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A series of modified palladium catalysts on alumina supports previously have been prepared and 
evaluated for selectivity, activity, and thermal stability in decomposing methanol into CO and H,. 
In this investigation the modified palladium catalysts are characterized by X ray photoelectron 
spectroscopy (XPS) and CO and NH 3 temperature-programmed desorption (TPD). Average particle 
sizes of the palladium crystallites were also determined using chemisorption techniques. The XPS 
results indicate that the lithium-modified catalyst, which deactivated substantially during methanol 
decomposition testing, exhibited a significant build-up of carbon on the catalyst surface, while a 
similar accumulation was not observed for the lanthanum-modified catalyst under identical condi- 
tions. The CO TPD results show that the lithium-, sodium-, and barium-modified catalysts, which 
deactivate during methanol decomposition testing, produce a much greater amount of CO, relative 
to the amount of CO desorbed than do the potassium-, rubidium-, cesium-, and lanthanum-modified 
and the unmodified catalysts, which do not deactivate considerably under identical conditions. 
Ammonia TPD and chemisorption results indicate that no correlation exists between support acidity 
or particle size and the degree of CO dissociation. Finally, a correlation between the charge density 
of the modifier and the degree of CO disproportionation is presented which fits for all cases except 
one. This appears to support an electrostatic model for the promotion of CO bond cleavage by the 
alkali modifier. © 1991 Academic Press, Inc. 

INTRODUCTION 

Previous reports (1--4) have shown that 
the efficiency of methanol when used as an 
automotive fuel can be improved by approx- 
imately 20% if, prior to combustion, it is 
decomposed into carbon monoxide and hy- 
drogen as shown below: 

CH3OH > CO + 2 H 2. (1) 

Cowley and Gebhard have found that an 
alumina supported palladium catalyst can 
catalyze Eq. (1) with high selectivity if basic 
modifiers are added to the catalyst in order 
to decrease the acidity of the support (5). 
However, these modifiers also have a sig- 
nificant effect upon the thermal stability and 
activity of the metal function (6, 7). This is 
illustrated in Table I where results of metha- 
nol decomposition experiments from Ref. 
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(6) are tabulated. The modifier effects can be 
summarized by the following observations. 
First, the addition of the modifier to the 3 
wt% palladium catalysts increased the initial 
selectivity for H2 and CO. Second, the initial 
activity of each modified catalyst is lower 
than that of the unmodified catalyst. A more 
detailed discussion of these points is found 
in Ref. (6). The third point, which is the 
primary focus of this investigation, is that 
the catalysts modified with Li, Na, and Ba 
lose greater than 60% of their original activ- 
ity after the methanol decomposition reac- 
tion is carried out at 500°C, while the cata- 
lysts modified with K, Rb, Cs, and La lose 
less than 30% of their original activity when 
exposed to identical reaction conditions. 
Since Cowley and Gehbard (5) have shown 
that the behavior of the lithium- and lantha- 
num-modified catalysts is not affected by 
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TABLE I 

Results of Catalyst Evaluations for Determining Activity, Selectivity, and Thermal Stability for the Modified 
Palladium Catalysts Along with an Unmodified Palladium Catalyst 

Catalyst Initial Select. Final Activity 
modifier activity CO/hyd. activity ratio 

Unmodified 100 91 100 1.0 
Lanthanum 85 100 79 0.92 
Cesium 55 95 51 0.93 
Lithium 82 99 2 0.03 
Barium 81 94 31 0.38 
Sodium 77 99 28 0.37 
Potassium 86 97 63 .0.73 
Rubidium 66 99 55 0.84 

Note. Space velocity = 1.9 g CH3OH (g cat h)- i. Initial activity = 100 - % CH3OH in products at the initial 
300°C temperature. Selectivity for CO and H2 = (%CO + %H2)/(100 - % CH3OH) at the initial 300°C temperature. 
Final activity = Activity at 300°C after temperature was maintained at 500°C for 2 h. Activity ratio = final 
activity/initial activity. 

the presence or absence of  the chloride ion, 
this investigation focuses only on the effect 
of  the metals used for the catalyst modifi- 
cation. 

Although much work (8-17) has focused 
on the effect of  the alkali modifiers in both 
single crystal and supported metal studies, 
the exact  role of  the modifier in reactions 
such as CO disproportionation is still not 
known. The two models which have been 
proposed to account for these effects are 
based on the migration of  the modifier onto 
the surface of  the active metal. In one model 
(8-12), the modifier promotes C - O  bond 
cleavage by promoting the metal 's  donation 
of  electrons into the C - O  antibonding orbit- 
als. In the other  model (13-17), a direct elec- 
trostatic interaction between the positively 
charged modifier and the oxygen of  an ad- 
sorbed CO molecule accounts  for the de- 
crease in the C - O  bond strength. 

In this investigation, four of  the supported 
palladium catalysts listed in Table 1 have 
been characterized by X ray photoelectron 
spectroscopy (XPS). In addition, all of  the 
catalysts listed in Table 1 were character-  
ized by CO temperature-programmed de- 
sorption (TPD), NH 3 TPD, and chemisorp- 
tion techniques. The results of  these 

experiments were used to study the role of  
the modifier in the catalyst deactivation. 

EXPERIMENTAL PROCEDURE 

Catalyst Preparation and Testing, 
Apparatus 

The preparation of  the modified palladium 
catalysts has been described previously (5. 
6). Briefly, nitrate salt solutions were used 
to impregnate y-alumina, by Alpha Products 
(99% A1203) with the specified modifier us- 
ing incipient wetness.  The modified support  
was calcined at 500°C for 12 h, and then the 
material was impregnated with palladium 
using a solution of  palladium (II) chloride. 
The catalyst was dried and then calcined 
again at 500°C before use. All catalysts con- 
sisted of  nominal 3% (by weight) palladium 
on a y-alumina support.  This concentrat ion 
of  palladium was chosen in order  to facilitate 
subsequent characterizat ion of  the cata- 
lysts. Modifier additions were 3.5% by 
weight Li20,  or 5.0% by weight Na20, KzO, 
RbzO, Cs20, BaO, or La203. 

Catalyst Characterization by XPS 

XPS characterizations were performed on 
the unmodified, the lanthanum-, lithium-, 
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and cesium-modified catalysts at three 
stages: (1) after the final calcination step of 
the catalyst preparation, (2) after reduction 
in hydrogen, and (3) after methanol decom- 
position testing. 

The reduced catalysts were prepared by 
placing a catalyst sample in a catalytic reac- 
tor (described in Ref. (5)) and exposing it to 
a hydrogen flow of 30 cm3/min at 400°C for 
2 h. The catalysts were then cooled to less 
than 40°C in the helium flow and then re- 
moved from the reactor. 

The tested catalysts were first reduced at 
400°C for 2 h as above. After sweeping the 
hydrogen from the system with helium and 
lowering the temperature to 300°C, metha- 
nol vapor was introduced at a space velocity 
of 1.9 g methanol/g catalyst h. The catalyst 
temperature was held at 300°C for 1.5 h, 
raised to 500°C and held for 2 h, and then 
lowered to 300°C for 1.0 h. At the conclusion 
of the test, the methanol flow was discon- 
tinued and the catalysts were cooled to less 
than 40°C in helium. 

No further preparation of the catalyst 
was performed once the particles were 
removed from the reactor. The XPS analy- 
ses were performed on a Surface Science 
SSX-100 XPS instrument equipped with a 
resistive anode detector and an aluminum 
K alpha source emitting 1486 eV x-rays. 
The pass energy of the concentric hemi- 
spherical analyzer was 150 eV nominally, 
Quantification was accomplished after cor- 
rection for the total transmission function, 
which includes the instrument transmission 
and correction for the energy dependent 
escape depth function. Two references 
were used to calculate the total work func- 
tion: the carbon Is peak at 284.6 eV and 
the AI 2p peak of A1203 at 74.2 eV (18, 
19). For this series, these values agreed to 
within 0.1 eV. Depth profiles also were 
performed on the tested forms of the lithi- 
um- and lanthanum-modified catalysts. 
These profiles were accomplished by alter- 
nately performing an XPS scan and then 
exposing the surface to a rastered beam of 
Ar + ions, accelerated by a potential of 2 

kV for an interval of 30 s. Both depth 
profiles were performed using identical ion 
fluxes. 

CO Temperature-Programmed Desorption 

The CO TPD apparatus consisted of a gas 
manifold through which either hydrogen or 
helium could be passed at a controlled flow 
rate. A gas Sampling valve was attached-to 
the manifold so that reproducible pulses of 
CO could be injected into the carrier stream. 
The gas stream was passed through a quartz 
cell which Contained the catalyst bed and 
then into a quadrupole mass spectrometer 
(Leybold Heraeus--IQ 200) by way of a low 
pressure buffer chamber. The quartz cell 
was enclosed by a tube furnace, which was 
controlled by a linear temperature program- 
mer. Ultra high purity hydrogen and helium 
(99.999%) and reagent grade CO (99.99% 
purity) were supplied by Scientific Gas 
Products. Helium was passed through a 
heated gas purifier from Supeico Inc. and an 
Oxyclear unit from Matheson Gas Products, 
while hydrogen was passed through a Deoxy 
catalyst from Englehard Corp. and a 
scrubber containing Union Carbide 4A mo- 
lecular sieve and indicating Drieright from 
W. A. Hammond Drierite Company. Car- 
bon monoxide was passed through a Deoxo 
oxygen remover provided by Scientific Gas 
Products. 

Approximately 0.3 g of catalyst was 
placed in the reactor tube. It was then re- 
duced in a 30 cm3/min H 2 flow at 400 or 
500°C for 2 h and cooled to 25°C in helium. 
The catalyst surface was then saturated with 
CO by injecting pulses of CO into the carrier 
stream. Following CO adsorption, the He 
carrier flow was adjusted to 80 ml/min and 
the catalyst temperature was increased at a 
constant rate of 25°C/min. The mass spec- 
trum was recorded at 10 ° intervals until a 
final temperature of 600°C was achieved. 

NH3 Temperature-Programmed 
Desorption 

Three modified alumina supports and one 
unmodified alumina support were prepared 
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and analyzed for total acidity by ammonia 
temperature-programmed desorption. The 
weight percent additions of the modifiers 
were 3.5% Li20, 5% La203, and 5% Cs20. 
Standard impregnation procedures using the 
nitrate salt of each modifier were used. In 
addition, 9.6 wt% chloride was added to 
each support in order to simulate the chlo- 
ride concentration on the palladium cata- 
lysts as a result of using palladium chloride 
in their preparation. 

The apparatus used in these experiments 
is similar to the CO TPD apparatus de- 
scribed above. The primary difference in 
this system is that a thermal conductivity 
detector was used instead of the mass spec- 
trometer for NH3 detection. In addition, as 
the sample stream exited the detector, the 
ammonia was collected in a series of two 
acid scrubbers each containing 10.0 ml of a 
standardized, 0.05 N, sulfuric acid solution. 

Approximately 0.5 g of each support was 
placed in the reactor tube and dried in a 30 
cm3/min helium flow for 1 h at 600°C. The 
catalyst temperature was lowered to 175°C, 
and the carrier flow was replaced by a flow 
of anhydrous ammonia (from Scientific Gas 
Products) for 30 min. After the 30-min ad- 
sorption, the gas flow was switched from 
ammonia to helium, and the excess ammo- 
nia was swept from the support until a con- 
stant signal was obtained on the chart re- 
corder. The temperature then was increased 
at a constant rate of 20°C/min and the detec- 
tor output recorded until a final temperature 
of 500°C was reached. At the conclusion of 
the run, the acid solutions were titrated with 
the standard sodium hydroxide solution to 
a methyl-red end point. The amount of am- 
monia desorbed during the run was deter- 
mined directly from the amount of sulfuric 
acid consumed in the titration. 

Chemisorption Studies 

The concentration of surface Pd atoms 
was determined by three methods: H2-02 
titration, Ha chemisorption, and CO chemi- 
sorption. The procedure followed was that 
used by Benson et al. (20). The bulk palla- 
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FIG. 1. XPS survey scans of the reduced (A) and 
tested (B) forms of the lanthanum-modified palladium 
catalyst and the reduced (C) and tested (D) forms of 
the lithium-modified palladium catalysts. 

dium concentration determined by atomic 
absorption spectroscopy was used to calcu- 
late the Pd crystaUite size. 

RESULTS AND DISCUSSION 

XPS: Surface Palladium Content 

Figure 1 shows XPS scans between 150 
and 400 eV for the reduced and tested stages 
of the lanthanum- and lithium-modified cata- 
lysts. The palladium peaks are labeled as are 
peaks for carbon and chlorine. The presence 
of chlorine is attributed to the use of palla- 
dium chloride in the catalyst preparation. 
These XPS scans show that a severe loss in 
intensity in the Pd 3d peaks occurs for the 
lithium-modified catalyst between the re- 
duced and tested stages. However, the loss 
in intensity is not significant for the lantha- 
num-modified catalyst. The results for the 
cesium and unmodified catalyst were similar 
to those observed for the lanthanum-modi- 
fied catalyst. 

The surface composition of each stage of 
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TABLE 2 

Elemental Surface Composition of the Calcined, Reduced, and Tested Stages of the Unmodified and of the 
Lanthanum-, Lithium-, and Cesium-Modified Palladium Catalysts Determined by XPS 

Catalyst Surface concentration (atomic%) 

Pd O AI C CI Cs 

Unmodified 
calcined 0.76 56.5 29.7 11.4 1.0 
reduced 0.76 60.3 30.9 6.5 1.3 
tested 0.23 62.5 31.2 5.7 0.2 

Lithium-modified 
calcined 0.46 60.0 30.6 6.3 2.5 
reduced 0.23 61.0 30.5 5.9 2.4 
tested 0.05 62.7 29.8 6.6 0.6 

Lanthanum-modified 
calcined 0.53 56.8 29.9 10.6 2.2 
reduced 0.26 58.1 29.6 9.5 2.5 
tested 0.30 61.4 31.3 5.5 1.3 

Cesium-modified 
calcined 0.47 50.6 38.5 7.5 1.0 
reduced 0.23 52.0 38.2 6.9 0.9 
tested 0.24 49.5 42.8 4.4 0.5 

1.7 
1.9 
2.6 

the four catalysts was calculated from the 
XPS peak areas and the results are pre- 
sented in Table 2. These results also show 
that the effect of the modifier is significant 
with respect to the amount of surface palla- 
dium detected following the testing se- 
quence. The lanthanum- and cesium-modi- 
fied catalysts show no significant changes in 
palladium concentration between the re- 
duced and tested stages. However, the lithi- 
um-modified catalyst does not follow this 
trend and exhibits a significant loss in sur- 
face palladium, decreasing from 0.23% after 
reduction to 0.05% after testing. The un- 
modified catalyst also shows some loss in 
surface palladium, although the value of 
0.23% after testing is similar to the values 
observed for the cesium- and lanthanum- 
modified catalysts. 

Analyses for total palladium were per- 
formed by atomic absorption spectroscopy. 
These determinations showed that no sig- 
nificant change in bulk palladium concentra- 
tion occurred during the testing cycle for 
any of the catalysts. Therefore, it can be 

concluded that the changes in palladium 
content as shown by XPS reflect changes in 
the concentration of surface palladium only. 

Three additional observations from Table 
2 deserve comment. First, in all cases the 
chlorine concentration decreases following 
testing. This is likely due to the formation 
of HCI which is then removed by water that 
forms in small quantities during the testing 
sequence. The second observation is that 
the ratios of oxygen to aluminum for the 
unmodified and the lithium- and lanthanum- 
modified catalysts exceed the expected 
value of 1.5. This may be due to the forma- 
tion of AIOOH on the surface of the support 
(2•); in addition, the formation of palladium 
and modifier oxides also would contribute 
to the high O:A1 ratio. The reason for the 
lower value for the cesium-modified catalyst 
is not clear. The third observation is that 
lanthanum and lithium were not detected for 
the catalysts modified with these elements. 
Lithium is relatively insensitive to XPS, and 
therefore, it is not surprising that this ele- 
ment was not observed. However, lantha- 
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FIG. 2. XPS measurement  of the Pd 3dand C ls peak 
areas as a function of sputter time for the tested form 
of the lanthanum-modified palladium catalyst. 

num should have been detected; additional 
investigation is needed in order to explain 
this observation. 

XPS Depth Profiles 

The depth profiles monitoring the Pd 3d 
and the C Is electron signals of the tested 
forms of the lanthanum- and lithium-modi- 
fied catalysts are summarized in Figs. 2 and 
3 respectively. These figures show the rela- 
tive peak areas of the two elements as a 
function of sputter time. Comparison of 
these figures show that the ratio of the car- 
bon to the palladium signal is much greater 
near the catalyst surface (shorter sputter 
times) for the lithium-modified catalyst com- 
pared to that observed for the lanthanum- 
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FIG. 3. XPS measurement of the Pd 3dand C ls peak 
areas as a function of sputter time for the tested form 
of the lithium-modified palladium catalyst. 

modified catalyst. As the sputter time in- 
creases, the relative ratios are similar for 
two catalysts. This implies that the palla- 
dium metal on tested form of the lithium- 
modified catalyst is covered with a thicker 
carbon layer than is found on the same form 
of the lanthanum-modified catalyst. This 
conclusion is consistent with the data pre- 
sented in Fig. I and Table 2, and likely ac- 
counts for the significant deactivation of the 
lithium-modified catalyst observed in Table 
1. After deactivation, a lithium-modified 
catalyst was reoxidized in air at 500°C in the 
reactor tube and again exposed to methanol. 
The reoxidized catalyst regained approxi- 
mately 80% of the original activity of the 
catalyst. This observation is consistent with 
the conclusion that coking was the cause of 
deactivation of the lithium-modified cat- 
alyst. 

CO Temperature-Programmed Desorption 

The thermal desorption profiles for the 
modified palladium catalysts are shown in 
Figs. 4 and 5. The profiles for the cesium-, 
potassium-, rubidium-, and lanthanum- 
modified catalysts are shown in Fig. 4, while 
those for the sodium-, barium-, and lithium- 
modified catalysts are shown in Fig. 5. 
These figures show that CO 2 formation oc- 
curs in addition to CO desorption during 
the temperature ramp and that the relative 
amounts of CO and CO z are greatly affected 
by the particular modifier present. 

The formation of CO2 is assumed to result 
from the disproportionation of CO as shown 
below: 

2 CO(a) , C(a) + CO 2. (2) 

Equation (2) shows that for every molecule 
of CO2 formed, one molecule of carbon is 
generated which remains on the catalyst sur- 
face. The oxidation of CO is not believed to 
contribute significantly to the production of 
CO2 because the prior reduction in H 2 
should have removed any reactive oxygen 
on the catalyst surface. Thus, the relative 
areas under the CO and CO 2 peaks reflect 
the tendency of each of the modified cata- 
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FIG. 4. CO TPD profiles of  the cesium-modified (A), 
the potassium-modified (B), the rubidium-modified (C), 
and the lanthanum-modified (D) catalysts following re- 
duction at 500°C. 
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FIG. 5. CO TPD profiles of the sodium-modified (A), 
the barium-modified (B), and the lithium-modified (C) 
catalysts following reduction at 500°C. 

TABLE 3 

Fraction CO Desorbed [CO/(CO + CO2)] 

Fraction CO Desorbed [CO/(CO + CO_,)] 

Catalyst Reduction temperature 
modifier (°C) 

400 500 

Unmodified - -  0.60 
Lithium 0.30 0.36 
Sodium 0.36 0.33 
Potassium 0.70 0.73 
Rubidium 0.64 0.69 
Cesium 0.69 0.70 
Barium 0.30 0.38 
Lanthanum 0.66 0.65 

lysts to promote Eq. (2) and, therefore, CO 
bond cleavage. 

The difference between the profiles 
shown in Figs. 4 and 5 is apparent from an 
examination of the relative heights of  the 
CO and CO 2 peaks for each catalyst. The 
CO2 peak maximum is less intense than the 
CO peak maximum for the catalysts shown 
in Fig. 4, while the reverse is true for the 
catalysts shown in Fig. 5. These results sug- 
gest that the sodium-, barium-, and lithium- 
modified catalysts promote CO dispropor- 
tionation, and therefore, CO bond cleavage 
relative to the lanthanum-, cesium-, rubid- 
ium-, and potassium-modified catalysts. 
The TPD profile for the unmodified catalyst 
was similar to those shown in Fig. 4. 

CO temperature-programmed desorption 
experiments also were performed on the cat- 
alysts after reduction at 400°C. The relative 
intensities of the CO and CO2 profiles were 
similar to those following the 500°C re- 
duction. 

The peak areas in Figs. 4 and 5 and those 
where reduction was performed at 400°C 
were integrated and the fraction CO de- 
sorbed [CO/(CO + CO2)] was calculated for 
each temperature-programmed desorption 
experiment; these values are listed in Table 
3. The result for the unmodified catalyst is 
also included for the .¢,ase where reduction 
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was performed at 500°C. This table reaffirms 
the earlier observations that the lithium-, 
sodium-, and barium-modified catalysts 
greatly promote Eq. (2), as evidenced by 
lower values of fraction CO desorbed rela- 
tive to the other catalysts. The data from this 
table also show that the catalyst reduction 
temperature does not have a significant ef- 
fect upon the extent to which the dispropor- 
tionation reaction occurs. 

Since CO is a product molecule in the 
methanol decomposition reaction, Eq. (1), 
the above data suggest that deactivation due 
to carbon deposition from Eq. (2) may occur 
to a greater extent on the lithium-, sodium-, 
and barium-modified catalysts than on the 
other catalysts when the reaction is con- 
ducted at temperatures greater than 400°C. 
This suggestion is supported by the metha- 
nol decomposition testing results of Table 1 
which show that the lithium-, sodium-, and 
barium-modified catalysts deactivate to a 
much greater extent than do the other cata- 
lysts following testing at 500°C. 

The correlation between the methanol de- 
composition testing and the CO TPD results 
is clearly shown in Fig. 6. Those catalysts 
which had an activity ratio of less than 0.4 
during the methanol decomposition reaction 
sequence (see Table I) also exhibited values 
of less than 0.4 for fraction CO desorbed 
during the CO TPD experiments (see Table 
2). By contrast, the catalysts with higher 
activity ratios also had greater values for 
faction CO desorbed. 

Rieck and Bell have studied the addition 

of lanthanum (22) and alkali metals (23) to 
silica-supported palladium catalysts. They 
found that the addition of lanthanum and 
all alkali metals (after a 400°C reduction) 
promoted the CO disproportionation reac- 
tion relative to the unmodified silica-sup- 
ported palladium catalyst. Although these 
results appear to differ from those presented 
here, it is well known that the catalyst sup- 
port can affect the behavior of the catalyst 
significantly (24, 25). As the work of Rieck 
and Bell involved silica-supported rather 
than alumina-supported catalysts, it is not 
surprising that their results are different 
from those obtained in this study. 

Ammonia TPD Results 

Figure 7 shows the ammonia desorption 
profiles of the unmodified support along 
with those of the supports modified with 
lanthanum, lithium, and cesium as a func- 
tion of support temperature. The three mod- 
ified supports all show one desorption maxi- 
mum between 270 and 300°C. The profile for 
the unmodified support, Fig. 7d, shows a 
similar maximum at approximately 300°C, 
and also has a shoulder centered at approxi- 
mately 450°C. The quantities of ammonia 
desorbed decreased in the following order 
(all values in moles NH3 per gram support): 
unmodified--0.13; lanthanum-modified- 
0. ! 1; lithium-modified--0.10; and cesium- 
modified--0.047. 

Although support acidity has been shown 
to have a substantial effect upon catalyst 
activity and selectivity (26-28), the above 
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data suggest that this factor does not exclu- 
sively govern the extent to which the cata- 
lysts studied here promote Eq. (2). As dis- 
cussed above, the CO TPD data indicate 
that the lithium-modified palladium catalyst 
promotes Eq. (2) relative to the lanthanum- 
and cesium-modified and unmodified cata- 
lysts as evidenced by lower values of frac- 
tion CO desorbed (see Table 3). If support 
acidity played an important role in this be- 
havior, then a significant difference would 
be expected between the acidity of the lith- 
ium-modified support and the acidities of 
the other three supports evaluated in this 
study. However, the data show that the 
acidity of the lithium-modified support is not 
substantially different from the acidities of 
the other supports and, in fact, lies approxi- 
mately in the middle of the range of acidities 
obtained. In addition, the acidities of the 
cesium- and lanthanum-modified supports 
are at opposite ends of the range obtained 
while the CO TPD data show that the cesi- 
um- and lanthanum-modified palladium cat- 
alysts exhibit similar behavior with regard 
to the promotion of Eq. (2). Therefore, it 
can be concluded that for the catalysts and 
supports studied here, no apparent correla- 
tion exists between the acidity of the cata- 
lyst support and the tendency of the corre- 
sponding palladium catalyst to promote Eq. 
(2). 

Particle Size Determination 

The average size of the palladium crys- 
tallites of each of the tested catalysts has 
been determined by chemisorption and the 
data are presented in Table 4. Since some 
of the alkali modifier may have migrated 
onto the palladium surface, the values pre- 
sented here likely represent upper limits. 
However, these results agree qualitatively 
with average palladium particle size deter- 
minations from x-ray diffraction line broad- 
ening studies (29), and therefore the as- 
sumption can be made that the modifier has 
not affected the particle size determinations 
significantly. 

Although smaller palladium particle sizes 
have been suggested to promote CO dispro- 

TABLE 4 

Average Particle Size Determined by H2-02 
Titration, H 2 and CO Chemisorption 

Catalyst Average Particle Diameter (Angstroms) 
modifier 

H_,-O2 H2 CO 
titration chemisorption chemisorption 

Unmodified 26 24 27 
Lanthanum 74 88 66 
Cesium 49 39 46 
Lithium 79 84 86 
Barium 94 90 110 
Sodium 180 220 200 
Potassium 41 41 43 
Rubidium 50 39 59 

portionation on silica-supported catalysts 
(30, 31), it does not appear that this factor 
predominates on the alumina-supported cat- 
alysts studied here. Table 4 shows that the 
catalysts with the smallest particle diame- 
ters are the unmodified and the potassium-, 
cesium-, and rubidium-modified catalysts. 
However, Table 1 shows that these catalysts 
do not deactivate substantially, and Table 3 
shows that they have relatively high values 
for fraction CO desorbed and therefore do 
not promote Eq. (2) relative to the others 
studied. Additionally, the catalyst with the 
largest particle diameter in Table 4 is the 
sodium-modified catalyst. Table 1 shows 
that this catalyst undergoes a significant de- 
activation and Table 3 shows that it has a 
low value for fraction CO desorbed and 
therefore promotes Eq. (2) relative to the 
other catalysts. The data therefore suggest 
that for the catalysts studied here, the im- 
portance of particle size in the promotion of 
Eq. (2) is outweighed by the presence of a 
particular modifier. 

Mechanism of  CO Disproportionation 
Promotion 

This study has shown that the lithium-, 
sodium-, and barium-modified catalysts 
promote Eq. (2) relative to the other modi- 
fied and unmodified catalysts and that this 
tendency was not due to particle size or 
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Fro. 8. Proposed mechanism by which an alkali mod- 
ifier may weaken the C-O bond of an adsorbed CO 
molecule on an alumina-supported Pd catalyst. 

support acidity. If the alkali modifiers mi- 
grate onto the surface of the active metal, 
an interaction between the positively 
charged modifier and the oxygen of an 
adsorbed CO molecular may occur as is 
shown schematically in Fig. 8. This interac- 
tion, which has been proposed by others 
(22, 23, 32, 33), weakens the carbon-oxy- 
gen bond in the CO molecule and thus 
facilitates its dissociation. 

It follows that the strength of the C-O 
bond should be decreased to a greater extent 
by stronger interactions between the oxygen 
electrons in an adsorbed CO molecule and 
the basic modifier. The data presented here 
therefore imply that the lithium-, sodium-, 
and barium-modified catalysts have a 
stronger modifier-CO interaction than the 
other modified catalysts. The fact that the 
lithium and sodium modifiers are the small- 
est of the alkali modifiers suggests that the 
size or charge density of each modifier may 
be an important factor in the promotion of 
the CO disproportionation reaction. 

If charge density is defined as (charge/ 
ionic volume) (34), the value of charge den- 
sity for each modifier can be calculated. 
These decrease in the following order: Li* 
> La 3+ > Na + > Ba 2+ > K + > Rb + > 
C + s. This calculation shows that, with the 
exception of the La 3+ ion, the highest 
charge density modifiers, Li +, Na +, and 
Ba 2+ , are found on the catalysts which pro- 
mote Eq. (2) relative to the other modified 
catalysts (see Figs. 4 and 5 and Table 3) and 
which also deactivate substantially during 
methanol decomposition experiments (see 

Table 1). In addition, the lithium-modified 
catalyst showed the greatest deactivation 
during methanol decomposition testing and 
the Li + ion also has the highest charge den- 
sity of the modifiers used in this study. By 
contrast, the catalysts modified with the 
lowest charge density modifiers, K +, Rb +, 
and Cs*, do not promote the CO dispropor- 
tionation reaction and also do not deactivate 
significantly during methanol decomposi- 
tion experiments. These results suggest that 
the charge density of the modifier has a sig- 
nificant bearing on the ability of the catalyst 
to promote Eq. (2). 

A well known example of the effects of 
the variations in charge density of the Group 
IA elements on electrostatic or ionic interac- 
tions is found when these elements are dis- 
solved in water. Although the ionic radii of 
these elements increase as the atomic num- 
ber increases, the lithium ion has the largest 
hydration sphere of this group and the size 
of the hydration spheres decrease with in- 
creasing atomic number (35). This is due to 
the stronger interactions between the higher 
charge density positive ions and the oxygen 
atoms of the surrounding water molecules. 
Thus, when the elements with the higher 
charge densities, Li +, Na +, and Ba 2+, are 
used as catalyst modifiers, the more concen- 
trated positive charge may interact more 
strongly with the oxygen atom of an ad- 
sorbed CO and serve to weaken the C-O 
bond and promote Eq. (2) relative to the 
lower charge density ions. 

Figure 9 shows the relation between the 
activity ratio of the modified catalyst (data 
from Table 1) and the charge density of the 
respective catalyst modifier. This figure sug- 
gests that there is a relation between charge 
density and catalyst deactivation. The La 3+ 
ion, the data point in the upper right of Fig. 
9, is the single exception. Although it has a 
relatively high charge density, it does not 
deactivate at 500°C during the methanol de- 
composition reaction. The reason for this 
discrepancy is not clear although it has been 
suggested that La203 may be reduced by 
treatment with H 2 (36). A reduction of the 
La 3+ ion would lower the charge density, 
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FIG. 9. Plot of activity ratio from methanol decompo- 
sition testing versus the charge density of the modifier 
ion. 

which would improve its fit to the model. 
Further investigation is needed in order to 
understand this apparent exception. 

CONCLUSIONS 

The results of this investigation show that 
the modifier has a significant role in the de- 
activation of alumina-supported palladium 
catalysts when they are exposed to metha- 
nol at temperatures in excess of 400°C. XPS 
data and the ability of reoxidation to restore 
lost activity suggest that coking is the cause 
of the deactivation of the lithium-modified 
catalyst. No significant carbon accumula- 
tion was observed on the lanthanum-modi- 
fied catalyst. In addition, the CO TPD re- 
sults showed that the modifiers used in this 
study have a substantial effect upon the ten- 
dency of the alumina-supported palladium 
catalysts to promote Eq. (2). The lithium-, 
sodium-, and barium-modified catalysts pro- 
mote Eq. (2) relative to the potassium-, ru- 
bidium-, cesium-, and lanthanum-modified 
and the unmodified catalysts. Moreover, 
there is a good correlation between the de- 
gree to which the catalysts promote Eq. (2) 
and the degree to which the catalysts deacti- 
vate during methanol decomposition test- 
ing. This suggests that coking is also the 
cause of deactivation for the sodium- and 
barium-modified catalysts. No correlation 
was observed between degree of CO dispro- 
portionation and either support acidity and 
particle size. Finally, a model consisting of 

a direct interaction between the catalyst 
modifier and adsorbed CO, incorporating 
the charge density of the modifier as the 
factor that determines the degree to which 
the modifier promotes Eq. (2), gives good 
agreement with the observed results. 
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