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The rates of uptake of noble metal complexes over the surfaces of porous alumina are con- 
trolled partially by pore diffusion and partially by the rate of the chemical process between the 
metal complex and the alumina, resulting in impregnation profiles of different shapes. The 
rate of removal of metal complexes by alumina from solution is inversely related to the depth 
to which the noble metal penetrates into the alumina pellet. For those complexes that 
are rapidly removed from solution, the noble metal profile resembles a sharp shallow band, 
located at the pellet’s outer edge. On the other hand, for those complexes that are slowly re- 
moved from solution, the noble met,al profiles in the pellets are essentially uniform along the 
radius of the catalyst pellets. Anionic chloride complexes, e.g., MCls”- and MClm-, appear to 
react with alumina surfaces by a ligand displacement reaction. For a series of (NH,).MC& 
complexes, t,he relative reactivities toward y-alumina are Pd > Rh > Ru >> Pt ‘v Tr. 

INTRODUCTION 

Automobile exhaust emission contjrol 
catalysts in current use contain bot’h plat- 
inum and palladium supported on alumina. 
When chloride solutions of 1% and I’d are 
impregnated onto an alumina support, elec- 
tron microprobe studies reveal that 1% and 
I’d differ in their distribution on the alu- 
mina: Pd tends to be located in a shallow 
layer near the surface of the catalyst pellets, 
while Pt penetrates considerably deeper 
into the pellet’s interior (1). This observa- 
tion suggests that t,he two noble metals 
may interact differently wibh the alumina 
during the impregnation process. 

,This study was undertaken t’o determine 
the important parameters controlling noble 
metal penetrations and the means by which 

1 Presented at the 175th National Meeting of the 
American Chemical Society, Anaheim, California, 
March 12-17, 1978. 

they can be manipulated during the im- 
pregnation process. 

Simple diffusion-reaction processes can 
be conveniently analyzed in terms of the 
Thiele parameter, h [e.g., Ref. (Z)]: 

Applied to t’he catalyst impregnation 
problem the variables are the following: l2 
(centimeters) is the pellet radius, k is the 
intrinsic rate of the surface reaction, a 
(square centimeters per cubic centimeter 
of pellet) is the specific surface area of the 
support’, Co is the concentration of impreg- 
nant in t,he bulk solution (moles per cubic 
centimeter), n is the kinetic order of the rc- 
action of impregnant with t’he support sur- 
face, and D (square centimeters per second) 
is the effective difTusivit,y of the noble 

445 

0021-9S17/78/0523-0445$02.00/0 
Copyright 0 1978 by Academic Press, Inc. 

MI rights of reproduction in any form reserved. 



446 SUMMERS AND AUSEN 

metal complex in solution into the pores of a product was verified by elemental analysis 
catalyst pellet. and ir spectroscopy. 

The derivation and detailed implications The reaction of noble metal complexes 
of the Thiele parameter will not be de- with alumina was studied by mixing 50 cm3 
scribed here. Its use has been well explored of y-alumina spheres (BET surface area: 
in the literature (2), and its utility in cata- 75 m”/g) with 100 cm3 of an aqueous solu- 
lyst impregnation studies has also been tion containing the noble metal complex. 
discussed (3). It is perhaps enough to say In all experiments, t’he initial noble metal 
that the Thiele parameter expresses the concentration were kept at 4.56 X 1O-3 M. 
ratio of the reactivity of a species to its dif- The alumina and noble metal solut,ions were 
fusivity. Consequently, a large h value placed in a 250-cm3 beaker at room temper- 
means a fast reaction with the support ature. The pellets were stirred by a magnetic 
and/or slow diffusivity and, hence, a steep stirrer for 1, 5, 10, 30, and 60 min. At the 
concentration profile in the catalyst pellet end of each time interval the solutions were 
( i.e., shallow penetration depth). Con- decanted, filtered, and analyzed for noble 
versely, a small h value means that the metal content. In some experiments the 
diffusivity of the species is faster than its free or uncoordinated ligand content of the 
reactivity with the support, resulting in flat solution was also determined. These mea- 
(and deep) concentration profiles in the surements were performed by using a pH 
catalyst. meter equipped with either a Cl-- or a 

According to these considerations, the NHd+-specific ion electrode. After the im- 
impregnation properties of a given catalyst pregnation process, the catalyst pellets 
can be influenced by either changing the were washed with two or three portions of 
intrinsic reaction rate (k) of the noble metal 100 cm3 of distilled water and air dried, 
complex with the support surface (i.e., by at room temperature. The Pt and Pd pene- 
varying the nature of this metal complex or trations were determined by the SnClz stain- 
the nature of the surface), by changing the 
specific surface area (a), or by changing the 

ing technique (5). An analogous method was 

diffusivity (using a smaller or larger metal 
developed to measure Rh penetrations : the 

complex or using a support with smaller or 
pellets were boiled for 3 min in an aqueous 

larger pores in which the diffusion occurs). 
2 M NaOH solution containing sodium 

Of these possibilities, this paper explores 
sulfide (0.1 g of NazS/cm3 of solution). 

only the manipulation of I?, the intrinsic After this treatment, a darkened band in- 

rate constant. This will be accomplished by dicated the location of Rh in these pellets. 

varying the complex of a given noble metal 
or by varying the noble metal associated RESULTS AND DISCUSSION 
with a given ligand. Mechanisms of Adsorption 

EXPERIMENTAL The reaction of noble metal complex ions 

The noble metal complexes used in this 
with alumina surfaces is governed by both 

study were purchased from either Alfa 
diffusion and kinetic or reactivity consider- 

Products or Research Organic/Inorganic ations. Our findings suggest there are two 

Chemical Corp. and were used as received. distinct mechanisms. 

The NH4[Pt(C2HI)C11] was prepared ac- One type of mechanism involves the re- 

cording to the method of Chatt and Dun- action of the noble metal species with a 

canson (4) except that (NH&PtC14 was surface site which results in the displace- 
substituted for K2PtClk. The purity of the ment of a ligand from the metal’s coordina- 
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tion sphere : the reacting solutions were simultaneously 

ML,“- + [O-Al] + determined. The rapid removal of the l’d 

[ML+_. . .o-al]“- + L. 
complexes l’dCl,*- and PdClG2- from solu- 
tion (Fig. 1) was accompanied by a rapidly 

Evidence for this t.ype of mechanism comes increasing free chloride ion content in the 
from the observation of increasing quanti- liquid. The 1% complexes, although only 
ties of free ligand in solution concomitant slowly removed from solution (Fig. l), re- 
with the rapid uptake of certain noble leased significant quant’ities of chloride ions 
metal complexes. It is also known that after GO min of react’ion (Table 1). The 
1’dClz reacts with Al203 to give a species ratios of t’he quant’ity of metal ions adsorbed 
whose electronic adsorption spectrum is to t’he quantit’y of Cl- ions released into 
significant,ly different from that’ of PdClz solution for the l’d complexes is about 1. For 
((3. t,he l’t complexes it is about 2. The appear- 

The uptake of several chloro complexes of ante of Cl- ions in solution is supportive of 
1% and I’d was studied at different time a ligand displacement reaction occurring 
intjervals. The noble metal uptake and the between the I’t and Pd complexes and the 
uncoordinated free chloride ion content of support. While it is tempting to try t,o relate 

I I I I I I 
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FIG. 1. Uptake of various noble metal chloride complexes by A1,08 from solution. 
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FIG. 2. Upt,ake of various noble metal ammonia complexes by Al& from solution. 

these rat’ios to the quantities of complex 
reacting with the A1203 and the quantities 
of complex trapped in the pore structure, 
we did not attempt to do this since Cl- ions 
are known to react with A1203 (‘i’), and we 
cannot be sure that the Cl- ion content mea- 
sured, therefore, represent’s the t’otal quan- 
tity released intro solution. 

Noble metal ammonia complexes may 
react with alumina surfaces by an ion-ex- 
change process (8). Complexes of the type 
CM (NHs) .J’+ and [M (NHS) ;C112+ ex- 
change onto alumina by reacting with some 
surface site. Ligand displacement does not 
appear to occur: No uncoordinated NH3 
was found in solution after t’he experiment,s. 
As shown in Fig. 2, the ammonia eomplexes 
tend to be removed slowly from solution. 

For the less reactive complexes, the pos- 

sibility exists that some of the complex 
crystallizes in the pores without reacting 
with the surface. 

Reactivity and Penetration Depth 

The rate of removal of metal complexes 
from solution by alumina is inversely re- 
lated to the dept’h t’o which the noble metal 
penetrat’es into the alumina pellet. For 
those complexes that are rapidly removed 
from solution, e.g., H#tBrs, (NHJ2PdC14, 
and (NH4)~RuC16, the noble met’al profile 
resembles a sharp shallow band, located at 
the pellet’s outer edge. After 60 min, the 
noble metal penet,rat,ed only about 200 pm 
into the pellet (Table 2). 

On the other hand, for those complexes 
that are slowly removed from solution, e.g., 
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TABLE 1 

Appearance of Uncoordinated Chloride Ions 
in Solution 

(NHhPdClr 

(NH4)zPdCls 
(NH4)zPtCld 
(NHn)rPtClo 

3.83 4.48 0.80 
4.41 4.34 1 .OP 
1.48 0.70 2.11 
1X 0.59 2.29 

was t,aken directly from its water bath with 
no attempt being made to dry it. Although 
the penetrat’ion dept’hs obtained from the 
presoaked alumina were slightly more 
shallow than those obtained from the dry 
alumina, the differences were small and not 
statist)ically significant at a 5% confidence 
level. Thus, the relative dryness of the 
alumina appears to play only a minor role in 
influencing the result,s of our experiments. 

Reactivity Diferences Between Metal 
Complexes 

NHl[Pt (GHJCI,], &Pt (SCN),, (NH&- 
IrCIG the noble metal profiles in the pellets 
are essentially uniform along t,he radius of 
the catalyst pellets. These complexes pene- 
trated the entire alumina prllrt, aft,er only 
1 min or less. 

In order to understand why I’d com- 
plexes, for example, are more reactive to- 
ward alumina than their 13 analogs, it is 
necessary to consider t’he mechanisms by 

TABLE 2 
For the more reactive complexes, the 

noble metal species penetrat,ed only lOO- 
150 pm during the first minut,e of react,ion. 
Figure 3 shows the relationship of reaction 
time and metal penetration dept,h for the 
relatively reactive HzT’tBrs. Aft,er 1 min, 
39.6y0 of the H,l’tBr, was removed from 
solution. It had penetrabed 143 f 14 pm. 
After 5 min, (39.67, of the complex was re- 
moved, but the penet)ration depth increased 
only -26 pm to 160 f 25 pm. At 60 min 
essentially all (96.7%) of the Hzl’tBr,j had 
been adsorbed, and the penetration depth 
reached 224 f 16 pm. 

Reactivky and Penetration Dept,h 
of the Complexes 

Complex Metal Metal 
absorbed penetration” 

after 6.4 
60 min 

(%I) 

High reactivity 

HaPtBre 
(NWJ’dClr 
(N&M’dCI~ 
@JK)aRhCl, 
NH,AuCl, 
(NH&lluCle 

96.7 224 f  16 
83.9 205 f  46 
96.7 227 f  35 
75.0 198 f  39 
97.0 - 
63.8 - 

In the above impregnation experiments 
dry alumina wa,s added to aqueous solutions 
which contained the noble metal complexes. 
Therefore, the possibility existed that the 
penet’ration properties of the complexes 
might be strongly influenced by the initial 
rapid uptake of solution by the dry alu- 
mina. An experiment was performed to 
assess the effect of the relative dryness of 
the alumina on the reaction-diffusion prop- 
erties of (NHa)J’dCl,. Dry alumina and 
alumina which was presoaked overnight in 
distilled water were exposed to aqueous 
solutions of (NH,),l’dCl,. The wet, alumina 

Low reactivity 

(NHMtCL 
NHJPt(CYH,)Cl3] 
(NH&R (NO& 
(NH,)zPtClc 
HzPtCle 
K?Pt (CN)a 
K,Pt(SCN), 
[Pt(NH&]Cl, 
CPd WLMCL 
[Rh(NH,),Cl]Cl, 
(NH&It-Cl, 

32.4 
20.0 
45.5 
29.6 
33.4 
22.9 
22.5 
23.2 
36.4 
27.0 
25.8 

Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 

G Values given are the average =t ST1 for ten 
pellets, determined by SnC& or Na$/NaOH 
staining. 
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which they undergo ligand displacement re- placement has been the subject of intensive 
actions. Let’s first consider square planar investigation (9, 10) and t,he reaction path- 
complexes such as the chlorides, PdCl? way is generally acknowledged as follows 
and PtC142-. The mechanism of ligand dis- (10). 

The rate-determining step for ligand dis- 
placement reactions of square planar d8 
complexes, e.g., Pt (II) and Pd(II), appears 
t’o be the first step of this reaction sequence 
(11, 12). The attack of the incoming ligand 
(L) most likely occurs at the empty P, 
orbital localized on the central metal ion. 
The initial hybridizat’ion of the metal ion is 
dsp2. Hence the transition state involves a 
rehybridization of the metal orbitals to dsp3 
(10, 11). The energy required for rehybridi- 
zation is a sensitive function of the metal 
ion and varies considerably from metal to 
metal. For a series of complexes having dif- 
ferent central metal ions but otherwise 
being of the same geometry, the reaction 

rates for ligand substitution will tend to 
vary significantly. For example, for the re- 
action of pyridine with a series of [MCl(o- 
tolyl)-(PEt&l complexes, where M = Ni, 
Pd, and Pt, the reaction rates are 5 X 106: 
105: 1, respectively (13). Similar results 
have been obtained for a series of 
[Pt (dien)X]+ and [Pd (dien)X]+ complexes 
where X = Cl-, Br-, I-, SCN-, and NO2- 
(14). These relative ligand substitution 
rates seem to be in accord with the rate in 
which these d* metal ions expand their 
coordination number (10). 

In our desire to study the reactions of 
square planar Pt complexes with alumina, 
we attempted to vary the react’ivity of the 

O 10 20 30 40 50 60 
Reaction Time hnutes) 

FIG. 3. Effect of reaction time on Pt penetration depth for HzPtBrc. Numbers in parentheses 
refer to the percentage of HzPtBre removed from solution. 
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complex by manipulating the ligand field 
geometry of the central Pt ion. This was 
done in order t,o utilize the well-known 
“trunk elimination effect” (15). When 
square planar complexes of the type 
[M(L),(L’)] (where L’ may be L) react 
with a ligand (I~,), the quantity of product 
formed is a function of t,he nature of J,’ 
(15). An extensive series of ligands may bc 
placed in sequence of their abilit)y to direct 
trans substitution (15). 

L’ L L’ L 

0 

M +L, - 

0 

M + L 

L L L L, 

In the approximat)e order of their ability t,o 
direct tram substitution, the sequence is as 
follows: CN-, CZH, > NO,- > SCN- 
> Br- > Cl- > SHI, HzO, OH- (15). In 
our experiments it was hoped that, by 
judiciously selecting ligands of different 
tram directing strengths, it would be possi- 
ble to control the Pt penet,ration depth into 
t,he catalyst pellets by proper choice of a 
square planar Pt complex. As Table 2 indi- 
cates, none of the square planar complexes 
studied were sufficiently reactive wit,h the 
alumina to allow this degree of control. 

The octahedral I’t (IV) complrxes were 
found t’o exhibit a wider range of reactivi- 
ties with AlsO3 than the square planar 
Pt(I1) complexes. The differences in re- 
activity can again be rationalized by con- 
sidering the mechanisms of ligand displace- 
ment reactions of octahedral complexes. 
The reaction involves a two-step process 
(9, 11) : 

ML+j + ML5 + L, 

ML5 + Ll+ MLjL1. 

In the first step a M-L bond undergoes 
dissociation. Hence the metal-ligand bond 
strength is a important determinant of t’he 
relative ease of ligand displacement,. The 
relative order of bond strengths of transi- 
tion metal complexes can readily be pre- 
dicted from the spectrochemical series (15). 

For a series of common ligands the order of 
increasing metal to ligand bond st’rength is 
CN- > X02- > NH, > Hz0 > OH- 
> Cl- > Br- > I-. 

We investigat’ed the reactions of t,he three 
octahedral halide complexes, l’&-, 
PtBr6*-, and I’tCX-, with alumina in an 
att’empt to find l’t’ complexes t,hat exhibit 
a wide range of reactivities. The Pt16”- ion 
decomposed upon contact with the alumina, 
releasing I,. This complex was not studied 
further. As seen previously, the PtC16*- ion 
was not very reactive with alumina (Fig. 1). 
The PtBrgZ- ion, on the other hand, was 
quite reactive (Table 2 and Fig. 3). 

It appears that the P-Br bond is s&i- 
cient)ly weak to permit a rapid dissociation 
and subsequent’ reaction with the available 
surface sites on alumina. By contrast, the 
R-Cl bond is stronger and undergoes dis- 
sociation and subsequent reaction wit.h the 
alumina surface sites more slowly. 
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