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SUMMARY 

The interaction between oxygen and palladium supported on al&ma and 
silica and between oxygen and palladium black was examined. Three d&erent tem- 
perature ranges were found in the interaction between oxygen and palladium: range I 
(300470°K) in which surface chemisorption of oxygen accurs, range II (470-770°K) in 
which oxygen chemisorption is followed by incorporation of oxygen into bulk metal 
and range IIT (above 770°K) in which complete oxidation of palladium catalysts to 
palladium monoxide occurs. Considering the possibility of the complete oxidation 
of palladium at 770%. the quantitative determination of palladium in palladium- 
support catalysts was suggested by means of gas titration with hydrogen. 

The possibility of carrying out the redispersion of palladium catalysts by oxida- 
tion was investigated. 

The interaction of oxygen with the surface of me&&s plays an in~portant part 
in investigations of mechanisms of catalytic reactions, in corrosion processes and in 
determinations of the selective surface of metals’. Many workers have dealt with 
interactions between oxygen aud metals, but systematic studies of the palladium- 
oxygen system over a wide temperature range are lacking. Chemisorption of oxygen 
at room temperature on the surface of palladium occurs rapidly and irreversibly and 
is connected with the dissociation of oxygen molecules into atoms. It has been used 
in the determina tion of the se&active surface of palladium, especially under dynamic 
conditionsz. In the literature there is no agreement as far as the stoichiometry of 
the interaction between oxygen and the surface atoms of paadium (PdJ is con- 
cerned. 

According to Brerman et aL3, the 0 :Pd, stoichiometry is 0.7, whereas Bujanova 
ef cri.” gave a vafue of 0.66. Assuming a stoichiometry of I, Benson et aL4 obtained 
good agreement for the results of palladium dispersion as measured by sorption of 
oxygen and carbon monoxide, oxygen-hydrogen titration and X-ray diffraction line 
broadening. 

Except for general statements about the possibility of forming non-stoichio- 
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“metic bulk oxides, no data have heen given concerning the behaviourof the pal- 
ladium+xygen system at higher temperatrues, and this ptoblem is the subject of this 

paper. 
In the latest ~tudies~-~ dealing with the interaction of carbon monoxide with 

palladium in the presence of oxygen, the above problem was considered only briefly, 
with attempts to explain changes in the rate of oxidation of carbon monoxide and 
changes in the energy of bonding of carbon monoxide with palladium on the basis 
of the interaction between palladium and oxygen. 

ExPERInmNTAL 

The investigations were carried out in a pulse chromatographic system de- 
scribed in detail earliep. Argon was used .zs the carrier gas; its purification was out- 
lined earlieis. The catalyst used, manganese(II) oxide supported on alurmnu * ‘a, makes 
it possible to remove oxygen from the carrier gas to a residual level of less than 1 
paFt in lo= (ref. 9) 

The sample of palladium catalyst OF palladium black examined (0.2-0.5 g) was 
placed in a glass U-tube. Thermoconductive sensorS in a bridge system were used 
as the meastuing element, and their readings were recorded on a register. l?ulseS 
of oxygen or hydrogen were fed into the stream of carrier gas by means of a glass 
fouF-way valve or a metal six-way valve. Volumes of the samples were 0.1-0.3 cm3 
and -were determined by mercury calibration to an accuracy of 10.I”A. The volu- 
metric flow-Fate of the carrier gas in the course of the measurements was 40 cm3/ 
min and- it was changed only during the initial purification and scrubbing of +he 
catalyst samples. The volumetric flow-rate of oxygen and hydrogen was about 20 
cm3/min. 

Before the actual chemisorptive examination, the sample of catalyst was stan- 
dardized by passing the carrier gas through it at 600 “K for 1 h and by its reduction 
at the same temperature with a stream of hydrogen for 1 h. The sample was then 
scrubbed with carrier gas for 1 h at 600 “IS and cooled during the continuous flow 
of the gas. 

It appeared from the initial e xamination that prolonging both the time of re- 
duction and the time of scrubbing of the sample to 7 h does not affect the results. 
The surface of palladium prepared in such a manner was considered to be “clean”. 
This was confkned by the constant sorption ability of the sample with respect to 
oxygen and hydrogen, independent of the number of oxygen-hydrogen and hydrogen- 
oxygen titration cycles in the temperature range 300470 “K (Fig. 1). 

The constant sorprion ability at a given temperature, independent of the num- 
beF of titFation cycles made on the surface of palladium, proves the regenerative a!biI- 
ity of the active surface of palladium after every titration reaction, and also confirms 
the “cleaqess” of the smface afler the initial standarization of the catalyst sample. 

RESULTS AND DISCUSSION 

. Fig. 1 gives the results of the titration of the oxygenated surface of palladium 
by means of hydrogen, V&, and the results of the titration of the hydrogenated sur- 

A face with oxygen, Yoz The results are presented as a f&u&on of the nun&F of suc- 
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cessive titrations for a paJJadium4lica c.&Ayst containing 0.78% of palladium. It 
can be seen that the FW&S of the titration carried out at room temperature diEer 
only slightly from those obtained at 373 “K. 
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Fig. 1. Dependence of V& and Vg values on the cycle number at different temperatures for Pd-SiO, 
catalyst (0.72% Pd). 

However the values obtained at 573 “K are about 30% greater than those ob- 
tained at room temperature. In the upper part of Fig. 1 are also given the values of the 
stoichiometry of the titration reaction as the ratio V&/V& which denotes the ratio 
of the vohtme of the hydrogen consumed iu the reaction with the oxygenated surface 
of palladium (V&) to the volume of oxygen necessary in the reverse reaction with 
hydrogen chemisorbed on the surface of the metal (VE). The value of this ratio is 
ciose to 2. The processes of chemisorption of hydrogen and oxygen and the reactions 
of gas titration that occur on the surface of the metallic phase can be represented 
by means of two general equations: 

Me,%+ (x-i$H,-+Me,H,+xH,O (1) 

(2) 

where Me, is a surface atom of the metal and x and y are coefficients determining 
the stoichiometry of interaction of oxygen and hydrogen, respectively, with surface 
atoms of the metal. If in eqn_ 1 we assume x’ = 0 and in eqn. 2 y = 0, then the 
equations describing the chemisorption of oxygen and hydrogen on the Wean” SUF- 

face of the metal are obtained. 
From cqns. 1 and 2, the quantitative ratio of hydrogen consumed -m reaction 
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1 to oxygen consumed in reaction 2 is (X _t ~/2l)l([x/2] f ,b/41) = 2. It-should be 
noted that the value of this ratio does uot depend on particular values of y- or X, 
and it is therefore independent of the stoichiometry of the chemisorptive interaction 
of oxygen and hydrogen with the atoms of the metal. 

The good agreement of the experimentally obtained values of the stoichiometry 
II: 0 = 2 (Fig. 1) at various temperatures proves that nonchemisorption processes 
do not OXUT under the cod.iti~~ examined, such as reversible hydrogen absorption, 
the effect of impurities and the hydrogen spillover eEectlo. Such reasoning is also 
correct when the reaction of the metal with oxygen is not limited to the surface atoms 
only, but also occurs in the interior of the metal. It concernS mairily the titration 
of oxygenated palladium with hydrogen. 

Fig. 2 shows the amounts of hydrogen consumed in the titration of previously 
chemisorbcd oxygen on palladium bIack versus temperature in the range 373-573 “IS. 
The temperature of 373 “K was chosen in view of the significant solubility of hydrogen 
in palladium at lower temperatures. The measurements were carried out at 50 “K 
intervals. If at a given temperature the results became stable, the measurements were 
continued at the next temperature level. The results indicate a considerable influence 
of exothermic effects in the titration reactions of oxygen and hydrogen at a given 
temperatnre on sintering the palladium black (passing from curve 1 to curve 2, Fig. 
2). It has been found that above 473 “K it becomes difficult to obtain reproducible 
oxygen peaks on the register depending on the frequency of injection. The results 
iuclicate that starting from 473 “K considerable oxidation of palladium in the bulk 
metal occurs. 

70 

6 

1 

3.2 

24 - 

X6.5- 

OS- 

F'd-black 

o,l I 

2 -_ .* 
_---a 

--- 

I 

323 373 423 473 523 573 t [‘Kf 

Fig. 2. Amounts of hydrogen consumed with oxygenated surface of palladium black verw.s tempera- 
ture. 

Fig. 3 shows the results of the soqtion of oxygen on palladium-silica and 
palladium-alumina catalysts within the temperature range 300-9X) “K. In Fig. 3, one 
can easily discern three temperature ranges. In the first range, 3OOA73 “K, sorption 
of oxygen increases slightly as the temperature is increased; this dependence is linear. 
The results obtained at 473 “K exceed those obtained at 300 “K by about 30%. In 
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this range, sorption of oxygen was measured directly and the measurements of chemi- 
sorption were carried out on a “ckan” Surface of pahadium. Within it, a considerable 
increase in the sorption of oxygen occurs as the temperature is increased. This growth 
can be ascribed to the mutual exchange of places of sorbed oxygen and the surface 
atoms of metal,. i.e+ zhe so-dkd pkce-exchange mechanism”. Thus, in general, the 
adskption process of oxygen on a “clean” surface of paliadium can be represented 
schematicahy by 

0000 00 
Pd Pd Pd Pd 0, Pd Pd Pd Pd OL 0 Pd Pd 0 

Pd Pd Pd Step 1 s Pd Pd Pd Step11 Pd 0 0 Pd . 

Pd Pd Pd 

The participation of step II, with deep chemisorption of oxygen as a result of the 
placeexchange mechanism, which is an activated process, increases as the temper- 
ature is increased. It seems possible that step II plays an important role inthe second 
temperature range X473-770 “K). The data given in Fig. 3 relate to the oxidation of 
samples of catalysts with a stream of oxygen for 1 h; when the samples were oxy- 
genated even for 20 or 40 h they did not undergo further considerable changes. The 
amount of oxygen absorbed by palladium was determined by titration with pukes 
of hydrogen after the previous scrubbing of the samples with argon for 1 h at 
the measurement temperature. It can be assumed that above 470 “K under pulse- 
dynamic conditions hydrogen does not undergo absorption or it is chemisorbed in 
negligible amounts on the siurface of palIadium. 
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Fig_ 3_ Sorptiorr of oxygen VERSUS temperature for Pd-SiO, and Pd-A120, mt&sts- 

The possible chemisorption corrections would be very small in comparison 
with the results of titration and they would be within the limits of the experimental 
error, which amounted to about +2% for an average value. 

The third range covers temperatures higher than 770 “K; within this range 
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the sorption of oxygen does not change as the temperatpe is increased_ The re.suIts 

weredewzuad as intheseco~~~ti~.~. 
In some studies5*’ the possibiity of forming mobile palladium oxide. was 

stated, but it should be noted that it is valid only with respect to the stoichiometry 
of oxidation as the temperature increases (473-770 “K). It does not concern the sta- 
bility of an oxide compound with time, or at temperatures Iower than the temper- 
ature of oxidation of the catalyst. In this temperature range, the 0:Pd stoichiometry 
of PdO, increases as the temperature is increased; at about 470 “K x = 0 (apart 
from oxygen chemisorbed on the metal surface), whereas above 770 “K x =_ I. 

In the tbird temperature range (above 770 OK), sorption of oxygen does not 
change and x = 1. However, above 920 “K palladium oxide decomposes and oxygen 
is liberated. As was shown by differential thermal analysis, the stability of the 0:Pd 
stoicbiometry in palklium oxide (PdO) is preserved up to about 1120 “EC. At this 
tempeiature, thermal dissociation of the oxide occurs (Fig. 4) into oxygen and the 
metal. The derivatographic determination was carried out in a stream of argon con- 
taining small, uncontrolled amounts of oxygen. The measurements made in a stream 
of air gave curves identical with those in Fig_ 4. 

The thermogravimetric (TG) curve illustrating the change of mass as a func- 
tion of temperature shows an analogous course to the curve of sorption of oxygen 
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Fig.. 4- Thermal analysis of palladium black. TG, weight change of SampIe; T, temperature curve; 
DTG, weight derivative of temperature; DTA, temperature changes of sample with respect to 
standard_ 
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in a stream of oxygen with a vohune-flow-rate of about 10 cm3/miri. A!&x oxidation, 
reduction in a stream of hydrogen was carried -out at 570 "K~ for-2 4, and then 
the sanzple was scrubbed with the carsier gas for. 1 h and cooled in a stream of carrier 
gas to room temperature, followed by measure ment of oxygen chemisorption. 
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Fig. 5. Effect of oxidation of 10% Pd-Al24 catalyst. 

Fig. 5 indicates that oxidation of a catalyst at temperatures up to 470 “K has 
virtually no effect on the dispersion of palladium_ At temperatures higher than 470 “K 
a significant increase in the surface area of the metal occurs, with a maximum at 
about 650 “K. Oxidation at higher temperatures again leads to a decrease in the dis- 
persion of palladium. In spite of the fact that higher temperatures ensure an increase 
in the degree of oxidation of palladium (Fig. 3), repeated sit&ring of a catalyst occurs 
on account either of an increase in temperature or of considerable heat effects con- 
nected with the reduction of oxygenated palladium, or both. 

In a few instances at 690 “K we managed to obtain results twice as great as 
those shown in Fig. 5. However, repeated measurements led to a lower result and 
an average value for a given temperature. It seems possible that palJadium structures 
with large surface areas are formed, but their formation should he considered as 
exceptional. They are probably unstable structures that deteriorate under the exo- 
thermic effects of the titration reaction. 

It should he added that the results in Fig. 5 are average vahxes of at Ieast 
two measurements. The spread of the results usually did not exceed +5% of the 
average value for a given temperature. The results obtained show a great influence 
of an oxidation process with palladium catalysts on the degree -of dkvelopment of 
the metallic phase. This should be borne in mind when preparing pal.Iadiusn cataiysts 
and when the possibility of re-dispersion of &ready sintekd catalysts is being con= 
sidered. _- 
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