The surface areas and pore volumes of Pd-Al2O3 catalysts prepared by sol-gel method were summarized in Table 2.  All the fresh catalsts showed larger surface area than that by impregnation, whose normal surface area was about 150 m2/g.  However, it was decreased considerably to about 70 – 140 m2/g after aging.  The order of surface areas of aged catalysts was in agreement with the analyses of XRD spectra, mainly depending on the phase of alumina.  After aging, pore volumes decreased and average pore radius increased.  The pore volume, average pore radius and subsequently, surface area of the Pd-Al2O3 prepared at pH=10 were larger than that prepared at pH=4.  Such properties of Pd-Al2O3 prepared in the basic conditions are in consistent with its high activity.

Table 2. BET surface area, pore volume and average pore radius of Pd-Al2O3.

Catalyst
Surface area (m2/g)
Pore volume (cc/g)
Average

pore radius (nm)

Pd-Al2O3 (pH=4)




Fresh
264.1
0.20
1.5

Aged
70.5
0.11
3.1

Pd-Al2O3 (pH=10)




Fresh
315.0
0.48
3.1

Aged
116.4
0.32
5.5


XPS data were summarized in Table 3.  The peak area of Pd-Al2O3 prepared in acid was larger than that prepared in base, indicating its higher surface concentration of palladium species.  After aging, the peak area of aged Pd-Al2O3 prepared in acid was decreased significantly, whereas the peak area of aged catalyst prepared in base increased slightly.  This result suggests that most of palladium species exist on the surface and agglomerate upon aging.  However, palladium species in Pd-Al2O3 prepared in base may be mostly located below the surface and small part of palladium is out of the surface, which is in agreement with small peak area of palladium species comparatively and this anchored Pd seems to be stable upon aging.

Table 3. Binding energy and peak area of Pd 3d5/2 in the XPS spectra.

Catalyst
B.E. (eV)
Area (a.u.)

Pd-Al2O3 (pH=4)



Fresh
336.3
5790

Aged
335.1

337.3
2290

840

Pd-Al2O3 (pH=10)



Fresh
336.5
580

Aged
336.1
725


All the fresh catalysts of Pd-Al2O3 have the Pd 3d5/2 peak in the range of 336.3 and 336.5 eV, which can be assigned to the PdO based on the previous data.  The XPS peaks of Pd-Al2O3 prepared in acidic condition were changed to the strong peak at 335.1 eV and the shoulder at 337.3 eV, ascribed to the metallic Pd and less active PdO, respectively.  However, the binding energy of Pd 3d in aged Pd-Al2O3 prepared at base was assigned to the PdO.  XPS data suggest that basic condition in sol-gel process is very important to enhance the thermal stability of the active metal species by anchoring.


When a base was used as a catalyst for hydrolysis and condensation in sol-gel process, the enhancement of the condensation rate, which leaded to more compact and branched species, resulted in the larger surface area and the formation of highly active and thermally stable Pd species.  Moreover, the alumina support prepared in the basic condition was not significantly sintered to (-Al2O3, subsequently keeping its relatively high surface area.  From the results of XPS, one prepared in the basic condition showed the characteristic of strong metal support interaction, in other words, Pd species were well anchored to the support, whereas one in the acidic condition was mainly agglomerated to large Pd upon aging.

Conclusion


The Pd catalyst prepared in basic condition during hydrolysis and condensation of sol-gel method showed larger surface area, higher three-way catalytic activity and better thermal stability than one prepared in the acidic condition.  From the result of catalyst characterization, it was suggested that such superiority is ascribed to the strong metal support interaction.
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