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The development of a novel, simple technique allowed us to investigate the influence of various 
impregnation parameters on the axial Mo profiles achieved on y-alumina extrudates. The effects of 
pH, temperature, volume, and concentration of the molybdate solutions, as well as the impregnation 
time, the rate of drying, the modification of y-alumina with F-  ions, and the nature and concentration 
of various competitors, have been systematically studied. It was found that decreases in pH as well 
as increases in the concentration of the molybdate solutions, of the impregnation temperature, and 
of the rate of drying cause a progressive transformation of the Mo profile from uniform to eggshell 
type. Doping of y-alumina with F-  ions and the use of NH4F, H3PO4, and citric acid as competitors 
transformed the Mo profiles from eggshell to uniform. The change in volume of the impregnating 
solution had no effect on the Mo profiles. The effect of the impregnation time was found to be 
complicated. Increases in the impregnation time, until a critical value sufficient for the complete 
imbibition of the extrudates, allow for the transfer of great amounts of molybdate to the interior of 
the extrudates, leading to more uniform profiles. Further increases in the impregnation time caused 
a considerable increase in the sharpness of the Mo prone.  Most of the above observations were 
explained on the basis of derived equations, adopting a very simple macrodistribution model. 
Finally, it was demonstrated that small chromatographic columns filled with powder supports may 
be used to study active ion profiles on catalytic supports. © 1992 Academic Press, lnc. 

INTRODUCTION 

It is well known that the performance (ac- 
tivity, selectivity, resistance to poisoning) 
of a supported catalyst can be improved by 
achieving an appropriate distribution of the 
active phase within the support grain. Theo- 
retical studies reported in the literature may 
aid in the achievement of such a distribution 
in a particular system. The work of Vincent 
and Merrill (i), Komiyama et al. (2), 
Schwarz et al. (3-5), Lee and Aris (6), Chou 
et al. (7), and Karpe et al. (8, 9) should 
be mentioned. A difficulty in this field of 
industrial catalysis is that the techniques 
used for determining macrodistribution are 
in general quite expensive and the instru- 
ments necessary are not available in many 
academic catalysis laboratories. 
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In most of the studies reported so far, the 
determination of the macrodistribution of 
an active phase has been performed using 
electron probe microanalysis (2, 10-19), 
scanning microscopy (20), autoradiography 
(4), light transmission techniques (2, i1), 
and straining methods (21, 22). Many stud- 
ies report Pt-supported y-alumina catalysts 
(4, 13, 14, 16, 21-24), whereas fewer studies 
have been performed on Ni (2, 15, 20), Cu 
(17, 18), Ba (20), Ag (4), Cr (17), Ph (12), 
and promoted or unpromoted W (19) sup- 
ported y-alumina catalysts. 

Molybdena-supported y-alumina cata- 
lysts are one of the more important classes 
of solid catalysts not only because they are 
used industrially (in hydrogenation, dehy- 
drogenation, isomerization, and metathesis) 
but mainly because they compose the main 
constituent of the oxidic precursor of [Mo, 
Co]/ 'y-Al20 3 and [Mo, Ni]/3~-A1203 catalysts 
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used in the hydrotreatment of petroleum 
feedstocks. This is why promoted and un- 
promoted y-alumina-supported molybdena 
catalysts have been the subject of numerous 
investigations centered on surface charac- 
terization and catalytic performance. Stud- 
ies dealing with the distribution of molyb- 
dena within y-alumina grains are scarce in 
the literature (25, 26). The first macrodistri- 
bution study on MoO3/y-A1203 catalysts 
was reported by Srinivasan et al. (25), who 
showed that conventional impregnation of 
alumina pellets with aqueous ammonium 
paramolybdate (AHM), followed by drying 
and calcining, can lead to an eggshell 
macrodistribution. Moreover, movement of 
the shell boundaries toward the pellet center 
has been observed on sintering at 750°C. A 
fine study on this subject was communicated 
some years ago by Fierro et al. (26). The 
main goal was to obtain Mo and Co concen- 
tration profiles within y-alumina pellets by 
controlling pH, impregnation time, and sol- 
ute concentration. Two extreme macrodis- 
tributions of Mo have been obtained: egg- 
shell and uniform. Low pH (2.8), small 
impregnation time (1 h), and high solute con- 
centration (0.055 M AHM) favor the former. 
In contrast, alkaline solutions (pH 10.8), 
high impregnation time (72 h), and low sol- 
ute concentration (0.018 M AHM) are re- 
quired to obtain uniform distribution. On 
the so-achieved MoO3/y-A1203 catalysts 
with uniform profile, cobalt has been depos- 
ited in eggshell distribution. It is obvious 
that in this case the critical ratio Co/[Co + 
Mo] decreases from the outer surface to the 
axis of the extrudate. An increasing value 
for the Co/[Co + Mo] ratio from the periph- 
ery to the axis has been obtained by depos- 
iting cobalt on MoO3/y-AI203 catalysts with 
eggshell distribution. Finally, a constant 
value for the atomic ratio Co/[Co + Mo] 
has been obtained by capillary coimpregna- 
tion of molybdenum and cobalt. 

In the frame of a research program re- 
cently undertaken in our laboratory the fol- 
lowing items were addressed: (i) We at- 
tempted to develop a very simple technique 

allowing the determination of axial macro- 
distribution in extrudates. This technique 
should be quantitative and suitable for all 
active elements determined by usual analyt- 
ical techniques. (ii) Using the technique 
mentioned above, we wanted to be able to 
study systematically the influence of the 
various impregnation parameters on Mo 
profile within the y-alumina extrudates. (iii) 
On the basis of findings of the above men- 
tioned study, we tried to obtain all profiles 
(eggshell, egg white, egg yolk, and uniform) 
both axially and radially and to characterize 
the active phase for the radial profiles ob- 
tained. This characterization is expected to 
help us to examine whether, for a constant 
amount of supported molybdenum, the type 
of profile obtained and the volume of the 
support occupied by the active phase are 
related to its structure and texture (disper- 
sion, symmetry, interaction with support, 
etc.). This information is of paramount im- 
portance for the appropriate design of prep- 
aration procedures of catalysts, in which the 
"microscopic characteristics" of the active 
phase, which are related to the number and 
quality of the active centers, should be taken 
into account. (iv) We attempted to relate 
the catalytic activity and selectivity with the 
profile obtained using a simple probe reac- 
tion. (v) We repeated points (ii)-(iv) for ma- 
terials promoted with Co and Ni. In the pres- 
ent paper we deal with points (i) and (ii). 

EXPERIMENTAL 

Substances-Solut ions  

y-Alumina pellets of 7-ram length and 3.2- 
ram diameter were used in the present 
study. The composition of the pellets was 
97% T-A1203, 0.05% SiO2, and 0.7% Na20. 
The specific surface area (SSA) and the av- 
erage pore diameter were respectively 120 
m 2 . g i and 110 A (monomodal). The water 
pore volume was 0.35 cm 3 • g-1. 

Ammonium heptamolybdate, (NHg)6Mo 7 
024 • 4H20, obtained from Riedel de Haen 
(99%), was used for the preparation of the 
molybdate aqueous solutions. The pH of 
these solutions was adjusted to values lower 
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or higher than the point of zero charge of 
y-AlaO3,  equal to 5.3, by adding H N O  3 o r  
NHgOH, as needed. 

Ammonium nitrate, obtained from Riedel 
de Haen (99%), was used to adjust the ionic 
strength of the molybdate solutions. 

The F--doped y-alumina samples were 
prepared by impregnating the extrudates 
with aqueous solutions of ammonium fluo- 
ride, NH4F (Carlo Erba R.P.). Following 
impregnation, the specimens were dried at 
120°C for 2 h and then air-calcined at 520°C 
for 15 h. 

Aqueous solutions of phosphoric acid, 
H3PO 4 (Sigma), ammonium fluoride, N H 4 F  
(Carlo Erba R.P.), and citric acid (Sigma) 
were used as competitors. 

Procedure for the Determination of  the 
Axial Distribution 

The technique developed in the present 
work for determining the axial or lengthwise 
distribution involves three steps: (i) the 
"preparation" of the samples, (ii) the im- 
pregnation procedure, and (iii) the determi- 
nation of the concentration gradient ex- 
tending halfway from the extrudate to the 
ends. 

The lengths of a large number of extru- 
dates were accurately measured and 20 pel- 
lets with lengths exactly equal to 7 mm were 
selected for each experiment. Each pellet 
was next covered with a flexible plastic tube 
having diameter a little smaller than that 
of the extrudate. Imbibition experiments, 
described in the next paragraph, with col- 
ored water showed that this technique en- 
sured good fitting and prevented the liquid 
imbibition from the lateral surface of the 
cylinder, allowing the "production" of a 
lengthwise distribution of the deposited mo- 
lybdenum. 

Two grams of the extrudates was im- 
mersed over time in 20 cm 3 of impregnation 
(molybdate or molybdate competitor) solu- 
tion of a given concentration, at constant 
pH and temperature. Next, the impregnated 
extrudates were dried at 120°C for 2 h. 

The dried extrudates were divided into 10 

slices of equal thickness (0.7 ram) using a 
cutting tool made in the laboratory (Fig. 1A) 
and the plastic covers were removed. The 
slices located at the same distance from the 
center of the cylinders were then separated 
and weighed. Molybdenum was extracted 
by treating each sample ( -0 .2  g) with 2 cm s 
of an ammonia solution (0.1 N, pH 10) for 
17 h. Following filtration the extracted Mo 
was determined spectrophotometrically at 
490 nm (Varian Carry 219) (27). In all cases 
the total molybdenum extracted was almost 
equal to that adsorbed during impregnation. 

By using this technique, it was possible 
to draw " N  vs X"  curves, i.e., of the Mo 
loading (/xmol • m-2), N, determined in the 
slice at distance X from an edge of the extru- 
dates. To compare the results obtained from 
this technique with those obtained with elec- 
tron probe microscopic analysis (EPMA) it 
was necessary to calculate the atomic ratio 
Mo/AI for each value of (L - l)/L (see Fig. 
IB). The calculation was done by using the 
expression 
Mo 

A1 N X SSA x W x 51 × 10 _6 
~V - N × SSA × W × 1235.86 × I0 -6 

where W is the weight of each slice (g), and 
the ratio Mo/A1 at a given (R - r)/R value 
(see Fig. 1B) was determined for pellets im- 
pregnated, without plastic cover, using a 
Jeol temsam 10 cx electron microscope 
equipped with a Kevex energy dispersive 
analyzer. It was thus possible to compare 
the lengthwise distribution effected by our 
technique with the radial distribution ob- 
tained using EPMA. 

Observation of  Liquid lmbibition from 
the Pellets 

The observation of liquid imbibition into 
a pellet was performed by optical micros- 
copy. Covered or uncovered pellets were 
immersed in colored water for periods rang- 
ing from 3 s to 6 rain and the movement of 
the liquid front was observed using an opti- 
cal microscope. It was thus possible to de- 
termine the time required for axial or radial 
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FIG. 1. (A) Schematic representation of the laboratory-made cutting tool used in the present work. 
1, Revolving handle. 2, Long screw thread (screw pitch = 0.7 ram). 3, Long screw and extrudate ditch 
guide. 4, Knife handle. 5, Knife. 6, Extrudate exit hole. 7, Knife adjusting screw. (B) Schematic 
representation of (a) radial and (b) axial imbibition of an alumina extrudate. 

liquid imbibition of an extrudate to be com- 
pleted. 

RESULTS AND DISCUSSION 

Theoret ical  R e m a r k s  

The study of the influence of the various 
impregnation parameters on the Mo profile 
becomes clearer if it is based on a theoretical 
model that may reveal the physicochemical 
parameters on which the macrodistribution 
features depend. The "simplified version" 
of the Lee and Aris model (6) was used in 
the present work. This model developed for 
spherical particles may be easily trans- 
formed to describe axial and radial macro- 
distribution in extrudates. Assuming that 
the catalyst support is a homogeneous po- 
rous cylinder, the support surface is wetted 
by an incompressible aqueous solution, the 
total amount of impregnating solution is 
greater than the total void volume of the 
support, the pores of the support are large 
enough so that no physical exclusion of sol- 
ute occurs, the immobilization of solute on 
the surface is an isothermal, reversible Lang- 
muir adsorption whose characteristics do 
not change with the variation of solute con- 
centration during the impregnation process, 
the resistance to mass transfer of solute at 
the liquid-pore wall interface is negligibly 
small, and there is no surface diffusion of 
the adsorbed solute. Following a procedure 
similar to that of Aris and Lee Eqs. (i) and 

(2), suitable for describing axial and radial 
macrodistributions in extrudates, respec- 
tively, may be easily obtained. 

Fa = r (axial) (1) 
1 + oznsK/(1 + KCo) 

[ T ](1/2) 

F r =  1 - 1 -  1 + c ~ n s K ~ l  + K C o )  j 

(radial), (2) 

where r, o~, ns, K, and Co represent, respec- 
tively, the reduced impregnation time de- 
fined as t / t  L (tL/min: time required for the 
liquid imbibition to be accomplished), the 
ratio of the specific surface area to the pore 
volume (m-l), the saturation surface con- 
centration of the adsorption sites (/xmol 
m-2), the adsorption constant, and the ini- 
tial concentration of the impregnating solu- 
tion. F a and F r are defined, respectively, by 
L - I/L and R - r /R (Fig. 1B). It is obvious 
that Fa, r may be used to describe the type of 
macrodistribution: low (high) values of ['a,r 
imply eggshell macrodistributions. A rela- 
tionship between Fa and F r may be easily 
obtained by combining Eqs. (l) and (2). 

F r = 1 - [1 - Fa] 1/2 (3) 

C o m p a r i s o n  o f  Ax ia l  and  
Rad ia l  Prof i les  

In Fig. 2 a typical eggshell profile obtained 
at relatively low pH and over a period of 
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FIo. 2. A typical eggshell Mo profile achieved using 
the technique described under Experimental (pH 4.5, 
~- = 10, T = 25°C, C o = 0.7 M). 

FIG. 3. Plot of Eq. (3). 

1 h may be seen. It should be noted that the 
concentration profile is quite symmetrical, 
suggesting that the technique developed is 
accurate. Moreover, as already mentioned 
in the introduction, an eggshell profile was 
anticipated for relatively low pH and short 
impregnation time. 

Apparently, as far as the catalyst prepara- 
tion is concerned, the prediction of a radial 
profile for a given set of preparative parame- 
ters is much more interesting compared with 
the prediction of the axial profile. It is there- 
fore plausible to question whether radial 
profiles may be predicted provided that axial 
profiles are known. This may, in principle, 
be achieved on the basis of Eq. (3). More- 
over, the graphical representation of Eq. (3), 
Fig. 3, shows that similar, though not identi- 
cal, axial and radial profiles should be ob- 
tained under identical preparative condi- 
tions. To check this point it is necessary to 
compare our results with the results ob- 
tained by the classical EPMA technique un- 
der identical conditions, namely, the same 
pH, temperature, solute concentration, 
Vsolute/Vp ratio (Vp, pore volume), and di- 
mensionless impregnation time. In Fig. 4 
typical comparative profiles are presented. 
Taking into account the precision of EPMA, 
the agreement achieved is satisfactory. This 
demonstrates that the technique proposed 
in the present work may be used not only 

for studying the influence of the various im- 
pregnation parameters on the axial profiles 
but also for determining the precise values 
of the impregnation parameters needed for 
the radial profile desired. 

Influence of the Various Impregnation 
Parameters on the Mo Profile 

Next, we examined the influence of the 
various impregnation parameters on the Mo 
profile. To estimate the sharpness of the N 
vs X profiles (see Fig. 2) we used the param- 
eter, s, defined as (dN/dX)x=o/~Ni. It is ob- 
vious that as the  profile becomes more uni- 
form the value of s decreases and equals 

0.08 

0.06 

~0.04 

0.02 

0.00 

* * * , * 

* - ~  ~ , , , 

0 
I/L(r/R) 

FIG. 4. Comparison of  axial ( O ) a n d  radial (*) Mo  
profi les obtained under t h e  same experimental  condi- 
tions using the present  technique and EPMA, respec- 
tively (pH 4.5, T = 1, T = 25°C, C O = 0.7 M). 
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FIG. 5. Mo profiles obtained at various pH values 
shown:on the curves  (~ = l,  T = 25°C, Co = 0.02 M). 

zero in the case of a completely uniform 
distribution, 

Influence ofpH, The Mo profiles obtained 
over a pH range between pH 4 and 10 are 
shown in Fig, 5, in which a transformation 
of the profile from eggshell into uniform as 
pH increases should be noted. This result, 
which is in agreement with the literature 
(26), may be interpreted as follows: It is 
known that the charging mechanism of the 
surface ofT-alumina may be described using 
the relevant protonation/deprotonation 
equilibria (28), 

K 1 

A1OH~ ~ A1OH + Hs + 

A1OH --~ AIO- + Hs 
H~ ~ H~ 

where by  A1OH, AlOHa, and AIOv we de- 
note respectively the neutral, protonated, 
and deprotonated surface hydroxyls and by 
H~ + and H~ the surface and bulk-solution 
hydrogen ions, respectively. From the 
above equilibria, it may be seen that an in- 
crease in the pH would decrease the concen- 
tration of the protonated surface hydroxyls. 
This fact has indeed been experimentally 
confirmed(29-31). Moreover, recent stud- 
ies (32-34) have shown that the molybdates 
are adsorbed on the inner Helmholtz plane 
of  the double layer around the powder sup- 

port particles suspended in aqueous molyb- 
date solutions and that the density of the 
adsorption sites is an increasing function of 
the concentration of the AIOH~ groups, 
considered to be responsible for the creation 
of the adsorption sites. It may, therefore, be 
anticipated that at higher pH there will be 
less adsorption sites, ns. This fact is demon- 
strated in Table 1, in which the n~ values, 
determined by interpolation using results 
from Ref. (33), for pH values corresponding 
to those at which our profiles were obtained, 
are shown. Finally, according to Eq. (1) a 
decrease in n~, as pH increases, should 
cause an increase in the value of F, and 
this would therefore lead to a progressive 
transformation of the Mo profile from egg- 
shell to uniform, which is in full agreement 
with our experimental results. 

The above considerations are valid pro- 
vided that the other parameters involved in 
Eq. (1) are not changed with pH. Although 
this is obvious for ~ and Co the adsorption 
constant has been found to vary randomly 
with pH (33). Moreover, as K appears both 
in the numerator and in the denominator, its 
variation is not expected to affect consider- 
ably the value of F~. 

Influence of temperature on the impreg- 
nating solution. It is shown in Fig. 5 that an 
eggshell profile with a high s value may be 
obtained at relatively low pH values (pH 
4.5). The question raised at this point is 
whether it is possible to further increase the 
sharpness of the distribution by depositing 
larger amounts of molybdate species at the 

T A B L E  1 

n~ Values Calcu la te& at p H  Values at which  Mo 
Profiles Have  Been  Obtained 

pH ns//xmol . m-2  

4.5 9.9 
5.5 5.2 
8.0 0.2 

11).0 0.1 

a See text; T = 25°C. 
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T A B L E  2 

ns Values Calculated ~ at Various Tempera tures  at 
which Mo Profiles Were  Obtained 

T(°C) ns//xmol • m -2 

25 9.9 
35 11.7 
45 13.7 
55 17.7 

a See text; pH  4.5. 

two ends of the extrudates. Further pH de- 
crease was not considered the appropriate 
way, because the dissolution of the y- 
alumina would increase considerably 
whereas the increasing polymerization of 
the Mo(vi) species, occurring at low pH val- 
ues, has been related with the decrease of 
the mean adsorption constant. It is mainly 
for these reasons that the uptake of Mo(vi) 
species on y-alumina powder was found to 
decrease as the pH decreased from 4.5 to 
3.0, suggesting a decrease in the ns value. In 
fact, for this pH change ns was found to 
decrease from 9.9 to 7.47/zmol • m - 2  (33). 

The surface protonation/deprotonation 
charging mechanism implies that the con- 
centration of A1OH~ groups and therefore 
of ns may be increased by decreasing the 
values of the acidity constants K1 and K2, 
which are in general temperature depen- 
dent. Earlier work (30) has shown that when 
the solution temperature is increased, the 
values of K 1 and K2 decreased, conse- 
quently increasing the concentration of the 
A1OH~ groups at constant pH. Recently, 
additional studies have shown that the in- 
crease in the concentration of the AIOH 
groups resulted in increased ns values (33). 
In Table 2 the values of n~ obtained over a 
temperature range between 25 and 55°C, 
over which Mo profiles were obtained, may 
be seen. The values in Table 2 have been 
taken from the results of Ref. (33). It may 
be seen that upon an increase in the temper- 
ature of impregnating solution the value of 
n~ increased. Consequently, a decrease in 

the value o f f  a (see Eq. (1)) and therefore an 
increase in the sharpness were anticipated. 
Our experimental results, as seen in Fig. 6, 
are in excellent agreement with the pre- 
dicted values. As may be seen, upon an in- 
crease in the impregnating solution tempera- 
ture at pH 4.5 from 25 to 55°C, the sharpness 
increased from 0.52 to 2.55. 

Modification of the Mo profile by doping 
the y-alumina extrudates with varying 
amounts of F-  ions. It has been recently 
reported (29) that doping of y-alumina with 
varying amounts of fluoride ions caused a 
decrease in the point of zero charge of this 
support and thus a decrease in the concen- 
tration of the positive surface groups, 
AlOHa, considered responsible for the cre- 
ation of the adsorption sites for the molyb- 
dates. It may, therefore, be anticipated that 
the Mo profile obtained on extrudates doped 
with fluoride ions would have a lower s value 
than the undoped extrudates. As seen in Fig. 
7, this prediction was confirmed, indicating 
that the modification of the y-alumina extru- 
dates with F-  ions may be used to obtain 
more uniform macrodistributions. 

Influence of the impregnation time. Using 
the technique described under Experimen- 
tal, we have found that the time required for 
the axial liquid imbibition, tL, is 6 min. In 
Fig. 8 the Mo profiles obtained at various 
values of ~- and at constant pH, T, and Co 
may be seen. It may be noted that increase 

0.4 

~'~ 0.3 

.~0.2 

0.1 

0.0 
0 1 2 3 4 5 6 7 

X / r n m  

FIG. 6. Mo profiles at var ious  tempera tures ,  shown  
on the curves  (~- = 10, pH 4.5, Co = 0.02 M). 
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FIG. 7. Mo profiles at ,/-alumina extrudates doped 
with various amounts of F -  anions. The values of  F 
content (Co,e) are indicated (~" = 10, pH 4.5, T = 25°C, 
C O = 0.7 M) on the corresponding curves. 

in the ~- value, from 0.1 to 1, resulted in a 
decrease in the sharpness from 0.45 to 0.30. 
In this ~- range the solute transfer takes place 
mainly through capillary forces, which is a 
fundamental assumption for the derivation 
of Eq. (1). In fact, Eq. (1) predicts an in- 
crease in the value of F a and thus a decrease 
in the value of s as ~- increases. 

A further increase in the value of ~- from 
1 to 30 caused a considerable increase in 
the sharpness, favoring the deposition at the 
ends of the extrudates. This may be inter- 

0.4 

0.3 

"S 
0.2 :& 

0.1 

0.0 
0 1 2 3 4 5 6 

X / r a m  

FIG. 8. Mo profiles at various impregnation times. 
The values of 7 are indicated (pH 4.5, T = 25°C, 
C 0 = 0.02 M) on the corresponding curves. The curve 
represents Mo profile achieved on extrudates preim- 
pregnated with pure solvent (s = 3.8613). 

preted by taking into account that in this ~- 
range the solute transfer from the ends to 
the interior of the already soaked extrudates 
takes place by diffusion, a rather slow pro- 
cess in comparison with the adsorption of 
the molybdates on the y-alumina surface. 
The increasing trend in the s value with 
should be limited because past a time pe- 
riod, depending mainly on the solution pH, 
the adsorption of the molybdates on the y- 
alumina surface reaches equilibrium. For 
7 values exceeding the "equilibrium" time, 
therefore, the trend is expected to reverse. 

The above findings suggest that an egg- 
shell distribution with very high s value 
should be obtained when diffusion is the sole 
mechanism for the solute transfer. This can 
be easily achieved by impregnating the ex- 
trudates in the pure solvent for ~- > 1 and 
then impregnating the soaked extrudates in 
molybdate solutions for 1 < ~- < equilibrium 
time. In Fig. 8, experimental confirmation 
of the aforementioned predictions (curve w) 
is shown. 

Effect of  the rate o f  drying on the Mo 
profile. The above considerations showed 
that the lower limit in the s variation with 
time was obtained for ~- = I. Beyond this 
point, s increased with time because the rate 
of adsorption on the outer parts of the extru- 
dates is higher than the rate of diffusion of 
the molybdates into the internal parts of the 
extrudates. The additional adsorption of the 
molybdates, therefore, on the outer layers 
of the extrudates should be avoided when a 
uniform macrodistribution is sought. This 
may be obtained by separating the bulk solu- 
tion from the extrudates at ~ = 1 and 
allowing the extrudates to dry very slowly 
at room temperature for 24 h. The low rate 
of drying is expected to allow the transfer 
of the solute into the internal parts of the 
extrudates and the achievement of a uniform 
profile. This was confirmed experimentally, 
as seen in Fig. 9. 

Influence o f  the molybdate concentration 
on the Mo profile. The Mo profiles obtained 
over a range of molybdate concentrations 
and constant temperature, impregnation 
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FIG. 9. Mo profiles obtained at two rates of  drying. 
(a) Slow drying at room temperatures  for 24 h (s = 
0.06718); (b) fast  drying at 120°C for 24 h (s = 0.6965) 
(pH 10, T = 2 5 ° C , r  = 1, C o = 1 M ) .  

Fro. 11. Mo profile in the presence  of various com- 
petitors.  (a) Without  competi tors ;  (b) NH4F; (c) H3PO4; 

• (d) citric acid (pH 4.5, r = 10, C01t = 0.02 M ,  (70,2 = 
0.7 M, T = 25°C). 

time, and initial pH are shown in Fig. 10. 
It may be observed that an increase in the 
concentration of the molybdates resulted in 
an increase of the s value contrary to the 
prediction of Eq. (1). The discrepancy be- 
tween prediction and experimental results 
may be explained as follows: It has been 
recently observed (32, 33) that the adsorp- 
tion of molybdate on y-alumina powder is 
accompanied by an increase in the pH of the 
impregnating solution. The difference prig 
- PHi, (pHin," pHf represent respectively 
the pH before and after adsorption) de- 
creases progressively with C o . Taking into 

0.6 -e 

1 2 3 4 5 

X / r a m  

j0 
i/ 

7 

FIG. 10. Mo profiles obtained at various concentra-  
tions o f  the molybdate  solution. The values of  Co are 
indicated (pH 4.5, T = 25°C, ~" = .1). 

account that in our experiments pHin is con- 
stant, it was expected that the pHf would 
decrease with the Co value. As already men- 
tioned, however, a decrease in pH would 
increase the n s value, which in turn would 
decrease (increase) F(s). Our results indi- 
cate that the primary effect of Co on F or s 
is weaker than the secondary effect of ns on 
these parameters. 

Effect o f  the impregnating solution vol- 
ume on the Mo profile. In agreement with 
the theoretical predictions (see Eq. (1)) it 
was found that a change in the V~/V v ratio 
(V s , Vp represent respectively the volume of 
the impregnating solution and the water 
pore volume of y-alumina) did not have any 
considerable effect on the Mo profiles. 

Use of  competitors for regulating the Mo 
profile. The use of competitors for regulat- 
ing the active ion profiles is well known (5, 
6, I0, 11, 13, 35, 36). The anions of the 
competitors compete with the anions to be 
supported for the same adsorption sites, 
causing a decrease in the loading and render- 
ing the profile more uniform. Figure 11 illus- 
trates the effects of various competitors on 
the Mo profile. As m a y b e  seen, the most 
considerable decrease was found for citric 
acid. Moreover, it was observed in all cases 
that the sharpness decreased and the profile 
became more uniform as the ratio [Ccompetitor/ 
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FIG. 12. T h e  effect  o f  the  C0,1/C0, 2 on  the  Mo  profi les 
in the  p r e s e n c e  o f  H3PO 4 (a) Co,jCo,2 = 0.02/0.7;  (b) 
C03/Co, 2 = 0.35/0,7 (pH 4.5, ~- = 30; T = 25°C): 

Cmoiybdates ] increased. A typical example is 
shown in Fig. 12. The second observation 
may be explained on the basis of the 
equation 

( °msKT ) ,  (4) 
F a='r/ 1 + I +KTCo, 1 +K~Co, 2 

where K T, C0,1, K~, and C0,2 represent the 
adsorption constant and the concentration 
of the molybdates and those of the anions 
of the competitor, respectively. The first ob- 
servation may also be explained by assum- 
ing that the value of K~ for the citric acid 
anions is greater than the corresponding val- 
ues for the F -  and PO43- anions. 

It should be noted that Eq. (4) may be 
easily derived for axial distribution in extru- 
dates, adopting the simplified version of the 
Lee and Axis model (6), the assumption 
mentioned under Theoretical Remarks, and 
assuming that the anions of the competitor 
compete with the molybdates for the same 
adsorption sites. 

Simulation of an Extrudate with a Small 
Chromatographic Column 

The study of the influence of the various 
impregnation parameters on the Mo profiles 
and the simplified model adopted are based 
on the assumption that the main fundamen- 

tal processes involved are the adsorption 
and desorption of the molybdates on/from 
the 3,-alumina surface as well as its axial 
transfer to the center of the extrudate. It is, 
however, well known that the same pro- 
cesses are involved during separations in the 
liquid-solid chromatography. It is therefore 
interesting to examine whether it is possible 
to simulate an extrudate with a small chro- 
matographic column. We have thus filled a 
cylindrical plastic tube (l = 5.6 ram, d = 
1.5 ram) with 3,-alumina powder prepared by 
crushing the extrudates. After a compact 
packing and closing of the ends of the tube 
with glass wool, the procedure described 
under Experimental for determining the 
axial distribution (except for the slicing part) 
was followed and the Mo distribution 
throughout the tube was determined. As 
seen in Fig. 13, there was no considerable 
difference between the Mo profile obtained 
using extrudates and that obtained following 
the above procedure. 

Our experimental approach therefore 
demonstrated that small chromatographic 
columns filled with powder supports may be 
used to study active ion profiles on catalytic 
supports. Our simple experimental tech- 
nique may be used when a large number 
of experimental points are required for the 
construction of the curves describing pro- 
files and it should be considered as comple- 
mentary to the extrudate slicing technique 
presented in this work. 

Comparison of the Method with Other 
Important Methods Used for Measuring 
Concentration Profiles 

It has been proved that the method pre- 
sented here can be used to determine vari- 
ous impregnation parameters in order for a 
desired radial profile to be achieved. This 
method is most suitable for studying axial 
profiles. Other techniques (e.g., EPMA and 
light transmission technique) could be used 
and are compared to our procedure in Table 
3. Inspection of this table illustrates that the 
method developed here has some advan- 
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TABLE 3 

Comparison of Different Techniques Used (or that Could Be Used) to Study Axial Profiles in Extradates 

Characteristic Our method EPMA a Light transmission 

Cost Low High Low 
Accuracy High Medium Medium 
Simplicity Very simple Quite complicated (special holders Simple 2 

and cutting apparatus required) 
Applicability Applicable for all Applicable for all active ions 

active ions 
Spatial resolution Low High 

Could only be applied 
in colored samples C 

Medium 

EPMA has so far not been used to study axial profiles. 
b Requires photographic negatives. These should be analyzed using a scanning microdensitometer (Refs. 

(4, 5)). 
c When the active ions should be colored, usually by reduction, the intensity of the color is not necessarily 

related directly with the amount of active ion deposited because it also depends on the extent of reduction, which 
in turn is affected by the symmetry and dispersity of the active species. 

rages over other techniques of significance, 
such as low cost, high accuracy and simplic- 
ity, as well as wide applicability. 

CONCLUSIONS 

From the present work the following con- 
clusions may be drawn: 

(i) The technique described here can be 
used to study axial and to predict radial ma- 
crodistributions in extrudates. 

(ii) A decrease in pH as well as increases 
in the concentrations of the molybdate solu- 
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FIG. 13. Mo profiles obtained using y-alumina extra- 
dates and a small chromatographic column (pH 4.5, 

= 1, T = 25°C, Co = 0.02 M). 

tions, of the impregnation temperature, and 
the rate of drying caused a progressive 
transformation of the Mo profile from uni- 
form to eggshell. The opposite trend was 
obtained by doping ,/-alumina extrudates 
with F -  ions or by using NH4F , H3PO4, 
and citric acid as competitors, whereas no 
appreciable effect on the Mo profile was ob- 
tained by changing the volume of the im- 
pregnating solution. An increase in the im- 
pregnation time to a value corresponding to 
the completion time favored the progressive 
transformation of the Mo profile from egg- 
shell to uniform. The opposite effect was 
obtained by further increasing the impregna- 
tion time. 

(iii) Small chromatographic columns filled 
with powder supports may be used to study 
axial profiles on catalytic supports when a 
relatively large number of experimental 
points is required. 

The present study showed that only two 
types (eggshell and uniform) of Mo profiles 
may be obtained by changing the values of 
the parameters mentioned above. Alterna- 
tive methods should therefore be developed 
for obtaining, both axially and radially, egg- 
white and egg-yolk Mo profiles. The prepa- 
ration and the detailed characterization of 
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Mo catalysts with all types of rnacrodistribu- 
tion are the subjects of the second paper in 
this series. 
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