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The effect of adding chemical coingredients to H&Cl, impregnating solutions in order to modify 
Pt profiles in spherical -y-alumina beads was studied. Coingredients included the following acids and 
salts: HCI, HF, HNO,, acetic acid, citric acid, tartaric, AlCl, NaCl, NaF, NaBr, NaNO,, 
Na,POI, Na benzoate, and Na citrate. Radial Pt profiles were examined by electron probe 
microanalysis of bead cross sections. Nine distinctly different types of profiles were produced. 
NaBr was the only coingredient which produced a monotonically increasing Pt profile from bead 
center to surface. A simple model which describes the role of NaBr during the impregnation 
process was discussed. A method of producing monotonically decreasing Pt profiles from bead 
center to surface which involves incorporating both NaBr and citric acid in H,PtCl, impregnating 
solution was studied. 

INTRODUCTION 

Nonuniformity of activity in supported 
metal catalysts can occur as a result of 
catalyst preparation methods or catalyst 
poisoning. Nonuniformly active catalysts 
may in some processes exhibit superior 
activity, selectivity, or resistance to poi- 
soning compared to uniformly active cata- 
lysts. Many recent papers have discussed 
theories of diffusion and reaction in nonuni- 
formly active catalysts (1-6). Less atten- 
tion has been focused on fundamental 
experimental studies which involve 
preparation, characterization, and evalua- 
tion of performance in kinetic studies in- 
volving probe reactions. Several challeng- 
ing questions arise when one attempts such 
fundamental studies; e.g., what parameters 
should be adjusted during catalyst prepara- 
tion in order to produce a desired distribu- 
tion of active ingredient within a support 
particle ? Quantitative measurement of 
mass distribution of active ingredient 
within a particle can easily be determined 
for metals by electron probe microanalysis, 
but how does one quantitatively measure 
“activity” distribution within a particle? Is 

’ To whom all corresondence should be addressed. 

it valid to assume constant diffusivity 
throughout a nonuniformly active catalyst 
particle, as often assumed in published 
models? Experimental verification of model 
predictions is necessary if one is to have 
confidence in these models as tools for 
design. 

A recent paper presented the theoretical 
basis for a kinetic study to determine the 
effect of activity distribution in spherical 
catalyst particles on selectivity of the deu- 
terium-hydride exchange reaction (7). The 
catalyst considered was alumina-supported 
platinum. (This reaction was shown previ- 
ously to be a suitable probe for diffusional 
influences in uniformly active catalysts 
(8, 9)). This paper presents results of the 
catalyst preparation phase of this study. A 
later article will report results of characteri- 
zation and kinetic studies. 

Impregnation was selected as the means 
of preparing the catalysts because of its 
simplicity and wide use. Previous workers 
have developed ways of producing uniform 
profiles of active ingredient (e.g., (10, I I)) 
and sharply defined profiles such as outer 
shells, inner shells, and cores (e.g., (12- 
14)). Workers have investigated many prep- 
aration variables and their influence on the 
distribution of active ingredient in a number 
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of metal-support combinations (I I, 15-18). 
There exists a broad body of knowledge of 
the physical and chemical processes of the 
impregnation process and surface chemis- 
try of support materials (e.g., (19-28)). 
However, each metal-support combination 
is unique and hence introduces new chal- 
lenges to the investigator. 

An objective of this work was to investi- 
gate the possibility of using chemical addi- 
tives (coingredients) in impregnating solu- 
tions as a means of controlling the 
distribution of active ingredient within the 
catalyst particle. Platinum on spherical y- 
alumina beads was the system studied. Of 
particular interest for our future kinetic 
studies would be the ability to approxi- 
mately reproduce some of the profiles that 
are considered in theoretical studies previ- 
ously mentioned (.?-6)--e.g., profiles 
which monotonically increase or decrease 
from particle center to surface. Linearly 
increasing or decreasing profiles were fre- 
quently considered in these theoretical 
studies. 

Catalysts which have monotonically de- 
creasing profiles are of some interest in 
kinetic studies because they serve as 
models of partially poisoned catalysts. 
There may also be commercial interest in 
such catalysts especially for reactions 
which are diffusion limited and in which the 
catalyst undergoes a shell progressive poi- 
soning. They may exhibit activity or poi- 
soning resistance that is superior to uniform 
or shell profiles. 

Hexachloroplatinic acid was the active 
ingredient selected for this study. The 
strong interaction between HJ’tCl, and y- 
alumina is known to produce shell catalysts 
which have a well-defined boundary be- 
tween Pt and bare support. Citric acid was 
employed as an additive to the HzPtC16 
solution because this combination is known 
to produce core catalysts. The approach 
that was used to find a means of controlling 
Pt profile was: first, to explore the interac- 
tions of H2PtCls and citric acid with the 
alumina supports; second, to experimen- 

tally survey a large number of chemical 
additives which, when included in the im- 
pregnating solutions, modify the shell or 
core profile; and third, to select and further 
investigate the chemical additive which 
yields the Pt profiles desired. 

EXPERIMENTAL METHODS 

A 0.0564 M stock solution of H,PtCl, was 
prepared by dissolving Fisher Certified 
H,PtCl, . 6H,O in deionized and carbon- 
treated water. Solution concentrations 
were determined by a spectrophotometric 
method (29) on a Bausch and Lomb spec- 
trophotometer. Concentrations were ex- 
pressed as moles of Pt per liter. A 0.1 M 
stock solution of citric acid (CA) was pre- 
pared from Fisher Certified CA. Solution 
concentrations were determined by titra- 
tion. Stock solutions of various acids or 
salts (Table 1) were prepared to give con- 
centrations of about 0.1 M. -y-Alumina 
beads of spherical geometry (Rhone 
Poulenc Inc., GOD-30) had the following 
properties: diameter, 0.36 cm; bulk density, 
0.3 g/cm3; surface area, 150 m2/g; total 
pore volume, 1.70 cm3/g; and average pore 
diameter, 450 A. 

Adsorption isotherm experiments in- 
volved contacting eight alumina beads (ca. 
0.1 g) with 0.5 cm3 of solution containing 
CA or H&Cl, at 25°C. All solutions were 
prepared by diluting the stock solutions 
described above. After 2 hr of contacting, 
beads were separated from solution by 
filtration and washed with 2 cm3 of water to 
quantitatively remove and recover external 
solution. Washing time and volume were 
kept to a minimum to avoid removal of 
active ingredient from pore solution. The 
recovered solution was diluted with water 
to a volume of 5 cm3 and analyzed for 
active ingredient. The amount of adsorp- 
tion was determined by the difference be- 
tween initial and final concentrations of 
active ingredient in solution after correcting 
for pore volume. 

In experiments designed to test a large 
number of acids and salts as coimpregnat- 
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ing ingredients, solutions were prepared by 
adding stock solutions of H&C&, acid or 
salt solution, and water in the volumetric 
ratio 1 : 1: 8. The experimental procedure 
involved placing eight alumina beads in 
contact with 0.5 cm3 of impregnating solu- 
tion for 1 or 22 hr at 25°C. The beads were 
removed from solution, washed with 2 cm3 
of water, dried in air at 120°C for 8 hr, and 
reduced in flowing H, at 500°C for 1 hr. 
Residual impregnating solution combined 
with wash water was analyzed for Pt. Char- 
acterization as to the type of Pt profile was 
determined by visual observation or by 
electron probe microanalysis (EPM) of 
beads that had been cleaved in half (30). 
EPM was performed on an Acton MS-64 
microprobe using a point count technique. 
Beads that had been cleaved in half were 
scanned across the flat side through the 
bead center. Thirty-second counts were 
taken at loo-pm intervals across the sur- 
face. Scans at one to four orientations were 
taken for each bead. Data smoothing con- 
sisted of averaging the scan data taken at all 
orientations and reporting the averaged and 
normalized Pt profile from bead center (r/Z? 
= 0) to surface (r/R = 1). Visual observa- 
tion was used when the profile was obvi- 
ously a shell or core type with a sharp 
boundary between Pt and bare support. 
EPM was used when the profile was dif- 
fuse. 

More extensive coimpregnation studies 
using solutions prepared from various com- 
binations of HzPtCls, CA and NaBr stock 
solutions, and water of dilution were con- 
ducted in a manner similar to the above 
experiments; however, in the more exten- 
sive studies, the effects of impregnation 
time and NaBr and CA concentrations on 
final Pt profile were studied. EPM was used 
in determining Pt profiles for all samples. 

RESULTS AND DISCUSSION 

a. Adsorption Studies 

Adsorption plays a large role in the im- 
pregnation of y-alumina with H2PtClG solu- 

tion. The bonding between Pt complex 
(henceforth referred to as Pt) and the sur- 
face is not well understood although mech- 
anisms have been suggested. For example, 
recent studies have suggested that the ad- 
sorption of Pt is associated with either (1) 
variation of pH of the solution due to acid 
attack of the alumina with dissolution of 
surface aluminum ions (29, or (2) ligand 
displacement reaction of anionic Pt com- 
plexes with the alumina surface (27). 

Figure 1 shows the total uptake of Pt 
after beads were contacted for 2 hr with 
impregnating solution containing HzPtC16, 
then washed, dried, and reduced. The ordi- 
nate of this graph, “total Pt uptake,” takes 
into account both adsorbed Pt and Pt de- 
posited from pore solution during drying. 
The solid line shows the trend of the data. 
The dashed 45” line is a theoretical line for 
irreversible adsorption. The fact that data 
points at initial Pt values of about 0.006 
mole and below fall near the theoretical line 
shows the strong interaction between Pt 
and y-alumina. The other dashed line 
shows the trend of data at large values of 
initial Pt. The increase in the total Pt uptake 
in this linear region is due to Pt deposited 
from pore solution during drying. This in- 
crease can be used to determine the effec- 
tive pore volume for the Pt in solution 
(21, 31, 32). The intersection of the two 
dashed lines represents the Pt uptake at 
saturation coverage of adsorption sites. 
The saturation coverage, 0.012 mmole Pt, 

I------l 
3 t 1 

FIG. 1. Total uptake of Pt from impregnating solu- 
tion by y-alumina. 



428 SHYR AND ERNST 

FIG. 2. Total uptake of CA from impregnating 
solution by y-alumina. 

divided by alumina sample weight and sur- 
face area corresponds to 110 pmole/g and 
750 pmole/m2, respectively. 

Figure 2 is a similar graph for the total 
uptake of CA. As in the case of Pt, data 
points at low initial CA fall near the dashed 
45” line thus showing a strong interaction 
betwen CA and y-alumina; at large initial 
CA the data trend is linear. Intersection of 
the two dashed lines, which corresponds to 
saturation coverage of adsorption sites, oc- 

curs at 0.023 mmole CA. Saturation cover- 
age divided by sample weight and surface 
area equals 215 pmole/g and 1433 
pmole/m2, respectively, or approximately 
twice the saturation coverage for Pt. 

Adsorption isotherms (Fig. 3) were deter- 
mined for both Pt and CA from data in Figs. 
1 and 2 by subtracting the effective pore 
volume contribution from total uptake. The 
isotherms are expressed in terms of percent 
of adsorbed species. The line through the Pt 
data corresonds to the Langmuir equation: 

288OC 
wt% Pt = 1 + 133OC’ 

The CA data do not conform to the 
Langmuir model. A line was drawn, how- 
ever, to show the trend of the data. 

b. Efect of Coingredients on Pt Projile 

Table 1 presents a list of acids and salts 
which were studied in a set of coimpregna- 
tion experiments. The purpose was to 
screen a large number of chemicals as coin- 
gredients with H,PtC& to determine their 

TABLE 1 

Properties of Coimpregnated Catalysts 

Acid or salt Impregnation time, 1 hr Impregnation time, 22 hr 

Cone (M) Pt (wt%) Pt band, r/R Cone (M) Pt (wt%) Pt band 

Begins at Ends at Type ‘Me 

None - 0.51 
AlC& 0.01 0.50 
HCl 0.01 0.51 
NaCl 0.01 0.49 
HF 0.01 0.50 
NaF 0.01 0.51 
NaBr 0.01 0.50 
HNOs 0.01 0.50 
NaNO, 0.008 0.49 
N%PO,” 0.01 0.31 
Na benzoate 0.01 0.48 
Acetic acid 0.01 0.51 
Citric acid 0.01 0.49 
Na citrate’ 0.02 0.19 
Tartaric acid 0.01 0.49 

1 0.77 1 - 
1 0.56 1 0.01 
1 0.67 1 0.01 
1 0.81 1 0.01 
- - 5 0.01 
1 0.83 1 0.01 
1 0.77 1 0.01 
1 0.50 1 0.01 
1 0.79 1 0.008 
0.83 0 7 0.01 
1 0.78 1 0.01 
- - 3 0.01 

0.84 0.44 4 0.01 
0.33 0 7 0.01 
- - 6 0.01 

0.51 2 
0.51 2 
0.50 2 
0.51 2 
0.50 5 
0.51 2 
0.50 9 
0.51 3 
0.51 2 
0.10 8 
0.50 2 
0.50 uniform 
0.48 6 
0.14 8 
0.51 7 

a The 22-hr sample was prepared using a fresh solution of N&PO1 (or Na citrate) and H.&V& while the 1-hr 
sample was prepared using a portion of that same solution after it had been stored for 2 or 3 days. 
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FIG. 3. Adsorption isotherms (25°C) for Pt (A) and 
CA (a). 

effects upon the final Pt profile in the alu- 
mina beads. It was desirable to examine 
these effects after relatively short (1 hr) and 
long (22 hr) impregnation times, and to 
eliminate profile changes over this time 
period due to Pt diffusing into the pores 
from external impregnating solution. To 
avoid this undesireable effect, the total 
amount of Pt and total volume of solution 
were kept low-total Pt in solution was 
about 23% of the amount required to satu- 
rate the adsorption sites in the alumina 
(Fig. 1); solution volume was about 2.7 
times the pore volume. Under these condi- 
tions, at short impregnation time, the solu- 
tion would become essentially depleted of 
Pt as the Pt adsorbed on the support thus 
substantially reducing any driving force for 
diffusion. A control experiment in which no 
coingredient (Table 1, first entry) was 
added to the solution confirmed these ex- 
pectations: after 1 hr of contact, the result- 
ing catalyst contained a sharply defined 
shell of adsorbed Pt. After 22 hr of contact, 
the Pt shell showed only slight dispersion at 
the inner boundary. 

In most experiments the coingredient 
concentration was 0.01 M, which corre- 
sponds to a coingredient to Pt mole ratio of 
1.77. The columns in Table 1 labeled 
“type” refer to types of profiles which 
were produced in these experiments after 
impregnated beads had been dried and re- 
duced. Schematic representations which 

most closely describe these profiles are 
shown in Fig. 4. These representations can 
be described in qualitative terms as follows: 

Type l-Outer shell, sharply defined 
Type 2-Outer shell, diffuse 
Type 3-Outer shell, diffuse to center 
Type 4-Inner shell, sharply defined 
Type 5-Inner shell, diffuse 
Type 6-Inner shell, diffuse to center 
Type 7-Core, sharply defined 
Type 8-Core, diffuse 
Type 9-Linearly increasing from center 

For those catalysts which have sharply 
defined boundaries between regions with 
and without Pt, such as types 1, 4, and 7, 
the Pt bandwidth depended upon the coin- 
gredient, as shown in Table 1. With the 
exceptions of HF, acetic acid, and tartaric 
acid, all coingredients produced sharply 
defined Pt profiles after 1 hr of impregna- 
tion. Of these coingredients only CA and 
tartaric acid produced an inner Pt shell, and 
Na citrate, a Pt core. After 22 hr of impreg- 
nation, the Pt profiles produced with AlC13, 
HCl, NaCl, NaF, NaNO,, and Na benzoate 
showed only slight dispersion at the inner 
boundaries. This finding illustrates the near 
irreversibility of the adsorption of Pt on 
alumina. With the exception of catalysts 
prepared with coingredients Na,PO, and 
Na citrate, the weight percent of Pt in the 

FIG. 4. Types of pt profiles obtained in coimpregna- 
tion experiments. 
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final catalyst represented greater than 95% 
total Pt uptake from solution. 

Maatman (II) discussed the roles played 
by competitive adsorbates in distributing Pt 
throughout q-alumina supports. Michalko 
(13, 14) showed that dibasic acids, espe- 
cially CA, could be used with H,PtCl, to 
produce shell or core profiles. Becker and 
Nuttall (12) studied the influence of process 
variables on Pt profiles when CA was used 
with HzPtCls. It is interesting to note that in 
Becker and Nuttall’s work, impregnation 
time was an important variable-relatively 
short (e.g., 5 min) impregnation times pro- 
duced sharp inner shell profiles, whereas 
30-min impregnation time produced very 
diffuse almost uniform Pt profiles. Maat- 
man (21) also reported near uniform Pt 
profiles after several-hour impregnation 
times with various coingredients. In the 
present experiments, with most of the coin- 
gredients, impregnation time had less of an 
effect on Pt profiles than in previous works 
for reasons previously discussed. For cata- 
lysts produced with coingredients NaBr, 
HNOB, Na,PO,, acetic acid, CA, Na ci- 
trate, and tartaric acid, increasing the im- 
pregnation time had a significant effect on 
Pt profile, although only acetic acid pro- 
duced a uniform Pt profile at 22 hr. Figure 3 
shows an example of a profile produced by 
coimpregnation with NaBr for 24 hr fol- 
lowed by drying and reduction. Figure 5 

FIG. 5. Pt profile produced by coimpregnation of 
alumina beads with NaBr and H.&Cl,. Initial NaBr: Pt 
mole ratio, 1.77: 1; impregnation time, 24 hr; Pt con- 
tent of beads, 0.50 wt%. 

0.8 

t a . . 

FIG. 6. Core F’t profile produced by coimpregnation 
of y-alumina beads with CA and H,PtC& solution. 
Initial CA : Pt molar ratio, 5.31 : 1; impregnation time, 
24 hr; Pt content of beads, 0.50 wt%. 

shows the typical data scatter that occurred 
in all EPM scans. 

An additional series of coimpregnation 
experiments were run with CA at a concen- 
tration of 0.03 M and a CA to Pt mole ratio 
of 5.31. This concentration was used in 
order to produce a core instead of an inner 
shell. The resulting core profiles showed 
slight dispersion at the boundary for low 
impregnation times. Pt dispersion increased 
substantially at higher impregnation times; 
however, even at times on the order of 24 
hr, profiles maintained the broad flat center 
which typifies a core profile (see Fig. 6). 

c. Efect of NaBr on the Pt Projile 

NaBr was the only coingredient which 
produced a monotonically increasing Pt 
profile from bead center to surface (Fig. 5). 
It was therefore subjected to further inves- 
tigation. 

Table 1 shows that NaBr had no effect on 
the 1-hr profile compared to the control, but 
had a great effect on the 22-hr profile. It 
appears that during the coimpregnation 
process, Pt adsorbed rapidly to form an 
outer shell catalyst; then in a comparatively 
slow process the NaBr interacted with the 
Pt or surface. This interaction increased the 
mobility of the Pt and allowed it to diffuse 
toward the center. 

This simple model led to the idea of 
using three ingredients-NaBr, CA, and 
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0 

/ 

I 12 
FIG. 7. Effect of CA concentration on uptake of Pt 

from solution. Initial F’t concentration, 2.8 x 10m3 M; 
ratio of liquid volume to alumina weight, 7.5 ml/g. 

H,PtCl,-in impregnating solution as a 
means of producing monotonically decreas- 
ing Pt profiles. The reasoning used was as 
follows: It is known that CA interacts 
strongly with y-alumina (Fig. 2) and suc- 
cessfully competes with Pt for adsorption 
sites to form core Pt profiles. If during the 
impregnation experiment, the core profile is 
first established and later modified by the 
relatively slow interaction between NaBr 
and adsorbed Pt, monotonically decreasing 
profiles might be achieved. 

Figure 7 shows that high CA concentra- 
tions can severely reduce the total uptake 

FIG. 8. Effect of NaBr content on total F’t uptake by 
alumina beads. Initial CA : Pt mole ratio, 5.31 : I, 
impregnation time, 24 hr. 

1 

0 '-\:- 

16 2Li 

0 1 

FIG. 9. Effect of impregnation on Pt profile for 
NaBr : CA : Pt mole ratio 1.77 : 5.31 : 1. Impregnation 
times (hr) are shown on the figure. 

of Pt from aqueous solution by y-alumina. 
It was therefore important in these catalyst 
preparation experiments to adjust the CA 
to Pt ratio sufficiently high to effect a core 
but low enough so that high Pt uptake was 
maintained. 

Figure 8 shows that high NaBr concen- 
trations can also reduce total uptake of Pt 
from impregnating solutions. It was there- 
fore important in these catalyst preparation 
experiments to adjust the NaBr to Pt ratio 
high enough so that it caused the Pt profile 
to move but low enough so that high Pt 
uptake was maintined. 

Figure 9 shows the relative Pt concentra- 
tion profiles for coimpregnation experi- 
ments as a function of impregnation time. 
For these particular experiments, the solu- 
tion contained NaBr, CA, and Pt in the 
molar ratio 1.77 : 5.31 : 1. (The lines repre- 
sent smooth curves drawn through the 
EPM data to show the data trend.) 

Figure 10 shows the EPM data for the 16- 
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4. 

5. 

6. 
7. 

8. 
9. 

IO. 

II. 

FIG. 10. Pt profile produced by coimpregnation of r 
alumina beads with NaBr, CA, and H&Cl, solution. 
Initial NaBr : CA : Pt mole ratio, 1.77 : 5.31 : 1; impreg- 
nation time, 16 br; Pt content of beads, 0.50%. 

12. 

hr sample. The interesting effect of the 
NaBr is that it produces a monotonically 
decreasing profile which has a sharp maxi- 
mum at the bead center as opposed to a 
broad flat center as in Fig. 6. 

13. 
14. 
15. 

CONCLUSIONS 16. 

NaBr, when used as a coingredient in 
H,PtCls or CA-H,PtCl, impregnating solu- 
tions, is effective in modifying the Pt distri- 
bution within y-alumina supports. Pt 
profiles which result from the above solu- 
tions are respectively monotonically in- 
creasing and monotonically decreasing 
from bead center to surface. Without the 
NaBr coingredient the above solutions pro- 
duce shell- and core-type Pt profiles respec- 
tively. The function of the NaBr is unclear 
although it appears to interact with the 
adsorbed Pt or surface and weaken the Pt- 
surface bond. 

17. 

IS. 

19. 
20. 

21. 
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